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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



II

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 d18O 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 d 18O 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 10Be 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 Variabilität des Ostasiatischen Monsuns im Südchinesischen Meer

im Bereich von orbitalen, tausendjährigen bis sub-dekadischen Zeitskalen zu rekonstruieren

wurden sedimentologische, isotopische, geochemische und paleomagnetische Zeitserien er-

stellt.

Es wurde eine detaillierte Magnetostratigraphie für das südliche Südchinesische Meer er-

stellt sowie eine stabile Isotopen Stratigraphie der letzten 1.2 Millionen Jahre für ODP Site

1144 im nördlichen Südchinesischen Meer. Weiterhin konnte eine vulkanische Aschenlage

aus dem Südteil des zentralen Südchinesischen Meeres als jüngste Toba-Asche identifiziert

werden, die somit einen wichtigen Leithorizont darstellt und zur Rekonstruktion der Paläo-

Windrichtungen während der Eruption herangezogen werden konnte. Besondere Aufmerk-

samkeit galt der Variabilität im hohen und sehr hohen Frequenzbereich während des letzten

glazial-interglazial Zyklus und während des Holozäns sowie der präzisen Alterskontrolle der

Klimaschwankungen im Allgemeinen.

Der magnetostratigraphische Rahmen für die pleistozäne Monsunaktivität in Gebiet von

SONNE-95 Kern 17957-2 aus dem zemtralen Südchinesischen Meer wurde auf der Grund-

lage eines durchgehenden, hochauflösenden magnetischen Datensatzes (Suszeptibilität, NRM

und ARM) erstellt. Die magnetische Brunhes/Matuyama Polaritätsumkehr (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 Polarität (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 bestätigt.

Ocean Drilling Program Site 1144 im nördlichen Südchinesischen Meer lieferte aufgrund

der hohen Sedimentationsraten einen Klimadatensatz der Monsunvariabilität im Bereich von
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orbitalen Zeiträumen bis wenigen Jahrhunderten (d13C und d18O der planktischen Foramini-

fere G. ruber (white)). Hohe zeitliche Auflösung reicht vom Holozän zurück bis zum Marinen

Isotopenstadium 12, niedrige Auflösung bis zum frühpleistozänen Isotopenstadium 29. Grö-

ßere Hiaten befinden sich in den Zeitabschnitten der extrem warmen Stadien 5.5 und 11.3,

möglicherweise erzeugt durch die erosive Wirkung von Konturströmungen. Die Isotopen-

kurve von Site 1144 der letzten 110 kJ verläuft eng parallel zur d18O-Kurve des GISP2 Eis-

kerns.

Geochemische Analysen vulkanischer Aschenpartikel bewiesen erstmalig das Vorkom-

men der jüngsten Toba Asche (74 kJ v. h.) in Sedimenten des Südchinesischen 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

östliche Richtung zeigt gegensätzliche Windrichtungen an. Daraus kann gefolgert werden,

daß (1) die Toba Eruption wahrscheinlich während des Südostasiatischen Sommermonsuns

stattgefunden hat und (2), daß das Volumen des eruptierten Magmas doppelt so groß war als

bislang angenommen.

Die Farben der Sedimente des nördlichen Südchinesischen Meeres vor Hong Kong (Kern

17940) bilden die Grundlage für eine einzigartige Zeitserie monsungesteuerter Sedimentation,

welche die vergangenen 11.000 Jahre erfasst. Eine Datenauflösung von weniger als 0.3 mm

zusammen mit Sedimentationsraten von 40-90 cm/kJ führt zu einer theroretischen zeitlichen

Auflösung 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 Intensität des Blauanteils der Sedimentfarbe gibt den Anteil des mit organischem

Kohlenstoff angereicherten Tongehaltes wider und reflektiert somit die Stärke des regenrei-

chen Sommermonsuns. Die Intensität des Rotanteils dokumentiert den Gehalt an rötlichem

Löß-Staub und steht somit für die Stärke des trockenen Wintermonsuns.
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Die suborbitalen Klimazyklizitäten (sowohl nach den Farbwerten als auch der dekadisch

aufgelösten 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 Monsunvariabilität mit einem solaren Klimaantrieb der

nördlichen hohen Breiten auf (dokumentiert auch in 10Be-Zeitreihen von GISP2; Finkel, 1997;

Sarnthein et al., in prep.). Weitere Periodizitäten im Bereich von mehreren Jahrhunderten bis

wenigen Jahrzehnten umfassen den solaren 200-jährigen deVries/Suess-und den 85-105

jährigen Gleissberg Zyklus. Weitere Periodizitäten 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-

sätze.
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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:

∑ 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.

∑ 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-
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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.



1. Introduction

3

∑  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).

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
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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 (Lüd-

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 km2. 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
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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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Figure 3: Modern hydrography in the SCS during summer and winter: (a-b) sea surface circulation; (c-d) sea surface temperatures; (e-f) sea
surface salinity. Temperatures after Levitus and Boyer (1994), surface circulation and salinities redrawn from Wyrtki (1961). (psu= practical
salinity units)
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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 ‰ (Levitus and Boyer, 1994). Summer salinities in the SCS range from 31.6 in the Gulf

of Thailand to 34 ‰ 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 ‰ 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 ‰ to 34.6‰. The

oxygen minimum zone with lowest O2-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 ‰ (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 g C m-2 yr-1), but decreases in the

deeper and more central parts to values between 90 and 160 g C m-2 yr-1 (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 (Schönfeld 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; Bühring 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; Lüdmann

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 (klf) 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 18O and 16O

isotopes (and additionally that of the carbon isotopes 13C/12C) 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 18O/16O 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 (14C) 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-14C 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-14C 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 14C 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 14C 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 für Geowissenschaften der

Universität 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. 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. Bühring, M. Sarnthein, Leg 184 Shipboard Scientific Party)
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INTRODUCTION
The youngest Toba eruption, ca. 74 ka, is con-

sidered to be the largest eruption of the late
Pleistocene (Chesner et al., 1991), the impact of
which on global climate has been discussed
(Rampino, 1993; Rampino and Self, 1992; Kerr,
1996). Until now, silicic ash layers and dispersed
glass shards from the eruption of the Toba caldera
in northern Sumatra have been reported from
Malaysia, the northeastern Indian Ocean
(Ninkovich, 1979; Ninkovich et al., 1978; Dehn
et al., 1991; Pattan et al., 1999), the Indian sub-
continent (Shane et al., 1995; Westgate et al.,
1998), and the Arabian Sea (Schulz et al., 1998),
i.e., only from areas west of the Toba caldera on
Sumatra, except for one occurrence in Malaysia
(Fig. 1). Here we report newly discovered ash
layers in sediment cores 17961-2 and 17962-4 in
the southern South China Sea; these ash layers
are identified as youngest Toba ash by strati-
graphic and geochemical analyses. These new
Toba ash falls occur more than 1800 km east of
the eruption caldera and may imply contrasting
wind directions during the time of eruption.

REGIONAL SETTING
Sediment samples for this study are from grav-

ity core 17961-2 (08°30.4′N, 112°19.9′E, 1968 m
water depth) and piston core 17962-4 (07°10.9′N,
112°04.9′E, 1969 m water depth; Fig. 1), both
retrieved from elevated sites in the southern part
of the Dangerous Grounds during the RV
Sonne-95cruise (Sarnthein et al., 1994). In har-
mony with the geomorphology, the parasound
profiles across these sites (Sarnthein et al., 1994)
reveal a clear hemipelagic sediment drape, devoid
of any traces of turbidite injections. In this region,
the hemipelagic terrigenous sediment is mainly
derived from the Mekong discharge during sea-
level highstands and from the Sunda Shelf during
sea-level lowstands (Wang et al., 1999). Sedimen-

tation rates for core 17961-2 range from 7 cm/k.y.
during the Holocene to 11 cm/k.y. during glacial
and semiglacial times (oxygen isotope stages
2–4) (Wang et al., 1999).

SAMPLES AND METHODS
In both sediment cores the ash layers were

first recorded as outstanding magnetic-suscepti-
bility spikes (Sarnthein et al., 1994). Their simi-
lar sequence and amplitudes allowed a clear
stratigraphic correlation of the ash layers be-
tween the two cores.

In core 17961-2, the 2.5-cm-thick, light gray-
ish ash layer occurs at 781–783.5 cm depth, with

a sharp lower and a slightly undulating upper
boundary; there is no further impact of bio-
turbational mixing. A similar, 3.5-cm-thick, light
grayish ash layer is found in core 17962-4 at
1075.5–1079 cm. Its basal contact on the host
sediment is sharp, and its top is slightly undulat-
ing. On the basis of (1) this visual inspection,
(2) almost identical magnetic susceptibility curves,
and (3) the spatial proximity of the two sites, the
ash layers in the two cores most probably have
the same age and origin.

Ash samples from both cores were wet sieved
over a 63 µm mesh sieve and dry sieved over a
150 µm mesh sieve. Both grain-size fractions
consist almost entirely of glass shards. The ash
particles were cast in epoxy resin, cut, and pol-
ished to expose their interior.

Analyses of major oxides were made at the
Institut für Geowissenschaften, Kiel University,
with a Cameca CAMEBAX electron-beam micro-
probe, using an accelerating voltage of 14–15 kV
and an electron-beam current of 15 nA, with the
beam defocused to 6 µm width.

Microprobe analyses were focused on the
center of individual, fresh, glass shards with
well-exposed interiors. We analyzed 20 glass
shards from the ash layer in core 17961-2 and
18 glass shards from the ash in core 17962-4.
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Toba ash layers in the South China Sea: Evidence of contrasting wind
directions during eruption ca. 74 ka
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Figure 1. Occurrences of Toba ash in deep-sea cores and on Malaysian Peninsula (open circles),
and in South China Sea (crossed circles). Squares show cores with other ash layers, and posi-
tion of sediment trap with Pinatubo ash.

ABSTRACT
Two cores from the southern South China Sea contain discrete ash layers that mainly con-

sist of rhyolithic glass shards. On the basis of the SPECMAP time scale, the ash layers were
dated to ca. 74 ka, the age of the youngest Toba eruption in northern Sumatra. This link is sup-
ported by the chemical composition of the glass, which is distinct from volcanic glass supplied
from the Philippines and the northern South China Sea, but is almost identical with the chem-
istry of the Toba ash. The youngest Toba ash layers in the South China Sea expand the previ-
ously known ash-fall zone over more than 1800 km to the east. The dispersal of ashes from
Sumatra in both western and eastern 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 larger than previously interpreted.

Keywords: Toba, South China Sea, deep-sea sediments, monsoon.



Each individual grain was analyzed at least
twice, but most grains were analyzed three times
for calculating the means. Analytical totals
range between 94 and 98 wt%; the balance con-
sists of elements not analyzed and H2O from
secondary hydration.

AGE CONTROL
In core 17961-2, the age control is based on

the 10-cm-spaced benthic and planktonic δ18O
records of Wang et al. (1999), which closely par-
allel our ultrahigh-resolution (0.35 mm) color-
scan curve (Fig. 2). Here the ash layer forms a
well-defined light color excursion at 781–783.5
cm depth, right at the oxygen isotope stage 4-5
boundary. According to the SPECMAP-based
age model of Wang et al. (1999), the ash was
dated to ca. 74 ka. This age matches previous age
estimates for the Toba eruption, deduced from
various dating methods such as 40K/ 40Ar dating
(73 500 ± 3000 yr B.P.; Ninkovich et al., 1978),
39Ar/ 40Ar dating (73000 ± 4000 yr B.P.; Chesner
et al., 1991), SPECMAP orbital dating of other
core records (73 910 ± 2590 yr B.P.; Rampino
and Self, 1992) and especially from geomagnetic
polarity records (75 000 yr B.P.; Westgate et al.,
1998) and fission-track dating of glass shards
(79 000 ± 8000 yr B.P.; Westgate et al., 1998).

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

A similar ash layer has also been identified
slightly farther east, in Ocean Drilling Program
Site 1143, Hole A (Leg 184 Shipboard Scientific
Party); according to a correlation based on mag-
netic susceptibility and color-reflectance records,
it occurs at the same stratigraphic position as the
Toba ash in our cores.

MICROSCOPIC DESCRIPTION OF ASH
COMPOSITION

Under the microscope, the composition of the
ash layers in cores 17961-2 and 17962-4 is almost
identical. The grains consist almost entirely of
colorless glass shards and only minute amounts of
mineral grains such as biotite and feldspar. The
glass shards are optically isotropic and thin
walled; they have a platy shape (Fig. 3). Bubble-
wall-shard forms dominate; blocky forms are rare.
Colored (i.e., brown) volcanic glass shards are ab-
sent. The glass appears fresh and without any al-
teration. Maximum grain sizes of the shards reach
500 µm; average grain sizes are about 100 µm.

GEOCHEMISTRY OF THE GLASS
SHARDS

The glass shards have the composition of high-
silica rhyolites; their SiO2 contents are 75–78
wt%, and they have high alkali averages of
7.4–7.6 wt%. They show very little variation
both within and between samples. The chemical

composition of the shards from the ash layers in
both cores is nearly identical (Table 1) and sup-
ports the assumption of an identical origin.

DISCUSSION
Two different volcanic regions qualify as poten-

tial source areas for the ash layers in the southern
South China Sea, the Philippine Archipelago, more
than 1000 km to the east, and the western Indo-
nesian islands, about 1600–1800 km to the west.

Modern volcanic glass from Mount Pinatubo
on the Philippines (Wiesner et al., 1995; Luhr and
Melson, 1996; Pallister et al., 1992) and from
Pleistocene ash layers (oxygen isotope stages 2
and 4, 26–42 ka, 61–64 ka, respectively; Chen
and Zhou, 1992) in deep-sea cores from the
northern South China Sea of unknown, but prob-
ably also Philippine or Taiwanese (Zhou et al.,
1992) origin, were analyzed by microprobe.
Their chemistry clearly differs from that of the
ash layers in cores 17961-2 and 17962-4 (Fig. 4).
The Pinatubo glass shards have distinctively
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higher CaO and lower SiO2 contents (Fig. 4A)
than the ashes from our cores.

Furthermore, the glass particles from cores
17961-2 and 17962-4 display much higher K2O
contents (Fig. 4B). The other ashes from the
northern South China Sea show even greater dif-
ferences in the CaO content (Fig. 4A) as well as
in K2O concentrations (Fig. 4B) and decidedly
lower SiO2 values. Because of these differences,
the ashes in cores 17961-2 and 17962-4 can not
be assigned a Philippine origin.

The ash layers in cores 17961-2 and 17962-4
are coeval with the Toba eruption on northern
Sumatra, Indonesia, at the oxygen isotope stage
4-5 boundary. Likewise, the chemical composi-
tion of the glass shards from the South China Sea
(Fig. 5) closely matches the published data for
volcanic glass from the latest Toba eruption,
sampled from the Toba caldera (Westgate et al.,
1998), the coeval Toba ash layer A at Ocean
Drilling Program Site 758 (Westgate et al., 1998;
Dehn et al., 1991), and at various sites in the east-
ern and central Indian Ocean (Rose and Chesner,
1990; Pattan et al., 1999) and the Arabian Sea off
Pakistan (Schulz et al., 1998). This striking simi-
larity applies to the Na, K, Fe, and (high) SiO2
contents (Fig. 5). Minor deficits in Na2O and
K2O are insignificant, because they are probably
linked to differences in the analytical procedures
and instrumental facilities used. For example,
Na2O values that are slightly lower than other
published data may result from Na volatilization
under the electron beam, a depletion that in turn
produces a minor enrichment in SiO2 and FeO.

In summary, both the age and chemistry con-
firm the youngest Toba eruption as the most
likely origin of the ash layers in our two South
China Sea cores.

Rose and Chesner (1990) calculated a magma
volume of more than 2800 km3 for the Toba erup-
tion, including a volume of 800 km3 of massive
ash falls covering 1% of the Earth’s surface. The
Toba caldera does not provide any evidence of
the corresponding high-reaching (+45 km) Plinian
eruption column during that time (Rose and
Chesner, 1987; Chesner, 1998). However, the
Toba eruption cloud may still have reached
heights well above the tropical troposphere
(Rampino and Self, 1992) and even higher
stratospheric levels of 32–40 km through ex-
treme temperature-induced buoyancy (Woods
and Wohletz, 1991).

For this youngest Toba eruption, Ledbetter
and Sparks (1979) estimated a total duration of
9–14 days. This interval may have occurred
either during winter or during summer. Today
the climate of the tropics in Southeast Asia is
governed by a semiannual circulation change. In
the lower troposphere, we encounter a circula-
tion change from a northeasterly flow in winter
to westerly to southwesterly winds over the Indian
Ocean (Krishnamurti, 1987) and the South
China Sea during summer monsoon (Kalnay
et al., 1996; Shaw and Chao, 1994). At the time

of its onset, the westerly jet stream in the upper
troposphere abruptly retreats to a location north
of the Himalayas while an easterly jet stream is
established over the Indian Ocean (Dümenil and
Bauer, 1998). This so-called tropical easterly jet

has its strongest wind velocities between 200
and 100 hPa in the region of 5 to 20°N (Dümenil
and Bauer, 1998).

Most Toba ash deposits hitherto known occur
to the west and northwest of Sumatra. Here they
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are linked to the prevailing jet stream over the
region (Schulz et al., 1998) during summer, but
not to the winter-monsoon wind, which blows in
the opposite direction.

This scenario is now enlarged and supplemented
twice by our findings about the abundant Toba ash
that has also been spread far east, into the South
China Sea. On the one hand, the previous estimates
of the erupted ash volume must be enlarged signif-
icantly, perhaps doubled. On the other hand, the
eastward spreading of the ash cloud into the South
China Sea requires westerly and/or southwesterly
winds that only occur during the summer mon-
soon. Hence, a major eruption with ash production
must have occurred during the Northern Hemi-
sphere summer, in support of the outlined jet-
stream regime inferred from the Toba ash sites in
the Gulf of Bengal and off Pakistan (Fig. 1).

In summary, we suggest that at the oxygen iso-
tope stage 4-5 boundary upper tropospheric east-
erly winds spread Toba ash particles from a high-
reaching eruption cloud across the Indian Ocean.
At the same time mid- to low-level tropospheric
southwesterly summer monsoon winds trans-
ported ash from both the lower parts of the erup-
tion column and coignimbrite clouds eastward
over the Sunda Shelf into the South China Sea.

On the basis of the correlation of Zielinsky et al.
(1996), the youngest Toba eruption may have been
within the onset of the 1000 yr cold spell prior to
Dansgaard-Oeschger event 19. An approximate
doubling of the volume of the Toba eruption as
suggested by our new findings may be in support
of its potential catastrophic influence on climate
change at the onset of the oxygen isotope stage 4
glacial. However, in line with Kerr (1996), this
conclusion is not mandatory, because a similar
cold spell also preceded Dansgaard-Oeschger
event 20, here without a Toba-style eruption, and
because the subsequent Dansgaard-Oeschger in-
terstadial 19 was as warm as Dangaard-Oeschger
interstadial 20 (Zielinsky et al., 1996).

CONCLUSIONS
Rhyolithic ash layers as much as 3.5 cm thick

in two cores from the southern South China Sea
were first identified as ash falls from the youngest
Toba eruption. The ash layers were deposited at
the oxygen isotope stage 4-5 boundary ca. 74 ka,
on the basis of benthic and planktonic δ18O
stratigraphy and the SPECMAP orbital time
scale, supplemented by magnetic susceptibility
and ultrahigh-resolution color-scan curves for
intercore stratigraphic correlation. The age esti-
mated precisely matches the date of the great
Toba eruption on Sumatra. Likewise, the chemi-
cal composition of dominating high-silica glass
shards (78 wt% SiO2 and alkali averages of
7.6–7.7 wt%) closely resembles the composition
of youngest Toba ash layers, but differs signifi-
cantly from any ash falls originating from the
Philippine volcanoes in the east.

The new findings about the dispersal of abun-
dant Toba ash to the east require significantly in-

creased volume estimates of erupted Toba ash
and perhaps imply a more extended eruption dur-
ing summer.
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Abstract

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 a sampling resolution of < 0.3 mm and sedimentation rates of 40-90 cm/kyr lead

to a theoretical time resolution of 0.3-0.7 years, enabling us to detect centennial and sub-de-

cadal-scale climate cycles in the non-laminated sediment section despite of bioturbational

mixing. The intensity of the blue color records the portion of clay enriched in TOC, and thus

the strength of the wet / summer monsoon. The intensity of red documents the portion of red-

dish stained loess dust and thus the strength of the dry / winter monsoon. Suborbital climate

periodicities (of both the color codes and the decadal-scale resolution d 18O curve) are domi-

nated by a 950-year cycle which lags the GISP2 temperature signal by 250-400 years and cle-

arly documents the global linkages of monsoon variability to northern high-latitude climate

components. Multi- to semicentennial periodicities comprise the 200-year deVries/Suess and

the 90-105-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 prominent, probably

internal climate forcings in the high-frequency range of the color records.

Introduction

The monsoon system which primarily controls the climate in South East Asia is characte-

rized by the strong seasonal alteration of summer and winter monsoon winds (Zhang and Liu,

1992). During summer the heating of the Asian land surface relative to the ocean generates

low air-pressure over land, leading to an inflow of moist monsoonal air inland. The resulting

rainfalls during summer form the main source of precipitation in southern Asia and China

(Wei and Gasse, 1999). Dry phases with markedly reduced summer rain and enhanced dust

(loess) deposition in the past were mainly linked to glacial (cold) stages and cold spells in the

northern hemisphere such as short-term Heinrich events (Porter and An, 1995; L. Wang et al.,

1999a) and the Younger Dryas (Kudrass et al., 1991). During interglacial (warm) stages and
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interstadials an increased summer monsoon circulation provided more moisture onto the con-

tinent, leading to soil formation and increased fluvial runoff (L. Wang et al., 1999a, b). Ac-

cordingly, high-frequency changes in dust flux recorded in loess profiles of central China du-

ring marine isotope stage (MIS) 3 were probably linked to the rapid succession of cold and

warm events (An and Porter,1997).

Figure 1. Northern South China Sea with core position of 17940-2. 50-m isobath corresponds to a coast line at 11500 yr BP (Hanebuth et al.,

2000). At 10,000 yr BP the shoreline had approximately reached the modern position (L. Wang et al., 1999). The freshwater plume of the
Pearl River mouth west of Hong Kong, the most important source of fluvial sediment, is shown by a stippled line (Japan Hydrographic
Association, 1978; modified).

Few published paleoceanographic records from this region provide a time resolution suffi-

cient to resolve sub-millennial-scale to decadal variations in local ocean circulation and in the

evolution of the East Asian Monsoon System. In this context, gravity core 17940-2 (20°07´ N,

117°23´ E, 1727 m water depth), retrieved from a thick, hemipelagic sediment drape (Sarnt-

hein et al., 1994) on the northern continental slope of the South China Sea (Figure 1), offers
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an unprecedented opportunity to reconstruct Holocene monsoonal variations on decadal to

centennial scales.

This core already served for various paleoclimate studies of the past 40 kyr (L. Wang et

al., 1999a, b, c; Jian et al, 1999; Pflaumann and Jian, 1999; Sun and Li, 1999), based on the

faunal composition of benthic and planktonic foraminifera, carbon and oxygen isotope ratios,

pollen, charcoal, clay content and siliciclastic grain sizes. These proxies indicate that the Ho-

locene monsoon climate was highly variable, possibly forced by variations in ocean thermo-

haline circulation and solar activity (L. Wang, 1999a, b).

It is the main objective of the present study (1) to uncover the whole spectrum of high-fre-

quency climate oscillations, (2) to establish whether, and to what degree, these high-fre-

quency fluctuations in atmospheric and oceanic circulation persist over the Holocene, and (3)

to better constrain their possible forcings.

Methods and samples

Methods

To investigate variations in sediment deposition and its potential climatic controls, we

employed high-resolution sediment color analysis on digital images, measuring the relative

intensity of light reflected from the sediment in three different color bands. This method

further develops on previous techniques for generating non-destructive high-resolution color

records of sediment properties (Cortijo et al., 1995; Hughen et al., 1996). In contrast to com-

mon single-point measurements (Chapman and Shackleton, 2000; Ortiz et al., 1999a ) per-

formed by spectrophotometers (e.g. by Minolta CM2002) our digital color video camera

images provide quasi-continuous data sets with theoretically unlimited resolution.

We compared these color records of the Holocene section in core 17940-2 with various

conventional sediment records (% CaCO3, % Corg, siliciclastic grain sizes). Special attention
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was given to cyclicities which may serve as potential tracers of high-frequency changes in

East Asian Monsoon intensity.

Data base

Of the fresh and smoothed sediment surface of the archive half in core 17940-2 (top 720

cm) we took digital images of 21.5 cm length (5 cm overlap at both the top and bottom) with

a Hitachi color video camera. Our illumination system (Figure 2) follows the system descri-

bed by Cortijo et al. (1995). However, we employed 4 neon glow lamps and, additionally,

polarizing filters for the lamps and for the camera lens to eliminate direct reflections produced

by a thin water film on the sediment surface. In this way distorting artifacts of a light cone

were reduced to a neglectible minimum. Light conditions were kept constant during image

acquisition, although minor gradual changes of light intensity are inevitable due to ageing of

the lamps. Images of Kodak color control patches were used as calibration standards at the

beginning and end of each core section.

Figure 2. Camera and illumination setup. A Hitachi CCD color video camera rests on an adjustable camera stand in a dark room. Four neon
glow lamps are mounted rectangularly above the split core section resting on a movable rack. Video images are digitized using a high-end
video grabber card and saved as transportable image file format (TIFF)-files for further processing.

The sediment color reflectance was measured from the digital images using off-the-shelf

image processing software (NIH-Image 1.6: Rasband, 1996). To avoid coring artifacts and

marginal biasing by the light cone, color values for red, green and blue (R, G, B) of each pixel
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were determined over an area 30 pixel (~ª0.8 cm) wide and 10 cm long in the center of each

image. To reduce noise 30 pixels in width were averaged and the mean stored separately for

each color channel. Color values are expressed on a conventional intensity scale ranging from

0 (white) to 255 (red, green or blue). This approach proved sufficient to minimize inevitable

artefacts caused by lighting and lens distortions.

The scale of core depth is defined by a millimeter-ruler in the original image, with an ab-

solute error of less than 0.5 mm. One pixel represents approximately 0.28 mm of sediment.

We applied to core 17940-2 the composite-depth (c.d.) scale as defined by L. Wang et al.

(1999a), which is based on the match of d 18O and d 13C records in the giant spade-box core

17940-1 and gravity core 17940-2. Accordingly, the depth of 2.5 cm in core 17940-1 equals 0

cm in core 17940-2.

The 10-cm long R-G-B-data sets were manually trend corrected for remaining small illu-

mination offsets by comparison to Kodak color standards (Kodak, 1997). The long-term trend

in color intensity, a general tilt in the record induced by the gradual illumination change, was

removed by slightly rotating each 10-cm data set until it fitted to the following set. After this

careful correction the primary data for each color channel were concatenated into complete

records for the core interval 0-722.5 cm (c.d.) (Figure 4), comprising ca. 24,000 data points

for each color.

Origin of other proxy data records

The stable isotope ratios, d18O and d13C, (Figure 4), were measured on tests of planktonic

foraminifera Globigerinoides ruber s.s. (white) with a sampling resolution of 1-2 cm (L.

Wang et al., 1999a). Silt modal grain sizes and clay contents are from L. Wang et al. (1999a

and c). The magnetic susceptibility record (Figure 5) was measured on whole-core sections on

board RV Sonne with a sampling resolution of 1 cm (Sarnthein et al., 1994). Low resolution (5

cm) carbonate (% CaCO3) and total organic carbon (TOC) records (Figure 4) of core 17940-2

were described in Jian et al. (1999). In addition, a 1-cm resolution carbonate curve was gene-
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rated for the interval 465-510 cm (c.d.) with a Micromeritics Coulomat at the Institut für

Geowissenschaften, Universität Kiel, for detailed comparison (Figure 6) with our color re-

flectance records.

Techniques of Frequency Analysis

To facilitate spectral analysis, low-frequency trends in the reflectance record were initially

removed by applying a 2.0-kyr high-pass filter on the data set to ensure that the residual hig-

her-frequency variability was relatively undisturbed by non-climatic influences such as sea

level rise in the earliest Holocene. A similar trend removal was previously employed to data

from varved lake sediments (Rittenour et al., 2000) and dendrochronological time series

(Cook et al., 1995).

Phase relationships between the GISP2 ice core d 18O-record and the records of core 17940

were determined with the ENVELOPE program (Schulz, 1996) which estimates the envelope

of periodic signal components by a harmonic filtering algorithm, comparable to a band-pass

filter.

Spectral analysis for the whole interval 2,200-11,600 yr BP was performed using Black-

man/Tuckey method (BT, Blackman and Tukey, 1958) with the AnalySeries 1.2 program

(Paillard et al., 1996) (Figure 8, Table 1).

To analyse the frequency spectra in this unevenly spaced time series we also used the a

Lomb-Scargle Fourier transform (LSFT, Lomb 1976; Scargle, 1989; Schulz and Stattegger,

1997) approach in combination with a Welch-Overlapped-Segment-Averaging procedure

(WOSA, Welch, 1967; Schulz and Stattegger, 1997). Red-noise background spectra of the

time series were estimated by fitting a first-order autoregressive (AR1) process directly to the

unevenly spaced time series (REDFIT 3.4, Schulz and Mudelsee, in press). The statistical

significance of the spectral peaks was assessed from calculated significance levels based on

Chi2 –distribution and percentiles of the Monte Carlo ensembles (Schulz and Mudelsee, in

press)



4.2 Holocene sediment color records

37

To assess and avoid influences from core intervals with a high trend potential even after

high-pass filtering, and also to facilitate and accelerate computations, the complete record was

cut into three segments (0-2,100, 2,100-5,500 and 6,000-11,600 years BP) for further spectral

analyses (Figure 4).

To investigate the temporal modulation and evolution of periodicity signals in the record,

a wavelet analysis (Torrence and Compo, 1998) was carried out on overlapping segments of

the 2.0-kyr high-pass filtered record. The wavelet transform is a tool well suited to the study

of multiscale, nonstationary processes occurring over finite spatial and temporal domains

(Lau and Weng, 1995), such as in the color reflectance records. A non-orthogonal Morlet-

wavelet function was employed for analysis of the data sets. The significance of the wavelet

power spectra was tested against the red-noise background (Torrence and Compo, 1998) and

shown as percent confidence level (Figure 9).

