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Past sea surface temperature of the westem part of theast Sea

since the last interglacial period

Ji Young Choi

Division of Marine Environment and Bioscience, Korea Maritime University,

Busan, 606-791, Korea

Abstract

The purpose of this paper is to reconstruct theaildet paleoceanographic
history of the East Sea during 130-kyr. Three pistores 05PC-14, 05PC-15 and
05PC-23 taken from the western margin of the Eaatvere examined. In this study, the
Cs7 alkenone content were measured, and past seacesumperature (SST) was

calculated usingU"(37 = 0.034T + 0.039 (Prahl et al.,, 1988). The agehef

sediment cores was determined by the direct caoioalaf lightness (L*) to well-dated
core MDO01-2407 in Oki Ridge and 05PC-21 in Koreat€du, with a comparition of
well-known lithostratigraphic and tephrostratigrappimarkers. Alkenone-based SST from
the core sediments showed that the past SST flectugreatly. In core 05PC-14, the
temperature decreased from 16.60 12.8C during the period of marine isotope stage
(MIS) 5a. Then, the temperature fluctuated betw&8itc and 15.7C during MISs 3 and
4. Due to the low alkenone content< k) values could not be calculated during the
MIS 2. After that, it continued to fluctuate betwed3.8C and 19.4C. In core
05PC-15, the temperature decreased from 2318 13.8C during MIS 5. Then,



the temperature fluctuated between 12.4and 19C. During the MIS 3, it was
anomalously high, which fluctuated between X5.1and 27.4C. During the MIS
2, alkenone temperature was not calculated dueh# low alkenone contents.
After that, it fluctuated between 138 and 25.4. In core 05PC-23, the
temperature decreased from 26.80 9.6C during MIS 5. Then, the temperature
fluctuated between 96 and 12.3 during MIS 4. However, during the MIS 3,
the temperature was abnormally warm. It was seattdretween 16 and 25.8C.
Due to the low alkenone contents\4J values could not be calculated during the
MIS 2. After that, it continued to fluctuate betwed5.7C and 18.X.

Variation in the SST of the East Sea is considetedbe closely related to
changes in the east asian monsoon system and gdaallevel. For period of
MIS 5, the alkenone temperatures gradually decdedsam MIS 5e to MIS 5a.
Especially, during MISs 5a and 5b, alkenone tentpezawas lower than those of
present. It seems that lower SST was influenced wwaker summer monsoon
and/or stronger winter monsoon than those of ptes&iso, sea level fall of 60m
(Lambeck et al. 2002) would be restricted influx whrm water. According to
Tada et al. (1999), the relative contributions dfe tTsushima Warm Current
(TWC) and East China Sea Coastal Water (ECSCW)edasignificantly during
this time interval. Therefore, most of the alkenormmponents would be when a
strong influx of ECSCW would have supplied enougbtrients to sustain high
surface productivity. Temperature of ECSCW is reddy lower than those of
TWC. As a result, strong inflow of ECSCW into theasE Sea could induce the
lower SST of MISs 5a and b than those of MIS 1.

For period of MIS 4, the alkenone temperatures wergy low. It seems to be
closely associated with a global sea level fall66f80m during this period, which

restricted the inflow of the TWC into the East Se&dso, the low SSTs were



influenced by strong winter monsoon during thisiqubr

For period of MIS 3, Us~derived temperatures were relatively higher than
those of MIS 4. Considering a global sea-level f&#l60-80m (Waelbroeck et al.,
2002) and strong winter monsoon (Wang et al., 20@%ing the last glaciation,
warm alkenone temperature during the MIS 3 would d®malous. Abruptly
increasing SST was at middle MIS 3 (about 50 kyr; BP.6C to 14.1C in
05PC-14, 17.4 to 27.4C in 05PC-15, and 140 to 25.7C in O5PC-23). The
alkenone contents also increased at same peri@hg(Q. to 3.3,9/g in 05PC-14,
0.lug/g to 1.219/g in 05PC-15, and Qu/g to 5.mug/g in 05PC-23). The core
depth including abruptly high alkenone temperatiremiddle MIS 3 was showed
Dark Laminate Muds (DLM). DLM was caused by bottamater anoxic condition
owing to water-column stratification (Demasion amdbore, 1980). Tada et al.
(1999) suggested that during the glacial periodlmf sea level (-60 ~ -90m),
bottom water condition was anoxic. It seems thabxan bottom water condition
influenced abruptly high alkenone contents during MIS 3, but it is insufficient
that why alkenone temperature abruptly increasénduthe MIS 3.

For period of MIS 2, some alkenone temperatureewaso anomalously high.
It has been reported previously for the East Se#,its not clear for what to be
a major factor responsible for the anomalously walkenone temperature. Further
studies are necessary.

For period of MIS 1, alkenone temperature inedasup to the present
temperature in the early MIS 1. It seems to be etjoselated to global sea level
changes, which influenced the warm water inflowoirthe East Sea during the
mid MIS 1 (8-10 kyr BP), and change of the EastaAsmonsoon system.

Anomalously high alkenone temperatures occurredeatully during glacial

period between 15 and 60 kyr BP. These warm alkentemperature episodes



would have had multiple causes. Such warm alkenemeperature events in the
glacial period have three possible causes. Thd fisssibility is an effects of

haptophyte species on alkenone-SSTs. The seconsibiios is a salinity effects

on alkenone-SSTs. The third possibility is an dffe€ nutrient concentration and
growth rate on alkenone-SSTs. These effects togetbeuld have caused
anomalously warm alkenone temperatures in the alamriod in the study area of
05PC-14, 05PC-15 and 05PC-23. More investigatiores reecessary to understand
what happened in western margin of the East Setheatime of 15-60 kyr BP.



1. Introduction

Paleoceanographic conditions in the East Seatichtig changed during
the Late Quaternary. A number of the studies hawvealed the
paleoceanographic history of the East Sea usinganfmiferal oxygen
isotopes (Oba et al.,, 1991, 1995; Keigwin and Gamhdo, 1992), alkenone
SST reconstructions (Ishiwatari et al., 2001; Fayjir2004; Lee, 2007) and
geochemical analysis (Masuzawa and Kitano, 1984jsiGs et al., 1999;
Tada et al., 1999).

The Marine Isotope Stage (MIS) 2 is the late iglaperiod between 15
and 29 kyr BP. During the MIS 2, the global seaelewas lowered by
approximately 120-130m, and then the inflow of thearm and saline
Tsushima Warm Current (TWC) into the East Sea wesricted (Oba et
al., 1991; Keigwin and Gorbarendo, 1992). Instefidsh water input such
as precipitation probably dominated in the areahiét period (Keigwin and
Gorbarendo, 1992). As the sea level of the East Salh, the
paleoceanographic conditions in the East Sea g changed. Lee
(2007) presented SST and SSS variations during gtheial period in the
Ulleung Basin using alkenone temperature and oxyigetopic composition.
This study indicated that the oxygen isotopic ratio planktonic foraminifer
shifted to lighter values during the glacial perioc@ba et al. (1991) and
Gorbarenko and Southon. (2000) also presented ttleatEast Sea had the
very low &0 values of planktonic foraminifera during the dgcperiod.

This result is different from heavier isotopic catiof the global ocean.



According the Greenland'®O records of the GISP2 ice core (Grootes and
Stuicer, 1997), oxygen values was heavier during tftacial period. The
light oxygen isotopic value of the East Sea durthg glacial period was
related to the East Sea level fall. As a resulta Sairface Salinity (SSS)
of the East Sea decreased drastically. The lownigsalsurface water during
this period increased the stability of the watetugm. This led the bottom
water to strong anoxic sedimentary conditions (Cuset al., 1999).

The MISs 3 and 4 are the last glaciation perieiwben 29 and 71 kyr
BP. Ikehara (2003) presented results from the iagk#ed debris (IRD) in
core from the northeastern part near Hokkaido. T$tisdy indicated that
during the MIS 3 and 4, southern margin of sea meght have moved
southward, and the East Sea experienced cooling d@eteased sea-surface
salinity. Based on this observation, the East Sea bxperienced weak
ventilation due to reduced SSS during this peridéda et al. (1999)
suggested increased influx of the East China Seast@b Water (ECSCW).
It is evidence which is a low-salinity coastal watdiatom characteristic of
the ECSCW. These studies indicated that weak fatedion of the water
column also might have resulted from relatively losea level and an
increase in net fresh water influx during theseiqui:

MIS 5 is the last interglacial period between &id 130 kyr BP. It is
unlikely that changes of the East Sea temperaturengl the MIS 5 period.
Lambeck et al. (2002) estimated the global sea-lest'ange using the
global change in ocean and ice volumes for the timterval. This study

suggested that the global sea-level change wasoxpmtely 60m below



during MIS 5. Despite sea-level low of 60m, it wasough for TWC to
flew into the East Sea. Irino and Tada (2002) reggbithat millennial scale
variability of the East Sea temperature during MES 5 was controlled by
high-frequency variation between summer monsoon amater monsoon.
However, Asian monsoon system was not simple vanapatterns. Rather,
further study is necessary.

