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We present a mineralogical and geochemical study of core MD012404, retrieved from the central Oki-
nawa Trough (OT) of the East China Sea. Our studies reveal that the sediment sources of the core have
been changed through time during the past 100 ka. Our mineralogical proxies indicate that the sediments
source from the Yangtze River correlates well sea-level changes before 24 ka. Our Ti/Al ratios otherwise
indicate an increase of sediment supply from eastern Taiwan after 26 ka. The cooler climate of the Last
Glacial Maximum (LGM, 23�19 ka) led to a reduction in fluvial sediments from the Yangtze River. How-
ever, subsequent climate warming (after �19 ka) resulted in an abrupt increase in fluvial sediments. After
the LGM, the Kuroshio intrusion flow into the OT may have increased. We also infer anomalous changes
in eolian sources transported by winter monsoons during the LGM and at 80 ka based on an eolian min-
eralogical indicator (feldspar). We conclude that the sediment source of core MD012404 is primarily of
terrestrial origins, but influenced by sea-level changes and variations in the East Asian monsoon.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Core MD012404 (26�38.84’N, 125�48.75’E; water depth
1397 m) was retrieved from the central Okinawa Trough (OT) in
the IMAGES (International Marine Past Global Change) cruise with
an aim of studying sediment source changes in the OT (Bassinot
et al., 2002; Chang et al., 2005, 2008, 2009; Kao et al., 2006). The
coring site is close to the southern end of the East China Sea
(ECS) at the western edge of the Pacific Ocean (Fig. 1); its sedi-
ments are mostly derived from flux along ECS continental shelves
and the Kuroshio Current (KC). Fortunately, core MD012404 offers
high sampling resolution and covers a long depositional history
(�100 ka), thereby, affording the relationship between sedimen-
tary sources and sea-level changes on a glacial–interglacial time-
scale, and allowing us to judge variation in the influence of the
Asian monsoon associated with climate change in the study area.

The ECS is a large marginal sea along the east coast of the Asian
continent, stretching from 24�N to 32�N. Most sedimentary depos-
its along ECS shelves are derived from the Yangtze River (Fig. 1).
ll rights reserved.
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Previous studies have shown that sediments deposited in the Yan-
gtze Estuary arrive carried on an annual fresh water discharge that
is as high as 9 � 1011 m3 (Chen et al., 1988, 2001). At present, sed-
iments deposited near the Yangtze Estuary are carried southward
by the China Coastal Current (CCC) in winter while sediments
deposited away from the estuary (offshore) are carried northward
by the Taiwan Warm Current (TWC) in summer (Beardsley et al.,
1985; Lee and Chao, 2003). Such transport leads to an extensive
alongshore mud wedge, extending to the Taiwan Strait. Liu et al.
(2006) proposed southward transport of Yangtze-derived sediment
during the last 7 ka caused by the newly formed CCC after high-
stand sea-levels were reached in the mid-Holocene. The southward
elongation of this shore-parallel mud wedge is facilitated by the
downwelling CCC and upwelling TWC, which also helps to block
the escape of Yangtze River sediment to the OT. The first question
we wish to resolve with this research is whether Yangtze-derived
sediment reached the mid-OT more readily between 7 ka and
100 ka, especially in the Last Glacial Maximum (LGM) when sea-
levels were at their lowest. In which case, detrital sediments from
the Yangtze River are our first concern.