Age control and sedimentation rates

Core 17940-2 was dated by 40 AMS-14C ages (L. Wang et al., 1999a) on monospecific

samples of planktonic foraminifera Globigerinoides ruber (white) and/or Globigerinoides

sacculifer. The 14C-ages for the last 11,000 years were converted into calendar (cal.) years BP

using the CALIB 4.1–program (Stuiver et al., 1998), tentatively employing a correction for a

general reservoir age of 402 years in the South China Sea. The local large input of fluvial

freshwater with an increased 14C-age (Raymond and Bauer, 2001, and references therein) and

various features of ocean circulation may possibly enlarge this 14C reservoir age of planktonic

foraminifera to an unknown value.

The color reflectance record of core 17940-2 spans the late deglaciation (13-11.6 ka), the

Early Holocene (11.6-6.0 ka) and Late Holocene (6.0-0 ka).
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Figure 3. Age model and sedimentation rates and for the Holocene section in core 17940-2. 14C dates of L. Wang et al. (1999a) were
recalibrated to calendar years, using the CALIB 4.1 program with an assumed general reservoir age of 402 years (Stuiver et al., 1998).
Different from L. Wang et al. (1999a) the new age model ignores the averages of multiple AMS-14C datings but it only considers the younger
ages of multiple AMS-14C datings each since marine AMS-14C ages are mainly biased toward higher values either because of locally
increased 14C reservoir ages and/or a lateral supply of reworked foraminifera. In some cases the age model relies on the ages with a minimum

S1 error.

Hemipelagic sedimentation rates in core 17940-2 are among the highest ever recorded in

the South China Sea, reaching 40-85 cm per kyr in the Holocene (Figure 3). In the earliest

Holocene changes in sedimentation rate of core 17940-2 may partly be linked to changing

sediment supply due to the postglacial sea level rise and lateral shifts of the shoreline across

the shelf. However, over the last 9,000 years, subsequent to the Preboreal, the sea level had

almost reached modern values (9,000 yr BP: -20 m, Bard et al., 1996; 8,000 yr BP: -12 m,

Hesp et al., 1998) precluding any further lateral shift of the coastline which presently follows

a steep rock cliff (L. Wang et al., 1999a). During this time interval the large fluctuations in

sedimentation rates are ascribed to changes in precipitation and riverine runoff from the con-

tinent, driven by changes in the strength of the East Asian summer monsoon.



4.2 Holocene sediment color records

39

Results

Comparison of color variability to other sediment properties:

The reflectance curves of the three color channels (R G B ) in part show different trends

(Figure 4). The blue channel curve displays a variability which is lowest in the lower part and

highest near the top section, whereas the red reflectance record, probably a tracer of reddish

dust (loess) input, shows an inverse pattern. As expected, the curve of the green channel fol-

lows an intermediate trend. The color reflectance records start at 722.5 cm (c.d.), near the top

of the Bølling-Allerød time interval (13.280 ± 100 cal. yr BP, L. Wang et al.,1999a) which is

identified by pronounced negative d 18O values. Here the color curves of all three channels

exhibit generally high intensities (“dark colors“), with maximum values for blue. During the

Younger Dryas (YD) interval, which spans the core interval from 714.5 to 656.5 cm (c.d.)

according to the oxygen isotope curve, the color reflectance remains almost stable. After the

YD the red reflectance, but not the blue, rapidly decreases towards lower intensities from 565-

570 cm (c.d.). This decrease parallels a marked and abrupt increase in clay content, and a dra-

stic drop in % CaCO3 and magnetic susceptibility (Figures 4 and 5).

Near 460-390 cm (c.d.) the blue (and necessarily the green) reflectance record show a di-

stinct decrease, corresponding to an increase in d 13C, a feature hardly revealed in the red re-

cord (Figure 4). This color shift introduces a long-term minimum in both TOC and clay con-

tent and a weak maximum in % carbonate at 400-105 cm (c.d.) (Figures 4 and 5). Here the

color values display a high variability.

Figure 4 (next page). Records of sediment color reflectance (red, green, blue, on an intensity scale from 0=low to 255= high) vs. core depth,
at Site 17940 in ultrahigh resolution of 03.-0.7 yr. To highlight the (bi-)decadal trends in color variability, the original records (grey lines,
0.028 cm/pixel) were smoothed by a 36-point running average (bold lines), equal to a sample spacing of 1 cm. Stratigraphic intervals (B/A =
Bølling/Allerød, YD = Younger Dryas, EHO = Early Holocene Climatic Optimum ) are derived from the planktonic d18O-record and marked

by vertical lines. Bold bracket at the bottom figure indicates an interval of potential core alteration during transport. Arrows mark major
trend in planktonic d 13C, % TOC and % CaCO3 records, which correspond to changes in color reflectance.
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Figure 5 (previous page). Comparison of red and blue color reflectance with siliciclastic grain sizes and magnetic susceptibility vs. time.
Clay content was measured on the CaCO3 free siliciclastic fraction <63 µm. The silt mode curve was measured on the siliciclastic grain size
fraction 63-6.3 µm. In the magnetic susceptibility curve (mag.-sus., in SI units) areas near to partly void ends of core sections are shaded. No
mag.-sus. record exists between 5,700 and 6,400 yr BP, because the section (300-321 cm) was too short. Color records of red and blue (grey
line) were smoothed by a 36-point moving average for better visibility of trends (bold line). Bold vertical lines mark major stratigraphic time
intervals, identified in Figure 4. Shaded vertical bar shows decline in red color intensity, possibly a result of coarse silt grain sizes (near
5,800 yr BP). Arrows mark major trends in mag.-sus. and color.

A joint marked color maximum from 305-275 cm (c.d.) (Figure 4) matches a pronounced

maximum in silt modal grain size (Figure 5) either resulting from diagenetic oxidation or re-

presenting a maximum input of hematite linked to loess discharge.

The interval of high variability ends at 105 cm (c.d.) with an abrupt jump to a general

short-lasting color minimum. Further upcore, color curves of all three channels show a rapid,

gradual increase towards darker colors up to 10 cm (c.d.), with the steepest gradient in the

blue channel. The topmost 6 cm in this core are reddish-brown because of common oxidation

of the sediment surface, homogenized by bioturbation (long arrows in Figures 4 and 5)

High color intensity spikes, especially in blue, generally match high total organic carbon

(TOC) excursions and vice versa. Particularly obvious is this trend in the topmost 1-m core

section, where a rise in TOC content parallels a long-term increase in color reflectance from

105-10 cm (c.d.) (Figure 4). On the other hand, this may be partly an artifact of core transport

and storage, where this section was shortened (ª16%). In addition, Holocene TOC variations

may play a minor role, because of their insignificant range, amounting to only ~ 0.2-0.3 %.

Magnetic susceptibility (artificial susceptibility minima near core breaks removed; Figure

5) increases with high red reflectance, that is, with lower clay content, equal to high silt, pro-

bably hematite coated, and high carbonate content. On the other hand, a prominent peak in

susceptibility at 11.800 yr BP [690 cm (c.d.)] goes along with a small increase in clay, but no

color signal.

We surmise that the blue intensity may serve as a proxy of % clay and TOC, whereas the

intensity of red may reflect silt-borne hematite. Based on this reasoning, more blue stands for

stronger summer (wet) monsoon and more red for stronger winter (dry) monsoon, providing

the input of red-yellowish loess.
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Different from Atlantic sediment records (Cortijo et al., 1995; Ortiz et al., 1999b) core

17940-2 does not display any correlation between short-term color changes and carbonate

content (Figure 6). In part, this may result from the large difference in sampling resolution

(0.028 cm versus 1 cm sampling intervals). A more important factor may be the low magni-

tude of variations in the % CaCO3 between 10 and 12 %, equal to relative changes of 1-2 %.

Balsam et al. (1999) observed similar poor correlations in Atlantic cores with comparably low

carbonate contents.
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Figure 6. Close-up of core section 460-510 cm (c.d.) with 1-cm spaced CaCO3 record and ultra-high resolution color intensity records (red
and blue channel, 0.028 cm sampling resolution, equal to 0.5 years). High-frequency quasi-cyclic variations in color reflectance show little or
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trends of the color records. Lowermost panel: Close-up of blue-color intensity record with discrete data points (460-475 cm c.d.).
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The chromaticity ratio R/B (Figure 7), also serves as a tracer of major changes in sediment

composition (Adkins et al., 1997; P. Wang et al., 2000), possibly linked to differing sediment

source areas. Pronounced jumps in R/B near 8,800 and 11,100 yr BP (Figure 7) are hardly

recognized in the blue and weak in the red reflectance record. In general, the warmish and

more humid B/A and Preboreal intervals (L.Wang et al., 1999a), that are more TOC and enri-

ched in clay, show a lower R/B ratio than the YD cold spell, especially the lower YD, and to a

lesser degree the middle Holocene, 9,000-2,000 yr BP, where silt and hematite increase. Ac-

cordingly the marked R/B decrease over the last 2000 yr may indicate a general increase in

runoff and/or fluvial sediment discharge.

The role of bioturbation in destructing short term sedimentation changes

The thickness of the homogenously bioturbated layer in core 17940-2 was deduced from

the carbon flux rate (Jian et al., 1999), using the approach of Trauth et al. (1997). Today it

amounts to 6-8 cm, a value that matches the thickness of 6 cm measured for the reddish core

top layer.

Non-laminated oceanic sediment records to date were generally considered to be as too

smoothed and altered by bioturbation for preserving any signals of high-frequency climatic

change lasting as short as a few decades to centuries and less. Accordingly most studies of

past ultrahigh-resolution climate signals hitherto concentrated on laminated sediment records

hardly affected by bioturbation (Hughen et al., 1996; Zolitschka, 1996, Zolitschka et al.,

2000; Schaaf and Thurow, 1995). In fact, the homogenous mixing of the sediment surface

layers by bioturbation tends to smooth, probably also slightly shift the signals of rapid cli-

matic events in core depth, but it does not necessarily remove them completely from the ma-

rine record (Cortijo et al., 1995; Trauth, 1995) nor generates “new“ artificial signals. Hence it

is no surprise that recent studies clearly demonstrate that paleoceanographic records from

non-laminated sediments with a spatial resolution of 1 cm and less are suitable to provide

relevant records of past short-term changes (Chapman and Shackleton, 1998, 2000). On
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the basis of this reasoning we tend to regard the short-term, cm-wise color changes (Figure 6)

as real signals, all the more since these fairly periodic color oscillations are substantiated by

gradual color shifts based on tens of pixel data in each “flank“ without relation to any features

of bioturbation.

Color variations in the frequency domain

Periodicities derived from Fourier analysis

Frequency analyses of the reflectance and R/B-ratio records of core 17940-2 resulted in a

number of periodicities exceeding the red noise level summarized in Table 2 and Figures 8

and 11.

In the interval 0-2,100 years BP the periodicities in red and blue are most significant in the

high-frequency band near 5 years, and moreover, near 350 and 1,220 years. In contrast, the

R/B ratio is dominated by periods of 12 and 20-24 years. Possibly the periodicities in this core

section have suffered from core transport.

For the interval of 2,100-5,500 yr BP numerous significant periodicities for red and blue

occur near 960, 140, around 5.9-5.3, 4.2 and 3.8-3.3 years. Further significant periods near

175 and 9 years characterize the red and R/B records, whereas periodicities near 11 years are

significant in the blue and the R/B records. Significant periodicities near 17 and 7 years ap-

pear in the R/B record only.

frequency range number of lags window type confidence level bandwidth

0.0-0.2 2820 (30 % of

time series)

Bartlett 95% 0.000027

Table 1. Boundary conditions used for Blackman-Tuckey Fourier frequency analysis (AnalySerie 1.2; Paillard et al., 1996) of spectra shown
in Figure 8.



4.2 Holocene sediment color records

47

Figure 8. Blackman-Tukey spectral analyses of red (R) and blue (B) color reflectance records and the red/blue (R/B) ratio for the time
interval 2,200-11,600 yr BP (Analyserie 1.2 software of Paillard et al., 1996). Longer periods were removed using a 2.5- kyr high-pass filter.

The earliest and largest segment, spanning from 6,000-11,600 years BP, contains the most

pronounced cyclicities, several times exceeding the Thomson (1990) significance level, that is

definitively beyond the level of noise. Periodicities of 105-101 and 12-10.4 years occur within

all three color records. The red record also contains highly significant periodicities of 492,

177, near 15 and 6 years, as compared to marked periodicities of 400, 206, 103, and 8.7 years

in blue and of 200, 101, and 11.7-11.3 years in the R/B.

In summary, the Fourier analysis yields a broad spectrum of high- and ultrahigh-frequency

periodicities for the various colors and Holocene time intervals. Ever recurring and most si-

gnificant are the periodic signals of 206-170, 105-93, 12.0-10.7, 9.2-8.7 and 6.6-5.4 years.

Periodicities in the Early Holocene appear more pronounced than after 6,000 yr BP. R/B cy-

clicities concentrate particularly to the high-frequency bands of 20-24, 9-12 and near 7 years,

but less to long periods.
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Table 2.

Time interval
(ka)

Red Blue R/B Range of
periods

0-2.1 ka 350
163

5.6, 4.8

1220
152

55.6
4.8

128

24/20.4, 14.8, 12.2

1500-400 yr

200-100 yr

100-10 yr
< 10 yr

2.1-5.5 957 (!)
174, 141

8.8, 5,9-5.3, 4.2-3.3

957 (!)
136
93, 11.0
5.9-5.4, 4.2-3.2

201

17.2/16.2,11.5/10.7
9.2, 7.0/6.6

1500-400 yr
200-100 yr

100-10 yr

< 10 yr

6.0-11.6
492 (!)
177, 105
15.4, 12/11.6/10.4,

6.2-6.0 (!)

400 (!)
206, 103 (!),
71

8.7, 6.2

200, 101
67, 11.7-11.3

1500-400 yr

200-100 yr
100-10 yr

< 10 yr

2.2-11.6
1280
134

48

1320 (561)
215, 103/95

1850, 600
215/190

95/83, 38

1500-400 yr
200-100 yr

100-10 yr
< 10 yr

Table 2. Summary of periodicities resulting from spectral analyses of red and blue reflectance and the R/B-ratio for three time intervals in
core 17940-2. Periods with significance > 99% are in bold, periodicities reaching the Thomson (1990) level are marked by (!). The
periodicities are grouped into millennial-to-multicentennial, bicentennial-to-centennial, multidecadal-to decadal, and subdecadal cycle
lengths.

Periodicities based on wavelet analysis

Wavelet analyses employed to up to 1,000-yr long overlapping segments (Figure 9) of the

red and blue records and the results are summarized in Figures 10 a, b. The significance of

any periods longer than 260 years is partially low because zero-padding at the ends of each

time series segment (Figure 9) leads to edge-effects (Torrence and Compo, 1998).

In general the short lasting periodicites resulting from wavelet analysis do not simply

match those established as an average for several 1,000 years by Fourier-Analysis. In the red

record periodicities of 170-210 years dominate during the intervals 2,500-3,200, 5,300-6,100,

and most pronounced, between 7,000-10,500 yr BP. Shorter periodicities of 85-125 years oc-

cur throughout almost the entire record, being most persistent from 6,500-8,700 and from

10,000-11,300 yr BP such as in the Fourier spectrum.
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Figure 9. Wavelet analysis plot of red reflectance values 7,500-8,500 years BP, using a Morlet k=6.0 wavelet function (right lower corner;
solid = real, dashed=imaginary), calculated with software of Torrence and Compo (1998). For better performance wavelets were analysed for
overlapping time windows representing up to 1000 years. To remove long-term oscillations the datasets were initially treated with a 2.0-kyr
high-pass filter. Bold lines mark prominent areas of spectral density above 95% significance, also depicted in c) by the "global wavelet" as
spectral peaks above the red noise level (stippled line). Zero-padding at the ends of the time series segments leads to reduced confidence in

the cross-hatched region (details in Torrence and Compo, 1998).

Periodicities of 70-80 years and 30-50 years are most frequent between 6,500 and 11,500

yrs BP. Short periods around 20 years are particularly obvious in the time range 9,800-11,000

yrs BP (Figure 11 a-c). Accordingly, wavelet analysis basically confirms the results of Fourier

analysis that Early Holocene periodicities are more strongly developed than later during the

late Holocene.

The same applies to the the blue color reflectance record. Here wavelet analyses reveal

periodicities in the range of 170-210 years in the mid-Holocene intervals 2,700-3,800, 5,300-
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6,000 and 6,700-7,800 years BP. Strong periodic signals of 80-125 years occur between

3,000-5,500, 5,800-6,000 and 6,500-12,000 years BP. Periodicities of 70-80 years are most

obvious between 7,500 and 12,000 years BP, those of 30-50 years at 7,500-12,200 years BP.

Near-to-22 year periods occur in particular between 4,300-4,700, 9,800-9,900 and 10,500-

10,700 years BP, periodicities of around 10-16 years from 10,500-11,000 years BP (Figure 11

a-c)

In summary, the short lived periodicities from Wavelet analysis somewhat differ from the

long-term average periodicities obtained by Fourier spectral analysis. However, with this

technique we can observe the long-term changes in frequency and amplitude of oscillations

and also their mergence or disappearance during certain time intervals (Figure 10a, b). Note

that oscillations of intermediate periods (80-200) years are common throughout the Holocene

time series in both R and B reflectance records. Shorter periods of less than 70 years do not

appear in either record between 0-7,500 years BP. Perhaps they are smoothed by low sedi-

mentation rates, because high frequency periods are found in the early Holocene record where

sedimentation rates are higher.
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Figure 10 . Integrated results of wavelet analyses for the time interval 0-12,000 yr BP. Bold lines show significant periodicities (with error
bars deduced from signal width in original wavelet plots; Fig. 9) during the Holocene. Dotted bars mark bandwidth of climatic/solar

periodicities (200-yr de Vries (or Suess) cycle, 90-80 yr Gleissberg solar cycle, 22 yr Hale solar magnetic cycle) as listed in Table 3. (A) Red
color reflectance, (B) Blue color reflectance.
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Figure 11a. Spectral analyses of red and blue color reflectance records and the R/B ratio for the time intervals 0-2100yr. Resulting
periodicities are summarized in Table 2. Periods longer than 2000 yr were removed using a highpass filter. High-frequency ends of spectra
are enlarged (REDFIT 3.4 software ; Schulz and Mudelsee, in press). Dotted thin lines represent the levels of red-noise (RN), 99 %
significance, and Thomson (1990) significance level (TL) at which a spectral peak is considered to be statistically above the noise level.
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Figure 11b. Spectral analyses of red and blue color reflectance records and the R/B ratio for the time interval 2,100-5,500yr. Resulting
periodicities are summarized in Table 2. Periods longer than 2000 yr were removed using a highpass filter. High-frequency ends of spectra
are enlarged (REDFIT 3.4 software ; Schulz and Mudelsee, in press). Dotted thin lines represent the levels of red-noise (RN), 99 %
significance, and Thomson (1990) significance level (TL) at which a spectral peak is considered to be statistically above the noise level.
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Figure 11 c. Spectral analyses of red and blue color reflectance records and the R/B ratio for the time interval 0- 6,000-11,600 yr BP.
Resulting periodicities are summarized in Table 2. Periods longer than 2000 yr were removed using a highpass filter. High-frequency ends of
spectra are enlarged (REDFIT 3.4 software ; Schulz and Mudelsee, in press). Dotted thin lines represent the levels of red-noise (RN), 99 %
significance, and Thomson (1990) significance level (TL) at which a spectral peak is considered to be statistically above the noise level.
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Discussion

1. Origin of changes in color reflectance

In recent years various techniques (Merrill and Beck, 1995; Balsam and Deaton, 1996;

Nagao and Nakashima, 1992) employed sediment reflectance as proxy for deducing paleoce-

anographic and paleoclimatic time series in high time resolution. Reflectance data were mea-

sured on a variety of sediment facies from different environments and regions (Keigwin et al.,

1994; Cortijo et al., 1995; Adkins et al., 1997; Porter, 2000;). It turned out that even minor

environmental changes may leave precise traces in the color record (Rack and Merrill, 1995;

Chapman and Shackleton, 1998, 2000;).The changes in sediment color are mainly caused by

changes in the mineral- and organic-matter contents (Schaaf and Thurow, 1994; Merrill and

Beck, 1995; Balsam et al., 1997, 1999; Bauch and Helmke, 1999;).

In theory, changes in the sediment color of core 17940-2 mainly reflect the balance bet-

ween fluvial and eolian derived sediment input from China, apart from a whitish pelagic

component, where the red color probably stems from reddish minerals and/or red colored cla-

stic particles. Likewise, hematite coated loess particles and iron oxides including goethite

were identified as the origin for the stain in North Atlantic sediments and as the tracer of red

colored eolian dust from Africa (Ehrenberg, 1847; Sarnthein and Koopmann, 1980; Barranco

et al., 1989; Balsam et al., 1995, 1997).

Indeed, the increased red color intensity (Figure 4) parallels the enhanced eolian sediment

input during the YD (L. Wang et al., 1999a), and vice versa, the steep decline in red color at

the end of the YD reflects a massive reduction in loess concentration. Additionally, the high

portion of mountain conifers in the YD pollen spectrum (Sun and Li, 1999, Sun et al., 2000)

indicates a rather cool and more arid environment instead of low-latitude rain forest, thus

supporting the concept of red loess as the main coloring agent.

The blue intensity seems to reflect a joint signal of TOC and clay content, since high por-

tions of clay promote the adsorption and preservation of organic carbon on mineral particles
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(Hedges and Keil, 1995). TOC was identified as an important stain in North Atlantic sedi-

ments by Balsam et al. (1996) and Nakajima et al. (1998). In core 17940-2 this relationship is

supported by a strong decline in blue color intensity from 460-400 cm (c.d.) (~ 8,900-7,700 yr

BP), which parallels a weak decrease in TOC. Moreover, increased concentrations and mass

accumulation rates of organic carbon (Jian et al., 1999) are probably responsible for higher

blue color intensities ending near 410 cm (c.d.)

Basically, we may suppose that the R/B ratio is summarizing the variability in red and

blue, that is the ratio between the dominance of sedimentation from either dry or wet mon-

soon. As expected, the red/blue ratio R/B in core 17940 closely correlates with the clay record

(Figure 7), corroborating the results of Adkins et al. (1997), and showing that the chromaticity

ratio of certain color ranges (e.g. red/yellow, red/blue) can also be used as indicator for varia-

tions in clay content.

2. Suborbital climate periodicities in sediment color

Suborbital quasi-cyclic periodicities have been documented in a great number of oceano-

graphic, geological and biological records (Table 3a,b,c). For some of these periodicities,

such as the El Niño Southern Oscillation (ENSO), the forcing mechanisms are fairly well

established (bold numbers in Table 3 a). For the majority of periodicities however, the postu-

lated forcings and mechanisms are still controversial. In principle, two groups of forcings,

external and internal factors, are distinguished in the literature, as listed in Table 3.

Both groups of frequencies are represented in the Holocene reflectance records of core

17940-2 (Table 2). Many of them have already been reported from other monsoon-controlled

hemipelagic sediments records ("M" in Table 3).
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Table 3: Forcings of sub-orbital climate cyclicities

Cycle (years) / Forcings Evidence / Observations reference

11yr sunspot (Schwabe) cycle sunspot cycles measured over the last century

(13.3-9.9 yr)

Mursula & Ulich, 1998

swedish lake varve counts De Geer, 1912

10Be oscillations in ice cores Steig et al. 1998

dust variations in GISP2 ice core: 11 yr Ram et al., 1997; Ram & Stolz, 1999

d18O record of Greenland ice cores: 11-12, 17 yr Fischer et al., 1998

atmospheric oscillation record Shindell et al., 1999

satellite solar irradiance record Beer et al., 2000

digital-color data St. Barbara basin Merrill & Beck, 1995

Gulf of California, laminated sediments: 11, 22-

24, 50 yr

Pike & Kemp, 1997

solar activity in Holzmaar varves: 11, 88, 208 yr Vos et al. 1997

18-yr lunar tidal (Zagros) cycle variations in drought intensity of North America Cook et al., 1997; Laird et al., 1996

22-yr solar magnetic (Hale) cycle varve record North America Hale, 1924; Rittenour et al., 2000

11, 22 yr oscillations in d18O of Galapagos corals Dunbar et al., 1994

Arabian Sea varve record: 23, 20 yr von Rad et al., 1999 M

circum North Atlantic tree ring records Cook et al., 1997

Gulf of California, laminated sediments: 22-24,

50 yr

Pike & Kemp, 1997

variations in drought intensity of North America Laird et al., 1996

88-yr solar (Gleissberg) cycle variations in 14C record, sun spot numbers Stuiver & Braziunas, 1993; Friis-Chri-

stensen & Lassen, 1991; Gleiss-

berg,1958

190-208 solar cycle (de Vries or

Suess) cycle

variations in 14C record, laminated marine sedi-

ment records

Stuiver & Braziunas, 1993; Sonett &

Suess, 1984; Schaaf & Thurow, 1995

  200- yr variations in d18O Tibetan ice core Thompson et al., 1997 M

420-yr (solar?) drought record of North America: 420, 218, 143

yr

Yu & Ito, 1999, 2000

Table 3 a. External forcings as solar/lunar cycles. Potential forcings of sub-Milankovitch climate cycles based on published evidence. Most
prominent periods are in bold. M indicates periodicities linked to monsoon controlled regions.
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Cycle (years) / Forcings Evidence / Observations reference

ENSO-type and less than 10-yr long

cycles

2.75-6 yr coral record, (MIS 5 Sulawesi paleo-ENSO) Hughen et al., 1999 M

4-2 yr Pacific SST and Southern Oscillation index Neelin & Latif, 1998

5.0-5.5, 3.5-4.0, 1.7-2 yr coral records (Seychelles, ENSO) Charles et al., 1997 M

5-6 yr oscillations in African precipitation Nicholson et al, 1996

3-5 yr (ENSO) + 12 yr (Asian Mon-

soon)

coral records Indian Ocean/ Red Sea Pätzold & Dullo, 2000 M

8.3, 7, 4.7, 3.9 yr Holocene records of laminated Arabian Sea

sediments

von Rad et al., 1999 M

8.4, 7.6, 3.5, 3.1 laminated sediments from Santa Barbara Basin,

marine production and coastal runoff

Bull et al, 2000

6-7 yr stalagmite records of NE Atlantic climate Baker et al., 2000

> 15 yr Greenland ice cores Appenzeller et al., 1998

10-15 yr modern time series of global temperature, at-

mospheric CO2

Keeling & Whorf, 1995

17-15, 8.5-6.5, 6-4.5, 4-3 yr Holocene periodicities of lake laminae in Ecua-

dor

Rodbell et al.,1999

NAO-style cyclicity climate variations associated with the North

Atlantic Oscillation (NAO)

Hurrell & Van Loon, 1997

50, 60, 70 yr modeling, surface temperature, ice cores Broecker 1999, 1997, 1975; Delworth

& Mann, 2000; Cook et al., 1998;

Stuiver et al., 1995, 1997

55-88 yr modeling Schlesinger & Ramankutty, 1994

80-90 yr North Atlantic Oscillation (NAO) in ice cores

and stalagmite records

Appenzeller et al., 1998; Baker, 2000,

Table 3 b. Internal climatic/oceanic oscillations. Potential forcings of sub-Milankovitch climate cycles based on published evidence. Most
prominent periods are in bold. M indicates periodicities linked to monsoon controlled regions.
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Cycle (years) / Forcings Evidence / Observations reference

420, 218, 143 yr drought record North America Yu & Ito, 1999; Dean, 1997

512 yr early Holocene tree ring record of 14C variations Stuiver & Braziunas, 1993

750, 500, 250 yr Arabian Sea varve thickness record von Rad et al., 1999 M

950 yr Holocene cyclicity in North Atlantic sediment

grain sizes

Bianchi & McCave, 1999

550 + 1000-yr Holocene cyclicities in North Atlantic circula-

tion patterns

Chapman & Shackleton, 2000

890/1000 GISP2 & North GRIP Holocene temperature

record

Schulz & Paul, 2001

1450-1470

1120-1150

D/O cycles in Arabian Sea sediment records Sirocko et al., 1996 M

1100 + 1470 yr D/O cycles in North Atlantic and sediment re-

cords

Grootes & Stuiver, 1997; Bond et al.,

1997; van Kreveld et al., 2000

1450 + 1800+ 2300 yr D14C residual (GISP2) Mayewski et al., 1997

Table 3 c. Further internal low-frequency oscillations of climate and ocean. Potential forcings of sub-Milankovitch climate cycles based on
published evidence. Most prominent periods are in bold. M indicates periodicities linked to monsoon controlled regions.

Millennial-to -semimillennial-scale periodicities:

In the multicentennial range, the planktonic d 18O-record of core 17940-2 had shown a si-

gnificant periodicity around 750-770 years (L. Wang, 1999a, c) over the last 10,000 years.

This periodicity would be an overtone of a 1,500-year Dansgaard-Oeschger-style (DO) cycli-

city in the Holocene, which has also been claimed for the North Atlantic region (Bond et al.,

1999), the Indian Ocean (Sirocko et al., 1996) and in North America (Campbell et al., 1998).

However, on the basis of our revised stratigraphy (Figure 3), the 770-year periodicity has

now shifted to 940 years (narrow bandwidth) and 900/1170 years (broad bandwidth), respec-

tively (Figure 12). Further significant periodicities occur in the 1850-, 1220/1320-, and 520 to

400-year bands of red and blue. The latter frequency band is confined to 11,600-6,000 years

BP. The 940 years match a mid-Holocene frequency of red and blue, which occurs at 1/960
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(Figure 11). More interestingly, it also matches a dominant early-to-mid Holocene tem-

perature periodicity of ~ 900 years (Table 3c), found in the GISP2 and North-GRIP ice cores

(Schulz and Paul, 2001), and thus reveals a global signal.

Figure 12. Power spectrum of planktonic d 18O variability in core 17940 for the Holocene 0-11,600 yr BP (REDFIT 3.4 software ; Schulz and

Mudelsee, in press). Dotted line represents the 99% significance level, solid lines that of 95 % and of "red-noise" (average continous
decrease of spectral amplitude with increasing frequency). Most significant (>99%) are major spectral peaks at periods of 57, 90, 145, and
190 yr. Spectral peaks of 78, 940 and 2930 are well above the 95% level.

When extracting the 950-year component from the d 18O records of GISP2 and core 17940

with a band-pass filter envelope (Figure 13) the two records run approximately parallel for

most of the Holocene, with the GISP2 d 18O warming signal leading the (inverted!) d 18O sig-

nal of wet monsoon at Site 17940 by 100 to 350 years between 7.5 ka and 2.5 ka. Prior to

7,750 yr BP, when the precession-driven insolation had reached its maximum, the two signals

almost run in antiphase, with the lead of GISP2 reaching 420-485 years. By applying the

same filter to the red and blue-color records, the d 18O-maxima (equal to SSS minima), are lar-
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gely in phase with or lead by up to 200 yr the minima in the blue-color record between 7 and

1.5 ka (Figure 14). This further corroborates our initial assumption that blue may be a good

proxy for river-born sediment and increased precipitation over China. However, the two

records vary in antiphase at 9-7ka, a relationship yet unexplained.