In this study, main question is that how the enotrsystem changed and
how paleoceanography condition responded to glatielate change in the
East Sea during the 130 kyr. Especially, the wasterargin of the East
Sea is important because Liman Cold Current (LGGWS southward along
the western boundary and Tsushima Warm Current (JV3o flows
northward along the western boundary. However, issudf the western
margin of the East Sea are insufficiency. Therefduether research of the
western margin of the East Sea is necessary tmalgialaeoceanography
condition change of the East Sea. In this study, wsed the alkenone
unsaturation index to investigate changes in SSTthen western margin of
the East Sea during the 130 kyr. We used sedimesterial from three
piston cores (05PC-14, 05PC-15, and O05PC-23) ¢etlecfrom the
bathymetric high of the South Korea Plateau. Thdinsents of 05PC-15
and O05PC-23 cores cover up to the period MIS 5ee Bediments of
O5PC-14 core cover up to the period MIS 5a. We oreas the G
alkenone content and calculated past SST from tkenane values. Based
on the reconstruction of past SSTs, we discuss pgh&oenvironmental

changes of the East Sea during the last interdl@&aod.
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3. Background of using alkenone as a proxy of seauface

temperature

Long-chain methyl ketones with two to four doubb®nds (alkenones)
are biosynthesized by some algae of the class Hapteae / Prymnesio
-phyceae, such a&miliania huxleyi. E. huxleyi is the most abundant and
widespread coccolithophorid in the oceans and istnpobably the main
producer of alkenones found in recent sedimentsas@k et al. (1986)
primarily introduced the ketone unsaturation indé%: :

B [37:2] —[37:4]
T 37: 2]+ [37: 3] + [37: 4]

Uk

U%s; is calculated from the relative abundancess; fethyl alkenones
containing 2-4 double bond. But the tetra-unsatuaficenone (&.,) which
becomes more significant with decreasing tempesatsrnot always present
in particulate matter and sediments. ThereforehlPeamd Wakeham. (1987)
suggested to use the simpler equation without thes Component, the
simplified unsaturation index ‘U :

[37 : 2]
[37:2] +[37: 3]

K _
U37_

Prahl and Wakeham (1987) calibrated the respafsansaturation in the
long-chain alkenones to growth temperature usingprisory cultures of a
single strain of E. huxleyi. U“s; has proven to be a useful indicator of
past sea surface temperature. The calibration cuofe a simplified
unsaturation index £4 was shown to be remarkably linear over the range

of growth temperatures examined. The linear ratatp has derived past

_11_



sea surface temperature from'4) = 0.034T + 0.039 (Prahl et al., 1988).
Alkenones paleothermometry has been applied to rumestudies on the
reconstruction of past temperature. Past SST han bealibrated using
results of analysis of water column and sedimemip tisamples  (using
U3, Lee and Schneider., 2005; Rosell-Melé et al., 0p0@nd surface
sediments (using T4, Muller et al., 1998). These studies show the ditgli

of the culture calibration for the open ocean.
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Fig. 1. Emiliania huxleyi

2 X
C,., Me : Heptatriaconta-15E, 22E-dien-2-one

= Z S
C,,, Me : Heptatriaconta-8E, 15E, 22E-trien-2-one

- = = —

C,,, Me : Heptatriaconta-8E,15E, 22E, 29E-tetraen-2-one
Fig. 2. Three types of G; alkenones
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3. Modem hydrography in the East Sea

The East Sea is a semi-enclosed marginal sedetbaa the mid-latitude
eastern margin of the Eurasian continent. Waterthdef the East Sea
range from less than 2000m in the south to mor@& BZ00m in the north.
The average water depth is about 1350m. The EastiSeonnected with
the East China Sea to the south, Pacific Oceanhé¢o east, and Okhotsk
Sea to the north only through narrow and shallow30m) straits (Korea
strait, Tsugaru Strait, Soya Strait, and Tartami§trFig. 1). At present, the
Tsushima Warm Current (TWC) and the Liman Cold €uirr(LCC), which
are associated with the subtropical and subardticulations in the North
Pacific respectively, are two major currents in tBast Sea, and divide the
East Sea into warm (southern) and cold (northeragions with the
boundary (Polar front) around 40°N. The TWC, whisha branch of the
Kuroshio Current, flows into the East Sea througfe torea Strait and
flows out through the Tsugaru and Soya Straits. TWgCcharacterized by
high temperature and high salinity. Moreover, TWe€ansports a small
amount of East China Sea Coastal Water (ECSCW)oandéllow Sea
water, which is a lower salinity and higher orgammatter, into the East
Sea. The LCC, which is a branch of the Kuril Cutreflows southward
along the North Koran and Siberian coasts. LCC hsracterized by low
temperature and low salinity. It then forms a cwatogyre north of the
subpolar front (Senjyu and Sudo 1994; Isobe andlas®997). Also, LCC

IS known to be driven by the wind with positive ests curl and surface

_14_



cooling. These currents is associate largely wilange of SST in the East
Sea.

The changes of the SST in the East Sea are adtated to the
atmosphere-ocean circulation regime of the Northdamisphere. Especially,
Asian monsoon is a climate system involving intecars between land and
ocean (Yasunari, 1991). During the summer monsgouch of the region
falls under the influence of the Ogazawa high wiits warm and
moisture-laiden southwesterly winds. In winter, elepment of the Siberian
High and Aleutian Low, and the East Asian jet strieare intimately
connected with strong winter monsoon (Webster, 198 herefore, during
the summer monsoon, the East Sea is influenced agmwand moisture
wind from the Pacific to the Asian continent. Wrese during the winter
monsoon, the East Sea is influenced by cold and airymasses blowing
from the Siberian high to the surrounding lows. feat the East Sea
climate is chiefly controlled by the winter and swer monsoons. Present
seasonal SST and SSS data of the East Sea from Na&&Ashowed in
Fig. 3 and Fig. 4. The mean values of water tentpsraand salinity are
6-10C, and 34.2%., respectively, in winter. In summemr turface water is
characterized by high temperature and low salinfjpe mean values of
SST and SSS are 20-24and 33.4%., respectively, in summer. The annual
average SST and SSS is @5and 33.5%., respectively. The seasonal
variation in SST is closely related to the wind teys and East Asian
monsoon. The seasonal variation in SSS is closelgted to dilution by

river discharge from the adjacent land.
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Fig. 3. Modem seasonal surface temperature distillions (C) over in the
East Sea. The SST data were downloaded from the welsite
http://indl.ldeo.columbia.edu/SOURCES/.NOAA/.NODC/WOA98/.SEASONA
L/.analyzed/.temperature/.
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Fig. 4. Modem seasonal surface salinity distibubns @) over in the
East Sea. The SSS data were downloaded from the webite
http://indl.ldeo.columbia.edu/SOURCES/.NOAA/.NODC/WOA98/.SEASONA
L/.analyzed/.salinity/.
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4. Matenal and method

The piston cores (05PC-14, 05PC-15, 05PC-23) vemiéected from the
bathymetric high of the South Korea Plateau in 2@35the R/V Tamhae
I of the Korea Institute of Geosciences and Mineralsdirces (Fig. 5).
Core 05PC-14 (3.77m long) was collected from uppentinental slope of
Donghae-Samcheok (129°42.86'E, 37°30.11'N) at 800aterwdepth. Core
05PC-15 (6.61m long) was obtained lower continentalope of
Donghae-Samcheok (129°58.93'E, 37°33.16'N) at 154@mer depth. Core
05PC-23 (6.08m long) was taken from the flat top ®dkcho-Donghae
Ridge (129°32.86'E, 38°24.14'N) at 1100m water lilefdthese coring sites
are located beneath the northward flowing the TWKR).(5). These piston
core samples were analyzed for this study. Thesescwere divided from
top to bottom into samples lcm long, and all saspleere used for

alkenone analysis.
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Fig. 5. Bathymetic map of the East Sea with threecore locations
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(O5PC-21, 05PC-23, and MDO01-2407). Thick and thinmaws indicate the
Tsushima Wam and Liman Cold Cuments, respectively Also shown is

four major straits around the East Sea.
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4-1. Alkenone analysis

Long-chain alkenones were extracted from surfacgimsnts (about 1Q)
by ultrasonication using a HP 2070 with succesgideks polar mixtures of
methanol and methylene chloride (MeOH x1, MeOH/CH 1:1 x1,
CH:Cl, x1) for 3min, respectively. After each extractiothe suspensions
were centrifuged (using MF300 at 2000rpm for 5mamd the supernatants
were combined. The combined extracts were washehl distilled water to
remove sea salts and methanol, dried with prehea®SO, and
concentrated to near-dryness undes. Nhe residues were redissolved in
100u¢ of CHCI,, and cleaned by elution with methylene chloride @0&

3) through a commercial silica cartridge (Bond EISPE column,
100mg/ml, #188-0110). Saponification was then perém at 70C for 2h
with 0.1M KOH in Methanol. The alkenone fraction svaobtained by
partitioning into hexane. The final extracts wenealgzed by capillary gas
chromatography with a GC-17A gas chromatograph &gilent 7890A
equipped a 60m fused silica column (J&W DB-5MS, 2tngn x 0.2%m),
and flame ionization detection. The GC oven wasgmmmmed from 60° to
200C at 20C min®, from 200° to 31 at 15C min*, and from 310° to
320C at 15C min*The final temperature was maintained for 5min. The
identification of compounds and verification of threbsence of coelutions

were performed by GC on selected samples. 2-noaadee,
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Hexatriacontane, and n-Octatriacontane were usedhasinternal standard
and the yield standard, respectively. One exampfe chromatograms
resulting from the analysis of these diluted saspke shown in Fig. 6. We
assumed that the flame ionization detector was Iggusensitive to Gy

alkenone and the internal standard. We calculalted alkenone unsaturation

index as defined by Prahl and Wakeham (1987):

U3 = [Carg / ( [Carg + [Card ) [1]

where Grz and Ggr3 represents the di- and triunsatured; @lkenones,
respectively (Prahl and Wakeham, 1987). Temperaasttmates were based

on the calibration of Prahl et al. (1988).

T = (U5 - 0.039)/0.034 [2]
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Fig. 6. Chromatograms of Gzz and G2 extracted from sample 05PC-2¢&

depth 14cm.
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4-2. Age control

Datums including L* were provided from the Korea stitute of
Geosciences and Mineral Resources (KIGAM). Lighdned*) of the
sediments was measured at 1cm interval on splié sarface covered with
a plastic wrap using spectrophotometer Minolta C30&. The L* value is
psychometric lightness and corresponds to black =Q)L* and white
(L*=100).