The second issue is the dynamic development of the KC. This is
the main ocean current flowing into the OT. It flows northward along
the east coast of Taiwan, and then eastward to the OT (Liu et al.,
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Fig. 1. Map showing the location and regional topography of core MD012404 (star mark) in the central Okinawa Trough (OT) at the southern of the East China Sea (ECS). The
Kuroshio is divided into the Kuroshio Surface Water (KSW), Kuroshio Tropic Water (KTW), and Kuroshio Intermediate Water (KIW) dependent on depths as per Chen et al.
(1995a). The upper KSW and KIW flow into the OT, but most of the KIW is blocked by the Ryukyu Ridge, and a lower breach of the Yonaguni Depression in the southwestern
part of the ridge is at a water depth of about 300–600 m (Chang et al., 2009). Another core, ODP1202 (circle mark), is located in the southern part of the OT near eastern
Taiwan. The Chinese Coastal Current (CCC) flows southwardly offshore of the ECS in winter, and the Taiwan Warm Current (TWC) enters northwardly from the Taiwan Strait
in summer (Beardsley et al., 1985; Lee and Chao, 2003).
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1999) (Fig. 1). Core ODP1202 that was drilled from the southern-
most part of the OT which is close to the northern foot of the I-Lan
Ridge, providing a 410-m long sediment section covering the last
127 ka of the late Quaternary (Wei et al., 2005). The upper 110 m
of the core is mainly composed of fine-grained clay and silty clay
sediments. Below 110 m (�28 ka) of the core, however, the sedi-
ments are composed of turbidites with slate fragments, and meta-
morphic and volcanic debris (Huang et al., 2005). Diekmann et al.
(2008) studied sediment source variations in the southern OT using
core ODP1202. Unfortunately, however, their time scale is too short
to show relations between cycles in sea-level changes over the past
100 ka. Although this coring site is not as sensitive as site
MD012404, which is closer to the Yangtze River (Fig. 1), ODP1202
provides useful reference data relevant to the tectonic history of
the OT. Huang et al. (2005) reported that a series of mass-wasting
events are recorded in ODP 1202, which might have been triggered
by tectonic events in the southern OT. In this study, we adopted min-
eralogical and geochemical approaches to study the sediment
source variations of core MD012404, with a high quality age control
of the core (Chang et al., 2005, 2008; Kao et al., 2006). Our studies
provide better constraints on the timing of the shifting of sediment
input into the OT within a context of climate changes expressed by
sea level, KC, and the East Asian monsoon.

2. Regional setting and the Kuroshio Current

The coring site of core MD012404 is situated on the continental
slope of the ECS in the central OT (Fig. 1). The OT is a backarc-
spreading basin that extends in a northeast–southwest direction
between the ECS shelf and the Ryukyu arc. Coring Site
MD012404 is located about equal distance from the Yangtze Estu-
ary and eastern Taiwan. Presently, the ECS receives its sediments
mostly from the Yangtze River (Liu et al., 2006), which originates
in the Qinghai–Tibetan Plateau at an elevation of 6600 m, then it
flows eastward for more than 6300 km. It is the largest river in Asia
and is the third longest river in the world (Milliman and Meade,
1983). The Yangtze River contributes enormous fresh water and
nutrients into the ECS.



Table 1
Age control points used to derive age model of core MD012404 (Chang et al., 2009).
Nineteen AMS 14C dated points were calibrated by using Fairbanks et al.’s (2005)
function. Remained seven points were graphic correlation based upon Martinson’s
dataset that tuned by orbital forcing. MIS = Marine Isotope Stage.

Depth
(cm)

AMS 14C
age ± errora

Calendar age
(year)

Species

14.5 1040 ± 70 769 G. sacculifer
104.5 2350 ± 30 2193 G. sacculifer + G.

ruber
254.5 4500 ± 110 4891 G. sacculifer
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On the other hand, the KC originates from the westward flowing
North Equatorial Current in the central Pacific, and flows into the
southern edge of the OT (Fig. 1). The KC is an important carrier
of heat and moisture from the western Pacific warm pool to the
middle latitudes of the northern Pacific Ocean (Hsin et al., 2008;
Andres et al., 2008). The Kuroshio axis is located over the upper
continental slope of the ESC, shifting laterally in the flow path
through the seasons (Andres et al., 2008). However, the KC might
have migrated to the east of the Ryukyu Islands rather than flowing
into the OT during the LGM due to lower sea-levels under the
emergence of a Ryukyu–Taiwan Ridge (Ujiié et al., 1991, 2003;
Kao et al., 2006; Chang et al., 2008; Diekmann et al., 2008). Inten-
sified KC inflow at the beginning of the Holocene introduced abun-
dant warm-species fauna into the OT (Jian et al., 2000; Ujiié et al.,
2003; Ijiri et al., 2005), and Japan Sea (Oba, 1990).