Figure 13. Phase relationships in the 950-year frequency band.

(a) 950-year components (estimated by the harmonic-filtering algorithm after Schulz, 1996) of the GISP2 d 18O temperature record and the

inverted planktonic d 18O-record of monsoon wetness at Site 17940.

(b) Phases of the filtered 950-year-signal components in the GISP2 and core 17940 d 18O records. The GISP2 signal (small or negative phase

angles) precedes the 17940-signal of monsoon wetness (positive angles) in the middle Holocene by 100-350 yr, over the last 2000 yr hard to
define. We draw the important conclusion that monsoon variations in the 950-yr cycle generally respond to temperature changes in

Greenland and northern high latitudes. In the earliest Holocene when the precessional insolation reached a maximum, the lead of GISP2
increases to up to 450 years.
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We conclude that the Holocene variations in wet monsoon, as depicted by the 950-yr

components of the blue and d 18O-records (Figure 13b and 14c), generally lag the atmospheric

temperature cycles on the Greenland ice summit 100-350 years, in the earliest Holocene by up

mto 450 yr. This implies that North Atlantic climate variations may largely control the varia-

bility of monsoon rather than vice versa, if we assume that the variable with the phase lead by

less than 475 yr is driving the variable with the phase lag. This reasoning, however, is not

stringent, as possibly indicated by the Early Holocene antiphase relationsihp.

Different to our expectations, Holocene 950-yr components of the blue and red records,

extracted by a band-pass filter, are generally in phase between 9000 and 3000 years BP,

which is possibly a result of fluvial sediment reworking. Only from 7500 to 6800 years BP

and for the last 3000 years red and blue are in antiphase, as actually anticipated from the

opposed mechanisms of eolian (red) and fluvial (blue) discharge.

The ~1000- and 550-year cyclicities are also found in North Atlantic Deep Water circula-

tion (Chapman and Shackleton, 2000). Periodicities of 900 ± 200 yr and 450 ± 100 yr mark

the Holocene records of North American drought intensity (Yu and Ito, 1999) and have been

tentatively assigned to long ENSO-style oscillations and/or solar activity cycles, respectively.

On the other hand, Stuiver and Braziunas (1993) ascribe similar periods in Holocene tree-ring

based D14C records to internal oscillations of the Atlantic thermohaline circulation.

In conclusion, the periodicities around 900-1170 years and their potential harmonics of

400-520 years find many obvious analogues in Holocene climate records from tree rings and

various marine sediment and ice cores. However, these cycles still lack a clear, process-based

explanation. Their periods significantly differ from the 1500-yr span characteristic of DO-

cycles and the monsoon variability during glacial stages 2-4 (L. Wang et al., 1999a). Accor-

dingly, DO-cycles do not control the Holocene monsoon variations at Site 17940.
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Figure 14. Phase relationships between the inverted d 18O record of monsoon wetness and the color record of differential siliciclastic

sediment composition and supply. (a) d 18O and blue-color records in the time domain. (b) 950-year-signal components (estimated by the

harmonic-filtering algorithm after Schulz, 1996) of the planktonic d 18O-record of monsoon wetness and the red and blue-color records at

Site 17940. (c) Phases of the filtered 950-year-signal components of d 18O, red, and blue-color records in core 17940. From 7000-1500 yr BP

the d 18O record of wetness and the blue-color record of TOC enriched clay run parallel, until 4000 yr BP almost in phase. Later the blue

signal is lagging by 100-200 years, after 1500 yr BP by ~300 years. Note that the red-color record runs largely in phase with blue between

9000 and 3000 yr BP.
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Bi- to semicentennial-scale periodicities:

The periodicities of 206-170 years in our color records from 11,600-2,100 years BP (Figu-

res 9 and 11), resemble cyclicities near 200 years found in several paleoclimate records, often

referred to as “deVries“ or “Suess“ cycle. It was detected in variations of 14C-radioactivity

deduced from tree ring counts (Sonett and Suess, 1984) and in 10Be-variations of Antarctic

and Arctic ice cores (Beer et al., 1994a, b; Friedrich et al., 2001). Both records suggest that

solar forcing probably plays a major role in generating this cycle, possibly enhanced by ocea-

nic feedback mechanisms (Stuiver and Braziunas, 1993).

The 80-105 year periodicities in core 17940-2 reflect the influence of the globally reco-

gnized (Table 3) Gleissberg sunspot cycle (near 88 years; Gleissberg, 1944, 1958; Hoyt and

Schatten, 1997) on the monsoon-driven sediment flux. Similarly, the Gleissberg frequency

band was reported from varved Arabian Sea sediments (95-year frequency-peak, von Rad et

al.,1999), and from the Santa Barbara Basin (90-years, Schaaf and Thurow, 1997; a cycle of

“near 100 years“, Biondi et al.,1997). The transmission mechanism of the Gleissberg sunspot

and irradiance cycle into the differential intensity of wet and dry monsoon is yet unclear, ap-

parently acting through differential sea surface temperatures near the equator (Findlater, 1969;

Hastenrath and Lamb, 1980).

Periodicities in the range of 63-70 years in core 17940-2 (Figures 10, 11c) may be related

to multidecadal surface temperature oscillations first identified by Delworth and (2000) and

ascribed to internal ocean instability. This range is similar to a 65-70-year oscillation identi-

fied in global-temperature records, which is ascribed to the North Atlantic Oscillation (Schle-

singer and Ramankutty, 1994).
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Multidecadal-scale periodicities:

Significant spectral peaks near 24-20 years (Figure 10, 11a) between 9,500 and 11,000 yr

BP may reflect the 22-year solar magnetic Hale cycle. Frequent peaks near 40-55 years may

represent a multiple of this cycle (Figure 8, 10: 6,000-12,000 yr BP).

Further significant spectral peaks close to 11 years occur in the red and blue color reflec-

tance records and also in the R/B ratio (Figures 11 b, c). In the tropics and in the monsoon

regions the 11- and 22-year solar cycles were also reported from several other records (Table

3a), in particular from gauge readings of the Yangtze River over the last 150 years (Feng et al,

1993). These periodicities possibly reflect influences of the Schwabe sunspot cycle (Schwabe,

1843) on the sedimentation of core 17940-2. Ultimately, the solar origin of the 11- and 22-

year periodicities, which were also observed in many climate time series from ice cores

(Stocker and Mysak, 1992; Steig et al., 1998) was deduced from tree-ring based D14C varia-

tions (Stuiver and Braziunas, 1993). Labitzke and van Loon (1988) verified influences of so-

lar irradiance variations on the upper and lower atmosphere, supported by model results of

Haigh (1996), which specified the possible influences of the 11-year solar cycle on atmosphe-

ric temperature and circulation patterns. On the other hand, Ghil and Vautard (1991) questio-

ned the solar origin of decadal- to bidecadal oscillations, but attributed them to North Atlantic

Oscillation (NAO)-style internal oscillations of the climate system. A final explanation of the

20 to 24-yr cyclicities is yet unclear.

On the basis of a rough estimate of peak height and number of the d 18O frequency spec-

trum (Figure 12), the spectral peaks of longer than 50 yr periods which exceed the 95% signi-

ficance level, explain approximately 20-25% of the total variance of SSS and thus monsoon

wetness.
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Figure 15. Power spectrum of a modern El Niño SST time series (Meteorological Office, 1992; NINO3 Sea Surface Temperature GISST 2.3
dataset [5S-5N, 150W-90W]) and of the subdecadal-scale variability in the red and blue-color records in core 17940 for the time intervals 0-
2.1 kyr, 2.1-5.5 kyr and 6.0-11.6 kyr ago. El Niño-style spectral peaks are significant at >99% over the last 6000 years, in the Early Holocene
El Niño-style frequencies are rare except for a significant peak close to 6 years.
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Subdecadal cyclicities

A significant portion of spectral energy in core 17940 (Figure 11) occurs in the subdecadal

range and largely resembles the modern ENSO spectral signature (Mann and Park, 1994, and

references therein) with a broad spectrum of periodicities between 3 and 8 years (Figure 15).

These high-frequency oscillations already clearly emerge in the time domain (Figures 6 a, b)

Potential teleconnections between the Pacific ENSO and the South Asian monsoon were

first discussed for the last 5,000 years by von Rad et al. (1999). However their laminated se-

diment record from the Arabian Sea does not show a significant response to the ENSO cycle.

Further in the geological past, during the last glaciation and the Holocene, Heusser and

Sirocko (1997) first related cyclic variations in the Asian monsoon to the Pacific El Niño

system (Sirocko et al., 1999), suggesting oscillations of the ENSO-system as the main forcing

mechanism. Climate model results of Clement et al. (1999) also suggest that changes in the

ENSO generate a mean climate response in the tropics, a concept which is supported by

variations of the seasonal SST anomaly as measured in banded corals of the Indian Ocean

over the last 150 years (Charles et al., 1997).

In contrast to the laminated sediment records from the Pakistan continental margin, our

non-laminated sediment record off Hong Kong shows -despite bioturbational mixing- an

ENSO signal of high significance, which is in harmony with both the coral and the modelled

records (Figure 15). The typical ENSO frequency in the (blue and red) color records of core

17940 is less well developed between 11,600 and 5,500 years BP and more obvious later

(Table 2, Figure 15). This corroborates paleoclimate records from Ecuador lakes and coral-

based SST (Rodbell et al., 1999; Gagan et al., 1998, 2000) and modeling results of Liu et al.

(1999). They show that an intensified Asian Monsoon may have induced a reduction in El

Niño variability in the Early Holocene.
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Conclusions

Sonne-95 core 17940 has been retrieved from a "watchdog site " monitoring the monsoon

variability southeast off Hong Kong (Sarnthein et al., 1994). Here the fluvial runoff of the

Pearl River is documented both as a d 18O-freshwater signal and by variations in the color re-

cords of siliciclastic sediment discharge, with the following results:

The intensity of the blue (B) sediment color stands for the portion of fluvial clay, enriched

in total organic carbon (TOC). The intensity of red (R) stands for the fraction of hematite

coated eolian quartz grains, that is the input of loess dust. Accordingly, the chromaticity ratio

R/B is used as indicator of a sedimentation regime dominated by dry (winter) or wet (sum-

mer) monsoon.

Despite bioturbational mixing the apparently homogenous, non-laminated sediment

section of core 17940 contains an unexpected but significant record of subdecadal climate

variability, when sampled at a resolution of 0.3mm, equal to 0.3-0.7 years.

On the basis of wavelet analyses the suborbital periodicities are more discontinuous the

shorter they are. However, various independent spectral techniques identify a number of

significant millennial-to-decadal-scale periodicities which prevail over long time intervals.

Both the d 18O-freshwater signal and the blue record of fluvial clay discharge show that the

Holocene millennial-to-semimillennial-scale monsoon variations are dominated by a ~950-

year periodicity, especially at 5500-2100 yr BP, and by a (? overtone) 400/500-yr periodicity

at 6,000-11,600 yr BP. However, no DO-style cyclicity of ~1500 years was found.

In the 1/950-year frequency band the northern high-latitude climate components, as

documented in the GISP2 ice core record, clearly lead, and thus probably control, the low-

latitude monsoon variations by several 100 years. This lead increases to ~450 years in the

Early Holocene, when orbital precession has reached a maximum. The mechanism of the 950-

year periodicity and its global signal transfer are unknown.

A number of "common" solar cyclicities (200-year Suess cycle, 80-105 year Gleissberg

cycle, 20/24 year Hale cycle and its multiple near 44 years, 11-yr Schwabe cycle) form a sub-
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stantial portion of decadal-to-centennial-scale monsoon variability as documented at Site

17940.

The monsoon clearly responds to the ENSO signal with a broad spectrum of significant

subdecadal frequencies over the last 6,000 years, but only with a single near-to-six-year pe-

riod in the Early Holocene 6.0-11.6 ka.

In summary, the suborbital monsoon variability is controlled by basically 3-4 groups of

external and internal forcings including the ENSO and solar cyles which in total roughly ex-

plain some 20-25% of the Holocene monsoon climate variability.
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Abstract

Ocean Drilling Program Site 1144 in the northern South China Sea provides, with high se-

dimentation rates, a climatic record of monsoon variations on centennial to orbital time scales.

Here we present oxygen and carbon stable isotope records of planktonic foraminifer G. ruber

(white). They extend, as almost continuous records from the Holocene to Marine Isotope

Stage 12 and with low resolution to the early Pleistocene stage 29. Sedimentation rates

average 0.74 m/k.y. and vary from 0.13 to 1.8 m/k.y. Major hiatuses occur at peak warm

stages 5.5 and 11.3, possibly as a result of strong contour current erosion. Another hiatus

extends from isotope stage 29 to 73(?). The short-term variations in the isotope record for the

last 110 k.y. closely parallel the d18O record of the GISP2 ice core.

Introduction

A principal objective of ODP Leg 184, Site 1144 (Figure 1), was to recover a complete se-

quence of high-sedimentation-rate, hemipelagic sediments of the middle and late Pleistocene

to address fundamental questions regarding the paleoenvironment in the South China Sea

(SCS) and to reconstruct the history of the East Asian Monsoon on orbital to sub-Milanko-

vitch time scales over the last 1 million years.

To date only a few published paleoceanographic records from South East Asian marginal

seas provide a time resolution sufficient to resolve high-frequency variations in local ocean

circulation and paleoclimate. The high accumulation rates at Site 1144 (20.05° N, 117.42°E,

2037 m water depth; Figure 1), retrieved from a thick, hemipelagic sediment drape (Sarnthein

et al., 1994; ODP Leg 184 Shipboard Scientific Party, 2000) on the northern continental slope

of the South China Sea, offer an unprecedented opportunity to reconstruct Quaternary

monsoon variations on millennial to centennial time scales.

Our primary goals are (1) to provide a detailed and reliable high resolution stable isotope

stratigraphy for the northern South China Sea over the last 1 million years, (2) to uncover

stratigraphic gaps in centennial-to-millennial climate oscillations during the Brunhes Chron,
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with special focus on the last three glacial and interglacial periods, and (3) to compare

paleoclimatic variability inferred from stable isotopes of planktonic foraminifers during

marine isotope stages (MIS) 1-3 with the GISP2 ice core record and thus establish the links

between marine and terrestrial records.

Additionally, this stratigraphy forms the paleoclimatic framework and precise age model

for a number of paleoceanographic and paleoclimatic studies published in this volume (Tam-

burini et al., Boulay et al, Higginson et al., chapters XX) and elsewhere.

Figure 1. Map showing the locations of ODP Leg 184 Sites 1144 through 1148 and the position of SONNE-95 core 17940-2 in the northern
South China Sea. 200 m isobath marks shelf edge.
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Methods

Stable isotope analysis

The oxygen isotope record is based on Globigerinoides ruber, a surface dwelling plankto-

nic foraminifer (Bé and Tolderlund, 1971) that records changes in surface water d18O and d13C

(Linsley and v. Breymann, 1991). Stable oxygen (d18O) and carbon (d13C) isotope analyses at

Site 1144 were made at uneven sampling intervals (listed in Table 1), and more than 1285

samples were processed for this study.

Depth interval [mcd] sample interval [cm]

0-122 0.25
122.0-164.5 0.8

164.8- 235.2 0.24

251.6-422.6 0.27
427.4-517.6 1.15

Table 1. Average sample spacing for stable isotope measurements at Site 1144.

Approximately 15-20 cm3 of wet bulk sediment were freeze-dried for each sample, weigh-

ed, and wet-sieved to remove the fraction <63µm. The sand fraction (>63µm) was oven dried

at 40° C for 24 hours, then weighed to determine the percent sand fraction.

Because foraminifer tests are rare in the common size class 315-400 µm we chose to use

the 250-315 µm fraction (Linsley and Dunbar, 1993; Lee et al., 1999). For each sample ~ 15-

20 tests of the planktonic foraminifer Globigerinoides ruber, white variety, were picked out

of the 250-315µm fraction, following the morphotype classification of L. Wang (2000).

In a few samples not enough specimens complying with the sensu strictu morphotype re-

quirements were found. These samples were supplemented with as many sensu latu tests as

necessary to reach the amount of carbonate required for reliable measurements. The number

of specimens (15-20) and the rather narrow size fraction were chosen to minimize the influ-
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ence of vital effects (Berger et al., 1978), and moreover, to average out the signal noise linked

to differential bioturbational mixing.

Only tests that were intact and without visible dissolution were selected. A substantial ef-

fort was made to avoid pink G. ruber which is generally isotopically lighter (D 0.17‰ d18O,

Thompson et al., 1979) than G. ruber white. At Site 1144 the pink variety of G. ruber is either

light pink throughout or, more often, the pigmentation is very weak and only the very first

chambers are pink coloured, which complicates identification.

Before isotope analysis, the foraminifer tests of each sample were immersed in ultra-pure

ethanol, carefully cracked to expose the interior of the chambers and ultrasonified for 20 se-

conds. Subsequently, the ethanol with possible contaminants still in suspension was siphoned

off with a syringe and the remaining foraminifer fragments dried at 40°C. The cleaned

samples for isotopic measurements weighed 150-200 µg. For isotope analysis standard tech-

niques were used: the carbonate was reacted with 100% ortophosphoric acid at 70°C and the

isotopic ratios were determined using a Finnigan MAT 251 micromass spectrometer with the

Carbo Kiel device (Kiel I type) at the Leibniz Laboratory of Kiel University. Samples from

the interval 172.16 - 182.17 mcd (meters composite depth) were measured on a Finnigan

Delta Plus XL mass spectrometer combined with a Kiel GasBench II continous flow interface.

Precision was regularly checked by running (internal) Solnhofen limestone standards. Con-

version to the PeeDee Belemnite (PDB) scale was performed using the National Bureau of

Standards NBS-20 carbonate standard. At the MAT 251 the external standard errors over one

year (2000-2001) were <0.08‰ for d 18O and < 0.05‰ for d13C (both 1-sigma values), at the

Delta Plus XL mass spectrometer the errror reached <0.096‰ for d18O (NBS 19).

Composite depth model

We used the continuous shipboard-defined (Leg 184 Shipboard Scientific Party, 2000)

composite-depth scale (mcd) which links sediment profiles of cores from Holes A, B, and C

down to 235.41 mcd. Splicing of cores below this interval was precluded by incomplete core
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recovery and incidental alignment of core gaps (Leg 184 Shipboard Scientific Party, 2000).

Although the cores below 235 mcd can not be tied directly to the composite depth scale, it

was possible to correlate them with each other by means of correlative features of Multi

Sensor Track records (MST) and sediment color, and their depths were adjusted accordingly.

This relative or floating composite depth scale is not tied to the overlying composite depth

scale (Leg 184 Shipboard Scientific Party, 2000). The majority of samples below 235 mcd are

from Hole A, some gaps resulting from the "floating" composite depth scale will be bridged

in the future with samples from Hole B.

Results and Discussion

Oxygen isotope stratigraphy and chronology

All stable isotope data of ODP Site 1144 are given in Table 2, Appendix 2, and presented

in Figure 2. Data are also available as an electronic file. The 518 m long sediment section

reaches back to at least 1.03 Ma. Figure 3 shows a blow-up for the uppermost 120 m, span-

ning the last 135 k.y.

In general, the well known sawtooth-like appearance of the 100-k.y. climatic cycles (Prell

et al., 1986) is clearly developed (Figure 4). High amplitude d18O variations are apparent

throughout the entire record of Site 1144 with slightly decreasing amplitudes within the bot-

tom 100 m. Marine oxygen Isotope Stages (MIS) 1 to 29 (Emiliani, 1955; Shackleton and

Opdyke, 1973) are easily identified (Figure 2 and 4). The age model for Site 1144 was

constructed by combining two independent reference records, the GISP2 ice core and the

ODP Site 677 oxygen isotope records. The top 106 m of the Site 1144 d18O-record were

correlated to GISP2 (Grootes and Stuiver, 1997) and dated according to the GISP2 time-scale

(Alley et al., 1997; Meese et al., 1997).
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The oxygen isotope stages of the interval 106-504 mcd (108-1027 ka ) were identified by

visual correlation to the orbitally tuned d18O-record of ODP Site 677 (Shackleton et al., 1990).

Ages for the whole record were defined through linear interpolation between the tie points

listed in Table 3.

Below 480 mcd we used two biostratigraphic datums as age tie points. The upper end of

the small Gephyrocapsa acme zone (Gartner, 1988) at 500.66 mcd with an age of 1020 ka

(Shyu, this volume) was used as age tie point to determine the position of MIS 29 (Figure 2

and 4). A major hiatus between 500.66 and 506.82 mcd is indicated by the LO of Discoaster

brouweri / triradiatus at 506.82 mcd (Shyu, this volume). The isotope stages below the hiatus

can not be identified with certainty (possibly MIS 73).

Table 3

Depth

[mcd]

d 18O   

[‰]
Age

[ka]

sedimentation

rate [m / ky]

Event

0.06 -2.72 90

6.73 -1.53 11730 0.57 Top YD
10.01 -2.04 14375 1.24 IS 1

26.19 -1.17 23370 1.80 IS 2

26.89 -0.62 23810 1.59 H2

31.62 -1.55 27700 1.22 IS3

33.07 -1.56 28890 1.22 IS 4
33.57 -1.05 29290 1.25 H3

36.62 -1.62 31720 1.26 IS5

38.63 -1.57 33790 0.97 IS6

41.76 -1.70 36660 1.09 IS7

44.02 -1.76 38320 1.36 IS 8

44.52 -1.10 38770 1.11 H4
45.52 -0.14 39660 1.12 IS9

46.97 -1.72 40960 1.12 IS10

48.73 -1.77 42530 1.12 IS 11

52.9 -1.66 45140 1.60 IS 12

53.56 -1.04 45660 1.27 H5
55.06 -1.58 47090 1.05 IS 13

64.77 -2.22 56370 1.05 IS 16

66.47 -1.67 58230 0.91 IS 17

70.33 -1.53 61870 1.06 IS18

77.95 -2.13 68610 1.13 IS 19

81.21 -1.94 72880 0.76 IS 20
88.57 -2.49 83750 0.68 IS 21

95.42 -2.23 89710 1.15 IS 22

104.13 -2.50 100250 0.83 IS 23

106.81 -1.63 106360 0.44 MIS 5.4

110.05 -2.45 117400 0.29 Hiatus top
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Depth

[mcd]

d 18O   

[‰]
Age

[ka]

sedimentation

rate [m / ky]

Event

110.3 -1.68 124780 Hiatus bot
112.05 -2.51 128500 0.47 MIS 5.53

114.55 -0.82 133310 0.52 MIS 6.2

117.23 -0.79 138010 0.57 MIS 6.3

121.81 -0.74 146040 0.57 MIS 6.4

140.05 -0.79 177990 0.57 MIS 6.6
158.75 -1.37 226970 0.38 MIS 7.4

165.76 -2.21 243780 0.42 MIS 7.5

172.16 -0.95 267940 0.26 MIS 8.4

183.92 -2.29 284380 0.72 MIS 8.5

193.61 -1.27 300810 0.59 MIS 8.6

195.49 -2.58 305000 0.45 MIS 9.1
207.4 -2.71 329030 0.50 MIS 9.3

209.16 -0.46 336980 0.22 MIS 10.2

246.33 -1.74 391000 0.69 hiatus top

247.13 -1.71 411860 hiatus bot
251.58 -0.63 420570 0.51 MIS 12.22

262.18 -0.37 439420 0.56 MIS 12.24

275.87 -0.60 462210 0.60 MIS 12.4

300.52 -2.28 500990 0.64 MIS 13

306.52 -1.21 512060 0.54 MIS 14.2

311.11 -1.51 546920 0.13 MIS 14.4
323.61 -2.25 612040 0.19 MIS 15.5

325.11 -0.76 622990 0.14 MIS 16.2

355.79 -2.25 687030 0.48 MIS 17.3

365.31 -1.08 717190 0.32 MIS 18.2

374.67 -1.79 741470 0.39 MIS 18.3
376.67 -1.22 750000 0.23 MIS 18.4

383.59 -1.84 783960 0.20 MIS 19.3

391.3 -1.16 799110 0.51 MIS 20.2

399.28 -2.16 856910 0.14 MIS 21

403.51 -0.89 872000 0.28 MIS 22

420.88 -1.89 905000 0.53 MIS 23
426.7 -0.90 912040 0.83 MIS 24

450.43 -0.81 967130 0.43 MIS 26

472.31 -1.16 1003970 0.59 MIS 28

500.66 1020000 1.77 LO small Gephyro-

capsa Acme
503.76 -2.32 1028000 0.39 MIS 29.2

hiatus

506.82 1960000 LO D. brouweri

/triradiatus

517.56 -2.07 1975600 0.69 MIS 73

Table 3: Names, midpoint ages, and sedimentation rates of d18O stages and events at Site 1144. YD: Younger Dryas; IS: GISP2 interstadial

equivalent. Ages of last 110 kyr are based on the Meese/Sowers timescale (Meese et al. 1994); H1-6: Heinrich event analog; Ages of Marine
Isotope Stages (MIS) 6-29 are based on Shackleton et al. (1990); nannofossil ages after to Shyu et al. (this volume).
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Figure 2(a). Oxygen isotope curve (d18O ratio versus PDB = PeeDee belemnite standard) of the surface-dwelling planktonic foraminifer

Globigerinoides ruber from ODP Site 1144, plotted against core depth (meters composite depth [mcd]). The upper ~285 m of Site 1144 was
sampled at irregular intervals, with an average sampling frequency of ~28 cm. Below ~285 m it is reduced to 1.5-2 m. Numbers indicate

marine isotope stages and/or sub-stages. YD = Younger Dryas. Dashed line at -2.6 ‰ indicates the Holocene average d18O level. Black

squares = positions of 14C datings and microtektite layer, open triangles = positions of planktonic foraminifer last/first occurrence datums,
filled triangles = positions of nannoplankton last/first occurrence datums. Thin vertical lines below 235 mcd indicate core breaks.
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Figure 2(b). Carbon isotope curve (d13C ratio) of the surface-dwelling dwelling planktonic foraminifer Globigerinoides ruber from ODP Site

1144, plotted against core depth (meters composite depth [mcd]). As with the d18O-curve, a high-resolution (av. ~28 cm) sampling frequency

reaches down to ~285 mcd, further below sampling resolution is 1.5 to 2 m. Numbers define marine isotope stages and/or sub-stages. YD =
Younger Dryas. Black squares = positions of 14C datings and microtektite layer, open triangles = positions of planktonic foraminifer last/first
occurrence datums, filled triangles = positions of nannoplankton last/first occurrence datums.
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Further details of some marine isotope stages

Special Holocene features

The Holocene d18O record of Site 1144 displays a high-amplitude internal variability rea-

ching 0.6-0.8 ‰ (Figure 3). The lightest values of –2.85 ‰ were measured at 5.8 mcd (near

10,000 yr BP). They probably stem from a freshwater plume in the areas close to the Pearl

River due to high precipitation and run-off from China (L. Wang et al., 1999a, b, c). In

general, the Holocene oxygen isotope curve is similar to the d18O record of neighboring core

17940 reported in L.Wang et al. (1999a). An early suspicion that the top 2 meters of sediment

might be missing at Site 1144 (Leg 184 Shipboard Scientific Party, 2000) seems disproved by

the 14C age of 1700 yr (1272 ± 60 cal yr) at 0.74 mcd. This is the approximate age expected

when taking into account the average Holocene sedimentation rate of around 0.5 m/k.y. at

Site 1144. However, since the oxidized reddish sediment surface was not recovered, a small

portion of the uppermost sediment, we estimate about 7 cm, is definitely missing.

The planktonic Holocene-to-Last Glacial Maximum (LGM) d18O shift is approximately D

1.8 ‰, with maximum differences of 2.4 ‰ between short-term extremes in the Holocene and

LGM. The ice volume effect on the d18O-record for the most recent glacial-interglacial transi-

tion (MIS 1/ 2) is estimated to be 1.2 ‰, assuming that 10 m of sea-level rise is equivalent to

a 0.11 ‰ change in d18O (Labeyrie et al., 1987; Fairbanks, 1989). Thus the overall glacial-in-

terglacial d18O change at Site 1144 records primarily the global ice volume signal, nonetheless

fluctuations in local surface-water temperature and/or salinity also play an important role.

The Younger Dryas (YD) event (6.5-8.1 mcd) is recorded as a prominent isotopic shift of

D 0.7 ‰ back to more positive d18O-values (Figure 3) and shows the characteristic double-

peak structure known from the Greenland ice-core records (Alley et al., 1993). Prior to the

YD a distinct d18O minimum near -2 ‰ marks the Bølling/Allerød warm phase (8.1-10.2
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mcd). The top of Marine Isotope Stage 2 is defined by the major d18O-shift of D 0.8 ‰ toward

the Bølling/Allerød level near 10.4 mcd (Termination IA).

Figure 3.
Upper panel: GISP2 ice core oxygen isotope record of Grootes and Stuiver (1997) plotted against age in years BP. Numbers 1 through 23
indicate interstadials (IS).
Lower panel: ODP Site 1144 planktonic d18O (upper curve) and d13C (lower curve) ratios plotted against depth (meters composite depth

[mcd]) for the upper 120 m. The thick dashed line indicates a gap in the record (Hiatus) and the thin dotted lines define boundaries between

the Marine Isotope Stages (MIS) 1 to 6. Numbers (2-23) at planktonic d18O record indicate events equivalent to interstadial events defined in

the GISP2 d18O ice record (upper panel). "20k"IS marks an isotopic event in the 1144 profile that is equal to an event near 20,000 years in

GISP2. H1 through H6 locate possible high salinity events coeval with North Atlantic Heinrich events. YD = Younger Dryas. Position of
14C-datings (reservoir corrected by -400 yr; incl. those of Shyu et al., this volume) are indicated as squares. Last Occurrence (LO) of the
planktonic foraminifer Globigerinoides ruber (pink) is marked. Events MIS 5.4 and MIS 5.53 in the isotope record are indicated.

-44

-42

-40

-38

-36

-34

-32

0 20.000 40.000 60.000 80.000 100.000 120.000

GISP2 dddd 1 8O
i c e

d18
O

 [‰
]

age (yr BP)

1

2

3 4 5
8

6
7

9
10 11

12

13

14

16
17

18

19 20

21

22

23

15

- 3

-2.5

- 2

-1.5

- 1

-0.5

0

d18
O

 [
‰

]

2 1

22

23

20

1916

15

13

11

2

4

1 2

H5

H2

11.6 cal ky BP
14.7 cal ky BP

H5.2
H6

MIS 5.53

YD

17 ?