The calendar age for this sediment was construatgdg the correlation
among 05PC-21, 05PC-23 and MDO01-2407 (Fig. 6). Theelation among
the three cores was based on the L* values andraepayer (AT)
supplement to the occurrence of the Thinly Lamorat(TL) layer. 05PC-21
core was corrected at 1721m water depth on the adukSeamount
(38°24.2'N, 131°32.8'E) during same cruise with O583. MDO01-2407
(Kido et al., 2007) was corrected at 932m watertlteon the Oki Ridge
(37°04.0'N, 134°42.2'E) in the East Sea. The vamatpatterns of L*
values among the three cores are similar. The peak trough of distinct
stage boundaries can be identified. In additione ttephra layers are
stratigraphic markers in the East Sea (Machida,919%he upper layer of
TL-2 is identified at 40cm. Calendar age of TL-2 swaneasured from
Accelerator Mass Spectrometry (AMSJS'C dates for G. bulloides (size

>212 um), and was identified 18.9 kyr. Aira-Tanza@®) is identified at
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90cm in the 05PC-23. Calendar age of the AT aslerlag identified at

29.4 kyr (Yokoyama et al, 2007). The TL-2 from @5P3 also

complements the age and sedimentation rate. Cantinuages were
estimated by linear interpolation assuming consteediment rates between
correlation layers. As a result, the age model shdwat core 05PC-23
covers up to 130 kyr. Based on the L* values, cobé®C-14, 05PC-15
were also correlated with core 05PC-23 (Fig. 7)e Nariation patterns of
L* values between the three cores are very simileomn which the peak
and trough of distinct stage boundaries can betiftmh As a result, core

05PC-14 covers up to 78 kyr, and core 05PC-15 sowgr to 110.7 kyr.
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Fig. 7. Construction of age were constructed by celation of L* values
among the core MDO01-2407 (Kido et al., 2007), O5PXL, and 05PC-23.
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5. Results

5-1. Calibration equation

In this study, the calibration equation of Pradtlal. (1988) was used to
estimate the alkenone temperatures for all samplrahl et al. (1988)
established the equation based on laboratory eultexperiments of
E. huxleyi collected from the northeastern Pacific. The abken
unsaturation index, €4 is derived from the relative abundance of methyl
alkenones with 37 carbon atoms and two or threebldobonds (Us; =
[Cs7d 1 ( [Cs7:d + [Csz.d )). In our sediments, 44 alkenone was found in
relatively small quantities. For open ocean strainh E. huxley, U3 is
better fit with the growth temperature thansi) (Prahl et al., 1988).
Moreover, E. huxleyi is the main alkenone producer in the subarcticoregi
of the North Pacific including the East Sea (Leed aBchneider., 2005).
Therefore, Prahl's equation was the most appre@pmauation for estimation

SST in the East Sea.

5-2. 05PC-14

(1) Alkenone content

All of the alkenone analysis data measured from O®RPC-14 are
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complied in Table 1 and Fig. 9. Variation of thentmt of total G
alkenones over the 80 kyr BP is plotted in Fig. @ediments in core
05PC-14 contained very low contents of alkenones tfe glacial period
between 20.7 and 37.5 kyr BP (Fig. 9b). Therefotke temperature
estimated from the t4; values could not be estimated for the early MIS 2
between 20.7 and 29 kyr BP, and late MIS 3 betw2Bnand 37.5 kyr
BP. During the MIS b5a, the contents is high, up &alug/g. Then, it
decreases and fluctuates mainly between 0.1 andg/@.5during MISs 3
and 4. However, alkenone contents rapidly increagedo 3.3g/g at 50.98
kyr BP. After that, it ranges from 0.9 to 4g/g during MIS 1. The mean
values of the alkenone contents wasug/§ in MIS 1, 1.ag/g in early
MIS 2, 0.5ug/g in MISs 3 and 4, and 3@/g in MIS 5a. It results shows
that abnormally high contents of alkenones occuringuthe MIS 5a and

low contents of alkenones occur during the MISsn8 4.

(2) Alkenone temperature

The core top Usr-derived temperature was 1&1 This estimated
temperature is consistent with the monthly averageuperature from the
surface to 100m depth at a location close to OS5RCAINFRDI
climatological database; Fig. 10). The alkenone penature at the core top

is close to temperatures in the upper Om of theewablumn in May-Jun.

_28_



Variation in U‘s; temperature over the past 78 kyr in 05PC-14 is shaw
Fig. 9a. The alkenone-based temperature decreased 16.6C to 12.8C
during the MIS 5a between 71.5 and 76.2 kyr BP. igurthe MIS 4
between 59.4 and 68.8 kyr BP, the low temperatwemmained between
10.6C and 12.7C. The temperature for the MIS 3 between 37.5 ands 54
kyr BP fluctuated between 85 and 15.7C. Alkenone SST increased
rapidly up to 14.XC at 52 kyr BP, and then decreased up toC8.8uring
the period of 44.9-52 kyr BP. During the 41.4-449r BP, it remained
between 9.8 and 10.5C, and then increased slightly up to 16.7during
the period of 40.7-41.4 kyr BP. Finally, it rapidecreased to 10.8 at 37.5
to 38.8 kyr BP. Due to the low content of alkengnéks; values could
not be calculated during early MIS 2 between 20nd 26.5 kyr BP and
late MIS 3 between 27.2 and 37.5 kyr BP. During tearly MIS 2
between 26.5 and 27.2 kyr BP, SST increased fronb 15 to 17.8C.
And during he late MIS 2 between 15.4 and 20.7 B®, it varied from
13.8C to 16.0C. During the early MIS 2 between 26.5 and 27.2 BR
and during the late MIS 2 between 15.4 and 20.7 By SST were close

to those of MIS 1.
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Fig. 9. (@) Alkenone-based SST estimates versus sg@ core 05PC-14

(b) Total C,, alkenone content versus ages in core 05PC-14.
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Fig. 10. Seasonal varations in the monthly averagetemperature from the
suface to 100m depth at 37°33R, 129°413 near the core site of
05PC-14. The line at 18.C represents the alkenone temperature atthe

core top.
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5-3. 05PC-15

(1) Alkenone content

All of the alkenone analysis data measured frohe tOSPC-15 are
compiled in Table 2 and Fig. 10. Variation of thentents of total &
alkenones over the 110 kyr BP is plotted in Figh.1&ediment in core
05PC-15 contained very low contents of long chaikersones for the
glacial period between 17.76 and 30.57 kyr BP (Figb). Therefore, the
alkenone temperature estimated from the‘s;U values could not be
estimated for the early MIS 2. In general, the eaontis relatively high
during interglacial periods and low during glaciaériods. During MIS 5,
the contents is high, up to 2g/g. Then, it decreases and ranges usually
from 0.1 to 0.ag/g during MISs 3 and 4. Anomalously, it increased
rapidly up to 1.A4g/g at 51.32 kyr BP. After that, it ranges from Q@
1.3ug/g during MIS 1. The mean values of the alkenomtents are
0.3ug/g in MIS 1, 0.pg/g in MIS 2, 0.Lig/g in MISs 3 and 4, and
0.7ug/g in MIS 5. It results shows that abnormally higlontents of
alkenones occur during the MIS 5 and low contentsalkenones occur

during the MISs 3 and 4.

_32_



(2) Alkenone temperature

The core top Us-derived temperature was 1&2 This estimated
temperature is consistent with the monthly averagemperature from the
surface to 100m depth at a location close to O5PCAINFRDI
climatological database; Fig. 12). The alkenone penature at the core top
is close to temperatures in the upper 10m of théeweolumn in May-Jun.
Variation in U‘s; temperature over the past 110 kyr in 05PC-15 iswsho
in Fig. 11a. It ranged from 6@ to 27.4C, with highest value (2774)
occurring at 51.32 kyr BP and the lowest value (B)3occurring at 30.57
kyr BP. The alkenone-based temperature fluctuat@ihlyn between 14.C
to 23.3C during the period 86.2-109.38 kyr BP. During the riqu
66.45-86.2 kyr BP, the temperature decreased fran8(l to 12.4C. It
increased from 124 to 19C during the period 63.40-66.45 kyr BP, and
then it decreased up to 1X7at 61.4 kyr BP. After that, it increased up
to 27.4C at 51.32 kyr BP, and then it fluctuated between15.and
27.4C during the period 33.33-51.32 kyr BP. During the riga
30.57-33.33 kyr BP, the temperature rapidly de@easip to 6.X. It
increased from 18 to 25.4C during the period 16.63-17.76 kyr BP, and
then it decreased from 254 to 15.1C during the period 12.79-16.63 kyr

BP. Thereafter, it continued to fluctuated betwdén1C and 18.X.
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Fig. 11. (a) Alkenone-based SST estimates versusesgin core 05PC-15

(b) Total C,, alkenone content versus ages in core 05PC-15.

_34_



Temperature (C)
0 5 10 15 20 25 30

20

40

—_
& g
2 60 3
E g
L 7))
A 7
—
80
Month
—— Jan.~Feb.
100 —=— Mar.~Apr.
—4&— May.~Jun.
—x— Jul.~Aug.
—o— Sep.~Oct.
—B— ~
120 Nov.~Dec.

Fig. 12. Seasonal varnations in the monthly averagetemperature from the
suface to 100m depth at 37°33R, 130°E, near the core siteof
05PC-15. The line at 18.Z represents the alkenone temperature athe

core top.

_35_



5-4. 05PC-23

(1) Alkenone content

All of the alkenone analysis data measured from ©OBPC-23 are
compiled in Table 3 and Fig. 11. Variation of thentent of total G
alkenones over the 130 kyr BP is plotted in Figh.1%ediments in core
05PC-23 contain very low contents of long chaineatines for the glacial
period between 20.18 and 29.38 kyr BP (Fig. 1llbher&fore, the
temperature estimated from the4J values could not be estimated for
early MIS 2. However, enough totals{Calkenone contents are available to
be analyzed in sediments for the MISs 1, 3, 4, 8 k&te MIS 2. During
MIS 5, the contents high, up to 18dg/g. Then, it decreases and fluctuates
between 0.1 and 2.8/g during MISs 3 and 4. In the same as core
05PC-14 and 05PC-15, it increased rapidly up tudd at 46.88 kyr BP.
After that, it ranges from 0.1 to 3i8/g during MIS 1. Averaged alkenone
contents for the MIS 5 is 3.46/g at MIS 5a, 2.3@y/g at MIS 5b,
3.3ug/g at MIS 5c, 4.89/g at MIS 5d and 2.¢®/g at MIS 5e. On the
other hands, mean values of alkenone contents &@&udgdg in MIS 1,
1.3ug/g in late MIS 2, and Oug/g in MISs 3 and 4. It results shows that
abnormally high content of alkenone occurs durihg t™MIS 5d and low

content of alkenone occurs during the MIS 4.
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(2) Alkenone temperature