In addition, the KC has shallow, mid-level, and deep water sys-
tems, and brings saline water to the OT (Chen et al., 1995b;
Nakamura et al., 2008). The shallow KC is named Kuroshio Surface
Water (KSW). KSW comprises the upper 100 m of the KC and is
nutrient depleted. The mid-level KC is named Kuroshio Tropic
Water (KTW); it has the highest salinity of all KC water and is sit-
uated between a depth of 100 and 300 m. The deep KC, named
Kuroshio Intermediate Water (KIW), is centered at a depth of
600 m; it exhibits minimum salinity and the highest nutrient con-
tent of all KC water (Chen et al., 1995a,b). As mentioned, maximum
salinity exists in the KTW, and nutrient content increases gradually
with depth to reach maximum concentration in the KIW zone.
Chen (1996) considered KIW to be the major source of nutrients
on the ECS continental shelf. However, Chen and Wang (1998) sug-
gested that KIW is largely blocked by the ridge along eastern Tai-
wan, forcing KIW to turn eastward. The ridge divides the KIW
into two parts. The upper part is Intermediated Water of the South
China Sea (i.e., that above a depth of 500 m) coming from the KC’s
southwestern edge, while the deeper KIW is Pacific Intermediate
Water coming from the North Equatorial Current in the central Pa-
cific. In this paper, we accept the latter research of Chen and Wang
(1998), and determine the current model given in Fig. 1. Only
upper KIW can enter the OT, whilst most of KIW turns eastward
after being blocked by the Ryukyu Ridge.
349.5 6450 ± 30 7202 G. sacculifer + G.
ruber

494.5 9730 ± 120 10,863 G. sacculifer
589.5 10,820 ± 190 12,585 G. sacculifer
624.5 11,370 ± 40 13,112 G. sacculifer + G.

ruber
744.5 12,680 ± 130 14,620 G. sacculifer
854.5 13,950 ± 90 16,514 G. sacculifer
904.5 14,560 ± 45 17,407 G. sacculifer + G.

ruber
1019.5 15,810 ± 160 18,843 G. sacculifer
1194.5 19,520 ± 230 23,057 G. sacculifer
1379.5 21,360 ± 70 25,382 G. sacculifer + G.

ruber
1454.5 23,230 ± 270 27,561 G. sacculifer
1539.5 24,450 ± 490 28,912 G. sacculifer
1719.5 27,970 ± 200 32,554 G. sacculifer + G.

ruber
1914.5 30,200 ± 230 35,051 G. sacculifer + G.

ruber
2074.5 32,490 ± 1110 37,252 G. sacculifer + G.

ruber
2174.5 34,010 ± 280 38,830 G. sacculifer + G.

ruber
2429.5 43,880 MIS 3.13
2809.5 50,210 MIS 3.3
3004.5 55,450 MIS 3.31
3139.5 64,090 MIS 4.22
3474.5 70,820 MIS 4.24
3824.5 79,250 MIS 5.1
4094.5 90,950 MIS 5.2

a Error is gave in 1r.
3. Detrital Sediment Sources

Presently, coring site MD012404, near the central OT, is far from
its two main sedimentary-sources of eastern Taiwan and the Yan-
gtze River Estuary (Fig. 1). The former source is mainly derived
from the KC’s northeastward flow and the latter by the flow of
the TWC; transportation over such long distances means that car-
ried sediments are generally very fine and homogeneous. In fact,
core sediments of MD012404 are generally finer than those of core
ODP1202 (mud, silt, and sand layers), extracted near eastern Tai-
wan. Sediments of core MD012404 are mainly composed of nearly
homogenous silty mud and pure mud. No visible turbidites or te-
phra layers were found in the core, but pumice and volcanic glass
can be observed under the microscope at some depths (Bassinot
et al., 2002; Chang et al., 2008).

Most modern Yangtze River discharge occurs in summer. Be-
tween June and September, river accumulations near the river
mouth amount to about 4.4 cm. In contrast, annual accumulation
rates are about 1–6 cm/year (McKee et al., 1983; DeMaster et al.,
1985; Chen et al., 2004; Liu et al., 2006). Suspended sediments of
the Yangtze River are derived from both the Tibetan Plateau and
the low lands of Eastern China (Yang et al., 2003, 2004). Quartz
and feldspar are dominant minerals with average total contents
of about 71% in Yangtze River sediments (Yang et al., 2004). In clay
fractions, illite and chlorite are the major clay minerals, and minor
fractions of kaolinite and smectite can be found in deposits along
the ECS. These are at levels slightly higher than those of the north-
western Taiwan shelves (Chen, 1973; Aoki and Oinuma, 1974; Lin
and Chen, 1983; Eisma et al., 1995).