H
IA

T
U

S
(L

O
) 

G
. r

ub
er

 p
in

k

H4

2
2

0
3

0

13
17

0

91
00

13
20

1
6

0
2

0

1
8

7
8

0

26
39

0

3
6

9
5

0

8
53

H3

76
"20 k"

I S

H1

9 1 8

14

MIS 5.4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 10 20 30 40 50 60 70 80 90 1 0 0 110 120

d13
C

 [‰
]

Depth (mcd)

MIS 5MIS 4MIS 3MIS 2 MIS 6

H
IA

T
U

S Site 1144



4.3 ODP Site 1144 stable isotope stratigraphy

90

Detailed features in MIS 2 - 5

Marine isotope stages 2 to 5 in the Site 1144 d18O record (Figure 2a and 3) are characteri-

zed by frequent, narrow standing oscillations that reach D 0.7-0.85 ‰ in MIS 2 and MIS 3, up

to D 0.9 ‰ in MIS 4, and nearly D 1.1 ‰ in late MIS 5. We interpret these d18O variations as

marked shifts in monsoon intensity, which induced freshwater pulses, and correlate them with

the interstadial events (IS) of the GISP2 d18O ice core record (sensu L. Wang et al, 1999a).

The most prominent positive excursions in the d18O curve of the top 110 mcd of Site 1144

were correlated to North Atlantic Heinrich events, as corroborated by 14C ages.

The analogs of the GISP2 interstadial (IS) events 3 to 7, 9 to 16 and 20 to 23 are well re-

presented in the Site 1144 d18O record as prominent negative excursions. Starting from the top

of MIS 2 (10.45 mcd) the first prominent negative d18O excursions at Site 1144 occur between

16.9-19.0 mcd and were termed "20k IS" because they correspond to a characteristicly similar

d18O excursion near 20 ka in the GISP2 record. The d18O interval between 23.9 and 26.4 mcd

was correlated to IS 2 of GISP2. It lacks the high amplitudes that appear in the ice core record

but bracketing 14C datings and the preceding positive d18O-excursions near 26.89 mcd, which

correspond to H2, support this interpretation. Similar to GISP2, the analog to IS 8 at Site 1144

is a broad interval, but lacks the typical saw-tooth pattern. The shape of the IS 17 equivalent

in the Site 1144 d18O record differs from GISP2, but a drastic increase in d18O near 66 mcd,

possibly the counterpart of Heinrich event 6, clearly marks the bottom of "IS 17" at the top of

MIS 4 (Figure 3). Here the structure between IS 18 and 19 is richer than in GISP2. The bipar-

tite IS 19 in GISP2 was correlated to the broad, deeply structured interval from 73.5-78.8

mcd. The Site 1144 IS equivalents 21, 22 and 23 represent marine isotope substages 5.1, 5.3.1

and 5.3.3, respectively.

The "H3" event is weak in comparison to GISP2, however, well confirmed by a 14C-age of

26.8 ka at 33.07 mcd (14C age range of H3: 26-26.8 ka; Sarnthein et al., 2000). Further down-
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core, a positive d18O excursion corresponds to H4 (44.5 mcd), with an appropriate 14C age of

36.95 ka at 47.23 mcd (Figure 3). The "H5"-equivalent at 53.6 mcd has no independent age

control, but the structure of the d18O record down to "IS 14" is unequivocal and well fitting to

the GISP2 curve. A distinct increase in d18O close to 61 mcd, is possibly the equivalent to

Heinrich event 5.2 (van Kreveld et al., 2000; Sarnthein et al, 2000).

Downcore of marine isotope stage 5.4, which is centered around 107 mcd (108 ka) the

greater part of MIS 5.5 is missing, only the very top of MIS 5. 5 and the MIS 5.4/5.5 transi-

tion are preserved (Figure 2 and 3). This major hiatus, spanning approximately 7,400 years, is

deduced from the fact that the d18O values do not reach the level of -2.9 / -3.0 ‰ that we

know from other cores in this region (Linsley, 1996: ODP Site 769A; L. Wang et al., 1999a:

17940; Lee et al., 1999: MD972151;) and at neighboring Site 1145 (Mc Intyre and Oppo, this

volume). The hiatus is also documented in the d13C record (Figure 2 b, 3) with a sudden shift

of more than D 0.4 ‰ at 110 mcd. Below the hiatus, the d13C record at the MIS 5 / 6 boundary

shows a broad minimum similar to that observed at ODP Site 658 for late MIS 6 (Sarnthein

and Tiedemann, 1990). The positive incursion in the d18O curve of Site 1144 near 110-111.5

mcd most likely represents a Younger Dryas-style climatic oscillation (event 5.52: Sarnthein

and Tiedemann, 1990) and the preceding negative peak is equal to event 5.53. The transition

(Termination II) from MIS 6 to MIS 5.53 near 113 mcd shows an almost instantaneous

isotopic shift of 1.25 ‰ (Figure 2a and 3).

The millennial to sub-millennial scale variability in the planktonic stable isotope record at

Site 1144 probably reflects changes in temperature and in particular, changes in sea surface

salinity in addition to changes in global ice volume (Lambeck and Chappell, 2001). Because

of the position close to the Chinese mainland and the Pearl River mouth, the d18O variability

at Site 1144 most likely reflects changes in summer monsoon intensity, that is enhanced pre-



4.3 ODP Site 1144 stable isotope stratigraphy

92

cipitation and fluvial runoff leading to negative d18O excursions. A decrease in summer mon-

soon intensity would result in decreased precipitation and/or temperature at Site 1144 and

thus explain the maxima in planktonic d18O (high salinity "Heinrich" events) in the SCS.

Apparently, short-term changes in the Asian Monsoon system were intimately tied to

high-latitude climate forcing via atmospheric signal transfer (L. Wang et al., 1999b; Kudrass

et al., 2001). The question whether the sudden d18O variations in the South China Sea occur

simultaneously with previously identified events in the North Atlantic (Adkins et al., 1997;

Bond et al., 1997) and high latitudes (Dansgaard et al., 1993) remains unanswered (An, 2000).

However, a modeling study of Mikolajewicz et al. (1997) showed that atmospheric transfer of

Greenland temperature variations will result in quasi-synchronous signals across the high-

latitude Northern Hemisphere.

In contrast to a scenario where the South China Sea was responding primarily to Northern

Hemisphere climate changes, the other possiblity is that the tropical climate and the monsoon

system was the driving force for Northern Hemispere millennial scale climate variations. Re-

cent modeling studies of Clement and Cane (1999a, b) suggest that long-term oscillations of

the El Niño-Southern Oscillation (ENSO) may be an important forcing factor for the tropical

monsoon climate system, and furthermore may also have an important influence on the global

climate.

Detailed features in MIS 6 - 11

Marine isotope stage 6 in the d18O record shows the characteristic features with a well

developed substage 6.5 (Figure 2 and 4) and with internal amplitude variations of up to D 0.7

‰. However, these variations are less negative than expected when considering various other

records in the South China Sea and Sulu Sea (Linsley and Dunbar, 1994; L.Wang et al.,

1999a). A probable reason may be the still insufficient sampling resolution within this

interval.
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Accordingly, during MIS 7 the d18O values do not reach the near-Holocene level that has

been observed in records elswhere from this region (Linsley and von Breymann, 1991; L.

Wang et al., 1999a). Substages 7.1 and 7.3 are narrower than in the ODP Site 769 isotope

record (Linsley and Dunbar, 1994), and in particular substage 7.4 (Figure 2a and 4) appears

less „glacial“ than in the SPECMAP (Martinson et al., 1987) and in the ODP Site 769 isotope

curves. At ODP Site 1145 (McIntyre and Oppo, this volume) substage 7.4 has similar

negative values.

Highly resolved MIS 8 d18O levels are generally more negative (warmer) than in other

low-latitude cores (Basssinot et al.,1994; Jian et al., 2000). Substage 8.5 at Site 1144 appears

more pronounced (D 0.3-0.4 ‰) and warmer than at the neighboring Site 1145.

In MIS 9 the Site 1144 d18O values reach the Holocene level. A major shift of more than

D 1.5‰ in d18O constitutes the MIS 9/10 boundary (Termination IV) at 208 mcd (Figures 2

and 4).

Oxygen isotope values in MIS 10 are at a level comparable with the LGM and display a

high-frequency variability similar to MIS 2-3.

Despite the high sampling resolution, Marine Isotope Stage 11 is found incomplete, with

most of the characteristically broad substage 11.3 missing (Figure 2 and 4) similar to the situ-

ation observed at the peak interglacial of MIS 5.5. Minimum isotope values of -2.6 ‰ are

more positive than the values of -3.1 ‰ observed at neighbor Site 1145 (McIntyre and Oppo,

this volume). Based on a detailed comparison with other planktonic high-resolution records

(Berger et al., 1993 a, b; McManus et al., 1999) we assume the hiatus to be somewhere be-

tween 246.33 mcd and 247.13 mcd (Figure 2) comprising about 21,000 years. Similar to the

base of the hiatus in stage 5.5, the base of this hiatus lies within a Younger Dryas-style cold

episode after the short warm event 11.33 (Sarnthein and Tiedemann, 1990), which is compa-

rable to the Bølling/Allerød warm phase at the end of the Last Glacial. The most pronounced

highly resolved Marine Isotope Stage 12 shows three major cold events (12.22, 12.24 and

12.4).



4.3 ODP Site 1144 stable isotope stratigraphy

94

0

200

400

600

800

1000

-3.0-2.5-2.0-1.5-1.0-0.50
d18O [‰ PDB]

25

21

17

11

9

19

27

29

15

13

7

23

5

3

LO G. ruber pink

FO E. huxleyi

FO G. ruber pink acme

LO P. lacunosa

microtektites

LO R. asanoi

LO sm Gephyrocapsa
Acme

1

ag
e 

[k
y 

B
P

]

1900

2000

LO D. brouweri
73?

0.0 0.50 1.0
d13C [‰ PDB]

26

22

18

12

10

20

28

16

14

8

24

6

4

2 I

II

III

IV

V

VII

Figure 4. ODP Site 1144 oxgyen and carbon isotope curve of the planktonic foraminifer Globigerinoides ruber (white) versus age in kilo
years (ky BP). Numbers indicate Marine Isotope Stage (MIS) stages based on a correlation with the orbitally tuned age model of Site 677
(Shackleton et al., 1990). Blanks in record = stratigraphic gaps. Note break in x-axis (// = Hiatus). Biostratigraphic First (FO) and Last (LO)
Occurrence datums are marked; squares = positions of 14C datings and microtektite layer, open triangles = positions of planktonic foraminifer
first/last occurrence datums, filled triangles = positions of nannoplankton first/last occurrence datums, shaded vertical bars= pronounced
glacial terminations (roman numerals).



4.3 ODP Site 1144 stable isotope stratigraphy

95

Detailed features in MIS 13-29 and near to the base of the profile

Below 285 mcd (476 ka) the sampling intervals are still wide, between 1.5 and 2 m (Fi-

gure 2 and 4). Marine isotope stages 13 and 15, display the characteristic trident shape. MIS

17 precedes the wide and pronounced glacial stage 16. MIS 18 shows a pronounced substage

18.3. Stage 19 appears unusually small in comparison to Site 1145 (Mc Intyre and Oppo, this

volume) or Site 677 (Shackleton et al., 1990) where the d18O values reach almost Holocene

levels during MIS 19. However, a layer of Australasian microtektites (Zhao et al., this vo-

lume) represents an important age marker within the lower part of the MIS 19/20 transition.

Further downcore, isotope stages 21 through 29 are clearly identified. A major hiatus, de-

duced from biostratigraphy (Shyu et al., this volume), occurs near the base of MIS 29 (Figure

2a and 4) which accordingly may be incomplete. Based on two biostratigraphic ages (Table

4a) the hiatus spans almost 1 million years. Further downcore a definitive designation of

isotope stages for the interval 509.3-517.9 mcd was not possible. The Last occurrence (LO) of

D. brouweri/triradiatus (1.96 Ma) possibly indicates MIS 73 (Sarnthein and Tiedemann,

1989) at 506.82 mcd. Assuming a constant sedimentation rate of 0.73 m/ky, the bottom depth

of Site 1144 (517.56 mcd) may reach to an age of 1.9615 Ma (Tables 3 and 4 a).

event average depth (mcd) error age (ka)

LO G. ruber pink 110.18 ± 0.13 124.8

FO E. huxleyi 1 192.96 ± 0.13 299

FO G. ruber pink 248.39 ± 0.25 413

LO P. lacunosa 1 288.54 ± 0.12 478

microtectite layer 2 386.17 ± 0.00 791

LO R. asanoi 2 417.23 ± 0.38 900

LO sm. Gephyrocapsa Acme 1 500.66 ± 0.38 1020

LO D. brouweri / triradiatus 1 506.82 ± 2.04 1960

Table 4a: Biostratigraphic datums and age markers. Events in bold were used as tiepoints for the age model; 1: Shyu et al. (this volume); 2:
Zhao et al. (this volume). These ages are derived from our d18O stratigraphic ages.
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Spectral analyses

The age model for Site 1144 is based on correlating our d18O record with the GISP2 d18O

ice core record from the Holocene to the middle of MIS 5. Below stage 5 it is tuned to the

astronomically dated d18O record of Site 677. Accordingly, spectral analysis of the Site 1144

d18O record reveals a fourier power spectrum of the last 110 kyr (Figure 6 a) strongly resem-

bling the GISP2 frequency spectrum, with prominent periods of near 4000, 1500 and 1000

years (Grootes and Stuiver, 1997). The spectrum of the whole d18O record at Site 1144 (Fi-

gure 6 b) is clearly dominated by typical Milankovitch- orbital frequency bands with domi-

nant periods of 98, 41, 23 and 18 k.y.

Figure 5 (a). Blackman-Tukey power spectrum of the d18O record for the interval 0-80 k.y. after 15 k.y. high-pass filtering. Numbers indicate

periods in years. (b). AR-power spectrum of the non-equidistant d18O record for the interval 0-1030 k.y. Numbers indicate periods in

thousand years (k.y.).

Sedimentation rates

Site 1144 is located on a thick sediment drift (Sarnthein et al., 1994; Leg 184 Shipboard

Scientific Party, 2000) where changes in sedimentation rate mainly reflect variations in

downslope terrestrial input and /or lateral transport by current activity. Accordingly Site 1144
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is characterized by generally high sedimentation rates (Figure 5). In the bottom interval from

470-500 mcd (MIS 28 and 29), extremely high rates reaching 1.8 m/k.y.were observed. From

470 to 100 mcd (MIS 27 to 6) sedimentation rates are fairly constant near 40 cm/k.y., with

only a few short intervals with lower values.

Particularly high sedimentation rates occur in the upper 100 mcd with more than 100

cm/k.y., and extremes reaching 1.8 m/k.y. In contast to the Holocene deposits in the nearby

SONNE-95 core 17940, where maximum sedimentation rates of ~70 cm/k.y. occur primarily

in the Preboreal (Termination IB; L. Wang et al., 1999a), the maximum sedimentation rate at

Site 1144 occurs earlier, during the LGM and during Termination IA. This difference may re-

sult from the greater water depth at Site 1144 which led to an enhanced deposition at this dee-

per location when the sea level reached a minimum.
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Figure 6. Sedimentation rates at Site 1144 in meters per kilo year (m/k.y.) versus meters composite depth [mcd].

Lüdmann et al. (2001), explained the differential sedimentation rates with a complex inter-

action between sea level stand and the location of the point of maximum sediment discharge

from the Pearl River mouth. They suggest that the exposure or submergence of the Dongsha

Island area, northwest of Site 1144, led to a deviation in sediment supply to the west of the

island group during the LGM and to the east during the early Holocene. Site 1144, the deeper

site, would have received more sediment in times of low sea level. Site 17940, ~300 m higher

on the slope, would show high sedimentation rates during sea level high stands.
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The small-scale differences in sedimentation rates between the two neighboring sites may

also derive from a shift in the axis of the deep-water inflow of Pacific Intermediate Water.

These oceanographic changes, which are probably linked to changes in the global thermo-

haline circulation, may have led to the stratigraphic gaps at the peak interglacial stages 5.5

and 11.3.

Carbon isotope record

The planktonic d13C record at Site 1144 (Figure 2b and 4) is consistent with neighboring

records from the South China Sea and other tropical records. It shows long-term variations

that roughly parallel the climatic cyclycity of the last 1 Ma, forming a ~ 420 k.y. excentricity

cycle, with the lowest d13C values of less than 0.1 ‰ in Terminations II and V. Glacial-to-

interglacial variations reach D 0.6-1.1 ‰ over the past 1.1 million years. Most of the warm

stages with more negative d18O values are linked to high d13C levels, while cold stages and the

deglacial intervals show minimum d13C values, except for MIS 2 and 3, and to a lesser degree

MIS 6, where the carbon isotope ratios come close to interglacial levels. Extremely low d13C

values and the largest d13C shifts (D 1.1 ‰; Figure 2b and 4) parallel glacial terminations,

especially after glacial stages 2, 6, 10, 12. The d13C minima (Figure 3 and 4) are consistent

with the deglacial minima found in many low-latitude planktonic records (Oppo and Fair-

banks, 1989; Linsley and Dunbar, 1994) and in the neighboring core 17940 (L. Wang et al.,

1999a).

The minima in d13C towards the end of the glacial maxima and early interglacial times

may be a result of enhanced terrestrial nutrient input (L. Wang et al., 1999a), in particular via

eolian loess, triggering higher productivity. These low d13C values may also reflect stronger

winter monsoon winds that may have led to a greater mixing depth of the surface layer

(Linsley and von Breymann, 1991), thereby incorporating 13C depleted deep water into the
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surface water masses. During Transition I the switch back to high d13C values slightly lags the

maximum shift in d18O. Apparently the nutrient input did not cease abruptly but continued

even when the major climatic change had already occurred. Possibly,  the mechanisms in

nutrient influx changed from eolian dominated to fluvial. This is in concordance with L.Wang

et al. (1999b) who reported a reduced Sea Surface Salinity (SSS) in the neighboring core

17940 during the Preboreal. This indicates a maximum in summer monsoon precipitation over

China, corroborated also by granulometry data reflecting an enormous runoff event from the

Pearl River (L.Wang et al., 1999a).

Improved age control of some biostratigraphic datums and other strati-

graphic markers.

For the construction of the age model for Site 1144 we did not use the ages of biostrati-

graphic datums (Table 4) provided by Shyu et al. (this volume), except for two datums near

the base of the sediment record. Instead, we employed our age model, which is correlated to

the astronomically dated d18O record of ODP Site 677 (Shackleton et al., 1990), to improve

the age assignment of biostratigraphic datums and the Australasian microtektite layer.

In addition, a total of 9 radiocarbon 14C datings (5 datings on mixed bulk planktonic fora-

minifers, M.-P. Chen et al. (this volume) and 4 datings on mixed planktonic G. ruber and G.

sacculifer, this study, Table 4b, c) served to better constrain the tuning-based age model for

the Holocene and the Last Glacial. However, a sample at 14.97 mcd yielded an age of 20,949

14C yr, and the sample at 17.22 mcd yielded 18,999 14C yr (Table 4c). We ascribe this appa-

rent age reversal to the differences in species composition. The upper sample consisted of a

mixture of bulk planktonic foraminifers that could include deep dwelling species which have

today have 14C reservoir ages of 300-550 years (Southon, in press, 2001). The lower sample

only contained two surface dwelling species G. ruber and G. sacculifer with lower reservoir
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ages. Thus we regard the age of the lower sample as more accurate with regard to 14C with a

minimum (400 yr) reservoir effect.

Site, hole,

core, section

interval

(cm)

depth

(mcd)

carbon Corrected

pMC†

Conv. 14C

age (yr BP)

err +

(yr)

err -

(yr)

d13C

(‰)

calibrated age

(yr BP)

1144A-2H-6 103-105 17.22 1.1 mg C 12.95 ± 0.15 16420 90 -90 1.45 ± 0.16 ‰ 18999*

1144B-4H-1 126-128 22.23 0.9 mg C 9.18 ± 0.13 19180 120 -120 0.19 ± 0.12 ‰ 22175*

1144B-5H-1 116-118 33.07 0.9 mg C 3.56 ± 0.11 26790 250 -240 1.24 ± 0.21 ‰ 30280†

1144B-6H-3 143-145 47.23 0.7 mg C 0.96 ± 0.11 37350 960 -860 -0.38 ± 0.18 ‰ (40950)#

Table 4 b: AMS-14C dates at Site 1144. For all calibrated ages a general reservoir correction of -400 yr was employed. *: age calibration with
Calib 4.3 (Stuiver and Reimer, 1993). † age calibration according to Voelker (1999). # age calibration according to Voelker (1999), however,
large error possible.

Site, hole,

core, section

interval

(cm)

deoth

(mbsf)

depth

(mcd)

avrg. depth

(mcd)

Conv. 14C  age

(yr BP)

error ±

(yr)

calibrated age

(yr BP)

1144A-1H-1 25-30 0.25 0.71 0.735 1721 60 1272*

1144A-1H-4 25-30 4.75 5.21 5.235 9487 65 10272*

1144A-2H-2 25-30 8.65 10.44 10.465 13571 75 15715*

1144A-2H-5 25-30 13.15 14.94 14.965 18115 80 20949*

1144A-4H-1 25-30 26.15 27.50 27.525 22430 110 25310†

Table 4c. AMS-14C dates at Site 1144 (from Chen and Shyu, this volume). For all calibrated ages a general reservoir correction of -400 yr
was employed. *: age calibration with Calib 4.3 (Stuiver and Reimer, 1993; Stuiver et al., 1998). †: age calibration according to Voelker
(1999).

The last occurrence (LO) of pink Globigerinoides ruber at Site 1144 lies at 110.30 mcd.

Since this position is directly at the base of the hiatus within stage 5.5, the true LO-position is

probably younger, lying within the lost interval.

The First Occurrence (FO) of Emiliania huxleyi was determined at 192.82 mcd (Shyu et

al., this volume), which is in the middle of MIS 8.6, with an assigned age of approximately

300 ka. Originally, the FO of E. huxleyi in the Mediterranean was positioned within MIS 8.4
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(Vergnaud-Grazzini, 1990) and dated at 268 ka (Thierstein et al., 1977). Later Ahagon et al.

(1993), located the FO datum of E. huxleyi in the West Pacific core RN89-PC3 at MIS 8.5,

dated 285 ±3.5 ka. The age now found at Site 1144 indicates that the FO of E. huxleyi is not

globally coeval and that E. huxleyi may have originated in the western Pacific and/or the

South China Sea.

At 248.39 mcd, within late MIS 12 (413 ka) in the d18O-curve of Site 1144, the number of

Globigerinoides ruber (pink) abruptly increases. Previously this prominent increase has been

described as FO datum (Leg 184 Shipboard Scientific Party, 2000) with an age of 400 ka (Li,

1997). However, pink pigmented G. ruber also occur further downcore between 261 to 273

mcd (early MIS 12; 470 ka), and in several other deeper samples, although there the

coloration of specimens is very faint and mostly restricted to the juvenile chambers. A similar

situation was first described by Thompson et al. (1979) from the western equatorial Pacific.

Thus we conclude that the clearly recognizable increase in numbers and coloration at 248.39

mcd is not a true first occurrence of pink G. ruber, but is probably due to an improvement in

preservation of the pigment following Thompson et al. (1979). The age assignment for the

onset of the G. ruber pink acme zone (413 ka) however, seems to be characteristic for the

West Pacific region.

Close to the MIS 12/13 transition in the d18O-curve is the LO of Pseudoemiliania lacunosa

at 288.54 mcd (Shyu et al., this volume), which dates to 478 ka. This is in accordance with

cores V28-238 and -239 (Shackleton and Opdyke, 1973) where P. lacunosa becomes extinct

in the early oxygen isotope stage 12 (Thierstein et al., 1977).

No Brunhes-Matuyama boundary (BMB) was identified at Site 1144 by the Leg 184

Shipboard Party. Since the shorebased paleomagnetic measurements that were conducted on

the Site 1144 sediment profile (Solheid and Laj, this Volume) neither confirmed the shipboard

results (Leg 184 Shipboard Scientific Party, 2000) nor furnished new results about

paleomagnetic events, we relied on the occurrence of Australasian microtektites at 386.21

mcd (Zhao, this volume; Table 5) as the most important independent age marker near to the
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BMB. Previous Ar40/Ar39 ages of the Australasian microtektites range from, 783 ± 21 ka (Izett

and Obradovich, 1992), 784 ±12 ka (Kunz et al., 1995) and 761 ± 17 ka and 816 ± 7 ka (Ya-

mei et al., 2000). The microtektite layer was also reported from deep-sea sediment core 17957

from the South China Sea (Jian et al., 1999; Zhao et al., 1999) where the microtektites peak

abundance occurs within the MIS 19/20 transition, 10 cm or about 11.6 k.y. prior to the B/M

reversal (J. Wang et al., 2000). At Site 1144 the microtektite layer also lies within the MIS

19/20 transition and has, based on our age model, an age of 790 ka, similar to 793 ka reported

by Lee and Wei (2000).

Site, hole, core, type, section, interval Depth (mbsf) Depth (mcd)

1144A-37X-6, (62-63 cm) 345.62 386.17

1144A-37X-6, (63-64 cm) 345.63 386.18

1144A-37X-6, (65-66 cm) 345.65 386.20

1144A-37X-6, (68-69 cm) 345.68 386.23

1144A-37X-6, (69-70 cm) 345.69 386.24

1144A-37X-6, (70-72 cm) 345.70 386.25

Table 5: Samples with microtektites at Site 1144 (Zhao et al., this volume). Samples with maximum abundance are shaded in grey.

The LO of Reticulofenestra asanoi occurs in the Site 1144 sediment profile at 288.54 mcd

within oxygen isotope stage 22-23, which is consistent with Wei (1993), and has an assigned

age of 900 ka.

Conclusions

The oxygen and carbon isotope stratigraphy at Site 1144 was obtained from largely

undisturbed hemipelagic sediments from the northern continental slope of the South China

Sea. The record spans the early Pleistocene to the Holocene and is interrupted by one major

and two minor stratigraphic gaps. Intense hemipelagic terrigenous sediment supply, probably

linked to lateral sediment advection in the nepheloid layer, formed a thick drift-type deposit

with outstanding high sediment accumulation rates. Thus the sediment profile of Site 1144
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provides an unprecedented time resolution of orbital-to-centennial-scale isotope oscillations

over the last 1 million years.

On the basis of the Site 1144 d18O record we draw the following conclusions:

∑ The standard sawtooth-like character of the 100-k.y. climatic cycles during the Brunhes

Chron is well developed, as early as subsequent to MIS 25.

∑ The d18O record of Site 1144 during the last 120 k.y. exhibits strong similarities with

the Greenland climate variability which is documented in the GISP2 d18O ice core re-

cord. Similar to the Holocene and the Last Glacial, cold isotope stages 6 and 8 as well

as warm stages 9 and 11 display a high-frequency variability in planktonic d18O with

comparable amplitudes. Furthermore, short-term climatic reversals similar to the

Younger Dryas are documented within the Terminations of cold stages at the beginning

of warm MIS 11, 9 and 5.

∑ The d18O-record indicates that larger parts of substages 5.5 and 11.3 at Site 1144 are

missing. The fact that just those two events, which represent the warmest events oveer

the past 500 k.y., are lost, is conspicuous. It may indicate extensive changes in ocean

circulation and/or in the sedimentation regime which led to non-deposition or, more

probably, to a removal of the missing sediment during and at the end of the warm

phases through more vigorous contour currents.

∑ The planktonic carbon isotope record at Site 1144 shows that the major oscillations in

d13C of the surface water parallel the general climate variations of the past 1 million

years, especially a 420-k.y. excentricity cycle. The variations in d13C in part probably

result from oscillations in monsoon intensity which is responsible for changes in wind

stress and precipitation and thus is responsible for advection and/or influx of 13C

depleted carbon. In part they are a global phenomenon also seen in the North Atlantic.
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4.4: Foraminiferal responses to major Pleistocene paleoceanographic changes in the

southern South China Sea (Z. Jian,P. Wang, M.-P. Chen, B. Li, Q. Zhao, C. Bühring, C. Laj,

H.-L. Lin, U. Pflaumann, Y. Bian, R. Wang, X. Cheng)
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Supplement to 4.4: Magnetostratigraphy of core 17957-2

Introduction

Gravity core 17957-2 from the southern center of the South China Sea (10°53.9' N and

115°18.3E, 2195 m water depth, 1384 cm core length) was used for detailed studies on fora-

miniferal responses to paleoceanographic changes during the Pleistocene (see Results Chapter

4.4). The chronostratigraphic framework for this site is largely based the magnetostratigraphy

presented here.

Sampling and methods

To measure the magnetic properties of the sediment of core 17957-2, the archive halves

from 0 to 1384 cm core depth were subsampled continuously using 1 meter long u-channels

(Tauxe et al., 1983; Weeks et al., 1993). The magnetic measurements were performed at the

Laboratoire des Sciences du Climat et de l'Environnement (LSCE), CEA-CNRS, Gif-sur-

Yvette, France.

Standard u-channels are up to 1.5 m in length with a 2 x 2 cm square cross section, with

three fixed long sides and a clip-on lid constituting the fourth side. The u-channels were pu-

shed into the soft sediment, and the base of the u-channel was subsequently cut free using

nylon-coated stainless steel wire so that the sediment filled u-channel could be removed from

the core section. The base was then sealed with the lid and the ends closed with plastic caps.

The low field volume magnetic susceptibility (klf) core 17957-2 (Figure 1) was measured

in high-resolution on the u-channels using a Bartington sensing coil with 4 cm diameter. The

u-channels were kept steady and the sensing coil was moved continuously along them at a

rate that was consistent with the sensitivity range used (Weeks, 1993; Kissel et al., 1998).

Measurements were made every 1 cm which resulted in a resolution of ~ 3 cm.

Natural Remanent Magnetization (NRM) was measured in 1-cm-steps, resulting in a re-

solution of about 3 cm, with a pass-through DC-SQUID cryogenic magnetometer in the shiel-
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ded room of the LSCE. Stepwise in-line alternating field (AF) demagnetization with an aver-

age of 8-10 steps from 0 mT up to 60 mT was used to retrieve the primary component of the

magnetization, which was isolated after the very first steps of demagnetization.
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Figure 1: Variations in low field volume magnetic suceptibility, inclination and declination of core 17957-2. High susceptibilities are caused
by volcanic ash layers (Sarnthein et al., 1994). Records of inclination and declination show normal polarity from 0 to 800 cm, below magne-
tic polarity is reversed with short-term returns to normal.