The core top Usr-derived temperature was 183 This estimated
temperature is consistent with the monthly averageuperature from the
surface to 100m depth at a location close to O5BC-NFRDI
climatological database; Fig. 14). The alkenone penature at the core top
is close to temperatures in the upper 30m of théeweolumn in Sep-Oct.
Variation in U‘s; temperature over the past 130 kyr in 05PC-23 iswsho
in Fig. 13a. It ranged from 96 to 25.8C, with highest value 2538
occurring at 46.88 kyr BP and the lowest value (9.t 62.37 kyr BP.
During the MIS 5e, the alkenone temperatures wegh hup to 18.2C.
During the MIS 5d, it decreased to 1&.1 and then increased to 1&1
during the MIS 5c. During the MIS 5a and b, it doed to 10.Z.
During the MIS 5e, the alkenone temperatures wegheh than those of
MIS 1.the MISs 5c and d, the temperatures wereeclosthose of MIS 1.
And during the MISs 5a and b, the temperatures viene Alkenone-based
SST decreased slightly during the MIS 4. The terupee for MIS 4
between 61.96 and 70.52 kyr BP fluctuated betweehiC9and 12.3C.
However, during the MIS 3 between 29.38 and 56.@6was scattered
between 13.% and 25.8, and SST was abnormally warmer than
Holocene despite of glacial period. The SST for ddehe period between

0 and 15.29 kyr BP varied from 15.7to 17.4C.
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Fig. 13. (a) Alkenone-based SST estimates versuseagin core 05PC-23

(b) Total C,, alkenone content versus ages in core 05PC-23.
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6. Discussion

6-1. Analytical emor of GC

In order to confirm analytical error of GC, chratbgrams of 05PC-14,
05PC-15 and O05PC-23 were compared. We used twostype gas
chromatograph. The samples of 05PC-14 and 05PC-2& vanalyzed by
capillary gas chromatography with Shimadzu GC-17&s gchromatograph,
and the samples of O05PC-15 were analyzed by cagpillgas
chromatography with Agilent 7890A gas chromatograpfe used one types
of fussed-silica columns, HP-5MS ((5%-phenyl)-métipplysiloxane; length,
60m; inner diameter, 0.32 mm). We compared the eudifice of
chromatograms among the 05PC-14 (depth 300cm, 53 B8), 05PC-15
(depth 375, 52.4 kyr BP) and O05PC-23 (depth 230, 188 BP). A
representative chromatograms of the; @lkenone composition is shown in
Fig. 15. The identification of compounds was perfed using the internal
standard (I.S.; n-Octatriacontane). For the chrogram of O05PC-14,
alkenones and alkenoates typically elute betweenaB8 38min and the
Cs73 and the Gy, are well separated. The alkenone temperature was
calculated as 106 (Fig. 15a), which is the reliable values for thisre
sample (05PC-14). For the chromatogram of O05PC-alkenones and
alkenoates typically elute between 33 and 39mir #tkenone temperature
was calculated as 26(#4 (Fig. 15b), which is quitely higher than those of
depth 300cm in 05PC-14 (Fig. 15a). For the chrograim of 05PC-23,
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alkenones and alkenoates typically elute between a4®@l 55min, the

alkenone temperature was calculated as @8.(Fig. 15c), which is also

higher than those of depth 300cm in 05PC-14 (FiEp)lIin chromatograms
of each core, there are 2 large peakbqoQuV, =10 pA) and 2-3 small

peaks (<5000V, <10pA) between & alkenones and |.S. peaks, ands C
components after 3-5min fromsfCalkenones. Though different in retention
time, the chromatograms among the each core wemndasiin pattern of

alkenones and alkenoates. It shows that chromatsgraf each core,

05PC-14, 05PC-15 and 05PC-23, is reliable.

Alkenone contents in core 05PC-15 were very lavhich is especially
about 5 times lower than those of other two corég.(16). In order to
find out the reason of significant low alkenone temts of O5PC-15,
difference of the alkenone contents between AgiléB90A and Shimadzu
GC-17A was confirmed using 5 samples obtained f@RPC-23, which are
108, 128, 156, 184, 248cm. For the Agilent 7890Be talkenone contents
were calculated as 0.03-Oi2flg (Fig. 17). On the other hand, for the
Shimadzu GC-17A, the alkenone contents were cdknilas 0.16-2.328)/g
(Fig. 17). Although the contents of same sample5#C-23, the alkenone
contents obtained with the Agilent 7890A was slighsmaller than that
obtained with the Shimadzu GC-17A. Therefore, reddyy low contents of
05PC-15 is caused by different, which Agilent 7890#nd Shimadzu
GC-17A.

_41_



uVvx10,000 @

50 , o
I UK3;,-T:106C
40t uVx10,000
I | _—30
30t 25
C38 compounds
20 \
20} /
15
. MlbALL 0 Jj\
00 — 0.5 A A
' : : s s s 00 : : - s ‘
0 10 20 30 40 50 60 min 30 32 34 36 38 40 min

pd ®)

100
[ UK57-T:264C
80 pA
|0
60
60
50 LS. w3
40 40 ﬁ ‘ Cs372 C3gcompounds
_ “MJJ U of ) h ;ﬁ‘
20+ N TN _— et ,
— 20 [SSSSN 1PN AT NPYA WY (N N | NS
0 : - : : s i i ‘
0 10 20 30 40 50 60 min 30 33 36 39 2 45 min
uVv x10,000
50 ©
40 L uV X 10,000 UK37 -T: 187 C
30t 25
I 2.0
20t LS.
L 15 C372 C38 compounds
05
0.0 —! A |
: : : - s 00 4
0 10 20 30 40 50 60 min 40 43 46 49 52 55 min
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6-2. Varation in sea surface temperature

Alkenone temperatures in the East Sea have lardtligtuated in
accordance with global climate record during thee &30 kyr. Variation in
alkenone temperatures of 05PC-14, 05PC-15, 05PGs2%ompared each
other (Fig. 18). During the period of MIS 1- MIS HSariation of the

alkenone temperature in the East Sea is discussatetail below.

(1) MIS 5

The change of the SST during the MIS 5 was shawn05PC-14,
05PC-15 and 05PC-23. 05PC-14 covers up to MIS 5&®COL5 covers up
to MIS 5d, and 05PC-23 covers up to MIS 5e. For O&PC-14, the
alkenone temperature decreased from 16.® 12.6C during the MIS 5a.
The average value of SST was 14.3n MIS 5a. For the 05PC-15, the
alkenone temperature decreased to 15.6uring the MIS 5d. During the
MIS 5c, it increased slightly to 23(3, and then decreased to 14.2
During the MISs 5a and b, it dropped up to 13.8The average values of
alkenone temperature were 18.3in MIS 5d, 17.2C in MIS 5c, 15.8C in
MIS 5b, and 14.T in MIS 5a. For the O05PC-23, the alkenone
temperatures were high up to 18.2during the MIS 5e. During the MIS
5d, it decreased to 16(1, and then increased to 1&1during the MIS
5¢c. During the MISs 5a and b, it dropped up to 10.2The average
values of alkenone temperature were 19.5n MIS 5e, 17.2 in MIS 5d,
16.3C in MIS 5c, 12.8C in MIS 5b, and 12.9° in MIS 5a. According to
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results of these three core, very warm alkenonepéeature events occurred
during MIS 5e, which is higher than those of MIS QOuring the MISs 5c
and d, alkenone temperature corresponded to thedpesf MIS 1. In
particular, the temperatures of MISs 5a and b wenger than those of
MIS 1.

The change of the East Sea SST is related to atin@osphere-ocean
circulation regime of the Northern Hemisphere @rirand Tada, 2002).
Especially, temperature in the East Sea is chiefintrolled by the winter
and summer monsoons. The cold, dry winter monsoamdsy blow from
the Asian continent and become wetter over the EZesat due to high
evaporation from the TWC. On the other hand, thernwaand moisture
summer monsoon winds southwesterly blow and becamesase of river
discharge. Rather, the change of the SST in tha Bas seems to be
related with air temperature changes which is &best with changes in air
temperature at high latitude. Zhang et al. (2002died atmospheric change
using estimates of dust input to the Chinese Ldelsdeau, which indicate
millennial-scale variation in the winter monsooningte. This study
suggested that during the interglacial, Asian wint@onsoons were weaker
than those of the glacial. These could induce thdase warming of the
East Sea during MIS 5c to 5e. However, alkenonep¢gatures for MISs
5a and b were lower than those of present. Ikelearal. (2007) discussed
the relationship between winter monsoon and summensoon fluctuations
for MIS 5 using record of dark-colored layers. THark layers represent

strong summer monsoons and/or weak winter monsand, the light layers
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represent strong winter monsoons and/or weak sunmmmamsoon (Tada et
al., 1995; Tada et al., 1999; Wang and Oba, 1998)s study suggested
that intensity of winter monsoon upwardly increasedring MIS 5.
Therefore, progressive cooling during MISs 5a andnight be influenced
by strong winter monsoon and/or weak summer monsworthe western
margin of the East Sea. It could induce fall of 88T in the study area.
Global sea-level change also may have influentedchange the SST in
the East Sea. In the case of the East Sea, fakeaf level could restrict
the inflow of TWC into the East Sea, resulting imeyenting supply of
warm current into the East Sea. Fall of sea levek welosely related to
sea-ice volume expansion. Lambeck et al. (2002gestgd that during the
MIS 5, the change of the maximum global sea lewg do the expansion
of ice volume was considered to be less than 60me o a global
sea-level fall of 60m, the straits were most likelgrrower than those of
present, resulting in restricting the inflow to amaitflow from the East
Sea. According to study of Tada et al. (1999), las fall sea levels of
60m, mode of ocean circulation in the East Sea nd @ode of four
different modes. The third mode corresponds to operiwith intermediate
sea levels (-60 ~ -20m) when influx across thes dilecome significant and
the relative contributions of the TWC and ECSCW iedr significantly.
Therefore, most of the alkenone components wouldmiagle when a strong
influx of ECSCW would have supplied enough nutgertb sustain high
surface productivity. Temperature of ECSCW is reddy lower than those
of TWC. As a result, strong inflow of ECSCW intoethEast Sea could
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induce the surface cooling during MISs 5a and b.ar@e of Asian
monsoon system and change of inflow to the East Ba&ged an important
role for the change of the alkenone temperaturéhen East Sea during the

MIS 5.

(2) MISs 3 and 4

During the MIS 4, alkenone temperatures in O5BC-D5PC-15 and
05PC-23 were low up to 8(5, 12.4C and 9.6C, respectively. The ice
volume equivalent sea level was approximately 6@+-80elow at that time
(Waelbroeck et al., 2002). The change of inflowoirthe East Sea could
affect the SST in study area. In addition, strongtev monsoon could cool
down the surface waters during the glacial periddar(g et al., 2005).