Diekmann et al. (2008) found that the detrital minerals in
ODP1202 were primarily derived from Taiwan, which are charac-
terized by higher compositions of illite and chlorite but lesser
amounts of kaolinite and smectite (Aoki and Oinuma, 1974; Chen,
1973; Lin and Chen, 1983). In Taiwan, illite and chlorite are abun-
dant in the widespread slates and greenschists of eastern Taiwan;
they are also evident in soils and Neogene to Pleistocene deposits,
whereas kaolinite and smectites are much less abundant (Chen,
1973; Dorsey et al., 1988). In central Taiwan, slate is dominant in
the Lushan Formation of the Central Mountain Range; slate sedi-
ments are carried by the Lan-Yang River and distributed along
the northeastern Taiwan shelf. In eastern Taiwan, widespread
greenschists are readily eroded by eastward flowing rivers and
deposited along eastern Taiwan shelves. These deposits are picked
up and transported by the TWC and KC to the OT (Fig. 1).

In the above research descriptions, researches only concen-
trated on clay fractions (<2 lm), comparing the amounts of differ-
ent clays, but ignoring the contributions of quartz and feldspar in
bulk sediments. However, it is possible to estimate changes in
detrital sources by comparing sedimentation rates and variations
in mineral assemblages even when transport distances and envi-
ronmental energy affect grain size distributions and the percentage
of quartz and feldspar in bulk sediments. For example, feldspar can



Table 3
Comparison between our data and Ti/Al ratio data referenced from previous reports
(world averages).

TiO2 Al2O3 100Ti/
Al

References

Upper continental
crust

0.64 15.40 2.65 Rudnick and Gao (2003)

Middle continental
crust

0.69 15.00 2.93

Lower continental
crust

0.82 16.90 3.09

Total continental
crust

0.72 15.90 2.89

Upper continental
crust

0.5 15.20 2.10 Rudnick and Fountain
(1995)

Middle continental
crust

0.7 15.50 2.88

Lower continental
crust

0.8 16.60 3.07

Total continental
crust

0.7 15.80 2.82

Felsic rocks 0.48 14.00 2.19 Rudnick and Fountain
(1995)

Intermediate rocks 0.97 16.80 3.68
Mafic rocks 1.32 15.80 5.33

0–26 ka 0.78 16.90 2.93 This study of MD012404
26–100 ka 0.76 17.53 2.76
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be used as a marker of aeolian sources. The proportion of feldspar
to quartz reflects aeolian sources in relation to China and Taiwan as
feldspar ratios are high in north China but very low in Taiwan (Ta-
ble 2). Evidence of this is given in Section 6 and normalized mineral
assemblages are shown in Fig. 4. In Eastern China, granite is the
main protolith leading to erosion sediments being rich in quartz
and feldspar. On the other hand, in eastern Taiwan, metamorphic
rocks are rich in illite, muscovite, and chlorite. This difference in
major mineral assemblages can be used to estimate the origins of
sediments. (Note: the amounts of minor clay minerals of kaolinite
and smectite are so small that they are often below the calibrated
analysis error of the X-ray Powder Diffraction (XRD) method used.)
Geochemical properties are also useful in this examination as Ti/Al
ratios differ distinctly between continental and oceanic crusts (Ta-
ble 3). Consequently, we can use this distinction to identify sedi-
ments from eastern Taiwan, where the Coastal Range is partially
composed of oceanic crust.

To summarize, terrestrial-sediment sources at coring site
MD012404 are: (1) re-deposited sediments from the ECS; (2)
weathered slates from the Lan-Yang River and weathered greens-
chists from eastern Taiwan carried by the KC and TWC; and (3)
aeolian sources from northern China. Contributions from Source
(1) are potentially controlled by transportation distance from the
Yangtze Estuary; and these sediments are characterized by quartz
and feldspar with minor illite and chlorite. Source (2) is composed
of illite and chlorite predominantly, and possesses higher Ti/Al ra-
tios. Source (3) can be referenced by the proportion of feldspar to
quartz in marine sediments.
4. Methods

Semi-quantitative analysis of major minerals is provided by
XRD (MAC Science, model MXP 3) while conventional X-ray Fluo-
rescence (XRF) is used for the chemical quantification of major ele-
ments. Samples were taken at 5-cm intervals for sediments
deposited after 20 ka, representing an average sample resolution
of about 0.1 ky, and at 10–20 cm for sediments deposited before
20 ka. As mentioned, many previous studies used only the clay
fraction to probe sediment sources and mostly ignored major min-
Table 2
Major mineral contents in China and Taiwan from high latitude to low latitude regions, inc
the Löess Plateau. The data from Yellow River and Yangtze River are quoted from Yang et a
the data from Taiwan are from cored lake sediments (unpublished data).