Anhysteretic Remanent Magnetization (ARM) was produced in-line along the u-channel

axis, that is perpendicular to the bedding plane, using a 50 µT bias field parallel to the AF

field. ARM was demagnetized with steps of 0, 10, 20, 25, 30, 40, 50, 60 mT (Figure 2).
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Figure 2: Relative variations of ARM at stepwise demagnetization levels.
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Magnetic results

The magnetic measurements performed on this core yielded clear magnetic polarity chan-

ges with sharply defined boundaries that can be used as stratigraphic age markers .
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Figure 3: Paleomagnetic events in the inclination and declination records of core 17957-2. Teh end of the Brunhes normal period lies at 780
cm. A fluctuation in both records near 800 cm is situated within a horizon where Australasian microtectites were found (Zhao et al., 1999).

Because the core was not azimuthally oriented, the declinations were adjusted so that the

mean declination for the Brunhes period was zero. The Brunhes-Matuyama boundary (0.78

Ma) is clear and apparent as a change to negative inclination and a 180° swing of the declina-

tion at a depth of 785 cm (Figure 3). The upper Jaramillo (0.990 Ma) transition unfortunately

coincides with the separation between two u-channels, the lower Jaramillo (1.070 Ma) transi-

tion is situated at a depth of 1020 cm, again characterized by a change to negative inclination

and a declination swing. The sharp swing in declination at 1120 cm might correspond to the

Cobb event (between 1.201 and 1.211 Ma). The ages for the paleomagnetic events are from

Berggren et al. (1995) and Cande and Kent (1995) The resulting age/depth graph is shown in

Figure 4.
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Figure 4: Age / depth diagram of core 17957-2 according to the magnetostratigraphy, assuming constant sedimentation rates.

The large oscillations in the inclination at the bottom of the core (Figure 1 and 3) coincide

with the presence of ash layers, also revealed by corresponding peaks in magnetic susceptibi-

lity (Figure 1). Therefore these inclination changes have no geomagnetic meaning. The corre-

sponding magnetostratigraphy is shown as a column with the usual black and white conven-

tion for normal and reverse periods respectively (Figures 3 and 4).

A spectral analysis of the susceptibility record and NRM intensities was carried out using

the age model deduced from the magnetic events (Figure 3) assuming constant sedimentation

rates between tie points.
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Figure 5: Power spectra of suceptibility and NRM signals (at 80% confidence level). Milankovitch-periods are indicated
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Blackman-Tukey powerspectra (Figure 5) indicate a periodic component of 41 k.y. in the

susceptibility record and a prevalent 100 k.y. period in the NRM record. The periodicity in

suceptibility might correspond to some residual influence of lithologic variability and possi-

bly indicates climatically controlled changes in the amount/nature of the magnetic mineral

(Mazaud et al., 1999). Whether this is true for the 100 k.y. period in NRM intensity has yet to

be verified, however it seems unlikely that it represents a periodicity in the geomagnetic field.
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5. Conclusions

The results of the present study of East Asian Monsoon variability on orbital- to sub-decadal

time scales from sediments of the South China Sea can be summarized as follows:

∑ The sediment profile of Sonne-95 core 17940 documents the fluvial runoff of the Pearl
River both as a d 18O-freshwater signal in planktonic foraminifers and by variations in

the color records of siliciclastic sediment discharge. The sediment color reflects va-

riations in sediment composition and thus indicates changes in East Asian Monsoon
intensity.

∑ Ultrahigh-resolution sediment color analyses revealed an unexpected but significant
record of high-frequency climate variability, despite bioturbational mixing. Various in-
dependent spectral techniques identified a number of significant millennial-to-decadal-
scale periodicities.

∑ Both the d 18O-freshwater signal and the blue record of fluvial clay discharge show that

the Holocene long-term monsoon variations are dominated by a ~950-year periodicity.
However, no DO-style cyclicity of ~1500 years was found. A similar 950-year periodi-
city in the GISP2 ice core record clearly leads, and thus probably controls, the low-la-
titude monsoon variations by several 100 years. The mechanism for the 950-year pe-
riodicity and its global signal transfer are unknown.

∑ A number of "common" solar cyclicities (200-year Suess cycle, 80-105year Gleissberg
cycle, 20/24 year Hale cycle and its multiple near 44 years, 11-yr Schwabe cycle) form
a substantial portion of decadal- to centennial-scale monsoon variability as documen-
ted at Site 17940. A broad spectrum of significant subdecadal frequencies documents

the response of the east Asian Monsoon to the ENSO signal.

∑ The planktonic d18O record of Site 1144 during the last 120 k.y. exhibits marked simi-

larities with the Greenland climate variability which is documented in the GISP2 d18O

ice core record. Likewise the older isotope stages display a high-frequency variability
in planktonic d18O. Furthermore, short-term climatic reversals similar to the Younger

Dryas are documented within the Terminations of cold stages at the beginning of MIS
11, 9 and 5.

∑ The variability in d18O reflects sea surface salinity changes induced by changes in pre-

cipitation and thus serves as sensitive indicator for East Asian Monsoon variability.

∑ The d18O-record indicates that the larger parts of substages 5.5 and 11.3 at Site 1144

are missing. This suggests extensive changes in ocean circulation and/or in the sedi-
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mentation regime which led to non-deposition or, more probably, to a removal of the
missing sediment at the end of the warm phases through contour currents.

∑ The planktonic carbon isotope record at Site 1144 shows that the major oscillations in
d13C of the surface water parallel the general climate variations of the past 1 million

years. The variations in d13C probably result from oscillations in monsoon intensity

which drives wind stress and precipitation and thus is responsible for advection and/or
influx of 13C depleted carbon.

∑ Rhyolithic ash layers in two cores from the southern South China Sea were geochemi-
cally identified as ashfalls from the youngest Toba eruption. The ash layers were depo-
sited at the oxygen isotope stage 4-5 boundary at ca. 74 000 ka, matching the date of
the Youngest Toba eruption on Sumatra.

∑ The occurence of abundant Toba ash in the South China Sea extends the previously
known ash-fall zone significantly to the East and implies a larger volume of erupted
Toba ash. Furthermore, it allows the reconstruction of paleo-wind directions which
indicate an eruption during summer.

∑ The magnetostratigraphy of SONNE core 17957-2 from the central southern South
China Sea shows a clear Brunhes/Matuyama magnetic polarity reversal, the Jaramillo
magnetic interval and possibly the Cobb Mountain polarity event.

∑ Frequency analyses of magnetic parameters reveal strong 100 k.y. and 41 k.y. cycles,
possibly reflecting climatically controlled changes in the amount or nature of the ma-
gnetic minerals.
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Appendix 1: Microprobe analyses of Toba Ash

Label Core SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O K2O total (%) 

Appendix 1: 61-P7 1b 17961-2 75.86 12.17 0.09 0.86 0.07 0.05 0.83 2.61 5.07 97.60

61-P7 1c 17961-2 75.99 12.19 0.07 0.91 0.09 0.07 0.81 2.79 4.76 97.66

Results of CAMEBAX 61-P7 1d 17961-2 76.44 12.40 0.07 0.86 0.07 0.06 0.80 3.05 4.74 98.48

electron-beam micro- 61-P7 1e 17961-2 76.99 12.55 0.02 0.98 0.11 0.06 0.85 3.04 4.63 99.23

probe analyses of ash 61-P7 1f 17961-2 76.87 12.43 0.07 0.83 0.06 0.06 0.81 2.95 4.68 98.76

particles from core 61-P7 2a 17961-2 76.28 12.13 0.05 0.76 0.09 0.04 0.70 2.77 4.96 97.78

17961-1 (781.0- 61-P7 2b 17961-2 76.31 11.92 0.05 0.82 0.10 0.06 0.65 2.82 4.87 97.58

783.5 cm core depth) 61-P7 2c 17961-2 75.97 12.14 0.03 0.78 0.03 0.03 0.68 2.98 4.61 97.25

and core 17962-4 61-P7 3a 17961-2 75.54 12.19 0.07 0.76 0.03 0.07 0.78 2.62 4.90 96.94

(1075.5-1079.0 cm core 61-P7 3b 17961-2 75.63 12.07 0.04 0.69 0.07 0.07 0.77 2.55 5.04 96.93

depth) from the South 61-P7 3c 17961-2 75.92 12.20 0.06 0.94 0.06 0.06 0.80 2.83 4.66 97.52

China Sea. 61-P7 3d 17961-2 75.99 12.15 0.07 0.93 0.09 0.07 0.82 2.81 4.66 97.58

61-P7 4a 17961-2 75.99 11.99 0.05 0.76 0.07 0.05 0.69 2.77 4.67 97.04

61-P7 4b 17961-2 76.05 12.16 0.04 0.73 0.09 0.05 0.74 2.72 4.62 97.21

61-P7 4c 17961-2 76.10 12.04 0.07 0.85 0.04 0.06 0.79 2.78 4.62 97.35

61-P7 5a 17961-2 76.44 12.03 0.04 0.93 0.05 0.05 0.67 2.91 4.62 97.75

61-P7 5b 17961-2 75.91 12.09 0.02 0.86 0.12 0.05 0.65 2.91 4.52 97.12

61-P7 5c 17961-2 76.08 12.02 0.06 0.78 0.06 0.03 0.69 2.89 4.48 97.08

61-P7 6a 17961-2 75.95 12.05 0.04 0.80 0.09 0.03 0.67 2.81 4.71 97.15

61-P7 6b 17961-2 75.99 12.12 0.05 0.85 0.10 0.05 0.66 2.93 4.62 97.39

61-P7 6c 17961-2 76.21 12.11 0.02 0.89 0.07 0.07 0.69 2.89 4.57 97.52

61-P7 7a 17961-2 76.90 12.24 0.05 0.82 0.10 0.04 0.84 2.83 5.03 98.85

61-P7 7b 17961-2 76.74 12.19 0.03 0.93 0.06 0.06 0.75 2.87 5.03 98.66

61-P7 7c 17961-2 77.03 12.26 0.08 0.94 0.06 0.06 0.74 2.93 4.94 99.04

61-P7 8a 17961-2 76.29 12.17 0.06 0.76 0.09 0.05 0.77 2.80 4.69 97.70

61-P7 8b 17961-2 75.95 12.13 0.00 0.88 0.01 0.06 0.75 2.79 4.75 97.31

61-P7 8c 17961-2 76.13 12.00 0.06 0.91 0.11 0.05 0.76 2.79 4.76 97.57

61-P7 9a 17961-2 75.50 12.14 0.02 0.85 0.05 0.06 0.78 2.68 4.89 96.98

61-P7 9b 17961-2 75.96 12.18 0.05 0.84 0.02 0.06 0.79 2.80 4.81 97.51

61-P7 9c 17961-2 75.66 12.20 0.05 0.87 0.08 0.06 0.84 2.70 4.79 97.25

61-P7 10a 17961-2 76.49 12.23 0.05 0.79 0.08 0.05 0.75 2.80 4.73 97.97

61-P7 10b 17961-2 76.65 12.28 0.05 0.88 0.06 0.05 0.74 2.78 4.69 98.17

61-P7 10c 17961-2 76.04 12.07 0.05 0.82 0.02 0.07 0.80 2.74 4.73 97.32

61-P6A 2a 17961-2 76.14 12.09 0.04 0.77 0.08 0.05 0.61 2.78 4.67 97.23

61-P6A 2b 17961-2 75.86 11.93 0.05 0.69 0.10 0.05 0.65 2.79 4.63 96.74

61-P6A 2c 17961-2 75.95 11.95 0.04 0.76 0.08 0.03 0.65 2.72 4.67 96.86

61-P6A 3a 17961-2 75.88 12.13 0.06 0.79 0.05 0.04 0.68 2.69 4.83 97.16

61-P6A 3b 17961-2 75.76 12.06 0.05 0.74 0.12 0.05 0.65 2.74 4.80 96.96

61-P6A 3c 17961-2 75.19 12.02 0.03 0.87 0.08 0.04 0.62 2.70 4.88 96.42

61-P6A 5a 17961-2 76.29 12.02 0.04 0.72 0.08 0.04 0.70 2.79 4.84 97.54

61-P6A 5b 17961-2 76.22 12.07 0.06 0.83 0.07 0.06 0.68 2.73 4.82 97.53

61-P6A 5c 17961-2 76.03 12.04 0.04 0.81 0.10 0.03 0.66 2.78 4.84 97.33

61-P6A 6a 17961-2 76.08 12.18 0.09 0.90 0.07 0.08 0.79 2.66 4.86 97.71

61-P6A 6b 17961-2 75.87 12.13 0.01 0.79 0.07 0.06 0.78 2.73 4.61 97.05

61-P6A 6c 17961-2 75.72 12.11 0.05 0.84 0.06 0.04 0.75 2.78 4.58 96.94

61-P6A 7a 17961-2 75.61 11.93 0.05 0.76 0.11 0.04 0.68 2.73 4.74 96.65

61-P6A 7b 17961-2 75.90 12.07 0.01 0.74 0.06 0.05 0.66 2.99 4.43 96.91

61-P6A 7c 17961-2 76.16 12.08 0.05 0.85 0.12 0.05 0.66 2.83 4.48 97.28

61-P6A 7d 17961-2 76.14 12.15 0.08 0.74 0.11 0.05 0.70 2.99 4.56 97.52

61-P7 17a 17961-2 75.75 12.10 0.06 0.93 0.06 0.06 0.77 2.82 4.74 97.28

61-P7 17b 17961-2 75.84 12.08 0.06 0.88 0.08 0.04 0.77 2.77 4.70 97.23

61-P7 17c 17961-2 75.55 12.01 0.05 0.83 0.03 0.04 0.73 2.74 4.75 96.73

61-P7 18a 17961-2 76.37 12.11 0.02 0.90 0.06 0.07 0.75 2.93 4.61 97.81

61-P7 18b 17961-2 75.79 12.15 0.05 0.85 0.04 0.06 0.75 2.83 4.62 97.15

61-P7 18c 17961-2 75.23 12.13 0.05 0.91 0.15 0.05 0.70 2.74 4.65 96.61
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Label Core SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O K2O total (%) 

61-P7 19a 17961-2 75.21 11.91 0.06 0.81 0.07 0.06 0.83 2.59 4.83 96.37

61-P7 19b 17961-2 74.85 12.08 0.07 0.85 0.10 0.06 0.74 2.74 4.63 96.13

61-P7 19c 17961-2 75.31 12.01 0.03 0.85 0.09 0.05 0.82 2.84 4.58 96.58

61-P7 19d 17961-2 75.37 11.97 0.08 0.88 0.05 0.06 0.79 2.72 4.55 96.46

61-P7 20a 17961-2 75.22 12.16 0.05 0.86 0.06 0.07 0.85 2.62 4.67 96.56

61-P7 20b 17961-2 75.12 12.13 0.05 0.91 0.06 0.07 0.80 2.75 4.64 96.53

61-P7 20c 17961-2 75.61 12.21 0.06 0.85 0.06 0.07 0.82 2.83 4.73 97.24

61-P7 21a 17961-2 75.57 12.12 0.07 0.92 0.12 0.05 0.82 2.65 4.76 97.08

61-P7 21b 17961-2 75.66 12.14 0.09 0.87 0.02 0.05 0.81 2.88 4.64 97.16

61-P7 21c 17961-2 76.25 12.23 0.07 0.91 0.08 0.06 0.82 2.73 4.76 97.91

62-P8 1a 17962-4 74.82 12.12 0.03 0.87 0.12 0.05 0.82 2.61 4.61 96.06

62-P8 1b 17962-4 74.42 12.09 0.06 0.83 0.10 0.04 0.72 2.66 4.53 95.46

62-P8 2a 17962-4 76.57 12.29 0.03 0.89 0.06 0.06 0.78 2.75 4.72 98.16

62-P8 2b 17962-4 77.63 12.47 0.04 0.79 0.02 0.06 0.80 3.01 4.70 99.52

62-P8 2c 17962-4 76.97 12.38 0.06 0.82 0.02 0.05 0.80 2.84 4.73 98.68

62-P8 3a 17962-4 75.94 12.28 0.06 0.79 0.07 0.05 0.82 2.80 4.62 97.43

62-P8 3b 17962-4 75.79 12.11 0.06 0.82 0.07 0.05 0.78 2.75 4.70 97.11

62-P8 3c 17962-4 75.95 12.22 0.04 0.79 0.01 0.06 0.85 2.74 4.73 97.40

62-P8 4a 17962-4 75.77 12.18 0.05 0.86 0.05 0.04 0.71 2.72 4.97 97.34

62-P8 4b 17962-4 75.87 12.28 0.02 0.79 0.02 0.04 0.75 2.66 4.73 97.16

62-P8 4c 17962-4 76.38 12.20 0.05 0.77 0.07 0.05 0.72 2.83 4.73 97.78

62-P8 5a 17962-4 76.76 12.31 0.05 0.82 0.03 0.05 0.75 2.93 4.61 98.30

62-P8 5b 17962-4 76.91 12.42 0.05 0.77 0.07 0.05 0.73 2.99 4.65 98.64

62-P8 5c 17962-4 76.44 12.34 0.04 0.81 0.08 0.06 0.74 2.99 4.68 98.16

62-P8 2.2a 17962-4 75.43 11.82 0.06 0.77 0.10 0.07 0.75 1.99 4.52 95.50

62-P8 2.2b 17962-4 75.04 11.78 0.06 0.84 0.08 0.04 0.72 2.06 4.55 95.16

62-P8 3.2a 17962-4 75.19 11.95 0.07 0.75 0.15 0.06 0.78 2.52 4.64 96.13

62-P8 3.2b 17962-4 75.63 11.95 0.11 0.90 0.03 0.04 0.76 2.09 4.85 96.37

62-P8 3.2c 17962-4 75.50 12.09 0.02 0.88 0.07 0.04 0.77 2.45 4.83 96.66

62-P8 3.2d 17962-4 75.76 11.93 0.03 0.85 0.00 0.05 0.75 2.42 4.97 96.76

62-P8 4.2a 17962-4 76.58 12.22 0.07 0.83 0.03 0.07 0.71 2.91 4.79 98.20

62-P8 4.2c 17962-4 77.10 12.26 0.03 0.83 0.06 0.05 0.77 2.61 4.75 98.46

62-P8 4.2b 17962-4 77.03 12.10 0.05 0.72 0.03 0.05 0.76 2.80 4.81 98.36

62-P8 4.2d 17962-4 76.35 12.12 0.06 0.80 0.15 0.06 0.78 2.78 4.83 97.93

62-P8 5.2a 17962-4 76.07 12.13 0.06 0.75 0.05 0.04 0.65 2.75 4.90 97.40

62-P8 5.2b 17962-4 76.21 12.26 0.06 0.70 0.09 0.05 0.69 2.92 4.85 97.82

62-P8 5.2c 17962-4 76.74 12.37 0.04 0.97 0.08 0.05 0.68 2.91 4.80 98.63

62-P8 6a 17962-4 76.94 12.43 0.03 0.82 0.08 0.05 0.79 2.77 4.84 98.75

62-P8 6b 17962-4 75.72 12.39 0.06 0.82 0.08 0.07 0.75 2.75 4.88 97.54

62-P8 8a 17962-4 73.24 11.97 0.05 0.75 0.10 0.04 0.70 2.65 5.09 94.59

62-P8 8b 17962-4 72.94 11.98 0.04 0.68 0.12 0.04 0.70 2.64 5.01 94.14

62-P8 9a 17962-4 75.37 12.11 0.08 0.79 0.04 0.05 0.67 2.77 4.70 96.57

62-P8 9b 17962-4 75.52 12.05 0.05 0.80 0.09 0.05 0.64 2.73 4.65 96.56

62-P8 9c 17962-4 75.69 12.15 0.05 0.81 0.08 0.06 0.70 2.66 4.58 96.77

62-P8 10a 17962-4 75.50 12.06 0.06 0.75 0.08 0.05 0.79 2.59 5.08 96.96

62-P8 10b 17962-4 76.46 12.28 0.06 0.89 0.05 0.08 0.76 2.81 4.76 98.14

62-P8 10c 17962-4 76.47 12.42 0.03 0.78 0.05 0.08 0.82 2.94 4.78 98.38

62-P8 10d 17962-4 76.35 12.37 0.10 0.90 0.06 0.08 0.77 2.81 4.84 98.27

62-P8 11a 17962-4 77.76 12.58 0.08 0.90 0.04 0.07 0.91 3.02 4.79 100.15

62-P8 11b 17962-4 76.40 12.39 0.05 0.92 0.07 0.04 0.86 2.90 4.81 98.45

62-P8 11c 17962-4 76.86 12.36 0.09 0.78 0.09 0.06 0.85 2.79 4.73 98.62

62-P8 12a 17962-4 76.91 12.30 0.03 0.81 0.08 0.04 0.72 2.86 4.74 98.49

62-P8 12b 17962-4 76.68 12.26 0.07 0.81 0.03 0.04 0.77 2.87 4.63 98.16

62-P8 12c 17962-4 76.30 12.07 0.06 0.83 0.06 0.04 0.73 2.55 4.56 97.20
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Appendix 1: Microprobe analyses of Toba Ash

Label Core SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O K2O total (%) 

62-P8 12d 17962-4 75.20 12.06 0.06 0.88 0.05 0.06 0.77 2.72 4.56 96.37

62-P8 13a 17962-4 75.75 12.18 0.06 0.75 0.08 0.08 0.80 2.66 4.74 97.09

62-P8 13b 17962-4 75.80 12.13 0.02 0.86 0.05 0.07 0.82 2.58 4.82 97.15

62-P8 13c 17962-4 75.93 12.26 0.06 0.92 0.08 0.06 0.84 2.79 4.67 97.61

62-P8 14a 17962-4 75.23 12.00 0.04 0.77 0.05 0.05 0.73 2.58 4.57 96.02

62-P8 14b 17962-4 75.61 12.05 0.04 0.76 0.00 0.06 0.75 2.55 4.65 96.48

62-P8 14c 17962-4 75.38 12.05 0.06 0.89 0.02 0.04 0.74 2.50 4.63 96.30

62-P8 16a 17962-4 75.16 11.86 0.04 0.82 0.06 0.06 0.69 2.77 4.36 95.83

62-P8 16b 17962-4 75.34 11.92 0.07 0.73 0.08 0.07 0.63 2.81 4.39 96.04

62-P8 16c 17962-4 75.77 12.00 0.05 0.89 0.08 0.04 0.67 3.04 4.36 96.91

62-P8 16d 17962-4 75.91 12.12 0.05 0.90 0.10 0.07 0.66 3.08 4.43 97.32
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Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

Appendix 2: 184 1144C-1H-1 6-8 0.06 0.06 -2.72 1.32 0.09

184 1144C-1H-1 26-28 0.26 0.26 -2.46 1.34 0.44

Stable isotope analyses 184 1144C-1H-1 48-50 0.48 0.48 -2.55 1.23 0.83

of G. ruber (white) 184 1144C-1H-1 73-75 0.73 0.73 -2.56 1.25 1.28

(250-315 µm), from 184 1144C-1H-1 96-98 0.96 0.96 -2.70 1.31 1.68

ODP Site 1144, South 184 1144C-1H-1 126-128 1.26 1.26 -2.52 1.39 2.22

China Sea 184 1144C-1H-1 143-145 1.43 1.43 -2.15 1.28 2.52

184 1144C-1H-2 23-25 1.73 1.73 -2.76 1.41 3.05

184 1144C-1H-2 48-50 1.98 1.98 -2.65 1.37 3.50

184 1144C-1H-2 73-75 2.23 2.23 -2.19 1.17 3.94

184 1144C-1H-2 93-95 2.43 2.43 -2.44 1.10 4.29

184 1144C-1H-2 125-127 2.75 2.75 -2.53 1.26 4.86

184 1144C-1H-3 23-25 3.23 3.23 -2.63 0.91 5.71

184 1144C-1H-3 73-75 3.73 3.73 -2.24 1.22 6.60

184 1144C-1H-3 96-98 3.96 3.96 -2.29 0.92 7.01

184 1144C-1H-3 125-127 4.25 4.25 -2.35 0.95 7.52

184 1144C-1H-3 143-145 4.43 4.43 -2.14 0.86 7.84

184 1144C-1H-4 18-20 4.68 4.68 -2.38 0.87 8.29

184 1144C-1H-4 48-50 4.98 4.98 -2.53 0.63 8.82

184 1144C-1H-4 73-75 5.23 5.23 -2.03 0.69 9.26

184 1144C-1H-4 103-105 5.53 5.53 -2.86 0.62 9.80

184 1144C-1H-4 126-128 5.76 5.76 -2.50 0.54 10.21

184 1144C-1H-4 143-145 5.93 5.93 -2.19 0.57 10.51

184 1144C-1H-5 26-28 6.26 6.26 -2.29 0.69 11.09

184 1144B-2H-2 143-145 3.03 6.41 -2.10 0.70 11.36

184 1144B-2H-3 6-8 3.16 6.54 -2.22 0.73 11.58

184 1144C-1H-5 73-75 6.73 6.73 -1.53 0.43 11.73

184 1144C-1H-5 96-98 6.96 6.96 -1.99 0.92 11.93

184 1144B-2H-3 73-75 3.83 7.21 -1.73 0.78 12.14

184 1144C-1H-5 143-145 7.43 7.43 -1.66 0.59 12.33

184 1144B-2H-3 128-130 4.38 7.76 -1.61 0.61 12.61

184 1144B-2H-3 143-145 4.53 7.91 -1.51 0.56 12.73

184 1144B-2H-4 23-25 4.83 8.21 -2.06 0.64 12.99

184 1144B-2H-4 53-55 5.13 8.51 -2.11 0.79 13.24

184 1144B-2H-4 73-75 5.33 8.71 -1.79 0.64 13.41

184 1144B-2H-4 103-105 5.63 9.01 -1.72 0.52 13.66

184 1144B-2H-4 126-128 5.86 9.24 -1.44 0.88 13.86

184 1144B-2H-4 143-145 6.03 9.41 -1.55 0.41 14.00

184 1144B-2H-5 23-25 6.33 9.71 -2.04 0.42 14.26

184 1144B-2H-5 53-55 6.63 10.01 -2.04 0.43 14.50

184 1144B-2H-5 73-75 6.83 10.21 -1.45 0.45 14.63

184 1144A-2H-2 33-35 8.73 10.52 -1.14 0.41 14.81

184 1144A-2H-2 53-55 8.93 10.72 -1.26 0.43 14.93

184 1144A-2H-2 73-75 9.13 10.92 -1.23 0.51 15.04

184 1144A-2H-2 103-105 9.43 11.22 -1.02 0.28 15.22

184 1144A-2H-2 128-130 9.68 11.47 -1.24 0.50 15.37

184 1144A-2H-2 143-145 9.83 11.62 -0.93 0.63 15.46

184 1144A-2H-3 23-25 10.13 11.92 -0.95 0.45 15.63

184 1144A-2H-3 53-55 10.43 12.22 -0.43 0.49 15.81

184 1144A-2H-3 73-75 10.63 12.42 -1.25 0.27 15.93

184 1144A-2H-3 93-95 10.83 12.62 -0.99 0.40 16.04

184 1144A-2H-3 113-115 11.03 12.77 -0.93 0.35 16.13

184 1144A-2H-3 143-145 11.33 13.12 -0.99 0.51 16.34

184 1144A-2H-4 23-25 11.63 13.42 -1.07 0.71 16.51

184 1144A-2H-4 53-55 11.93 13.72 -1.07 0.53 16.69
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Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144A-2H-4 73-75 12.13 13.92 -1.00 0.75 16.81

184 1144A-2H-4 96-98 12.37 14.16 -0.93 0.63 16.95

184 1144A-2H-4 111-113 12.52 14.31 -0.94 0.71 17.04

184 1144A-2H-4 143-145 12.83 14.62 -1.02 0.74 17.22

184 1144A-2H-5 23-25 13.13 14.92 -1.10 0.85 17.39

184 1144A-2H-5 53-55 13.43 15.22 -1.06 0.56 17.57

184 1144A-2H-5 73-75 13.63 15.42 -0.99 0.86 17.69

184 1144A-2H-5 96-98 13.87 15.66 -1.19 0.82 17.83

184 1144A-2H-5 116-118 14.07 15.86 -0.95 0.77 17.95

184 1144A-2H-5 143-145 14.33 16.12 -0.79 0.92 18.10

184 1144A-2H-6 16-18 14.57 16.36 -1.23 0.95 18.24

184 1144A-2H-6 36-38 14.77 16.56 -0.67 0.63 18.36

184 1144A-2H-6 73-75 15.13 16.92 -0.92 0.72 18.57

184 1144A-2H-6 103-105 15.43 17.22 -1.12 0.94 18.75

184 1144A-2H-6 126-128 15.67 17.46 -1.22 0.95 18.89

184 1144A-2H-6 143-145 15.83 17.62 -1.08 1.02 18.98

184 1144A-2H-7 33-35 16.23 18.02 -1.31 0.67 19.21

184 1144A-3H-1 36-38 16.77 18.34 -0.83 0.83 19.38

184 1144A-3H-1 73-75 17.13 18.70 -1.00 0.90 19.56

184 1144A-3H-1 96-98 17.37 18.94 -0.93 0.89 19.68

184 1144A-3H-1 126-128 17.67 19.24 -0.61 0.96 19.84

184 1144A-3H-1 143-145 17.83 19.40 -0.79 0.96 19.92

184 1144A-3H-2 23-25 18.13 19.70 -0.96 0.88 20.07

184 1144A-3H-2 53-55 18.43 20.00 -0.94 1.05 20.22

184 1144A-3H-2 73-75 18.63 20.20 -0.89 0.93 20.32

184 1144A-3H-2 93-95 18.83 20.40 -0.87 1.12 20.42

184 1144A-3H-2 111-113 19.02 20.59 -1.02 1.02 20.52

184 1144A-3H-2 143-145 19.33 20.90 -0.60 0.82 20.68

184 1144A-3H-3 23-25 19.63 21.20 -0.91 1.01 20.83

184 1144A-3H-3 53-55 19.93 21.50 -1.03 0.97 20.98

184 1144B-4H-1 73-75 19.83 21.69 -0.55 0.81 21.08

184 1144B-4H-1 93-95 20.03 21.89 -1.05 1.05 21.18

184 1144B-4H-1 126-128 20.37 22.23 -1.05 0.97 21.36

184 1144B-4H-1 143-145 20.53 22.39 -0.77 0.86 21.44

184 1144B-4H-2 11-13 20.72 22.58 -1.23 1.10 21.53

184 1144B-4H-2 36-38 21.27 22.84 -1.21 0.90 21.67

184 1144B-4H-2 73-75 21.33 23.19 -0.81 0.89 21.84

184 1144B-4H-2 96-98 21.57 23.43 -1.01 0.93 21.97

184 1144B-4H-2 111-113 21.72 23.58 -0.78 0.88 22.04

184 1144B-4H-2 143-145 22.03 23.89 -1.06 1.07 22.20

184 1144B-4H-3 23-25 22.32 24.19 -1.27 1.11 22.35

184 1144B-4H-3 53-55 22.63 24.49 -1.22 0.92 22.50

184 1144B-4H-3 73-75 22.83 24.69 -0.96 0.91 22.61

184 1144B-4H-3 93-95 23.03 24.89 -1.15 0.96 22.71

184 1144B-4H-3 111-113 23.22 25.08 -1.01 0.99 22.80

184 1144B-4H-3 143-145 23.53 25.39 -1.21 1.10 22.96

184 1144B-4H-4 23-25 23.83 25.69 -1.10 1.14 23.11

184 1144B-4H-4 53-55 24.13 25.99 -1.07 1.07 23.27

184 1144B-4H-4 73-75 24.33 26.19 -1.17 1.15 23.37

184 1144B-4H-4 93-95 24.53 26.39 -0.90 1.03 23.47

184 1144B-4H-4 116-118 24.77 26.63 -0.74 0.94 23.62

184 1144B-4H-4 143-145 25.03 26.89 -0.62 1.00 23.81

184 1144B-4H-5 23-25 25.33 27.19 -1.11 1.05 24.05

184 1144B-4H-5 53-55 25.63 27.49 -0.89 1.02 24.30

184 1144B-4H-5 73-75 25.83 27.69 -0.67 1.04 24.46

184 1144B-4H-5 93-95 26.03 27.89 -1.32 1.18 24.63
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Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-4H-5 116-118 26.27 28.13 -1.32 1.23 24.83