The U's~derived temperatures were relatively low in MISup to the
middle of MIS 3, whereas they were relatively high middle MIS 3 up
to late MIS 3. During the middle MIS 3, alkenonemfeeratures in
05PC-14, 05PC-15, and 05PC-23 were high up to @4,127.4C , and
25.7C, respectively. Among the results of palaeocearpiuca studies, SST
of MIS 3 in the East Sea is uncertain. Fujine et (2D06) indicated that
UXs~derived temperatures were relatively high in méddlS 3 up to late
MIS 3 in the East Sea. However, considering a dlodea level fall of
60-80m (Waelbroeck et al., 2002) and strong wintewnsoon (Wang et al.,
2005) during the last glaciation, warm alkenone gerature during the MIS

3 would be anomalous. However, the characteridtiogt in our cores is
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that core depth including abruptly high alkenonmgerature in middle MIS
3 was showed Dark Laminate Muds (DLM), which ocedrrin 290-299cm
of 05PC-14, 364-370cm of 05PC-15, and 210-228cnD%®C-23 (Fig. 19).
Also, according to sedimentary facies analysis loésé cores, core depth
including DLM coincided with those of abrupt higltkenone contents (Ou3
g/g to 3.3i9/g in 05PC-14, Og/g to 1.2g/g in 05PC-15, and Qu/g to
5.5ug/g in 05PC-23). DLM was caused by bottom-water xanacondition
owing to water-column stratification (Demasion ahtbore., 1980). Tada et
al. (1999) studied that the bottom water oxygematfievel was estimated on
the basis of the Qie versus Gg relationship in conjunction with the
presence or absence of parallel laminationsg @rsus §pie plots, as well
as Syitd/Corg ratios, are commonly used to differentiate euxifiom
non-euxinic bottom waters (Leventhal, 1983; Berraerd Raiswell, 1983).
As a result, in their view, during the period ofwlosea level (-60 ~
-9O0m), deep water oxygenation fluctuated betweernoxian and oxic
conditions corresponding to increases and decreasesthe relative
contribution of ECSCW to the influx. Since the il through the
Tsushima Starit was still restricted during thisripe, leading to anoxic
bottom water conditions and deposition of dark faydt seems that anoxic
bottom water condition influenced abrupt high alke® contents during the
MIS 3, but it is insufficient that why alkenone tpemature abruptly
increase during the MIS 3. Therefore, further redeais necessary to
understand abruptly warm alkenone temperature gutie glaciation period.

It will be concluded in next chapter 6-3.
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(3) MIS 2

During early MIS 2 between 20 and 30 kyr BP, th&enone contents
were extremely low. Due to the low content of atkem, U's; values
could hardly be calculated for this period. This general pattern of cores
from the East Sea (see the results of Ishiwataralet2001 and Lee et al.,
2008). It seems that extremely low content of atiken in this study area
was caused because the inflow of TWC into the E3esa was restricted
between 20 and 30 kyr BP (Oba et al.,, 1991; Gorbareand Southon,
2000). It's because the TWC plays an important nolecontrolling the
distribution of E. huxleyi, which would be the major source of alkenone
even during the glacial period (Ishiwatari et a2001). Therefore, low
alkenone contents may reflect the restricted infloivthe TWC. Oba et al.
(1991) suggested that a global sea-level fall oOmi2during the last
glaciation would have restricted the inflow of TWito the East Sea.
Gorbarenko and Southon. (2000) also supported §mothesis that TWC
didn't flow into the East Sea at this time. Ryu &t (2005) studied the
diatom floral record taken from the southwesternrgima of the Ulleung
Basin in order to define the change in sea levelindu the Ilate
Pleistocene-Holocene. This study suggested that dba level was low
enough to close the shallow sills of the East Seand the last glacial
maximum (LGM). These studies stand with our resdlherefore, during
this period between 20 and 30 kyr BP, restrictefiown of TWC into the

East Sea could induce the low alkenone contentthenstudy area.
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During the MIS 2, alkenone temperature in the tE&8sa is uncertain.
Some alkenone temperatures from 15 to 20 kyr waremalously high,
even higher than those of the Holocene. In pasdrgulhigh alkenone
temperatures at this time have been reported prsliofor the East Sea
(Fujine et al., 2006; Harada et al.,, 2006; Lee let 2008). Harada et al.
(2006) supposed that these warm alkenone temperapisode would have
had multiple causes, which are the shift of mairassae of alkenone
production, sea-ice melting, and active Asian summnsoon. Fujine et
al. (2006) suggest that the warm SST was attribeitad the physiological
influence of low salinity on Us; values. However, Lee et al. (2008)
discussed that low salinity conditions in MIS 2 Wwbilbe expected to have
happened in the East Sea. Rather, it's not clearwlmat to be a major
factor responsible for the anomalously warm alkendemperature. Further

studies are necessary.

4) MIS 1

The alkenone temperature increased up to theemreemperature in the
eary MIS 1, it fluctuated between 15 and 18C (Fig. 20). Several
studies suggested that the ice-volume equivalerd-lesel rose to the
present position at mid MIS 1 (8-10 kyr BP). Acdagd to proxy records
of temperature and salinity in the East Sea, themwand saline Tsushima
Current flowed into the East Sea at this time (@baal., 1991; Jian et al.,

2000; Lee, 2007). Considering the SST in core 0%RC-05PC-15 and
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05PC-23 fluctuated between 15 and 18C throughout MIS 1, the East
Sea was influenced by strong summer monsoon an@eak winter

monsoon during early MIS 1.
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Fig. 18. Comparison of alkenone temperature changeamong O05PC-14¢),

05PC-15(x), and 05PC-23) duing 130 kyr BP.
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Fig. 19. DLM in Photographs and X-radiographs of cee 05PC-14, 05PC-15
and 05PC-23 (KIGAM REPORT, 2004).

_53_



25

Alkenone Temperature (C)

0 5 10 15 20
Age (kyr BP)
Fig 20. Compaison of alkenone temperature among E&-14K),
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6-3. Anomalously wamm alkenone temperature duringthe glacial

period

Warm alkenone temperature episodes occurred dufifegsO kyr BP,
corresponding to the glacial period. Alkenone terapge fluctuated
between 8.% and 17.8C in 05PC-14, between 151 and 27.4C in
05PC-15, and between 149 and 25.7C in 05PC-23 (Fig. 21). Some
possibilities were considered in order to explalme toccurrence of such
warm SSTs during the glacial period.

The first possibility is an effects of haptophyteesies on alkenone-SSTs.
Long-chain methyl ketones with two to four doublentls (alkenones) are
biosynthesized by some algae of the class Haptegleyc /
Prymnesiophyceae, such aBmiliania huxleyi. E. huxleyi is the most
abundant and widespread coccolithophorid in the amgeand is most
probably the main producer of alkenones found ircemé sediments.
However, speciesG. oceanica, which is closely relatedE. huxleyi, are
known to synthesize 4£Css methyl and ethyl alkenones and related
alkenoates (Marlowe et al.,, 1990; Volkman et al93). According to a
laboratory cultures of a single strain & oceanica, the difference in the
U“s; vs. SST relationship between the two species isitroeersial
(Volkman et al., 1995). Recently, however, Conteakt (1998) studied that
selected warm and cold water strains of the coitmghorid E. huxleyi and
the G. oceanica were cultured under controlled temperature comakti to
assess genetic and physiological variability in thkkenone/alkenoate vs.

temperature relationship. Conte et al. (1998) algtieat the Us; vs. SST
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relationship for G. oceanica is different with those for cultured strains of

E. huxleyi. Therefore, a difference of the linear equatiompressing the
U3 vs. SST relationship between the two species nhestconsidered.
Volkman et al. (1995) and Sawada et al. (1996) subvirom laboratory
cultured strains ofE. huxleyi and G. oceanica that the SST estimated from
G. oceanica being higher than that foE. huxieyi at the same {&; value;
the difference of the SST values between the twecisp is 10.2 at 0.1
U3 value. Therefore, if the coccolith assemblagestia East Sea were
dominated by G. oceanica over the glacial period, the i vs. SST
relationship would be obtained foB. oceanica, and then SSTs obtained
after correction for the presence G oceanica would be higher than the
uncorrected SSTs.

The second possibility is a salinity effects dkeaone-SSTs. A number
of the studies have revealed the influence of #glion the U3 index
(Sonzogni et al.l, 1997; Sikes et al., 1991; ResHlé, 1998). Sonzogni et
al. (1997) conducted the relationship between S&finity, and U3, index
measured from the Bay of Bengal and the Arabian, Séach is showed
high salinity change between %il and 36%. According Sonzogni et al.
(1997), salinity change does not influencésiindex. Sikes et al. (1991)
studied differences between core-top' si) temperatures and overlying SST
caused by low salinity in the Black Sea, which Imwed significantly low
salinity between 18 and 22,. This study suggested that lowered
salinities does not appear to affecf st temperature. These studies indicate

that salinity does not affect alkenone temperatuRecently, however,
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Rosell-Melé (1998) estimated the effect of salinapd temperature in the
relative abundance of 37:4 to the total abundaric€:e alkenones (37:4%)
using the alkenone sediment data from the Nordas send North Atlantic.
This study suggested the influence of salinity be tJ*s; index. According
to Rosell-Melé (1998), a lower salinity appears pwoduce a higher
abundance of 37:4%, and the percentage @fs @kenone in the total £
alkenones (37:4%) is high (> 5) below &6 If the relationship between
37:4% and salinity found by Rosell-Melé (1998) ialid for the East Sea,
a high 37:4% content should be observed for themsmsd samples in the
glacial period. Therefore, 37:4% values in O5PC-08PC-15, and 05PC-23
were calculated (Fig. 22). Evidently, 37:4% valuéws these cores are
lower than 5, suggesting that the SST cannot bdoso In the view of
Rosell-Melé (1998), SSTs of 05PC-14, 05PC-15, a®#@23 must have
been at least higher than €6 However, since there is no direct evidence
of abruptly high alkenone temperature during glageeriod, a salinity
effects on alkenone-SSTs are still unlikely. Furthesearch about a salinity
effects on alkenone-SSTs is necessary.