Locality Longitude and
latitude

Illite and
muscovite

Chlorite
and
kaolinite

Quartz

Inner Mongolia in north
China (Eastern
Juyanhaic)

42�20.130N
101�15.350E

1.28 1.67 64.93

5.71 6.65 45.73

Hebei Province in north
China (Nihawan Basin)

40�03.9880N
114�06.240E

7.5 9.4 53.7

Yellow River in north
China (North China)

32�100–41�500N
95�530–119�050E

13.5 3.5 41

Yangtze River in south
China (South China)

24�270–35�440N
90�330–122�190E

15.0 6.1 42

Northeastern Taiwan
(Meiha Lake)

24�38.5370N
121�43.9520E

31.3 30.5 33.0

Central Taiwan (Liyutan
Lake)

23�57.8330N
120�59.4170E

17.5 17.2 62.1

South Taiwan (Tung-Yuan
Pond)

22�12.3410N
120�51.3120E

17.6 11.2 68.1

a F/(F + Q) = feldspar/(feldspar + quartz).
b Our unpublished data.
c The first row is the averaged result of the upper 112 cm in a core (lakeshore and aeola

mud and silty mud) in a core.
erals such as quartz and feldspar. We take into account the most
important source of quartz, mainly the Yangtze River in southern
China. Bulk sediments are used to analyze major mineral compo-
nents and bio-source carbonate content. Ready comparison can
be made between our semi-quantitative method for calcite and
traditional acid treatment results (see Chang et al. (2005) for acid
treatment method and results), allowing for carbonate content to
be used in confirming the validity of the semi-quantification meth-
od (Fig. 2).

Semi-quantification of major minerals by XRD used a Cu
target under conditions: 45 kV and 40 mA, divergence slit 0.5�,
scanning step size 0.0083556�/s, and per time step of 1.27 s in a
2h range between 3� and 80�. All major minerals are identified.
luding the regional sources of aeolian dust in Inner Mongolia and Nihawan Basin near
l. (2004), who quantified major minerals by microscope and clay fractions by XRD. All

Feldspar Calcite
and
dolomite

F/
(F + Q)a

Annotation

25.28 6.48 0.28 Chen et al. (2010)

10.24 27.19 0.18

16.6 12.8 0.24 Averaged result of upper 500 cm in a coreb

34a 6.8 0.45 Yang et al. (2004) samples near middle and
lower reaches in channel and floodplains

29 6.8 0.41 Yang et al. (2004) samples near the lower
reaches in channel and floodplains

5.2 0 0.036 Averaged result of upper 700 cm in a coreb

2.5 0 0.04 Average result of upper 1000 cm in a coreb

3.2 0 0.04 Average result of upper 1500 cm in a coreb

in sand); the second row is the averaged result between 112 and 406 cm (lacustrine



Fig. 2. Comparisons of the carbonate contents of the acid treatment method with XRD method in this study. Results indicate a very good relation between them, especially
when the percentage is under 25%.