184 1144B-4H-5 143-145 26.53 28.39 -1.01 1.17 25.04

184 1144B-4H-6 23-25 26.83 28.69 -1.08 1.04 25.29

184 1144B-4H-6 46-48 27.07 28.93 -1.21 1.08 25.48

184 1144B-4H-6 73-75 27.33 29.19 -0.98 1.02 25.70

184 1144A-4H-2 73-75 28.17 29.52 -0.98 1.14 25.97

184 1144A-4H-2 91-93 28.36 29.71 -0.96 0.89 26.13

184 1144A-4H-2 116-118 28.61 29.96 -1.21 1.19 26.33

184 1144A-4H-2 143-145 28.87 30.22 -1.21 1.06 26.55

184 1144A-4H-3 21-23 29.16 30.51 -1.06 1.19 26.78

184 1144A-4H-3 41-43 29.36 30.71 -1.09 0.88 26.95

184 1144A-4H-3 73-75 29.67 31.02 -0.92 0.94 27.20

184 1144A-4H-3 103-105 29.97 31.32 -1.06 0.95 27.45

184 1144A-4H-3 133-135 30.27 31.62 -1.55 1.13 27.70

184 1144A-4H-4 16-18 30.61 31.96 -1.18 1.19 27.98

184 1144A-4H-4 41-43 30.86 32.21 -1.25 1.14 28.18

184 1144A-4H-4 73-75 31.17 32.52 -0.80 1.16 28.44

184 1144B-5H-1 73-75 29.33 32.63 -1.35 1.08 28.53

184 1144B-5H-1 91-93 29.52 32.82 -1.34 1.09 28.69

184 1144B-5H-1 116-118 29.77 33.07 -1.56 1.22 28.89

184 1144B-5H-1 143-145 30.03 33.33 -1.06 1.03 29.10

184 1144B-5H-2 16-18 30.26 33.57 -1.05 1.12 29.29

184 1144B-5H-2 46-48 30.57 33.87 -1.41 1.14 29.53

184 1144B-5H-2 73-75 30.83 34.13 -1.39 1.31 29.74

184 1144B-5H-2 91-93 31.02 34.32 -1.29 1.16 29.89

184 1144B-5H-2 116-118 31.27 34.57 -1.44 1.18 30.09

184 1144B-5H-2 143-145 31.53 34.83 -1.26 1.32 30.29

184 1144B-5H-3 21-23 31.82 35.12 -1.32 1.33 30.53

184 1144B-5H-3 45-47 32.05 35.35 -1.40 1.20 30.71

184 1144B-5H-3 73-75 32.33 35.63 -1.42 1.21 30.93

184 1144B-5H-3 91-93 32.52 35.82 -1.20 1.11 31.08

184 1144B-5H-3 111-113 32.72 36.02 -1.42 1.22 31.24

184 1144B-5H-3 143-145 33.03 36.33 -1.27 1.07 31.49

184 1144B-5H-4 21-23 33.32 36.62 -1.62 1.20 31.72

184 1144B-5H-4 41-43 33.52 36.82 -1.53 1.31 31.88

184 1144B-5H-4 73-75 33.83 37.13 -1.35 1.20 32.13

184 1144B-5H-4 91-93 34.02 37.32 -1.43 1.12 32.28

184 1144B-5H-4 113-115 34.22 37.52 -1.32 1.04 32.46

184 1144B-5H-4 143-145 34.53 37.83 -1.11 1.21 32.81

184 1144B-5H-5 21-23 34.82 38.12 -1.56 1.08 33.17

184 1144B-5H-5 46-48 35.07 38.37 -1.42 0.94 33.47

184 1144B-5H-5 73-75 35.33 38.63 -1.57 0.85 33.79

184 1144B-5H-5 91-93 35.52 38.82 -1.33 1.14 34.02

184 1144B-5H-5 111-113 35.72 39.02 -1.22 1.14 34.26

184 1144B-5H-5 143-145 36.03 39.33 -1.24 0.96 34.64

184 1144B-5H-6 11-13 36.22 39.52 -1.40 1.14 34.87

184 1144A-5H-2 143-145 38.33 39.82 -1.57 1.21 35.20

184 1144A-5H-3 16-18 38.57 40.06 -1.41 1.14 35.41

184 1144A-5H-3 41-43 38.82 40.31 -1.11 1.03 35.59

184 1144A-5H-3 73-75 39.13 40.62 -1.39 1.21 35.82

184 1144A-5H-3 103-105 39.43 40.92 -1.22 1.18 36.04

184 1144A-5H-3 133-135 39.73 41.22 -1.24 1.12 36.26

184 1144A-5H-4 11-13 40.02 41.51 -1.52 1.04 36.47

184 1144A-5H-4 36-38 40.27 41.76 -1.70 1.05 36.66

184 1144A-5H-4 73-75 40.63 42.12 -1.18 0.98 36.92

184 1144A-5H-4 91-93 40.82 42.31 -1.26 0.95 37.06
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Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144A-5H-4 111-113 41.02 42.51 -1.61 1.00 37.21

184 1144A-5H-4 143-145 41.33 42.82 -1.12 0.88 37.44

184 1144A-5H-5 11-13 41.52 43.01 -1.47 1.12 37.58

184 1144A-5H-5 41-43 41.82 43.31 -1.50 1.10 37.80

184 1144A-5H-5 73-75 42.13 43.62 -1.47 0.99 38.03

184 1144A-5H-5 91-93 42.32 43.81 -1.46 1.06 38.17

184 1144B-6H-1 121-123 39.32 44.02 -1.76 1.12 38.33

184 1144B-6H-1 143-145 39.53 44.23 -1.25 1.16 38.51

184 1144B-6H-2 21-23 39.82 44.52 -1.11 1.04 38.77

184 1144B-6H-2 46-48 40.07 44.77 -1.23 0.93 38.99

184 1144B-6H-2 73-75 40.33 45.03 -1.13 1.05 39.22

184 1144B-6H-2 96-98 40.57 45.27 -1.27 0.93 39.44

184 1144B-6H-2 121-123 40.82 45.52 -1.39 1.05 39.66

184 1144B-6H-2 143-145 41.03 45.73 -1.02 1.10 39.85

184 1144B-6H-3 21-23 41.32 46.02 -1.20 0.91 40.11

184 1144B-6H-3 41-43 41.52 46.22 -1.28 1.06 40.29

184 1144B-6H-3 73-75 41.83 46.53 -1.43 1.29 40.57

184 1144B-6H-3 96-98 42.07 46.77 -1.34 1.04 40.78

184 1144B-6H-3 116-118 42.27 46.97 -1.72 1.27 40.96

184 1144B-6H-3 143-145 42.53 47.23 -1.43 1.13 41.19

184 1144B-6H-4 16-18 42.77 47.47 -1.52 1.09 41.41

184 1144B-6H-4 41-43 43.02 47.72 -1.63 1.27 41.63

184 1144B-6H-4 73-75 43.33 48.03 -1.36 1.17 41.91

184 1144B-6H-4 96-98 43.57 48.27 -1.52 0.98 42.12

184 1144B-6H-4 121-123 43.82 48.52 -1.43 1.11 42.35

184 1144B-6H-4 143-145 44.03 48.73 -1.77 0.97 42.53

184 1144B-6H-5 21-23 44.32 49.02 -1.23 1.07 42.72

184 1144B-6H-5 46-48 44.57 49.27 -1.14 1.15 42.87

184 1144B-6H-5 73-75 44.83 49.53 -1.13 1.06 43.03

184 1144B-6H-5 96-98 45.07 49.77 -1.44 0.98 43.18

184 1144B-6H-5 111-113 45.22 49.92 -1.49 1.08 43.28

184 1144B-6H-5 143-145 45.53 50.23 -1.52 1.05 43.47

184 1144B-6H-6 21-23 45.82 50.52 -1.71 0.96 43.65

184 1144B-6H-6 46-48 46.07 50.77 -1.64 1.15 43.81

184 1144B-6H-6 73-75 46.33 51.03 -1.44 1.13 43.97

184 1144B-6H-6 103-105 46.63 51.33 -1.64 1.15 44.16

184 1144B-6H-6 126-128 48.87 51.57 -1.30 1.14 44.31

184 1144A-6H-3 41-43 48.32 51.75 -1.50 1.06 44.42

184 1144A-6H-3 73-75 48.63 52.06 -1.46 0.99 44.62

184 1144A-6H-3 103-105 48.93 52.36 -1.56 0.88 44.80

184 1144A-6H-3 133-135 49.23 52.66 -1.50 1.21 44.99

184 1144A-6H-4 6-8 49.47 52.90 -1.66 0.95 45.14

184 1144A-6H-4 41-43 49.82 53.25 -1.52 0.91 45.39

184 1144A-6H-4 73-75 50.13 53.56 -1.04 0.88 45.66

184 1144A-6H-4 103-105 50.43 53.86 -1.16 1.02 45.94

184 1144A-6H-4 121-123 50.62 54.05 -1.14 0.92 46.12

184 1144A-6H-4 143-145 50.83 54.26 -1.20 0.94 46.33

184 1144A-6H-5 21-23 51.12 54.55 -1.47 1.17 46.60

184 1144A-6H-5 41-43 51.32 54.75 -1.31 1.15 46.79

184 1144A-6H-5 73-75 51.63 55.06 -1.58 1.05 47.09

184 1144A-6H-5 91-93 51.82 55.25 -1.54 1.07 47.27

184 1144A-6H-5 116-118 52.07 55.50 -1.51 0.92 47.51

184 1144A-6H-5 143-145 52.33 55.76 -1.37 0.94 47.76

184 1144A-6H-6 21-23 52.62 56.05 -1.74 0.93 48.04

184 1144A-6H-6 46-48 52.87 56.30 -1.96 0.86 48.27

184 1144A-6H-6 73-75 53.13 56.56 -1.27 1.00 48.52
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Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144A-6H-6 91-93 53.32 56.75 -1.75 0.84 48.70

184 1144A-6H-6 116-118 53.57 57.00 -1.69 0.89 48.94

184 1144A-6H-6 143-145 53.83 57.26 -1.80 0.70 49.19

184 1144A-6H-7 21-23 54.12 57.55 -1.44 0.81 49.47

184 1144C-6H-2 21-23 53.42 57.82 -1.45 0.80 49.73

184 1144C-6H-2 56-58 53.77 58.17 -2.03 0.94 50.06

184 1144C-6H-2 73-75 53.93 58.33 -1.81 0.96 50.21

184 1144C-6H-2 91-93 54.12 58.52 -1.85 0.80 50.40

184 1144C-6H-2 116-118 54.37 58.77 -1.49 0.86 50.63

184 1144C-6H-2 143-145 54.63 59.03 -1.66 0.85 50.88

184 1144C-6H-3 16-18 54.87 59.27 -1.81 0.86 51.11

184 1144C-6H-3 46-48 55.17 59.57 -1.41 0.87 51.40

184 1144C-6H-3 73-75 55.43 59.83 -1.73 0.67 51.65

184 1144C-6H-3 96-98 55.67 60.07 -1.75 0.95 51.88

184 1144C-6H-3 121-123 55.92 60.32 -1.64 0.86 52.12

184 1144C-6H-3 143-145 56.13 60.53 -1.43 0.87 52.32

184 1144C-6H-4 16-18 56.37 60.77 -2.07 0.98 52.55

184 1144C-6H-4 48-50 56.68 61.07 -1.43 0.81 52.83

184 1144C-6H-4 73-75 56.93 61.33 -1.24 0.99 53.08

184 1144C-6H-4 103-105 57.23 61.63 -1.51 0.99 53.37

184 1144A-7H-2 73-75 56.63 61.89 -1.53 0.76 53.62

184 1144A-7H-2 103-105 56.93 62.19 -1.72 0.83 53.90

184 1144A-7H-3 3-5 57.25 62.51 -1.81 1.13 54.21

184 1144A-7H-3 21-23 57.44 62.70 -1.66 0.92 54.39

184 1144A-7H-3 41-43 57.65 62.91 -1.42 0.71 54.59

184 1144A-7H-3 73-75 57.95 63.21 -1.46 0.87 54.88

184 1144A-7H-3 103-105 58.25 63.51 -1.52 0.82 55.16

184 1144A-7H-3 126-128 58.49 63.75 -1.78 1.01 55.39

184 1144A-7H-4 16-18 58.76 64.02 -1.57 0.59 55.65

184 1144A-7H-4 41-43 59.01 64.27 -1.70 0.78 55.89

184 1144A-7H-4 73-75 59.32 64.58 -1.61 0.80 56.19

184 1144A-7H-4 91-93 59.51 64.77 -2.22 0.82 56.37

184 1144A-7H-4 111-113 59.71 64.97 -2.15 0.93 56.57

184 1144A-7H-4 143-145 60.02 65.28 -1.30 0.77 56.91

184 1144A-7H-5 21-23 60.31 65.57 -1.82 0.76 57.23

184 1144A-7H-5 41-43 60.51 65.77 -1.70 0.80 57.45

184 1144A-7H-5 73-75 60.82 66.08 -1.53 0.79 57.80

184 1144A-7H-5 91-93 61.01 66.27 -1.68 0.63 58.02

184 1144A-7H-5 111-113 61.21 66.47 -1.67 0.65 58.23

184 1144A-7H-5 143-145 61.52 66.78 -1.12 0.66 58.53

184 1144A-7H-6 16-18 61.76 67.02 -1.35 0.84 58.76

184 1144A-7H-6 41-43 62.01 67.27 -1.33 0.82 58.99

184 1144A-7H-6 73-75 62.32 67.58 -1.16 0.80 59.28

184 1144B-8H-3 3-5 60.13 67.82 -1.27 0.86 59.51

184 1144B-8H-3 28-30 60.38 68.07 -0.88 0.68 59.74

184 1144B-8H-3 53-55 60.63 68.32 -1.20 0.80 59.98

184 1144B-8H-3 78-80 60.88 68.57 -1.35 0.78 60.21

184 1144B-8H-3 104-106 61.14 68.83 -0.99 0.87 60.46

184 1144B-8H-3 128-130 61.38 69.07 -1.06 0.87 60.68

184 1144B-8H-4 3-5 61.63 69.32 -1.17 0.88 60.92

184 1144B-8H-4 28-30 61.88 69.57 -0.91 0.74 61.16

184 1144B-8H-4 53-55 62.13 69.82 -1.07 0.90 61.39

184 1144B-8H-4 78-80 62.38 70.07 -1.14 0.83 61.63

184 1144B-8H-4 104-106 62.64 70.33 -1.53 0.96 61.88

184 1144B-8H-4 128-130 62.88 70.57 -1.01 0.87 62.13

184 1144B-8H-5 3-5 63.13 70.82 -0.99 0.94 62.40
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Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-8H-5 28-30 63.38 71.07 -1.06 0.80 62.67

184 1144B-8H-5 53-55 63.63 71.32 -1.13 0.92 62.94

184 1144B-8H-5 78-80 63.88 71.57 -1.25 0.98 63.21

184 1144B-8H-5 104-106 64.14 71.83 -1.53 0.83 63.49

184 1144B-8H-5 128-130 64.38 72.07 -1.11 0.78 63.75

184 1144B-8H-6 3-5 64.63 72.32 -1.24 0.88 64.02

184 1144C-7H-4 28-30 65.98 72.65 -1.21 0.89 64.38

184 1144C-7H-4 53-55 66.23 72.90 -1.18 0.84 64.65

184 1144C-7H-4 78-80 66.48 73.15 -1.07 0.78 64.92

184 1144C-7H-4 104-106 66.74 73.41 -1.05 0.89 65.21

184 1144C-7H-4 128-130 66.98 73.65 -1.38 1.10 65.47

184 1144C-7H-5 3-5 67.23 73.90 -1.95 0.71 65.72

184 1144C-7H-5 28-30 67.48 74.15 -1.24 1.07 65.91

184 1144C-7H-5 53-55 67.73 74.40 -1.18 0.79 66.09

184 1144C-7H-5 78-80 67.98 74.65 -1.39 0.89 66.26

184 1144C-7H-5 104-106 68.24 74.91 -0.64 1.16 66.45

184 1144C-7H-5 128-130 68.48 75.15 -0.69 1.01 66.62

184 1144C-7H-6 3-5 68.68 75.35 -1.32 0.97 66.76

184 1144B-9H-2 104-106 67.85 75.47 -1.31 0.85 66.84

184 1144B-9H-2 128-130 68.09 75.71 -1.71 1.15 67.01

184 1144B-9H-3 3-5 68.34 75.96 -1.09 1.00 67.19

184 1144B-9H-3 28-30 68.59 76.21 -1.65 0.95 67.36

184 1144B-9H-3 53-55 68.84 76.46 -1.65 0.95 67.54

184 1144B-9H-3 78-80 69.09 76.71 -1.40 0.86 67.71

184 1144B-9H-3 104-106 69.35 76.97 -1.27 0.97 67.90

184 1144B-9H-3 128-130 69.59 77.21 -1.30 0.90 68.06

184 1144B-9H-4 3-5 69.84 77.46 -1.67 0.88 68.24

184 1144B-9H-4 28-30 70.09 77.71 -1.93 0.98 68.42

184 1144B-9H-4 53-55 70.34 77.96 -2.13 0.94 68.62

184 1144B-9H-4 78-80 70.59 78.21 -1.74 0.72 68.92

184 1144B-9H-4 104-106 70.85 78.47 -1.52 0.88 69.27

184 1144B-9H-4 128-130 71.09 78.71 -1.75 0.99 69.58

184 1144B-9H-5 3-5 71.34 78.96 -1.10 0.94 69.91

184 1144B-9H-5 28-30 71.59 79.21 -1.24 0.81 70.24

184 1144B-9H-5 53-55 71.84 79.46 -1.07 0.85 70.57

184 1144B-9H-5 78-80 72.09 79.71 -1.51 0.70 70.90

184 1144B-9H-5 104-106 72.35 79.97 -1.20 0.68 71.25

184 1144B-9H-5 128-130 72.59 80.21 -1.50 0.97 71.57

184 1144B-9H-6 3-5 72.84 80.46 -1.86 0.93 71.90

184 1144B-9H-6 28-30 73.09 80.71 -1.96 0.80 72.23

184 1144B-9H-6 53-55 73.34 80.96 -1.89 0.97 72.56

184 1144B-9H-6 78-80 73.59 81.21 -1.94 0.78 72.85

184 1144B-9H-6 104-106 73.85 81.47 -1.41 0.91 73.08

184 1144A-9H-2 53-55 75.43 81.82 -1.29 0.96 73.34

184 1144A-9H-2 78-80 75.68 82.07 -1.65 1.17 73.53

184 1144A-9H-2 104-106 75.94 82.33 -1.73 1.06 73.72

184 1144A-9H-2 128-130 76.18 82.57 -1.66 0.92 73.90

184 1144A-9H-3 3-5 76.43 82.82 -1.71 1.21 74.09

184 1144A-9H-3 28-30 76.68 83.07 -2.26 1.16 74.34

184 1144A-9H-3 53-55 76.93 83.32 -2.05 1.21 74.71

184 1144A-9H-3 78-80 77.18 83.57 -2.06 1.19 75.14

184 1144A-9H-3 104-106 77.44 83.83 -2.15 1.21 75.59

184 1144A-9H-3 128-130 77.68 84.07 -1.73 1.11 76.00

184 1144A-9H-4 3-5 77.93 84.32 -1.86 1.00 76.43

184 1144A-9H-4 28-30 78.18 84.57 -2.25 1.13 76.86

184 1144A-9H-4 53-55 78.43 84.82 -2.11 0.88 77.29
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Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144A-9H-4 78-80 78.68 85.07 -2.31 0.94 77.72

184 1144A-9H-4 104-106 78.94 85.33 -2.03 0.84 78.17

184 1144A-9H-4 128-130 79.18 85.57 -2.30 0.90 78.59

184 1144A-9H-5 3-5 79.43 85.82 -2.19 0.85 79.02

184 1144A-9H-5 28-30 79.68 86.07 -2.01 0.76 79.45

184 1144A-9H-5 53-55 79.93 86.32 -1.79 0.85 79.88

184 1144A-9H-5 78-80 80.18 86.57 -2.03 0.79 80.31

184 1144A-9H-5 104-106 80.44 86.83 -2.19 0.70 80.76

184 1144A-9H-5 128-130 80.68 87.07 -2.35 0.83 81.17

184 1144A-9H-6 3-5 80.93 87.32 -2.23 0.96 81.60

184 1144A-9H-6 28-30 81.18 87.57 -1.80 1.05 82.03

184 1144A-9H-6 53-55 81.43 87.82 -1.85 0.83 82.46

184 1144A-9H-6 78-80 81.68 88.07 -1.85 0.85 82.89

184 1144A-9H-6 104-106 81.94 88.33 -2.12 0.49 83.34

184 1144A-9H-6 128-130 82.18 88.57 -2.49 1.05 83.73

184 1144A-9H-7 3-5 82.43 88.82 -1.91 0.88 83.97

184 1144A-9H-7 28-30 82.68 89.07 -1.40 1.04 84.19

184 1144A-9H-7 53-55 82.93 89.32 -1.85 0.94 84.40

184 1144C-9H-1 53-55 80.73 89.42 -1.76 0.90 84.49

184 1144C-9H-1 78-80 80.98 89.67 -1.81 1.06 84.71

184 1144C-9H-1 104-106 81.24 89.93 -1.41 1.04 84.93

184 1144C-9H-1 128-130 81.48 90.17 -1.50 0.94 85.14

184 1144C-9H-2 3-5 81.73 90.42 -1.50 0.94 85.36

184 1144C-9H-2 28-30 81.98 90.67 -2.05 1.04 85.58

184 1144C-9H-2 53-55 82.23 90.92 -1.38 1.03 85.79

184 1144C-9H-2 78-80 82.48 91.17 -1.52 1.03 86.01

184 1144C-9H-2 104-106 82.74 91.43 -1.54 1.18 86.24

184 1144C-9H-2 128-130 82.98 91.67 -1.62 1.02 86.44

184 1144C-9H-3 3-5 83.23 91.92 -1.55 1.05 86.66

184 1144C-9H-3 28-30 83.48 92.17 -1.46 1.13 86.88

184 1144C-9H-3 53-55 83.73 92.42 -1.46 1.02 87.10

184 1144C-9H-3 78-80 83.98 92.67 -1.38 1.14 87.31

184 1144C-9H-3 104-106 84.24 92.93 -1.92 0.68 87.54

184 1144C-9H-3 128-130 84.48 93.17 -1.83 1.09 87.75

184 1144C-9H-4 3-5 84.73 93.42 -2.18 1.03 87.96

184 1144C-9H-4 28-30 84.98 93.67 -2.03 1.09 88.18

184 1144C-9H-4 53-55 85.23 93.92 -1.77 1.00 88.40

184 1144C-9H-4 78-80 85.48 94.17 -2.24 1.18 88.61

184 1144C-9H-4 104-106 85.74 94.43 -1.87 0.94 88.84

184 1144C-9H-4 128-130 85.98 94.67 -2.33 0.89 89.05

184 1144C-9H-5 3-5 86.23 94.92 -2.19 0.89 89.27

184 1144C-9H-5 28-30 86.48 95.17 -2.02 0.97 89.48

184 1144C-9H-5 53-55 86.73 95.42 -2.23 0.98 89.72

184 1144C-9H-5 78-80 86.98 95.67 -1.84 0.86 90.00

184 1144C-9H-5 104-106 87.24 95.93 -1.51 0.87 90.32

184 1144C-9H-5 128-130 87.48 96.17 -1.57 0.99 90.61

184 1144C-9H-6 3-5 87.62 96.31 -1.65 0.98 90.78

184 1144B-11H-1 128-130 86.88 96.41 -1.82 1.08 90.90

184 1144B-11H-2 3-5 87.13 96.66 -1.65 0.99 91.20

184 1144B-11H-2 28-30 87.38 96.91 -2.16 0.78 91.51

184 1144B-11H-2 53-55 87.63 97.16 -1.85 1.02 91.81

184 1144B-11H-2 78-80 87.88 97.41 -1.80 1.12 92.11

184 1144B-11H-2 104-106 88.14 97.67 -1.93 0.94 92.43

184 1144B-11H-2 128-130 88.38 97.91 -2.06 0.79 92.72

184 1144B-11H-3 3-5 88.63 98.16 -1.71 0.81 93.02

184 1144B-11H-3 28-30 88.88 98.41 -2.04 0.96 93.33
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Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-11H-3 53-55 89.13 98.66 -2.10 0.86 93.63

184 1144B-11H-3 78-80 89.38 98.91 -2.11 0.87 93.93

184 1144B-11H-3 104-106 89.64 99.17 -2.18 0.99 94.25

184 1144B-11H-3 128-130 89.88 99.41 -2.21 0.94 94.54

184 1144B-11H-4 3-5 90.13 99.66 -2.14 0.84 94.84

184 1144B-11H-4 28-30 90.38 99.91 -2.10 0.88 95.15

184 1144B-11H-4 53-55 90.63 100.16 -1.88 0.88 95.45

184 1144B-11H-4 78-80 90.88 100.41 -2.18 0.83 95.75

184 1144B-11H-4 104-106 91.14 100.67 -2.27 0.95 96.07

184 1144B-11H-4 128-130 91.38 100.91 -2.25 0.78 96.36

184 1144B-11H-5 3-5 91.63 101.16 -1.90 0.82 96.66

184 1144B-11H-5 28-30 91.88 101.41 -2.29 0.70 96.96

184 1144B-11H-5 53-55 92.13 101.66 -2.24 0.74 97.27

184 1144B-11H-5 78-80 92.38 101.91 -2.15 0.85 97.57

184 1144B-11H-5 104-106 92.64 102.17 -2.11 0.90 97.89

184 1144B-11H-5 128-130 92.88 102.41 -1.99 0.94 98.18

184 1144B-11H-6 3-5 93.13 102.66 -1.95 0.91 98.48

184 1144C-10H-4 3-5 94.23 102.88 -2.28 0.90 98.75

184 1144C-10H-4 28-30 94.48 103.13 -2.24 0.64 99.05

184 1144C-10H-4 53-55 94.73 103.38 -2.40 0.77 99.35

184 1144C-10H-4 78-80 94.98 103.63 -2.31 0.69 99.66

184 1144C-10H-4 104-106 95.24 103.89 -2.52 0.65 99.97

184 1144C-10H-4 128-130 95.48 104.13 -2.50 0.69 100.25

184 1144C-10H-5 3-5 95.73 104.38 -2.32 0.73 100.41

184 1144C-10H-5 28-30 95.98 104.63 -2.07 0.72 100.55

184 1144C-10H-5 53-55 96.23 104.88 -2.10 0.88 100.69

184 1144C-10H-5 78-80 96.48 105.13 -1.72 0.55 100.92

184 1144C-10H-5 104-106 96.74 105.39 -1.97 0.81 101.69

184 1144C-10H-5 128-130 96.98 105.63 -1.78 0.77 102.48

184 1144C-10H-6 3-5 97.23 105.88 -1.92 0.85 103.30

184 1144C-10H-6 28-30 97.48 106.13 -1.79 0.70 104.12

184 1144B-12H-1 53-55 95.63 106.30 -1.88 0.68 104.68

184 1144B-12H-1 78-80 95.88 106.55 -2.00 0.79 105.50

184 1144B-12H-1 104-106 96.14 106.81 -1.63 0.72 106.36

184 1144B-12H-1 128-130 96.38 107.05 -1.73 0.85 107.14

184 1144B-12H-2 3-5 96.63 107.30 -1.70 0.70 107.97

184 1144B-12H-2 28-30 96.88 107.55 -2.08 0.64 108.79

184 1144B-12H-2 53-55 97.13 107.80 -2.02 0.70 109.61

184 1144B-12H-2 78-80 97.38 108.05 -1.67 0.78 110.43

184 1144B-12H-2 104-106 97.64 108.31 -2.07 0.55 111.28

184 1144B-12H-2 128-130 97.88 108.55 -1.88 0.81 112.07

184 1144B-12H-3 3-5 98.13 108.80 -2.07 0.76 112.89

184 1144B-12H-3 28-30 98.38 109.05 -1.80 0.63 113.72

184 1144B-12H-3 53-55 98.63 109.30 -2.16 0.77 114.54

184 1144B-12H-3 78-80 98.88 109.55 -2.30 0.59 115.36

184 1144B-12H-3 104-106 99.14 109.81 -2.37 0.84 116.22

184 1144B-12H-3 128-130 99.38 110.05 -2.45 0.70 117.67

184 1144B-12H-4 3-5 99.63 110.30 -1.68 0.38 123.76

184 1144B-12H-4 28-30 99.88 110.55 -1.88 0.16 125.47

184 1144B-12H-4 53-55 100.13 110.80 -1.65 0.34 126.00

184 1144B-12H-4 78-80 100.38 111.05 -1.42 0.20 126.50

184 1144B-12H-4 104-106 100.64 111.31 -1.31 0.15 127.02

184 1144B-12H-4 128-130 100.88 111.55 -1.25 0.19 127.50

184 1144B-12H-5 3-5 101.13 111.80 -2.23 0.62 128.00

184 1144B-12H-5 28-30 101.38 112.05 -2.51 0.45 128.50
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Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-12H-5 53-55 101.63 112.30 -2.08 0.44 129.00