The third possibility is an effect of nutrient ma@ntration and growth
rate on alkenone-SSTs. According to previous ssidighe nutrient
concentration impact on ‘4 is uncertain. Popp et al. (1998) present the
results of Us; from E. huxleyi grown in chemostat cultures at constant
temperature but at variable growth rates. This ystucbncluded that
nutrient-limited growth rate effects will not prozki serious errors in

paleotemperature determinations usingsU On the other hand, Epstain et
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al. (1998) determined that the isothermal culturiegperiments withE.
huxleyi clone CCMP372 show t4; values to also vary with nutrient
availability and cell division rate. According top&ain et al. (1998), when
NO, concentration drop from about 4M to < 1 uM, U3 increase from
0.10 to 0.19, which is increase of“ibased temperature from 1.8 to 4.
4C. In the view of Epstain et al. (1998), abruptlygthi alkenone
temperature during the glacial period would havesnbecaused by abrupt
decrease of nutrient in the East Sea. The nutrgamicentration in glacial
period is unknown. Considering strong stratificatiof the water column
during the glacial period would have limited thansport of nutrients from
the deep to the surface, nutrient concentrationldvdwave still been low at
the surface at that time. However, it is insufinti¢o conclude low nutrient
concentration at the surface during the glacialioger Therefore, further
research is necessary to define glacial-interglacthange in nutrient

concentration.
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Fig 21. Comparson of alkenone temperature between05PC-14L>),
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7. Conclusions

This study presents the alkenone records fromwhstern margin of the
East Sea for a period of 130 kyr BP. Our resulte summarized as

follows :

(1) The alkenone temperature of 05PC-14 fluctuabedween 8.%° and
19.4C throughout the 80-kyr period, with the highest eal(i.e. 19.4C)
occurring at 7.5 kyr BP and the lowest (i.e. 8)5occurring at 44.9 kyr
BP. The alkenone temperature of 05PC-15 fluctudietiveen 6.3 and
27.4C throughout the 110-kyr period, with the highestueal(i.e. 27.4)
occurring at 51.3 kyr BP and the lowest (i.e. ©)3occurring at 30.6 kyr
BP. The alkenone temperature of 05PC-23 fluctuaiedveen 9.& and
25.8C throughout the 130-kyr period, with the highestueal(i.e. 25.8)
occurring at 46.9 kyr BP and the lowest (i.e. ©)6occurring at 62.4 kyr
BP. The fluctuations of alkenone temperature wemmarkably large during
the last glacial period, between 30 and 60 kyr BP,the study area of
05PC-15 and 05PC-23.

(2) For period of MIS 5, SST of MIS 5e was highdrart those of
present, SSTs of MISs 5c and d were close to tludspresent, and SSTs
of MISs 5a and b were lower than those of presknseems to be closely
related to change of the East Asian monsoon sysiath global sea level
changes, which influenced the warm water inflowoirthe East Sea. For

period of MIS 4, the alkenone temperatures werey lew. It seems to be
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closely associated with a global sea level fall66f80m during this period,
which restricted the inflow of the TWC into the EaSea. Also, the low
SSTs were influenced by strong winter monsoon durthis period. For
period of MIS 3, some alkenone temperature werematmusly higher than
MIS 1. Also, for period of MIS 2, some alkenone f&Erature were
anomalously high. It have been reported previously the East Sea, but
it's not clear for what to be a major factor respble for the anomalously
warm alkenone temperature. Further studies are seape For period of
MIS 1, alkenone temperature increased up to theeptetemperature in the
early MIS 1. It seems to be closely related to globea level changes,
which influenced the warm water inflow into the E&ea during the mid
MIS 1 (8-10 kyr BP), and change of the East Asiabnsoon system.

(3) Warm alkenone temperature episodes occurredategly in the glacial
period between 15 and 60 kyr BP. Such warm alkentengerature events
in the MIS 3 have three possible causes. The possibility is an effects
of haptophyte species on alkenone-SSTs. The sepoasibility is a salinity
effects on alkenone-SSTs. The third possibility aa effect of nutrient
concentration and growth rate on alkenone-SSTs.s&heffects together
could have caused anomalously warn alkenone temupesain the MIS 3

in the study area of 05PC-15 and 05PC-23.
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Appendix 1.

Alkenone analysis data of core 05PC4

Depth Age Gra Cars Car22 Total Us U s
(cm) (ky)  (ng/g)  (o/g9) (o/g)  (ng/g) ()
0 0.0 0.0 0.8 15 2.4 0.6531 18.1
3 0.3 0.0 1.0 14 2.4 0.5678 15.6
6 0.6 0.0 0.3 0.6 0.9 0.6199 17.1
10 1.0 0.0 15 2.0 3.4 0.5770 15.8
15 4.5 0.0 14 1.9 3.3 0.5756 15.8
20 2.0 0.0 1.2 1.6 2.9 0.5683 15.6
25 2.5 0.0 0.7 1.1 1.8 0.5896 16.2
30 3.0 0.0 1.0 14 2.4 0.5851 16.1
35 3.5 0.0 1.2 1.8 2.9 0.5986 16.5
40 4.0 0.0 0.5 0.7 1.2 0.5533 15.1
45 4.5 0.0 0.7 1.0 1.7 0.5762 15.8
50 5.0 0.0 0.6 0.9 15 0.6104 16.8
55 55 0.0 0.7 1.1 1.9 0.6111 16.8
60 6.0 0.0 0.7 1.2 1.9 0.6298 17.4
65 6.5 0.0 0.4 0.7 1.2 0.6313 17.4
70 7.0 0.0 0.7 11 1.8 0.6181 17.0
75 7.5 0.0 0.4 0.9 1.2 0.7002 194
80 8.0 0.0 0.4 0.8 1.2 0.6615 18.3
85 8.5 0.0 0.8 1.1 1.9 0.5849 16.1
90 9.0 0.0 0.9 1.3 2.3 0.5809 15.9
95 9.5 0.0 0.9 1.3 2.2 0.5979 16.4
100 9.9 0.0 1.4 1.9 3.3 0.5800 15.9
105 104 0.0 14 1.9 3.3 0.5716 15.7
110 10.9 0.0 1.6 2.0 3.6 0.5687 15.6
115 114 0.0 1.7 2.1 3.8 0.5627 154
120 11.9 0.0 1.7 2.0 3.7 0.5474 15.0
125 12.4 0.0 1.7 1.9 3.6 0.5341 14.6
130 12.9 0.0 1.2 1.6 2.8 0.5598 15.3
135 134 0.0 1.2 1.7 2.9 0.5769 15.8
140 13.9 0.0 0.8 1.1 19 0.5828 16.0
145 14.4 0.0 1.8 2.2 4.0 0.5418 14.8
150 14.9 0.0 2.1 2.6 4.7 0.5446 14.9
155 154 0.0 1.2 1.6 2.8 0.5806 15.9
160 15.9 0.0 14 1.8 3.2 0.5665 155
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Appendix 1. (continued)

Depth Age Gra Cs73 037;2 Total UK'37 U K'37T
(cm)  (kyr)  (ng/g) (©o/g) (wo/g) (ug/g) (©)
175 17.4 0.0 0.3 0.3 0.5 0.5089 13.8
180 17.9 0.0 0.3 0.4 0.7 0.5409 14.8
185 18.4 0.0 0.1 0.1 0.3 0.5328 14.5
190 18.9 0.0 0.1 0.1 0.1 0.5556 15.2
192 20.7 0.0 0.0 0.1 0.1 0.5842 16.0
207 26.5 0.0 0.0 0.0 0.0 0.6430 17.8
210 27.2 0.0 0.0 0.0 0.0 0.5667 155
245 37.5 0.0 0.1 0.1 0.1 0.4053 10.8
250 38.8 0.0 0.0 0.0 0.0 0.5660 155
253 39.6 0.0 0.0 0.0 0.1 0.5382 14.7
257 40.7 0.0 0.0 0.0 0.1 0.5713 15.7
260 41.4 0.1 0.2 0.1 0.4 0.3627 9.5
265 42.7 0.0 0.2 0.1 0.4 0.3835 10.1
268 435 0.1 0.2 0.1 0.4 0.3778 10.0
271 44.3 0.0 0.0 0.0 0.1 0.3957 10.5
275 44.9 0.0 0.1 0.0 0.1 0.3287 8.5
280 46.0 0.0 0.1 0.1 0.2 0.3697 9.7
285 47.8 0.1 0.2 0.1 0.4 0.4329 11.6
290 49.6 0.1 0.1 0.1 0.3 0.4630 12.5
294 51.0 0.6 1.3 1.3 3.3 0.4958 13.4
297 52.0 0.0 0.1 0.1 0.3 0.5173 141
300 53.0 0.1 0.2 0.2 0.5 0.3990 10.6
305 54.6 0.1 0.3 0.2 0.6 0.4144 11.0
320 59.4 0.1 0.2 0.1 0.4 0.3994 10.6
325 61.0 0.1 0.3 0.2 0.5 0.4119 11.0
330 62.7 0.0 0.0 0.0 0.1 0.4708 12.7
335 64.7 0.0 0.2 0.1 0.3 0.4523 12.2
340 66.8 0.0 0.3 0.2 0.5 0.4363 11.7
345 68.8 0.1 1.0 0.7 19 0.4276 11.4
352 71.5 0.0 2.2 1.9 4.1 0.4676 12.6
355 72.3 0.1 21 19 4.1 0.4753 12.8
360 73.7 0.0 21 2.0 4.1 0.4944 134
366 75.0 0.1 0.3 0.3 0.7 0.5295 14.4
370 75.8 0.0 3.5 4.8 8.4 0.5757 15.8
372 76.2 0.3 0.3 0.4 1.0 0.6050 16.6
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Appendix 2.