Fig. 3. (a) Sedimentation rates, and (b) major mineral variations of core MD012404 during the past 100 ka. The calculation of sedimentation rates is based on the age model of
Table 1. The relative percentages of the detrital minerals include: quartz, illite, chlorite, and minor feldspar. After 20 ka, the data points had higher resolution. The dashed-red
lines represent the time boundaries at: 78.3 ka, 24 ka, 19 ka, 16 ka, and 10 ka. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. A ternary plot using quartz, feldspar and clay minerals as the end components shows the normalized mineral percentages from the data in Table 2. Ia: aeolian and
lakeshore sand in Eastern Juyanhai; Ib: lake mud in Eastern Juyanhai; N: Nihawan Basin; L: Liyutan Lake; T: Tung-Yuan Pond; M: Meiha Lake in our unpublished data; Y1:
Yellow River; and Y2: Yangtze River (determined from Yang et al. (2004)). Y1 and Y2 are derived from microscopy of coarse grains and likely have more feldspar than our data.
Y1 includes deposited sediments from the Löess Plateau, and its lithology is very similar to our Nihawan Basin (N); consequently, Y1 and Y2 should be reflected in the trend of
our analytic results. The data of MD012404 (red circles) are all located between the end members of Maiha Lake in northeastern Taiwan on the I-lan Plain and sources in
China. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Semi-quantitative calculations use the characteristic peak area of
each mineral, which are summed on a percentage basis (no weigh-
tings are given). The use of different methods (peak height inten-
sity or peak area) and different weighting factors to estimate
amounts of clay minerals by previous researchers (Biscaye, 1965;
Chen, 1973; Lin and Chen, 1983; Eisma et al., 1995) make it diffi-
cult to compare their results with those of the semi-quantification
method. Consequently, this study (Table 2) uses only the integra-
tion of peak areas without weighting factors to estimate the
‘‘relative percentage’’ of major minerals, but it is not the true
percentage. A d-spacing of 9.9 Å represents illite (and/or mica),
7.1 Å for chlorite and kaolinite, 3.34 Å for quartz, 3.18–3.24 Å for
feldspar, 3.03 Å for calcite, and 2.89 Å for dolomite. However,
because peak 7.1 Å includes the contributions of both kaolinite
and chlorite, their respective percentages are dependent on the
ratio of peak heights at 3.54 Å (0 0 4), a reflection of chlorite, and
3.57 Å (0 0 2) reflecting kaolinite (Biscaye, 1965). It was found that
kaolinite content was minute to nearly zero in most bulk sedi-
ments, so it is not included in our mineralogical results. Use of Peak
Fit 4.2 software aided in calculating the peak area of each charac-
teristic peak after removing Ka2 and subtracting background
results. Mineral identification gives: quartz, feldspar, illite, chlorite,
and calcite as present. Good correlation was given between
carbonate-content data obtained using XRD semi-quantification
with that of carbonate values obtained using traditional acid treat-
ment (Chang et al., 2005) (Fig. 2). The total terrestrial contributions
in the mineralogical data were estimated by subtracting biogenic
carbonate contents (calcite and dolomite) from the sum of all peak
height areas of the other minerals.

The actual content of major chemical compounds in bulk sedi-
ments was determined using wavelength-dispersive XRF (RIGAKU
RIX-2000) analysis to USGS standards (see Yang et al. (1996) for
analysis procedures and precision references for measured ele-
ments). The analytical major compounds include: SiO2, Al2O3,
Fe2O3, TiO2, CaO, K2O, Na2O, MgO, MnO, and P2O5, which help to
explain different detrital sources. Al2O3, for example, is considered
a residual compound in deposited sediments. In order to show
variations in elemental ratios relative to residual elements, and
subtract the dilution effect of calcium carbonate from biogenic
sources, each element was normalized to Al. This approach can
help identify those components that are enriched or depleted in
detrital sediments.
5. Age and sedimentation rates

A preliminary age model of core MD012404 has been published
previously (Chang et al., 2005). That age model was based on only
five Accelerator Mass Spectrometry (AMS) 14C dates and 16 oxygen
isotope age controls from a SPECMAP stack (Imbrie et al., 1984). In
this study, an improved age model for the core is presented using
19 AMS 14C ages in the last 40,000 years, and seven oxygen isotope
age control points determined from correlation between the ben-
thic isotope curve and high resolution stack curve (Imbrie et al.,
1984; Pisias et al., 1984; Martinson et al., 1987; Chang et al.,
2009) (see Table 1, which includes the five 14C dates from Chang
et al., 2009). The AMS 14C measurements were done by taking
�20 mg of planktic foraminifers Globigerinoides ruber and Globige-
rinoides sacculifer (>250 lm). These microfossils were then dated at
the Micro Analysis Laboratory, Tandem Accelerator Mass Spec-
trometry Facility, University of Tokyo. All ages were adjusted for
a mean Pacific reservoir age of 400 years, and then calibrated
according to Fairbanks et al. (2005). Continuous time series were
established by linear interpolation between each pair of calibrated
14C dates, with the basal age of the core identified as �100 ka, rep-
resenting the late Marine Isotope Stage 5 (MIS 5).