184 1144B-12H-5 78-80 101.88 112.55 -2.24 0.32 129.50

184 1144B-12H-5 104-106 102.14 112.81 -2.05 0.45 130.02

184 1144B-12H-5 128-130 102.38 113.05 -1.82 0.38 130.50

184 1144B-12H-6 3-5 102.63 113.30 -0.98 0.06 131.00

184 1144B-12H-6 28-30 102.88 113.55 -1.19 -0.02 131.50

184 1144B-12H-6 53-55 103.13 113.80 -0.85 0.38 131.98

184 1144B-12H-6 78-80 103.38 114.05 -1.28 0.22 132.44

184 1144B-12H-6 104-106 103.64 114.31 -0.97 0.29 132.89

184 1144B-12H-6 128-130 103.88 114.55 -0.82 0.22 133.31

184 1144A-12H-1 104-106 102.94 114.74 -1.26 0.22 133.65

184 1144A-12H-1 128-130 103.18 114.98 -1.31 0.13 134.07

184 1144A-12H-2 3-5 103.43 115.23 -0.86 0.32 134.51

184 1144A-12H-2 28-30 103.68 115.48 -1.09 0.21 134.94

184 1144A-12H-2 53-55 103.93 115.73 -1.25 0.40 135.38

184 1144A-12H-2 78-80 104.18 115.98 -0.92 0.30 135.82

184 1144A-12H-2 104-106 104.44 116.24 -1.11 0.20 136.28

184 1144A-12H-3 3-5 104.93 116.73 -1.03 0.40 137.13

184 1144A-12H-3 28-30 105.18 116.98 -1.13 0.25 137.57

184 1144A-12H-3 53-55 105.43 117.23 -0.79 0.51 138.01

184 1144A-12H-3 78-80 105.68 117.48 -1.31 0.37 138.45

184 1144A-12H-3 104-106 105.94 117.74 -1.43 0.48 138.90

184 1144A-12H-3 128-130 106.18 117.98 -1.04 0.33 139.33

184 1144A-12H-4 3-5 106.43 118.23 -0.86 0.21 139.76

184 1144A-12H-4 28-30 106.68 118.48 -0.98 0.45 140.20

184 1144A-12H-4 53-55 106.93 118.73 -0.92 0.46 140.64

184 1144A-12H-4 78-80 107.18 118.98 -0.77 0.38 141.08

184 1144A-12H-4 101-103 107.41 119.21 -0.78 0.45 141.48

184 1144A-12H-4 128-130 107.68 119.48 -0.93 0.35 141.95

184 1144A-12H-5 3-5 107.93 119.73 -0.75 0.49 142.39

184 1144A-12H-5 28-30 108.18 119.98 -0.90 0.44 142.83

184 1144A-12H-5 53-55 108.43 120.23 -0.75 0.49 143.27

184 1144A-12H-5 78-80 108.68 120.48 -1.18 0.57 143.71

184 1144A-12H-5 104-106 108.94 120.74 -1.03 0.59 144.16

184 1144A-12H-5 128-130 109.18 120.98 -1.24 0.57 144.58

184 1144A-12H-6 3-5 109.43 121.23 -1.03 0.60 145.02

184 1144A-12H-6 28-30 109.68 121.48 -0.78 0.62 145.46

184 1144A-12H-6 53-55 109.93 121.73 -0.83 0.51 145.90

184 1144A-12H-7 3-5 110.01 121.81 -0.74 0.57 146.04

184 1144B-13H-2 142-144 107.52 122.17 -0.84 0.59 146.67

184 1144B-13H-3 73-75 108.33 122.98 -0.84 0.55 148.09

184 1144B-13H-3 142-144 109.02 123.67 -1.06 0.72 149.30

184 1144B-13H-4 73-75 109.83 124.48 -1.13 0.61 150.72

184 1144B-13H-4 142-144 110.52 125.17 -0.85 0.66 151.93

184 1144B-13H-5 73-75 111.33 125.98 -1.05 0.68 153.34

184 1144B-13H-5 142-144 112.02 126.67 -1.00 0.73 154.55

184 1144B-13H-6 73-75 112.83 127.48 -1.19 0.73 155.97

184 1144B-13H-6 142-144 113.52 128.17 -1.42 0.60 157.18

184 1144B-14H-1 73-75 114.83 129.47 -1.14 0.51 159.46

184 1144B-14H-1 142-144 115.52 130.16 -0.82 0.51 160.67

184 1144B-14H-2 73-75 116.33 130.97 -1.37 0.81 162.09

184 1144B-14H-2 142-144 117.02 131.66 -1.32 0.55 163.30

184 1144B-14H-3 73-75 117.83 132.47 -1.23 0.71 164.72

184 1144B-14H-3 142-144 118.52 133.16 -1.20 0.51 165.93

184 1144B-14H-4 73-75 119.33 133.97 -1.07 0.51 167.35

184 1144B-14H-4 142-144 120.02 134.66 -1.35 0.50 168.56

152



Appendix  2: Stable isotope data of ODP Site 1144

Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-14H-5 73-75 120.83 135.47 -1.52 0.65 169.97

184 1144B-14H-5 142-144 121.52 136.16 -1.20 0.67 171.18

184 1144B-14H-6 73-75 122.33 136.97 -0.93 0.59 172.60

184 1144B-15H-1 73-75 124.33 138.55 -0.88 0.71 175.37

184 1144B-15H-1 143-145 125.03 139.25 -0.99 0.65 176.60

184 1144B-15H-2 73-75 125.83 140.05 -0.79 0.63 177.97

184 1144B-15H-2 143-145 126.53 140.75 -0.94 0.54 178.91

184 1144B-15H-3 73-75 127.33 141.55 -1.03 0.67 179.94

184 1144B-15H-3 143-145 128.03 142.25 -0.86 0.61 180.84

184 1144B-15H-4 73-75 128.83 143.05 -1.10 0.60 181.88

184 1144B-15H-4 143-145 129.53 143.75 -1.03 0.71 182.78

184 1144B-15H-5 73-75 130.31 144.53 -1.16 0.61 183.79

184 1144A-15H-3 73-75 134.18 145.84 -1.21 0.53 185.48

184 1144A-15H-3 143-145 134.88 146.54 -1.03 0.49 186.39

184 1144A-15H-4 73-75 135.68 147.34 -1.70 0.64 187.42

184 1144A-15H-4 143-145 136.38 148.04 -1.25 0.62 188.33

184 1144A-15H-5 73-75 137.18 148.84 -1.08 0.58 189.36

184 1144A-15H-5 143-145 137.88 149.54 -1.32 0.78 190.27

184 1144A-15H-7 73-75 138.86 150.52 -1.41 0.84 191.53

184 1144A-15H-7 143-145 139.56 151.22 -1.55 0.80 192.44

184 1144A-16H-1 73-75 140.63 152.43 -1.77 0.54 194.17

184 1144A-16H-2 73-75 142.05 153.85 -1.68 0.71 199.15

184 1144A-16H-2 143-145 142.75 154.55 -1.92 0.61 201.68

184 1144A-16H-3 73-75 143.55 155.35 -1.39 0.70 204.58

184 1144A-16H-3 143-145 144.25 156.05 -1.51 0.59 207.12

184 1144A-16H-4 73-75 145.05 156.85 -1.53 0.13 210.01

184 1144A-16H-4 143-145 145.75 157.55 -1.79 0.63 212.55

184 1144B-17H-2 143-145 144.63 157.95 -2.22 0.65 214.09

184 1144B-17H-3 73-75 145.43 158.75 -1.37 0.67 226.94

184 1144B-17H-3 143-145 146.13 159.45 -1.72 0.41 228.68

184 1144B-17H-4 73-75 146.93 160.25 -1.99 0.77 230.59

184 1144B-17H-5 143-145 149.13 162.45 -1.87 0.70 235.86

184 1144B-17H-6 143-145 150.63 163.95 -2.05 0.55 239.45

184 1144A-17H-3 3-5 152.39 164.51 -2.05 0.52 240.79

184 1144A-17H-3 56-58 152.92 165.04 -2.01 0.65 242.06

184 1144A-17H-3 78-80 153.14 165.26 -1.51 0.43 242.58

184 1144A-17H-3 104-106 153.40 165.52 -1.87 0.46 243.21

184 1144A-17H-3 128-130 153.64 165.76 -2.21 0.19 243.78

184 1144A-17H-4 3-5 153.90 166.02 -1.54 0.43 244.40

184 1144A-17H-4 28-30 154.15 166.27 -1.25 0.32 245.05

184 1144A-17H-4 56-58 154.43 166.55 -1.42 0.32 246.09

184 1144A-17H-4 78-80 154.65 166.77 -1.92 0.42 246.95

184 1144A-17H-4 104-106 154.91 167.03 -1.53 0.51 247.97

184 1144A-17H-4 104-106 154.91 167.03 -1.48 0.57 247.97

184 1144A-17H-4 128-130 155.15 167.27 -1.20 0.51 248.91

184 1144A-17H-5 3-5 155.42 167.54 -1.70 0.31 249.96

184 1144A-17H-5 28-30 155.67 167.79 -1.65 0.45 250.94

184 1144A-17H-5 56-58 155.95 168.07 -1.57 0.69 252.03

184 1144A-17H-5 78-80 156.17 168.29 -1.32 0.28 252.89

184 1144A-17H-5 104-106 156.43 168.55 -1.23 0.61 253.90

184 1144A-17H-5 128-130 156.67 168.79 -1.43 0.52 254.84

184 1144A-17H-6 3-5 156.92 169.04 -1.43 0.50 255.82

184 1144A-17H-6 28-30 157.17 169.29 -1.32 0.58 256.79

184 1144A-17H-6 56-58 157.45 169.57 -1.55 0.54 257.89

184 1144A-17H-6 78-80 157.67 169.79 -1.55 0.54 258.75

184 1144A-17H-6 104-106 157.93 170.05 -1.52 0.76 259.76
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Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-18H-3 104-106 155.33 170.17 -1.22 0.65 260.23

184 1144B-18H-3 128-130 155.57 170.41 -1.39 0.60 261.17

184 1144B-18H-4 28-30 156.07 170.91 -1.63 0.45 263.12

184 1144B-18H-4 56-58 156.35 171.19 -1.38 0.53 264.21

184 1144B-18H-4 78-80 156.57 171.41 -1.57 0.63 265.07

184 1144B-18H-4 104-106 156.83 171.67 -1.58 0.44 266.09

184 1144B-18H-4 128-130 157.07 171.91 -1.54 0.70 267.02

184 1144B-18H-5 3-5 157.32 172.16 -0.95 0.69 267.86

184 1144B-18H-5 28-30 157.57 172.41 -1.49 0.94 268.34

184 1144B-18H-5 56-58 157.85 172.69 -1.41 0.63 268.74

184 1144B-18H-5 78-80 158.07 172.91 -1.03 0.48 269.05

184 1144B-18H-5 104-106 158.33 173.17 -1.62 0.66 269.41

184 1144B-18H-5 128-130 158.57 173.41 -1.26 0.70 269.74

184 1144B-18H-6 3-5 158.82 173.66 -1.33 0.45 270.09

184 1144B-18H-6 28-30 159.07 173.91 -1.40 0.65 270.44

184 1144B-18H-6 56-58 159.35 174.19 -1.36 0.56 270.83

184 1144B-18H-6 78-80 159.57 174.41 -1.43 0.84 271.13

184 1144B-18H-6 104-106 159.83 174.67 -1.45 0.56 271.50

184 1144A-18H-2 28-30 160.68 174.85 -1.65 0.70 271.75

184 1144A-18H-2 56-58 160.96 175.13 -1.70 0.58 272.14

184 1144A-18H-2 78-80 161.18 175.35 -1.73 0.71 272.44

184 1144A-18H-2 104-106 161.44 175.61 -1.84 0.62 272.81

184 1144A-18H-2 128-130 161.68 175.85 -1.48 0.74 273.14

184 1144A-18H-3 5-7 161.95 176.12 -1.43 0.82 273.52

184 1144A-18H-3 28-30 162.18 176.35 -1.59 0.90 273.84

184 1144A-18H-3 56-58 162.46 176.63 -1.40 0.94 274.23

184 1144A-18H-3 78-80 162.68 176.85 -1.94 0.99 274.53

184 1144A-18H-3 104-106 162.94 177.11 -1.85 0.96 274.89

184 1144A-18H-3 128-130 163.18 177.35 -1.94 0.97 275.23

184 1144A-18H-4 3-5 163.43 177.60 -1.67 0.99 275.58

184 1144A-18H-4 28-30 163.68 177.85 -1.84 0.93 275.93

184 1144A-18H-4 56-58 163.96 178.13 -1.87 0.90 276.32

184 1144A-18H-4 78-80 164.18 178.35 -2.06 0.90 276.62

184 1144A-18H-4 104-106 164.44 178.61 -1.68 0.79 276.98

184 1144A-18H-4 128-130 164.68 178.85 -1.60 0.74 277.32

184 1144A-18H-5 3-5 164.93 179.10 -1.78 0.66 277.67

184 1144A-18H-5 28-30 165.18 179.35 -1.87 0.62 278.01

184 1144A-18H-5 56-58 165.46 179.63 -2.07 0.60 278.40

184 1144A-18H-5 78-80 165.68 179.85 -1.80 0.60 278.71

184 1144A-18H-5 104-106 165.94 180.11 -1.62 0.60 279.07

184 1144A-18H-5 129-131 166.19 180.36 -1.69 0.70 279.42

184 1144A-18H-6 3-5 166.43 180.60 -2.12 0.88 279.76

184 1144A-18H-6 28-30 166.68 180.85 -1.72 0.68 280.10

184 1144A-18H-6 56-58 166.96 181.13 -1.46 0.80 280.49

184 1144A-18H-6 78-80 167.18 181.35 -1.63 0.72 280.80

184 1144B-19H-3 78-80 165.38 181.67 -1.52 0.67 281.25

184 1144B-19H-3 104-106 165.64 181.93 -1.57 0.74 281.61

184 1144B-19H-3 128-130 165.88 182.17 -1.52 0.51 281.94

184 1144B-19H-4 3-5 166.13 182.42 -1.80 0.85 282.29

184 1144B-19H-4 28-30 166.38 182.67 -1.70 0.86 282.64

184 1144B-19H-4 56-58 166.66 182.95 -1.81 1.12 283.03

184 1144B-19H-4 78-80 166.88 183.17 -1.93 1.04 283.33

184 1144B-19H-4 104-106 167.14 183.43 -1.91 0.76 283.70

184 1144B-19H-4 128-130 167.38 183.67 -2.05 0.92 284.03

184 1144B-19H-5 3-5 167.63 183.92 -2.29 0.70 284.38

184 1144B-19H-5 28-30 167.88 184.17 -2.12 0.60 284.73
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.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 
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(ka)

184 1144C-18H-3 128-130 168.65 184.61 -2.02 0.76 285.34

184 1144C-18H-4 3-5 168.90 184.86 -2.17 0.45 285.69

184 1144C-18H-4 28-30 169.15 185.11 -1.93 0.35 286.04

184 1144C-18H-4 56-58 169.43 185.39 -1.75 0.61 286.43

184 1144C-18H-4 78-80 169.65 185.61 -1.85 0.23 286.73

184 1144C-18H-4 104-106 169.91 185.87 -2.21 0.50 287.10

184 1144C-18H-4 128-130 170.15 186.11 -1.59 0.21 287.43

184 1144C-18H-5 3-5 170.40 186.36 -1.98 0.32 287.78

184 1144C-18H-5 28-30 170.65 186.61 -1.83 0.46 288.13

184 1144C-18H-5 56-58 170.93 186.89 -1.91 0.52 288.52

184 1144C-18H-5 78-80 171.15 187.11 -1.83 0.46 288.82

184 1144C-18H-5 104-106 171.41 187.37 -2.08 0.50 289.18

184 1144C-18H-5 128-130 171.65 187.61 -1.79 0.41 289.52

184 1144C-18H-6 3-5 171.90 187.86 -1.81 0.39 289.87

184 1144C-18H-6 28-30 172.15 188.11 -2.07 0.38 290.21

184 1144C-18H-6 56-58 172.43 188.39 -1.95 0.50 290.60

184 1144C-18H-6 78-80 172.65 188.61 -1.81 0.52 290.91

184 1144C-18H-6 104-106 172.91 188.87 -2.30 0.40 291.27

184 1144C-18H-6 128-130 173.15 189.11 -1.79 0.50 291.61

184 1144C-18H-7 3-5 173.40 189.36 -1.73 0.55 291.96

184 1144C-18H-7 28-30 173.65 189.61 -1.63 0.59 292.30

184 1144C-18H-7 56-58 173.93 189.89 -1.69 0.62 292.69

184 1144C-18H-7 78-80 174.15 190.11 -1.35 0.51 293.03

184 1144B-20H-3 56-58 174.66 190.21 -1.69 0.70 293.24

184 1144B-20H-3 78-80 174.88 190.43 -1.53 0.62 293.71

184 1144B-20H-3 104-106 175.14 190.69 -1.44 0.48 294.29

184 1144B-20H-3 128-130 175.38 190.93 -1.59 0.75 294.83

184 1144B-20H-4 3-5 175.63 191.18 -1.56 0.76 295.39

184 1144B-20H-4 28-30 175.88 191.43 -1.52 0.61 295.94

184 1144B-20H-4 56-58 176.16 191.71 -1.68 0.57 296.57

184 1144B-20H-4 78-80 176.38 191.93 -1.58 0.52 297.06

184 1144B-20H-4 104-106 176.64 192.19 -1.66 0.42 297.64

184 1144B-20H-4 128-130 176.88 192.43 -1.79 0.61 298.17

184 1144B-20H-5 3-5 177.05 192.60 -1.96 0.49 298.55

184 1144B-20H-5 28-30 177.30 192.85 -1.37 0.54 299.11

184 1144B-20H-5 56-58 177.58 193.13 -1.33 0.54 299.74

184 1144B-20H-5 78-80 177.80 193.35 -1.57 0.62 300.23

184 1144B-20H-5 104-106 178.06 193.61 -1.27 0.62 300.81

184 1144B-20H-5 128-130 178.30 193.85 -1.39 0.53 301.34

184 1144B-20H-6 3-5 178.55 194.10 -1.71 0.79 301.90

184 1144B-20H-6 28-30 178.80 194.35 -1.87 0.79 302.46

184 1144B-20H-6 56-58 179.08 194.63 -2.09 0.88 303.08

184 1144B-20H-6 78-80 179.30 194.85 -2.26 0.98 303.57

184 1144B-20H-6 104-106 179.56 195.11 -2.14 0.87 304.15

184 1144A-20H-1 56-58 178.46 195.27 -2.35 0.75 304.51

184 1144A-20H-1 78-80 178.68 195.49 -2.58 0.83 305.00

184 1144A-20H-1 104-106 178.94 195.75 -2.14 0.63 305.52

184 1144A-20H-1 128-130 179.18 195.99 -1.58 0.79 306.01

184 1144A-20H-2 3-5 179.43 196.24 -1.96 0.68 306.51

184 1144A-20H-2 28-30 179.68 196.49 -1.77 0.74 307.02

184 1144A-20H-2 56-58 179.96 196.77 -2.17 0.70 307.58

184 1144A-20H-2 78-80 180.18 196.99 -1.83 0.75 308.02

184 1144A-20H-2 104-106 180.44 197.25 -2.00 0.61 308.55

184 1144A-20H-2 128-130 180.68 197.49 -1.68 0.68 309.03

184 1144A-20H-3 3-5 180.93 197.74 -1.85 0.66 309.53

184 1144A-20H-3 28-30 181.18 197.99 -2.00 0.68 310.04
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184 1144A-20H-3 56-58 181.46 198.27 -1.76 0.70 310.60

184 1144A-20H-3 78-80 181.68 198.49 -2.15 0.82 311.05

184 1144A-20H-3 104-106 181.94 198.75 -1.31 0.89 311.57

184 1144A-20H-3 128-130 182.18 198.99 -1.49 0.63 312.05

184 1144A-20H-4 3-5 182.43 199.24 -1.77 0.74 312.56

184 1144A-20H-4 28-30 182.68 199.49 -1.59 0.83 313.06

184 1144A-20H-4 56-58 182.96 199.77 -1.53 0.94 313.63

184 1144A-20H-4 78-80 183.18 199.99 -1.49 0.79 314.07

184 1144A-20H-4 104-106 183.44 200.25 -2.01 0.88 314.59

184 1144A-20H-4 128-130 183.68 200.49 -1.56 0.85 315.08

184 1144A-20H-5 3-5 183.93 200.74 -1.94 0.66 315.58

184 1144A-20H-5 28-30 184.18 200.99 -1.76 0.76 316.08

184 1144A-20H-5 56-58 184.46 201.27 -1.69 0.71 316.65

184 1144A-20H-5 78-80 184.68 201.49 -2.01 0.71 317.09

184 1144A-20H-5 104-106 184.94 201.75 -2.32 0.49 317.62

184 1144A-20H-5 128-130 185.18 201.99 -1.99 0.70 318.10

184 1144A-20H-6 3-5 185.36 202.17 -1.54 0.43 318.46

184 1144A-20H-6 28-30 185.61 202.42 -1.21 0.62 318.97

184 1144A-20H-6 56-58 185.89 202.70 -1.67 0.47 319.53

184 1144A-20H-6 78-80 186.11 202.92 -1.73 0.44 319.97

184 1144A-20H-6 104-106 186.37 203.18 -2.43 0.53 320.50

184 1144C-20H-2 104-106 186.11 203.18 -2.04 0.50 320.50

184 1144C-20H-2 128-130 186.35 203.42 -1.99 0.88 320.98

184 1144A-20H-6 128-130 186.61 203.42 -1.74 0.76 320.98

184 1144C-20H-3 3-5 186.60 203.67 -2.51 0.38 321.48

184 1144C-20H-3 28-30 186.85 203.92 -2.20 0.47 321.99

184 1144C-20H-3 56-58 187.13 204.20 -1.78 0.60 322.55

184 1144C-20H-3 78-80 187.35 204.42 -2.13 0.68 323.00

184 1144C-20H-3 104-106 187.61 204.68 -2.22 0.46 323.52

184 1144C-20H-3 128-130 187.85 204.92 -1.92 0.46 324.00

184 1144C-20H-4 3-5 188.08 205.15 -2.53 0.54 324.47

184 1144C-20H-4 28-30 188.33 205.40 -1.68 0.78 324.97

184 1144C-20H-4 56-58 188.61 205.68 -1.81 0.79 325.53

184 1144C-20H-4 78-80 188.83 205.90 -1.75 0.82 325.98

184 1144C-20H-4 104-106 189.09 206.16 -1.83 0.63 326.50

184 1144C-20H-4 128-130 189.33 206.40 -1.93 0.79 326.99

184 1144C-20H-5 3-5 189.58 206.65 -2.18 0.95 327.49

184 1144C-20H-5 28-30 189.83 206.90 -2.24 0.73 327.99

184 1144C-20H-5 56-58 190.11 207.18 -2.48 0.67 328.56

184 1144C-20H-5 78-80 190.33 207.40 -2.71 0.63 329.07

184 1144C-20H-5 104-106 190.59 207.66 -2.24 0.44 330.18

184 1144C-20H-5 128-130 190.83 207.90 -2.08 0.34 331.27

184 1144C-20H-6 3-5 191.08 208.15 -1.08 0.52 332.41

184 1144C-20H-6 28-30 191.33 208.40 -1.94 0.47 333.55

184 1144C-20H-6 56-58 191.61 208.68 -0.57 0.34 334.82

184 1144C-20H-6 78-80 191.83 208.90 -0.73 0.28 335.82

184 1144C-20H-6 104-106 192.09 209.16 -0.46 0.41 336.87

184 1144C-20H-6 128-130 192.33 209.40 -1.16 0.26 337.52

184 1144C-20H-7 3-5 192.58 209.65 -0.80 0.17 338.07

184 1144C-20H-7 28-30 192.83 209.90 -1.07 0.43 338.61

184 1144C-20H-7 56-58 193.11 210.18 -1.37 0.54 339.22

184 1144C-20H-7 78-80 193.33 210.40 -0.67 0.18 339.70

184 1144C-20H-7 104-106 193.59 210.66 -0.93 0.52 340.26

184 1144B-22H-1 78-80 190.88 210.96 -1.11 0.43 340.91

184 1144B-22H-1 104-106 191.14 211.22 -0.50 0.33 341.48

184 1144B-22H-1 128-130 191.38 211.46 -1.11 0.36 342.00
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Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144B-22H-2 3-5 191.63 211.71 -0.96 0.55 342.54

184 1144B-22H-2 28-30 191.88 211.96 -0.80 0.62 343.09

184 1144B-22H-2 56-58 192.16 212.24 -0.65 0.41 343.70

184 1144B-22H-2 78-80 192.38 212.46 -1.12 0.47 344.17

184 1144B-22H-2 104-106 192.64 212.72 -0.81 0.34 344.74

184 1144B-22H-2 128-130 192.88 212.96 -1.01 0.46 345.26

184 1144B-22H-3 3-5 193.13 213.21 -0.89 0.36 345.80

184 1144B-22H-3 28-30 193.38 213.46 -1.10 0.70 346.35

184 1144B-22H-3 56-58 193.66 213.74 -1.02 0.65 346.96

184 1144B-22H-3 78-80 193.88 213.96 -1.13 0.49 347.44

184 1144B-22H-3 104-106 194.14 214.22 -1.35 0.57 347.95

184 1144B-22H-3 128-130 194.38 214.46 -1.15 0.58 348.29

184 1144B-22H-4 3-5 194.54 214.62 -0.83 0.47 348.48

184 1144B-22H-4 28-30 194.79 214.87 -1.10 0.43 348.78

184 1144B-22H-4 56-58 195.07 215.15 -1.11 0.48 349.12

184 1144B-22H-4 78-80 195.29 215.37 -1.09 0.57 349.38

184 1144B-22H-4 104-106 195.55 215.63 -0.88 0.58 349.70

184 1144B-22H-4 128-130 195.79 215.87 -1.17 0.61 349.99

184 1144B-22H-5 3-5 196.04 216.12 -1.26 0.62 350.29

184 1144B-22H-5 28-30 196.29 216.37 -0.81 0.36 350.59

184 1144B-22H-5 56-58 196.57 216.65 -0.91 0.43 350.92

184 1144B-22H-5 78-80 196.79 216.87 -0.96 0.57 351.19

184 1144B-22H-5 104-106 197.05 217.13 -1.26 0.45 351.50

184 1144B-22H-5 128-130 197.29 217.37 -0.89 0.62 351.79

184 1144B-22H-6 3-5 197.54 217.62 -1.32 0.57 352.09

184 1144B-22H-6 28-30 197.79 217.87 -0.96 0.71 352.39

184 1144B-22H-6 56-58 198.07 218.15 -1.19 0.57 352.73

184 1144B-22H-6 78-80 198.29 218.37 -1.00 0.59 352.99

184 1144B-22H-6 104-106 198.55 218.63 -0.99 0.69 353.31

184 1144A-22H-3 3-5 199.93 218.80 -0.55 0.47 353.51

184 1144A-22H-3 28-30 200.18 219.05 -1.10 0.61 353.81

184 1144A-22H-3 56-58 200.46 219.33 -0.97 0.84 354.15

184 1144A-22H-3 78-80 200.68 219.55 -1.46 0.77 354.41

184 1144A-22H-3 104-106 200.94 219.81 -1.03 0.65 354.73

184 1144A-22H-3 128-130 201.18 220.05 -0.96 0.60 355.01

184 1144A-22H-4 3-5 201.43 220.30 -0.76 0.64 355.31

184 1144A-22H-4 28-30 201.68 220.55 -1.14 0.65 355.62

184 1144A-22H-4 56-58 201.96 220.83 -1.53 0.53 355.95

184 1144A-22H-4 78-80 202.18 221.05 -1.38 0.57 356.22

184 1144A-22H-4 104-106 202.44 221.31 -1.25 0.69 356.53

184 1144A-22H-4 128-130 202.68 221.55 -1.21 0.62 356.82

184 1144A-22H-5 3-5 202.93 221.80 -1.20 0.55 357.12

184 1144A-22H-5 28-30 203.18 222.05 -1.18 0.76 357.42

184 1144A-22H-5 56-58 203.46 222.33 -1.24 0.67 357.76

184 1144A-22H-5 78-80 203.68 222.55 -1.30 0.67 358.02

184 1144A-22H-5 104-106 203.94 222.81 -1.00 0.55 358.33

184 1144A-22H-5 128-130 204.18 223.05 -1.35 0.88 358.62

184 1144A-22H-6 3-5 204.43 223.30 -1.43 0.86 358.92

184 1144A-22H-6 28-30 204.68 223.55 -1.02 0.58 359.22

184 1144A-22H-6 56-58 204.96 223.83 -1.10 0.86 359.56

184 1144A-22H-6 78-80 205.18 224.05 -1.09 0.77 359.83

184 1144B-23X-4 28-30 204.38 224.32 -1.55 0.90 360.15

184 1144B-23X-4 56-58 204.66 224.60 -0.93 0.74 360.49

184 1144B-23X-4 78-80 204.88 224.82 -0.87 0.75 360.75

184 1144B-23X-4 104-106 205.14 225.08 -1.30 0.68 361.07

184 1144B-23X-4 128-130 205.38 225.32 -0.98 0.74 361.35
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184 1144B-23X-5 3-5 205.63 225.57 -1.43 0.91 361.65