Alkenone analysis data of core 05PC5

Depth Age C37:4 C37:3 C37:2 total i U s

(em)  (kyr)  (ng/9) (o/9) (wg/g)  (ug/g) (C
0 0.0 0.0 0.0 0.0 0.1 0.6573  18.2
5 0.7 0.0 0.1 0.2 0.3 0.6291  17.4
10 1.4 0.0 0.1 0.2 0.3 0.6200  17.1
15 2.0 0.0 0.0 0.1 0.1 0.6347 175
20 2.8 0.0 0.0 0.1 0.1 0.6244  17.2
25 3.6 0.0 0.0 0.1 0.1 0.6038  16.6
30 4.1 0.0 0.0 0.1 0.1 0.5998  16.5
35 4.8 0.0 0.1 0.1 0.1 0.5783  15.9
40 5.7 0.0 0.1 0.1 0.2 0.5993 165
45 6.4 0.0 0.2 0.3 0.4 0.5950  16.4
55 7.5 0.0 0.0 0.1 0.1 0.6163  17.0
60 8.5 0.0 0.2 0.2 0.4 0.5797  15.9
70 10.0 0.0 0.1 0.1 0.2 0.6328 175
75 10.7 0.0 0.2 0.2 0.4 0.5653 155
80 11.4 0.0 0.1 0.2 0.3 0.5900  16.2
85 12.1 0.0 0.2 0.2 0.4 05725  15.7
90 12.8 0.0 0.3 0.3 0.6 0.5530  15.1
95 13.5 0.0 0.2 0.3 0.5 0.6038  16.6
100 14.2 0.0 0.1 0.1 0.2 0.6008  16.5
105 14.9 0.0 0.1 0.3 0.4 0.7748  21.6
110 15.6 0.0 0.0 0.1 0.1 0.6729  18.6
117 16.6 0.0 0.1 T 1.3 0.9041  25.4
122 17.3 0.0 0.1 0.6 0.6 0.8789 247
125 17.8 0.0 0.0 0.0 0.0 0.4823  13.0
265 30.6 0.0 0.0 0.0 0.0 0.2538 6.3
280 33.3 0.0 0.0 0.0 0.1 0.7244  20.2
285 34.2 0.0 0.0 0.0 0.1 0.5540  15.1
290 35.2 0.0 0.0 0.1 0.1 0.7887  22.1
315 40.0 0.0 0.0 0.1 0.1 0.8429 236
320 41.0 0.0 0.0 0.0 0.0 0.8978  25.3
325 42.0 0.0 0.0 0.0 0.0 0.7684 215
330 43.0 0.0 0.0 0.0 0.0 0.8747 246
340 45.0 0.0 0.0 0.0 0.0 0.6832 189
345 46.0 0.0 0.0 0.0 0.0 0.6862  19.0
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Appendix 2. (continued)

Depth Age C37:4 C37:3 C37:2 total i U s
(cm) (k) (no/g)  (olg)  (olg)  (9/g) ()
350 47.0 0.0 0.0 0.0 0.1 0.7264  20.2
355 48.1 0.0 0.0 0.0 0.1 0.6512  18.0
360 49.2 0.0 0.0 0.2 0.2 0.9016  25.4
365 50.3 0.0 0.0 0.1 0.1 0.6055  16.7
370 51.3 0.0 0.0 1.1 1.2 0.9690  27.4
375 52.4 0.0 0.0 0.6 0.7 0.9355  26.4
380 53.4 0.0 0.0 0.1 0.1 0.7480  20.9
385 54.4 0.0 0.0 0.1 0.1 0.6307  17.4
390 55.4 0.0 0.1 0.1 0.2 0.7241  20.2
395 56.4 0.0 0.0 0.1 0.1 0.7050  19.6
400 57.4 0.0 0.0 0.0 0.1 0.6879  19.1
405 58.4 0.0 0.0 0.0 0.1 0.6196  17.1
410 59.4 0.0 0.0 0.0 0.0 0.6719  18.6
415 60.4 0.0 0.0 0.0 0.1 0.6032  16.6
420 61.4 0.0 0.0 0.0 0.0 0.5046  13.7
425 62.4 0.0 0.0 0.0 0.1 0.5052  13.7
430 63.4 0.0 0.1 0.1 0.2 0.6842  19.0
435 64.2 0.0 0.0 0.0 0.0 0.5452 149
440 64.9 0.0 0.0 0.0 0.1 0.4930 134
445 65.7 0.0 0.0 0.0 0.1 0.5017  13.6
450 66.5 0.0 0.0 0.0 0.1 04592 124
455 67.2 0.0 0.0 0.0 0.0 0.4915  13.3
460 68.0 0.0 0.0 0.0 0.1 0.4757  12.8
465 68.7 0.0 0.0 0.0 0.0 0.4743 128
470 69.5 0.0 0.0 0.0 0.1 0.4803  13.0
475 70.3 0.0 0.0 0.0 0.1 0.4974 135
480 71.5 0.0 0.2 0.2 0.4 0.5110  13.9
485 72.6 0.0 0.2 0.3 0.5 0.5071  13.8
490 73.7 0.0 0.2 0.2 0.4 0.5418  14.8
495 74.8 0.0 0.1 0.1 0.1 0.5023 136
500 76.0 0.0 0.0 0.0 0.1 05126  13.9
505 77.1 0.0 0.1 0.1 0.1 0.5074  13.8
510 78.5 0.0 0.1 0.1 0.2 0.5066  13.8
515 81.1 0.0 0.4 0.5 0.9 0.5482  15.0
520 83.6 0.0 0.4 0.4 0.8 0.5410  14.8
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Appendix 2. (continued)

Depth Age C37:4 C37:3 C37:2 total i U s
(cm) (k) (no/g)  (olg)  (olg)  (9/g) ()
525 86.2 0.0 0.2 0.3 0.4 0.5779  15.8
530 87.3 0.0 0.1 0.1 0.2 0.5319 145
535 88.3 0.0 0.1 0.1 0.2 0.5217 142
540 89.4 0.0 0.1 0.1 0.2 0.5454  14.9
545 90.4 0.0 0.3 0.4 0.7 0.5634  15.4
550 91.5 0.0 0.2 0.3 0.5 0.6240  17.2
555 92.5 0.0 0.3 0.6 0.8 0.6753  18.7
560 93.6 0.0 0.3 0.4 0.8 0.5653 155
565 94.6 0.0 0.4 0.5 0.9 0.5223 142
570 95.6 0.0 0.7 0.9 1.6 0.5836  16.0
575 96.7 0.0 0.6 0.7 1.3 0.5495  15.0
580 97.7 0.0 0.5 0.6 1.2 0.5199  14.1
585 98.8 0.0 0.7 2.0 2.7 0.7464  20.8
590 99.8 0.0 0.6 1.2 1.8 0.6637  18.4
595 100.9 0.0 0.5 1.1 1.6 0.6866  19.0
600 101.9 0.0 0.2 0.9 1.1 0.8315  23.3
605 103.0 0.0 0.1 0.2 0.3 0.7558  21.1
610 104.0 0.0 0.1 0.1 0.2 0.5247 143
615 105.0 0.0 0.1 0.1 0.1 0.5202  14.2
625 107.1 0.0 0.0 0.1 0.1 0.5705  15.6
630 108.2 0.0 0.1 0.2 0.3 0.6985  19.4
635 109.1 0.0 0.2 0.4 0.6 0.7254  20.2
640 109.4 0.0 0.2 0.8 1.0 0.7971 223
645 109.7 0.0 0.2 0.4 0.6 0.6046  16.6
650 110.0 0.0 0.3 0.5 0.9 0.6126  16.9
655 110.3 0.0 0.3 0.4 0.7 0.6269  17.3
660 110.6 0.0 0.2 0.4 0.6 0.6543  18.1
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Appendix 3.

Alkenone analysis data of core 05P€3

Depth  Age Gra Cars Car:2 Total Us UarT
(cm) (ky)  (ug/g) (wo/g) (o/g)  (ng/g) ()
0 0.0 0.0 0.0 0.0 0.1 0.5940 16.3
2 1.0 0.0 14 1.8 3.2 0.5717 15.7
4 2.0 0.0 0.0 0.0 0.1 0.6307 17.4
6 3.0 0.0 0.3 0.5 0.8 0.6117 16.8
8 4.0 0.0 0.0 0.0 0.1 0.6373 17.6
10 5.1 0.0 0.8 1.2 2.1 0.5967 16.4
12 6.1 0.0 0.0 0.0 0.1 0.6199 17.1
14 7.1 0.0 0.8 1.2 2.1 0.5997 16.5
16 8.2 0.0 0.0 0.0 0.0 0.5911 16.2
18 9.2 0.0 0.8 1.1 1.9 0.5869 16.1
20 10.2 0.0 0.0 0.0 0.0 0.6344 17.5
22 11.2 0.0 0.5 0.8 1.3 0.6051 16.6
26 13.3 0.1 0.8 1.1 1.9 0.5889 16.2
28 14.3 0.0 0.1 0.1 0.1 0.5917 16.3
30 15.3 0.1 1.7 2.1 3.9 0.5624 154
32 16.3 0.0 0.0 0.0 0.1 0.6292 17.4
34 17.3 0.0 15 2.8 4.3 0.6535 18.1
36 18.4 0.0 0.0 0.0 0.1 0.4649 125
38 19.0 0.1 0.7 0.7 1.5 0.5178 14.1
40 19.3 0.0 0.0 0.0 0.0 0.4961 134
42 19.6 0.0 0.1 0.3 0.4 0.6591 18.2
46 20.2 0.0 0.1 0.1 0.1 0.5718 15.7
112 30.1 0.0 0.1 0.3 0.3 0.7615 21.2
116 30.9 0.0 0.0 0.2 0.2 0.8627 24.2
120 31.7 0.0 0.1 0.1 0.2 0.6689 18.5
124 32.4 0.0 0.1 0.4 0.5 0.7753 21.7
136 34.7 0.0 0.4 1.0 14 0.7240 20.1
148 37.0 0.0 0.0 0.1 0.1 0.6867 19.0
156 38.5 0.0 0.2 0.8 0.9 0.8308 23.3
164 40.0 0.0 0.2 0.8 1.0 0.7894 22.1
172 41.5 0.0 0.0 0.1 0.2 0.7660 21.4
176 42.3 0.0 0.1 0.3 0.4 0.8032 225
184 43.8 0.0 0.3 2.0 2.2 0.8845 24.9
188 44.5 0.0 0.2 0.5 0.7 0.7123 19.8
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Appendix 3. (continued)