The preliminary age model, using oxygen isotope stages, was
presented in previous studies by Chang et al. (2005, 2008, 2009)
and the sedimentation rate based on these initial results shows
to be high at �50 cm/ky. Fig. 3a shows our new age model with



Fig. 5. Relationship between quartz content and: (a) sea-level depth and (b) average summer solar insolation at 30�N (June, July and August). (c) Feldspar/(feldspar + quartz)
ratios. Sea-level depth is shown with a reverse coordinate axis, and represented by the red dotted line (Saito et al., 1998) and the blue continuous curve (Cutler et al., 2003) in
Fig. 5a. Prior to 24 ka, the quartz content and sea-level change display very good agreement. After 24 ka, further influence from the summer solar insolation plays a further
important role. F/(F + Q) ratios display anomalously high at 20 ka and 40 ka, and extremely low during 80 ka varying inversely to the summer solar insolation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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additional 14C dates. This model has high resolution of �0.1 ky
after 20 ka. Note that relatively low sedimentation rates existed
before �80 ka with rates gradually increasing after �60 ka. In fact,
sedimentation rates are relatively high at: �35 ka, �24 ka, �18 ka,
and �14 ka (Fig. 3a).

6. Results

6.1. Detrital sources

Our analytic results of calcite (and rare dolomite) content by
XRD (Fig. 2) agree well with the acid treatment results of Chang
et al. (2005), except for calcite amounts higher than 25%. This
gives credibility to the semi-quantitative XRD method used in
this study. In order to better understand terrestrial-sediment
sources, calculations to determine the percentage contribution
of major detrital minerals are based on the presence of quartz,
feldspar, illite and chlorite without calcite and dolomite content.
Fig. 3b presents the relative contributions of these major detrital
minerals after 100 ka. The figure shows quartz content varying in-
versely with illite and chlorite, whilst feldspar is generally rela-
tively stable except for two large variations during 20 ka and
80 ka. Much can be inferred about these differences in content
trends. For example, such trends suggest quartz being carried
from a different source relative to illite and chlorite or they could
represent grain size variation from source distance changes in the
reaches of the Yangtze River due to sea-level variations. To probe
source regions, we compare the results of relative mineral con-
tents from China with those from Taiwan (Table 2) and plot the
data in a ternary diagram (Fig. 4). For north China, we have min-
eral data from Inner Mongolia and the Nihawan Basin (at high
latitudes). Core data from a dried saline lake in Inner Mongolia
shows lakeshore to aeolian sand layers in its upper section, and
lacustrine mud in its lower section. For the lakeshore and aeolian
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sand, sediments are rich in quartz and feldspar. For lake facies,
sediments are rich in clay fractions (Chen et al., 2010). The sedi-
ments of the Nihawan Basin near the Löess Plateau in north China
are also rich in quartz and feldspar. On the other hand, we ana-
lyzed mineral data from three lakes in Taiwan: Meiha Lake on
the I-lan Plain of northeast Taiwan, Liyutan Lake in central Tai-
wan, and Tung-Yuan Pond in southern Taiwan, and found the clay
fractions in the sediments from northeast Taiwan are higher than
those from Inner Mongolia, the Yellow River and Yangtze River
(Yang et al., 2004) (Fig. 4). As to quantitative methods for major
minerals, Yang et al. (2004) used microscopy to count the per-
centage of minerals in coarse grains, and XRD to count the clay
fractions; therefore, we cannot directly compare their data with
ours. We can transfer Yellow River (Y1) data to that of the Niha-
wan Basin because the two places are similar in geological envi-
ronment. Fig. 4 shows transferred data of the Yellow River (Y1)
and Yangtze River (Y2) to the concentrated data of our analytical
results. Sediments from MD012404 locate between the two end
members of the Yangtze River and Meiha Lake (M). This proves
that sediments at MD012404 are not related to those of lakes Liy-
utan (L) and Tung-Yuan (T) in central and southern Taiwan. In
addition, we can infer that detrital sediments along northeastern
Taiwan shelves are similar to those in Meiha Lake (M).
Fig. 6. The K/Al ratio gives the contributions of illite and K-feldspar in this core. It repr
which include illite, chlorite and feldspar. (a) The ratio of 10 K/Al by XRF with relati
(illite + feldspar)/(illite + chlorite + feldspar).
According Yang et al.’s data (2004), the feldspar ratio of the Yel-
low River is higher than that of the Yangtze River (Table 2). We
propose that the deposited sediments from China contain more
quartz and feldspar; however, feldspar decomposes to kaolinite
due to chemical weathering after long riverain and oceanic trans-
portations. This leads to less feldspar content in oceans and lakes;
however, feldspar content could be rich if it arrived via aeolian
transportation (Chen et al., 2010). The ratio of feldspar/(feld-
spar + quartz) is not constant in core MD012404 (Fig. 5c) because
it is influenced by varying sources. The ratio of feldspar/(feld-
spar + quartz) is high in northern China, particularly in aeolian
sands and the Löess Plateau (Table 2). We assume that some feld-
spar in core MD012404 is derived via aeolian transportation from
northern China. The average ratio of feldspar/(feldspar + quartz)
is about 0.2 in core MD012404. This is higher than for Taiwan lakes
(60.04). Interestingly, the feldspar/(feldspar + quartz) ratio in core
MD012404, dramatically increases at �20 ka and 40 ka, and swiftly
decreases to near zero during 80 ka (Fig. 5c). Fig. 5b and c show an
apparent opposite relationships between the summer solar insola-
tion and the ratio of feldspar/(feldspar + quartz). We infer that the
ratio is indicative of feldspar arriving on aeolian transportation,
which was strengthened by the winter monsoon. During the
LGM, when ice covered north Asia at 22 ka, aeolian sources were
esents the sum of illite and feldspar (bearing K) in proportion Al-bearing minerals,
on to (b) illite/(illite + chlorite + feldspar), feldspar/(illite + chlorite + feldspar), and