184 1144B-23X-5 28-30 205.88 225.82 -1.06 0.79 361.96

184 1144B-23X-5 56-58 206.16 226.10 -0.98 0.75 362.29

184 1144B-23X-5 78-80 206.38 226.32 -1.19 0.75 362.56

184 1144B-23X-5 104-106 206.64 226.58 -1.23 0.86 362.87

184 1144B-23X-5 128-130 206.88 226.82 -1.39 0.66 363.16

184 1144B-23X-6 3-5 207.13 227.07 -1.41 0.61 363.46

184 1144A-23H-2 56-58 208.20 227.52 -0.69 0.86 364.02

184 1144A-23H-2 78-80 208.42 227.74 -1.41 1.04 364.32

184 1144A-23H-2 104-106 208.68 228.00 -1.73 0.75 364.69

184 1144A-23H-2 128-130 208.92 228.24 -1.58 0.93 365.03

184 1144A-23H-3 3-5 209.17 228.49 -1.56 0.75 365.39

184 1144A-23H-3 28-30 209.42 228.74 -1.28 0.81 365.75

184 1144A-23H-3 56-58 209.70 229.02 -1.39 1.00 366.15

184 1144A-23H-3 78-80 209.92 229.24 -1.02 0.75 366.47

184 1144A-23H-3 104-106 210.18 229.50 -1.27 1.03 366.84

184 1144A-23H-3 128-130 210.42 229.74 -1.40 0.93 367.19

184 1144A-23H-4 3-5 210.67 229.99 -1.82 0.40 367.55

184 1144A-23H-4 28-30 210.92 230.24 -1.43 0.63 367.90

184 1144A-23H-4 56-58 211.20 230.52 -1.28 0.94 368.31

184 1144A-23H-4 78-80 211.42 230.74 -0.83 0.95 368.62

184 1144A-23H-4 104-106 211.68 231.00 -1.62 0.90 369.00

184 1144A-23H-4 128-130 211.92 231.24 -1.55 0.72 369.34

184 1144A-23H-5 3-5 212.17 231.49 -1.51 0.86 369.70

184 1144A-23H-5 28-30 212.42 231.74 -1.46 0.73 370.06

184 1144A-23H-5 56-58 212.70 232.02 -1.35 0.73 370.46

184 1144A-23H-5 78-80 212.92 232.24 -1.96 0.81 370.78

184 1144A-23H-5 104-106 213.18 232.50 -1.68 0.99 371.15

184 1144A-23H-5 128-130 213.42 232.74 -1.24 1.00 371.49

184 1144A-23H-6 3-5 213.67 232.99 -1.37 0.95 371.85

184 1144A-23H-6 28-30 213.92 233.24 -1.36 0.71 372.21

184 1144A-23H-6 56-58 214.20 233.52 -1.63 0.82 372.61

184 1144A-23H-6 78-80 214.42 233.74 -1.77 0.89 372.93

184 1144A-23H-6 104-106 214.68 234.00 -1.77 0.89 373.30

184 1144A-23H-6 128-130 214.92 234.24 -1.71 0.97 373.65

184 1144A-23H-7 3-5 215.17 234.49 -1.72 0.63 374.01

184 1144A-23H-7 28-30 215.42 234.74 -1.93 0.80 374.36

184 1144A-23H-7 56-58 215.70 235.02 -2.02 0.99 374.77

184 1144A-23H-7 78-80 215.92 235.24 -1.68 1.04 375.08

184 1144B-24X-4 15-17 213.85 235.25 -1.71 1.35 375.10

184 1144B-24X-4 40-42 214.10 235.50 -1.91 0.67 375.45

184 1144B-24X-4 65-67 214.35 235.75 -1.50 0.91 375.81

184 1144B-24X-4 90-92 214.60 236.00 -1.98 0.83 376.17

184 1144B-24X-4 115-117 214.85 236.25 -1.85 0.91 376.53

184 1144B-24X-4 140-142 215.10 236.50 -1.67 0.65 376.89

184 1144B-24X-5 10-12 215.30 236.70 -2.01 0.63 377.18

184 1144B-24X-5 35-37 215.55 236.95 -2.19 1.03 377.54

184 1144B-24X-5 60-62 215.80 237.20 -1.95 0.51 377.89

184 1144B-24X-5 85-87 216.05 237.45 -1.98 0.85 378.25

184 1144B-24X-5 110-112 216.30 237.70 -2.24 0.60 378.61

184 1144B-24X-5 135-137 216.55 237.95 -2.02 0.64 378.97

184 1144B-24X-6 10-12 216.80 238.20 -2.00 0.70 379.33

184 1144B-24X-6 35-37 217.05 238.45 -1.34 1.01 379.69

184 1144B-24X-6 60-62 217.30 238.70 -1.37 0.98 380.05

184 1144B-24X-6 85-87 217.55 238.95 -1.04 0.81 380.41

184 1144B-24X0 11-13 217.80 239.20 -1.53 1.29 380.77
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184 1144B-24X0 36-38 218.05 239.45 -1.39 1.01 381.12

184 1144A-24H-1 73-75 216.63 239.63 -1.93 0.88 381.38

184 1144A-24H-1 143-145 217.33 240.33 -1.94 0.66 382.39

184 1144A-24H-2 73-75 218.13 241.13 -2.21 0.92 383.54

184 1144A-24H-2 143-145 218.83 241.83 -1.54 1.06 384.54

184 1144A-24H-3 73-75 219.63 242.63 -1.61 1.09 385.69

184 1144A-24H-3 143-145 220.33 243.33 -1.90 0.95 386.69

184 1144A-24H-4 73-75 221.13 244.13 -1.98 0.86 387.84

184 1144A-24H-4 143-145 221.83 244.83 -2.12 0.85 388.85

184 1144A-24H-5 73-75 222.63 245.63 -2.18 0.67 390.00

184 1144A-24H-5 143-145 223.33 246.33 -1.74 0.84 391.77

184 1144A-24H-6 73-75 224.13 247.13 -1.71 1.04 411.35

184 1144B-25X-2 5-7 220.35 247.64 -2.10 0.97 412.57

184 1144B-25X-2 30-32 220.60 247.89 -1.96 1.04 412.86

184 1144B-25X-2 55-57 220.85 248.14 -1.92 1.05 413.15

184 1144B-25X-2 80-82 221.10 248.39 -2.11 0.99 413.43

184 1144B-25X-2 105-107 221.35 248.64 -2.28 0.98 413.72

184 1144B-25X-2 130-132 221.60 248.89 -2.56 0.47 414.11

184 1144B-25X-3 5-7 221.85 249.14 -2.08 0.62 414.80

184 1144B-25X-3 30-32 222.10 249.39 -1.57 0.32 415.60

184 1144B-25X-3 55-57 222.35 249.64 -1.37 0.32 416.40

184 1144B-25X-3 80-82 222.60 249.89 -0.88 0.04 417.20

184 1144B-25X-3 105-107 222.85 250.14 -0.45 0.24 417.97

184 1144B-25X-3 130-132 223.10 250.39 -1.27 0.37 418.45

184 1144B-25X-4 5-7 223.35 250.64 -1.18 0.29 418.89

184 1144B-25X-4 30-32 223.60 250.89 -0.81 0.22 419.34

184 1144B-25X-4 55-57 223.85 251.14 -1.02 0.38 419.78

184 1144A-25H-1 7-9 225.47 251.38 -0.78 0.29 420.21

184 1144B-25X-4 79-81 224.09 251.38 -0.71 0.18 420.21

184 1144A-25H-1 27-29 225.67 251.58 -0.63 0.22 420.57

184 1144A-25H-1 73-75 226.13 252.04 -0.67 0.38 421.38

184 1144A-25H-1 104-106 226.44 252.35 -0.78 0.53 421.94

184 1144A-25H-1 143-145 226.83 252.74 -0.80 0.36 422.63

184 1144A-25H-2 7-9 226.97 252.88 -0.55 0.32 422.88

184 1144A-25H-2 27-29 227.17 253.08 -0.78 0.50 423.24

184 1144A-25H-2 73-75 227.63 253.54 -0.93 0.49 424.06

184 1144A-25H-2 104-106 227.94 253.85 -0.87 0.60 424.61

184 1144A-25H-2 143-145 228.33 254.24 -0.82 0.68 425.30

184 1144A-25H-3 1-3 228.41 254.32 -0.79 0.56 425.45

184 1144A-25H-3 7-9 228.47 254.38 -0.83 0.64 425.55

184 1144A-25H-3 27-29 228.67 254.58 -1.02 0.56 425.91

184 1144A-25H-3 51-53 228.91 254.82 -0.74 0.56 426.34

184 1144A-25H-3 73-75 229.13 255.04 -0.78 0.64 426.73

184 1144A-25H-3 104-106 229.44 255.35 -0.88 0.77 427.28

184 1144A-25H-3 143-145 229.83 255.74 -0.73 0.74 427.98

184 1144A-25H-4 7-9 229.97 255.88 -0.82 0.81 428.22

184 1144A-25H-4 27-29 230.17 256.08 -0.64 0.62 428.58

184 1144A-25H-4 73-75 230.63 256.54 -1.04 0.78 429.40

184 1144A-25H-4 104-106 230.94 256.85 -1.14 0.87 429.95

184 1144A-25H-4 143-145 231.33 257.24 -0.99 0.67 430.65

184 1144A-25H-5 7-9 231.47 257.38 -1.17 0.67 430.90

184 1144A-25H-5 27-29 231.67 257.58 -1.21 0.80 431.25

184 1144A-25H-5 73-75 232.13 258.04 -0.93 0.86 432.07

184 1144A-25H-5 104-106 232.44 258.35 -1.11 0.74 432.62

184 1144A-25H-5 143-145 232.83 258.74 -0.77 0.69 433.32
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184 1144A-25H-6 7-9 232.97 258.88 -0.87 0.83 433.57

184 1144A-25H-6 27-29 233.17 259.08 -1.13 0.79 433.92

184 1144A-25H-6 73-75 233.63 259.54 -1.18 0.79 434.74

184 1144A-25H-6 104-106 233.94 259.85 -0.72 0.56 435.30

184 1144A-26X-1 3-5 234.93 260.18 -0.73 0.73 435.88

184 1144A-25H-6 143-145 234.33 260.24 -0.89 0.75 435.99

184 1144A-25H-7 7-9 234.47 260.38 -0.57 0.77 436.24

184 1144A-26X-1 28-30 235.18 260.43 -0.85 0.79 436.33

184 1144A-25H-7 27-29 234.67 260.58 -0.69 0.64 436.60

184 1144A-26X-1 53-55 235.43 260.68 -0.72 0.54 436.77

184 1144A-26X-1 78-80 235.68 260.93 -0.53 0.74 437.22

184 1144A-26X-1 104-106 235.94 261.19 -1.12 0.72 437.68

184 1144A-26X-1 128-130 236.18 261.43 -0.81 0.74 438.11

184 1144A-26X-2 3-5 236.43 261.68 -0.71 0.75 438.56

184 1144A-26X-2 28-30 236.68 261.93 -0.42 0.81 439.00

184 1144A-26X-2 53-55 236.93 262.18 -0.37 0.70 439.42

184 1144A-26X-2 78-80 237.18 262.43 -0.43 0.62 439.83

184 1144A-26X-2 104-106 237.44 262.69 -0.66 0.63 440.27

184 1144A-26X-2 128-130 237.68 262.93 -0.80 0.81 440.67

184 1144A-26X-3 3-5 237.93 263.18 -0.88 0.71 441.08

184 1144A-26X-3 28-30 238.18 263.43 -0.88 1.08 441.50

184 1144A-26X-3 53-55 238.43 263.68 -0.72 0.87 441.91

184 1144A-26X-3 78-80 238.68 263.93 -0.87 0.59 442.33

184 1144A-26X-3 104-106 238.94 264.19 -0.91 0.75 442.76

184 1144A-26X-3 128-130 239.18 264.43 -0.94 0.82 443.16

184 1144A-26X-4 3-5 239.43 264.68 -0.99 0.76 443.58

184 1144A-26X-4 28-30 239.68 264.93 -0.94 0.73 444.00

184 1144A-26X-4 53-55 239.93 265.18 -0.90 0.60 444.41

184 1144A-26X-4 78-80 240.18 265.43 -1.18 0.83 444.83

184 1144A-26X-4 104-106 240.44 265.69 -1.00 0.57 445.26

184 1144A-26X-4 128-130 240.68 265.93 -0.93 0.65 445.66

184 1144A-26X-5 3-5 240.93 266.18 -1.08 0.69 446.08

184 1144A-26X-5 28-30 241.18 266.43 -0.95 0.92 446.49

184 1144A-26X-5 53-55 241.43 266.68 -1.28 0.99 446.91

184 1144A-26X-5 78-80 241.68 266.93 -1.46 0.91 447.33

184 1144A-26X-5 104-106 241.94 267.19 -1.20 0.91 447.76

184 1144A-26X-5 128-130 242.18 267.43 -1.26 0.90 448.16

184 1144A-27X-1 3-5 241.33 268.62 -1.27 0.94 450.14

184 1144A-27X-1 28-30 241.58 268.87 -1.16 0.68 450.56

184 1144A-27X-1 53-55 241.83 269.12 -1.23 0.77 450.97

184 1144A-27X-1 78-80 242.08 269.37 -1.54 0.82 451.39

184 1144A-27X-1 104-106 242.34 269.63 -1.59 0.82 451.82

184 1144A-27X-1 128-130 242.58 269.87 -1.28 0.76 452.22

184 1144A-27X-2 3-5 242.83 270.12 -1.44 0.73 452.64

184 1144A-27X-2 28-30 243.08 270.37 -1.28 0.80 453.05

184 1144A-27X-2 53-55 243.33 270.62 -1.35 0.70 453.47

184 1144A-27X-2 78-80 243.58 270.87 -1.27 0.62 453.89

184 1144A-27X-2 104-106 243.84 271.13 -1.10 0.53 454.32

184 1144A-27X-2 128-130 244.08 271.37 -1.17 0.72 454.72

184 1144A-27X-3 3-5 244.33 271.62 -1.33 1.02 455.13

184 1144A-27X-3 28-30 244.58 271.87 -1.22 0.81 455.55

184 1144A-27X-3 53-55 244.83 272.12 -0.97 0.81 455.97

184 1144A-27X-3 78-80 245.08 272.37 -1.02 0.66 456.38

184 1144A-27X-3 104-106 245.34 272.63 -1.01 0.77 456.82

184 1144A-27X-3 128-130 245.58 272.87 -1.14 0.85 457.22

184 1144A-27X-4 3-5 245.83 273.12 -1.12 0.78 457.63
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Leg 
.

Site, Hole, 
Core, Section

Interval       
(cm)

Depth 
(mbsf)

Depth 
(mcd)

dddd18O
G.ruber 

dddd13C
G.ruber 

Age 
(ka)

184 1144A-27X-4 28-30 246.08 273.37 -1.37 0.70 458.05

184 1144A-27X-4 53-55 246.33 273.62 -1.62 0.79 458.47

184 1144A-27X-4 78-80 246.58 273.87 -1.80 0.58 458.88

184 1144A-27X-4 104-106 246.84 274.13 -0.97 0.60 459.31

184 1144A-27X-4 128-130 247.08 274.37 -1.34 0.70 459.71

184 1144A-27X-5 3-5 247.33 274.62 -1.01 0.68 460.13

184 1144A-27X-5 28-30 247.58 274.87 -0.90 0.69 460.55

184 1144A-27X-5 53-55 247.83 275.12 -0.91 0.59 460.96

184 1144A-27X-5 78-80 248.08 275.37 -0.67 0.77 461.38

184 1144A-27X-5 104-106 248.34 275.63 -1.10 0.94 461.81

184 1144A-27X-5 128-130 248.58 275.87 -0.60 0.81 462.21

184 1144A-27X-6 3-5 248.83 276.12 -0.97 0.94 462.63

184 1144A-27X-6 28-30 249.08 276.37 -0.91 0.75 463.04

184 1144A-27X-6 53-55 249.33 276.62 -1.18 0.87 463.46

184 1144A-27X-6 78-80 249.58 276.87 -1.33 0.91 463.88

184 1144A-27X-6 104-106 249.84 277.13 -1.35 1.08 464.31

184 1144A-27X-7 3-5 250.03 277.32 -1.47 0.77 464.63

184 1144A-27X-7 28-30 250.28 277.57 -1.35 0.83 465.04

184 1144A-27X0 3-5 250.43 277.72 -1.52 0.96 465.29

184 1144A-28X-1 3-5 250.93 279.20 -1.79 0.85 467.76

184 1144A-28X-1 28-30 251.18 279.45 -1.64 0.73 468.17

184 1144A-28X-1 55-57 251.45 279.72 -1.31 0.90 468.62

184 1144A-28X-1 78-80 251.68 279.95 -1.16 0.74 469.01

184 1144A-28X-1 104-106 251.94 280.21 -1.23 0.91 469.44

184 1144A-28X-1 128-130 252.18 280.45 -1.30 1.07 469.84

184 1144A-28X-2 3-5 252.43 280.70 -0.97 0.97 470.25

184 1144A-28X-2 28-30 252.68 280.95 -1.03 0.87 470.67

184 1144A-28X-2 55-57 252.95 281.22 -1.41 0.79 471.12

184 1144A-28X-2 78-80 253.18 281.45 -1.15 0.84 471.50

184 1144A-28X-2 104-106 253.44 281.71 -1.58 0.82 471.94

184 1144A-28X-2 128-130 253.68 281.95 -1.60 1.03 472.34

184 1144A-28X-3 3-5 253.93 282.20 -1.42 0.98 472.75

184 1144A-28X-3 28-30 254.18 282.45 -1.84 1.13 473.17

184 1144A-28X-3 55-57 254.45 282.72 -1.71 0.92 473.62

184 1144A-28X-3 78-80 254.68 282.95 -1.90 1.04 473.95

184 1144A-28X-3 104-106 254.94 283.21 -1.62 1.01 474.21

184 1144A-28X-3 128-130 255.18 283.45 -1.80 0.71 474.41

184 1144A-28X-4 3-5 255.43 283.70 -1.65 0.83 474.62

184 1144A-28X-4 28-30 255.68 283.95 -1.57 0.84 474.82

184 1144A-28X-4 55-57 255.95 284.22 -1.73 0.97 475.04

184 1144A-28X-4 78-80 256.18 284.45 -1.38 0.90 475.23

184 1144A-28X-4 104-106 256.44 284.71 -1.76 0.95 475.44

184 1144A-28X-4 128-130 256.68 284.95 -1.74 0.63 475.64

184 1144A-28X-5 3-5 256.93 285.20 -1.77 0.83 475.84

184 1144A-28X-5 28-30 257.18 285.45 -1.95 0.79 476.05

184 1144A-28X-6 28-30 258.68 286.95 -1.50 1.02 477.28

184 1144A-28X0 28-30 260.28 288.55 -1.36 1.09 478.59

184 1144A-29X-1 104-106 261.54 289.99 -2.00 1.32 479.77

184 1144A-29X-2 104-106 263.04 291.49 -2.15 1.17 481.08

184 1144A-29X-3 104-106 264.54 292.99 -1.96 1.22 484.32

184 1144A-29X-4 104-106 266.04 294.49 -1.79 1.00 487.65

184 1144A-29X-5 104-106 267.54 295.99 -1.85 0.89 490.97

184 1144A-29X-6 104-106 269.04 297.49 -1.68 1.18 494.29

184 1144A-29X0 28-30 270.20 298.65 -1.86 1.29 496.86

184 1144A-30X-1 3-5 270.13 300.52 -2.28 0.90 500.97

184 1144A-30X-2 3-5 271.63 302.02 -2.01 0.84 503.75
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184 1144A-30X-3 3-5 273.13 303.52 -1.71 0.52 506.50

184 1144A-30X-4 3-5 274.63 305.02 -1.75 0.85 509.25

184 1144A-30X-5 3-5 276.13 306.52 -1.21 0.96 512.14

184 1144A-30X-6 3-5 277.63 308.02 -1.99 1.03 525.98

184 1144A-30X-7 3-5 279.13 309.52 -1.57 0.68 536.96

184 1144A-31X-1 28-30 279.98 311.11 -1.51 0.74 546.92

184 1144A-31X-2 28-30 281.48 312.61 -1.83 0.66 556.28

184 1144A-31X-3 28-30 282.98 314.11 -2.07 0.74 565.64

184 1144A-31X-4 28-30 284.48 315.61 -2.11 0.70 575.06

184 1144A-31X-5 28-30 285.98 317.11 -1.65 0.82 587.00

184 1144A-31X-6 28-30 287.48 318.61 -2.35 0.98 598.60

184 1144A-31X-7 28-30 288.98 320.11 -1.77 0.87 602.90

184 1144A-32X-2 3-5 290.83 323.61 -2.25 0.64 612.09

184 1144A-32X-3 3-5 292.33 325.11 -0.76 0.41 622.87

184 1144A-32X-4 3-5 293.83 326.61 -1.05 0.75 626.13

184 1144A-32X-5 3-5 295.33 328.11 -0.92 0.52 629.26

184 1144A-32X-6 3-5 296.83 329.61 -0.78 0.46 632.39

184 1144A-32X-7 3-5 298.33 331.11 -1.11 0.61 635.52

184 1144A-33X-1 3-5 299.03 333.25 -1.41 0.74 639.98

184 1144A-33X-2 3-5 300.53 334.75 -1.18 0.50 643.11

184 1144A-33X-3 3-5 302.03 336.25 -1.24 0.66 646.24

184 1144A-33X-4 3-5 303.53 337.75 -1.28 0.40 649.37

184 1144A-33X-5 3-5 305.03 339.25 -1.14 0.41 652.50

184 1144A-33X-6 3-5 306.53 340.75 -1.24 0.48 655.63

184 1144A-33X-7 3-5 308.03 342.25 -1.47 0.59 658.76

184 1144A-34X-2 3-5 310.13 343.67 -0.95 0.41 661.72

184 1144A-34X-3 3-5 311.63 345.17 -0.98 0.39 664.85

184 1144A-34X-4 3-5 313.13 346.67 -1.07 0.49 667.98

184 1144A-34X-5 3-5 314.63 348.17 -1.46 0.62 671.10

184 1144A-34X-6 3-5 316.13 349.67 -1.31 0.69 674.23

184 1144A-34X0 3-5 318.17 351.71 -1.72 0.63 678.49

184 1144A-34X0 28-30 318.42 351.96 -1.66 0.76 679.01

184 1144A-35X-1 5-7 318.25 355.79 -2.25 1.03 687.05

184 1144A-35X-2 53-55 320.23 357.77 -1.94 0.84 693.70

184 1144A-35X-3 104-106 322.24 359.78 -1.84 0.54 700.50

184 1144A-35X-5 5-7 324.25 361.79 -1.46 0.81 707.30

184 1144A-35X-6 53-55 326.23 363.77 -1.13 0.83 713.95

184 1144A-35X0 5-7 327.77 365.31 -1.08 0.79 717.19

184 1144A-36X-1 5-7 327.95 370.44 -1.78 0.84 727.83

184 1144A-36X-2 56-58 329.96 372.45 -1.70 0.65 732.17

184 1144A-36X-3 128-130 332.18 374.67 -1.79 0.70 741.47

184 1144A-36X-5 28-30 334.18 376.67 -1.22 0.41 750.02

184 1144A-36X-6 78-80 336.18 378.67 -1.60 0.71 759.83

184 1144A-36X-7 28-30 337.18 379.67 -1.40 0.97 764.74

184 1144A-37X-3 53-55 341.03 381.58 -1.60 1.12 774.12

184 1144A-37X-4 104-106 343.04 383.59 -1.84 0.91 783.79

184 1144A-37X-6 5-7 345.05 385.60 -1.46 0.54 788.06

184 1144A-37X0 5-7 347.00 387.55 -1.19 0.51 792.00

184 1144A-38X-1 5-7 347.15 391.30 -1.16 0.85 799.34

184 1144A-38X-2 53-55 349.13 393.28 -1.47 0.81 813.39

184 1144A-38X-3 104-106 351.14 395.29 -1.78 0.78 828.00

184 1144A-38X-5 5-7 353.15 397.30 -1.77 0.71 842.61

184 1144A-38X-6 53-55 355.13 399.28 -2.16 0.48 856.85

184 1144A-38X0 28-30 356.84 400.99 -1.10 0.50 863.06

184 1144A-39X-1 7-9 356.77 401.52 -0.97 0.35 864.94

184 1144A-39X-2 56-58 358.76 403.51 -0.89 0.22 872.01
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184 1144A-39X-3 106-108 360.76 405.51 -1.41 0.45 879.95

184 1144A-39X-5 1-3 362.71 407.46 -1.23 0.51 883.17

184 1144A-39X-6 55-57 364.75 409.50 -1.14 0.47 886.49

184 1144A-39X0 26-28 366.48 411.23 -1.41 0.65 889.30

184 1144A-40X-1 3-5 366.43 412.88 -1.43 0.42 891.99

184 1144A-40X-2 53-55 368.43 414.88 -1.63 0.25 895.24

184 1144A-40X-3 104-106 370.44 416.89 -1.05 0.44 898.51

184 1144A-40X-5 3-5 372.43 418.88 -1.74 0.51 901.75

184 1144A-40X-6 53-55 374.43 420.88 -1.89 0.47 904.98

184 1144A-40X0 28-30 376.17 422.62 -1.54 0.32 907.09

184 1144A-41X-1 73-75 376.73 426.70 -0.90 0.96 912.07

184 1144A-41X-1 143-145 377.43 427.40 -1.80 0.97 918.84

184 1144A-41X-2 73-75 378.23 428.20 -1.62 1.03 926.86

184 1144A-41X-3 73-75 379.73 429.70 -1.62 0.89 930.61

184 1144A-41X-3 143-145 380.43 430.40 -2.06 0.66 932.30

184 1144A-41X-4 73-75 381.23 431.20 -2.44 0.85 934.23

184 1144A-41X-4 143-145 381.93 431.90 -1.75 0.71 935.91

184 1144A-41X-5 73-75 382.73 432.70 -2.02 0.66 937.84

184 1144A-41X-6 73-75 384.23 434.20 -2.21 1.03 941.46

184 1144A-41X-6 143-145 384.93 434.90 -2.25 0.74 943.15

184 1144A-42X-1 73-75 386.33 437.49 -2.04 0.78 949.39

184 1144A-42X-1 143-145 387.03 438.19 -1.94 0.85 951.08

184 1144A-42X-2 73-75 387.83 438.99 -2.14 0.41 952.93

184 1144A-42X-3 73-75 389.33 440.49 -1.71 1.15 955.02

184 1144A-42X-3 143-145 390.03 441.19 -2.06 0.56 955.96

184 1144A-42X-4 73-75 390.83 441.99 -2.02 0.58 957.04

184 1144A-42X-4 143-145 391.53 442.69 -1.57 0.51 957.98

184 1144A-42X-5 73-75 392.33 443.49 -1.74 0.75 959.05

184 1144A-42X-6 73-75 393.83 444.99 -2.22 0.66 961.06

184 1144B-43X-4 36-38 393.36 445.64 -1.02 0.52 961.93

184 1144A-42X-6 143-145 394.53 445.69 -1.56 0.93 961.99

184 1144A-43X-1 73-75 395.93 448.93 -2.00 0.11 965.51

184 1144A-43X-1 143-145 396.63 449.63 -1.02 0.52 966.27

184 1144A-43X-2 73-75 397.43 450.43 -0.81 0.57 967.13

184 1144A-43X-3 73-75 398.93 451.93 -1.41 0.56 968.75

184 1144A-43X-3 143-145 399.63 452.63 -1.87 0.78 969.51

184 1144A-43X-4 73-75 400.43 453.43 -2.23 0.65 970.38

184 1144A-43X-4 143-145 401.13 454.13 -1.84 1.02 971.13

184 1144A-43X-5 73-75 401.93 454.93 -2.23 1.20 972.00

184 1144A-43X-6 43-45 403.13 456.13 -1.79 0.83 973.15

184 1144A-43X-6 143-145 404.13 457.13 -2.07 0.69 974.10

184 1144A-44X-1 73-75 405.53 461.27 -2.27 0.51 978.04

184 1144A-44X-1 143-145 406.23 461.97 -1.71 0.78 978.71

184 1144A-44X-2 43-45 406.73 462.47 -1.65 0.67 979.18

184 1144A-44X-3 43-45 408.23 463.97 -1.84 0.76 980.62

184 1144A-44X-3 143-145 409.23 464.97 -1.64 0.97 981.59

184 1144A-44X-4 43-45 409.73 465.47 -2.15 1.05 982.07

184 1144A-44X-4 143-145 410.73 466.47 -2.26 0.67 983.21

184 1144A-44X-5 43-45 411.23 466.97 -2.22 0.38 984.84

184 1144A-44X-6 43-45 412.73 468.47 -2.21 0.82 990.21

184 1144A-44X-6 143-145 413.73 469.47 -1.53 0.49 993.79

184 1144A-45X-1 73-75 415.13 472.31 -1.16 0.89 1003.90

184 1144A-45X-1 143-145 415.83 473.01 -1.62 1.01 1004.40

184 1144A-45X-2 73-75 416.63 473.81 -1.98 0.69 1004.90

184 1144A-45X-3 73-75 418.14 475.32 -2.05 1.00 1005.80

184 1144A-45X-3 143-145 418.84 476.02 -1.82 1.45 1006.30
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184 1144A-45X-4 73-75 419.66 476.84 -2.06 0.82 1006.80

184 1144A-45X-4 143-145 420.36 477.54 -1.71 0.66 1007.20

184 1144A-45X-5 73-75 421.16 478.34 -1.69 0.81 1007.70

184 1144A-45X-6 73-75 422.66 479.84 -2.30 0.91 1008.60

184 1144A-45X-6 143-145 423.36 480.54 -2.33 1.25 1009.10

184 1144A-46X-1 73-75 424.73 483.94 -2.15 0.50 1011.20

184 1144A-46X-1 143-145 425.43 484.64 -2.46 0.61 1011.60

184 1144A-46X-2 73-75 426.23 485.44 -1.79 0.95 1012.10

184 1144A-46X-3 73-75 427.73 486.94 -1.90 1.00 1013.00

184 1144A-46X-3 143-145 428.43 487.64 -1.83 0.80 1013.40

184 1144A-46X-4 73-75 429.23 488.44 -1.68 0.81 1013.90

184 1144A-46X-4 143-145 429.93 489.14 -1.83 0.50 1014.30

184 1144A-46X-5 73-75 430.73 489.94 -2.09 0.88 1014.80

184 1144A-46X-6 73-75 432.23 491.44 -2.10 0.86 1015.80

184 1144A-46X-6 143-145 432.93 492.14 -2.16 1.12 1016.20

184 1144A-47X-1 73-75 434.33 496.26 -2.10 0.68 1018.70

184 1144A-47X-1 143-145 435.03 496.96 -1.60 0.72 1019.20

184 1144A-47X-2 73-75 435.83 497.76 -2.01 0.77 1019.70

184 1144A-47X-3 73-75 437.33 499.26 -2.01 0.73 1020.60

184 1144A-47X-3 143-145 438.03 499.96 -1.93 1.03 1021.00

184 1144A-47X-4 73-75 438.83 500.76 -2.04 1.16 1022.50

184 1144A-47X-4 143-145 439.53 501.46 -2.02 0.89 1023.80

184 1144A-47X-5 73-75 440.33 502.26 -2.03 0.99 1025.20

184 1144A-47X-6 73-75 441.83 503.76 -2.32 0.85 1028.00

184 1144A-47X-6 143-145 442.53 504.46 -1.59 0.58 1030.40

184 1144A-48X-1 73-75 443.93 509.33 -1.88 0.53 1963.60

184 1144A-48X-1 143-145 444.63 510.03 -1.44 0.99 1964.60

184 1144A-48X-2 73-75 445.43 510.83 -1.91 1.04 1965.80

184 1144A-48X-3 73-75 446.94 512.34 -1.79 0.76 1968.00

184 1144A-48X-3 143-145 447.64 513.04 -1.81 1.31 1969.00

184 1144A-48X-4 73-75 448.46 513.86 -2.07 1.19 1970.20

184 1144A-48X-4 143-145 449.16 514.56 -1.92 1.32 1971.20

184 1144A-48X-5 73-75 449.96 515.36 -2.03 0.84 1972.40

184 1144A-48X-6 73-75 451.46 516.86 -2.19 1.17 1974.60

184 1144A-48X-6 143-145 452.16 517.56 -2.07 0.79 1975.60
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