Depth Age 67;4 Cs73 Cs7:2 Total UKI 37 UK‘37T
(cm)  (ky)  (ng/9) (o/9) (g/g)  (ng/g) ()
196 46.1 0.0 0.2 0.4 0.6 0.6538 18.1
200 46.9 0.0 0.5 5.0 5.5 0.9153 25.8
228 52.6 0.0 0.2 0.2 0.4 0.5490 15.0
232 53.4 0.0 0.3 0.6 0.9 0.6760 18.7
236 54.2 0.0 0.3 1.0 1.2 0.7773 21.7
240 55.0 0.0 0.5 0.7 11 0.6030 16.6
260 59.1 0.0 0.3 0.3 0.6 0.5352 14.6
272 61.6 0.0 0.1 0.1 0.2 0.3817 10.1
274 62.0 0.0 0.1 0.1 0.2 0.3830 10.1
276 62.4 0.0 0.2 0.1 0.3 0.3651 9.6
280 63.2 0.0 0.1 0.1 0.2 0.4129 11.0
284 64.0 0.0 0.2 0.1 0.3 0.3810 10.1
288 64.8 0.0 0.1 0.1 0.2 0.4324 11.6
292 65.6 0.0 0.1 0.0 0.1 0.4557 12.3
296 66.4 0.0 0.1 0.1 0.2 0.4357 11.7
300 67.3 0.0 0.1 0.0 0.1 0.4356 11.7
304 68.1 0.0 0.1 0.1 0.2 0.4312 11.5
306 68.5 0.0 0.0 0.0 0.0 0.5147 14.0
308 68.9 0.0 0.1 0.1 0.2 0.4577 12.3
310 69.3 0.0 0.0 0.0 0.0 0.5180 14.1
316 70.5 0.0 1.3 1.7 2.9 0.5716 15.7
322 71.7 0.0 0.1 0.1 0.2 0.6562 18.2
326 72.6 0.0 0.5 0.4 1.0 0.4130 11.0
330 73.4 0.0 0.5 0.4 1.0 0.4175 11.1
332 73.8 0.7 1.3 1.7 3.8 0.5575 15.3
336 74.6 0.4 0.5 0.4 14 0.4587 12.3
338 75.0 0.0 0.4 0.6 11 0.5940 16.3
342 76.1 0.0 1.0 0.6 1.6 0.3893 10.3
346 77.2 0.0 0.2 0.1 0.2 0.3851 10.2
350 78.3 0.0 0.2 0.2 0.4 0.4408 11.8
354 79.4 0.1 11 1.0 2.1 0.4718 12.7
366 82.6 0.1 29 2.5 5.5 0.4580 12.3
368 83.2 0.0 4.0 3.6 7.6 0.4731 12.8
372 84.3 0.0 6.3 4.8 111 0.4305 11.5
374 84.8 0.0 4.5 4.5 8.9 0.5000 13.6
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Appendix 3. (continued)

Depth Age 67;4 Cs73 Cs7:2 Total UKI 37 UK‘37T
(cm)  (ky)  (ng/9) (o/9) (g/g)  (ng/g) ()
376 85.4 0.0 4.7 3.8 8.6 0.4477 12.0
378 85.9 0.0 2.5 3.2 5.8 0.5583 15.3
380 86.5 0.0 0.6 0.5 11 0.4744 12.8
384 87.6 0.0 0.8 0.9 1.7 0.5478 15.0
386 88.1 0.0 0.2 0.1 0.3 0.4106 10.9
388 88.6 0.1 0.3 0.3 0.6 0.5226 14.2
392 89.7 0.0 0.2 0.2 0.5 0.5172 14.1
394 90.2 0.0 0.3 0.2 0.5 0.3700 9.7
396 90.6 0.0 1.3 1.6 2.8 0.5518 15.1
398 91.0 0.0 2.2 13 3.5 0.3784 10.0
400 91.5 0.0 15 2.3 3.8 0.6072 16.7
402 91.9 0.0 4.7 3.5 8.2 0.4268 11.4
406 92.7 0.0 1.8 1.2 3.0 0.4041 10.7
408 93.1 0.0 4.5 6.5 11.0 0.5878 16.1
410 93.6 0.0 2.3 1.6 3.9 0.4218 11.3
414 94.4 0.0 2.3 2.7 5.0 0.5378 14.7
416 94.8 0.0 2.6 3.8 6.3 0.5954 16.4
418 95.2 0.1 1.7 2.7 4.5 0.6057 16.7
420 95.6 0.0 0.5 0.8 1.3 0.6153 17.0
424 96.5 0.0 1.3 2.3 3.6 0.6330 17.5
426 96.9 0.1 1.2 21 34 0.6507 18.0
428 973 0.0 1.6 2.9 4.5 0.6528  18.1
430 97.7 0.0 1.4 2.5 4.0 0.6367 17.6
432 981 0.0 1.6 2.8 4.4 0.6457  17.8
434  98.6 0.0 1.1 2.1 3.2 0.6513  18.0
436 99.0 0.0 1.3 2.3 3.6 0.6309 17.4
440  99.8 0.0 0.9 1.4 2.4 0.6054  16.7
444 100.6 0.0 0.4 0.7 11 0.6032 16.6
448 101.5 0.0 0.7 1.0 1.8 0.5761 15.8
452  102.3 0.0 0.6 0.9 1.6 05846  16.0
456 103.2 0.0 0.4 0.5 0.8 0.5718 15.7
460  104.0 0.0 0.7 0.8 1.5 0.5439  14.8
464  104.8 0.0 1.1 1.4 2.5 0.5600  15.3
468 105.7 0.0 0.9 1.2 2.2 0.5610 154
472 1065 0.0 0.2 0.3 0.5 0.5914  16.2
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Appendix 3. (continued)

Depth Age 67;4 Cs73 Cs7:2 Total UKI 37 UK‘37T
(cm)  (ky)  (ng/9) (o/9) (g/g)  (ng/g) ()
476 107.3 0.0 0.5 0.7 1.2 0.5877 16.1
480 108.2 0.0 0.4 0.7 1.1 0.5946 16.3
484 109.0 0.0 1.2 1.8 3.0 0.5915 16.3
486 109.4 0.0 0.1 0.1 0.2 0.5671 15.5
488 109.8 0.0 2.2 2.8 5.0 0.5674 15.5
490 110.2 0.0 5.0 7.8 12.8 0.6105 16.8
492 110.7 0.0 0.3 0.5 0.8 0.6167 17.0
494 1111 0.0 0.7 0.9 1.5 0.5686 15.6
496 111.5 0.0 2.2 35 5.7 0.6192 17.1
498 111.9 0.0 0.4 0.5 1.0 0.5555 15.2
500 112.3 0.0 0.5 0.9 14 0.6515 18.0
502 112.7 0.0 2.5 4.5 7.0 0.6410 17.7
504 113.2 0.0 2.0 34 54 0.6322 174
506 113.6 0.0 4.6 8.2 12.8 0.6389 17.6
508 114.0 0.0 1.4 2.6 4.0 0.6477 17.9
510 114.4 0.0 1.3 2.5 3.8 0.6597 18.3
512 114.8 0.0 2.6 4.7 7.3 0.6482 17.9
514 115.2 0.0 1.2 2.3 3.5 0.6658 184
516 115.7 0.0 1.5 2.6 4.1 0.6433 17.8
518 116.1 0.0 2.2 4.3 6.4 0.6652 18.4
520 116.5 0.0 0.9 1.8 2.6 0.6695 18.5
522  116.8 0.0 15 2.9 44 06680 185
524 117.2 0.0 1.7 3.2 4.9 0.6528 18.1
526  117.5 0.0 1.4 3.2 4.7 0.6922  19.2
528  117.9 0.0 1.3 2 il 4.0 0.6849  19.0
530 118.2 0.0 1.0 2.2 3.2 0.6916 19.2
532 118.5 0.0 0.7 1.2 19 0.6470 17.9
536 119.2 0.0 0.3 0.7 1.0 0.7060 19.6
538 1195 0.0 0.2 0.4 0.5 0.7148 19.9
542 120.2 0.0 0.3 0.7 1.0 0.7096 19.7
544 120.6 0.0 0.7 1.7 2.4 0.7033 19.5
546 120.9 0.0 0.3 0.8 1.1 0.7205 20.0
548 121.2 0.0 0.4 0.9 1.3 0.7225 20.1
550 121.6 0.0 0.5 13 19 0.7228 20.1
552 121.9 0.0 0.2 0.6 0.8 0.7336 20.4
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Appendix 3. (continued)

Depth Age 67;4 Cs73 Cs7:2 Total UKI 37 UK‘37T
(cm)  (ky)  (ng/9) (o/9) (g/g)  (ng/g) ()
554 122.2 0.0 5.3 14.4 19.7 0.7297 20.3
556 122.6 0.0 0.2 0.6 0.8 0.7302 20.3
558 122.9 0.0 1.8 4.5 6.3 0.7130 19.8
560 123.3 0.0 0.4 0.9 13 0.7127 19.8
562 123.6 0.0 13 3.0 4.4 0.6953 19.3
564 123.9 0.0 1.0 2.3 3.3 0.6836 19.0
566 124.3 0.0 11 2.5 3.6 0.6908 19.2
568 124.6 0.0 1.0 2.0 3.0 0.6724 18.6
570 124.9 0.0 1.5 3.3 4.9 0.6836 19.0
572 125.3 0.0 1.1 24 3.5 0.6836 19.0
574 125.6 0.0 0.5 1.2 1.7 0.7041 19.6
576 126.0 0.0 0.8 1.7 2.4 0.6884 19.1
578 126.3 0.0 0.4 1.0 1.4 0.7043 19.6
580 126.6 0.0 0.6 13 2.0 0.6834 19.0
582 127.0 0.0 0.4 1.0 1.4 0.6960 19.3
584 127.3 0.0 0.6 1.3 1.9 0.6804 18.9
586 127.6 0.0 0.3 0.8 1.1 0.7032 19.5
588 128.0 0.0 0.5 1.2 1.7 0.7020 19.5
592 128.7 0.0 0.4 1.0 1.4 0.7005 19.5
594 129.0 0.0 0.8 1.8 2.6 0.7099 19.7
596 129.3 0.0 0.5 1.1 15 0.6998 19.4
598  129.7 0.0 0.5 1.4 1.9 0.7295  20.3
600 130.0 0.0 0.1 0.3 0.4 0.7425 20.7
602 130.3 0.0 0.3 0.7 0.9 0.7233 20.1
604 130.7 0.0 0.3 0.7 1.1 0.6794 18.8
606 131.0 0.0 0.5 14 1.9 0.7408 20.6
608 131.4 0.0 0.0 0.1 0.2 0.7367 20.5
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