1246 H.-F. Chen et al. / Journal of Asian Earth Sciences 40 (2011) 1238–1249
reduced causing the feldspar/(feldspar + quartz) ratio to be low.
When the ice started to melt at 20 ka, the aeolian signal abruptly
rose (Fig. 5c). These distinct anomalous signals of feldspar/(feld-
spar + quartz) coincide with the minima and maxima of solar inso-
lations. Throughout the wider North Pacific Ocean, many reports
have pointed to aeolian transport from north Asia at 38–40�N
due to strong winter monsoons. Aeolian dust prevailed toward
southern and eastern regions during glacial periods. Especially,
the Japan (Irino and Tada, 2002; Nagashima et al., 2007) and South
China Seas (Liu et al., 2003), which received a great deal of aeolian
dust when strong winter winds occurred during glacial periods.
Nagashima et al. (2007) proved good correlations between aeo-
lian-dust transport and solar insolation with aeolian dust also
being extremely high around 20 ka and 40 ka, and extremely low
around 80 ka. Signal variations for aeolian transport to the central
OT are not likely to be as pronounced as those for Japan, and are
probably only evident for extreme climate variations.

Comparing sedimentation-rate results (Fig. 3a) with variations
in minerals (Fig. 3b), quartz content tracks sedimentation rates
positively and closely prior to 16 ka, but presents an inverse rela-
tionship after 16 ka. After 16 ka, chlorite and illite content vary
positively with sedimentary rates. These results indicate that prior
to 16 ka sediment was sourced primarily from the Yangtze River
(i.e. in phase variations in quartz content and sedimentary rates);
however, after this date, synchronous trends in chlorite and illite
with sedimentary rates suggest another source affecting the OT.
We propose more KC water flowing into the OT after 16 ka, bring-
ing with it more illite and chlorite from eastern Taiwan. It is inter-
esting to note quartz decreased by about 15% during 24–19 ka
(Fig. 3b). At 20 ka, opposite variations in quartz and feldspar con-
tent indicate reduced inflow from the Yangtze River during the
Fig. 7. (a) The elemental ratios of 100Ti/Al, Na/10P by XRF with relation to (b) sea-level ch
red dotted line tracks the post-glacial transgression of the ECS area from Saito et al. (19
represent the time boundaries at: 78.3 ka, 24 ka, 19 ka, 16 ka, and 10 ka. (For interpretati
version of this article.)
LGM and aeolian transport to the central OT from inland China
being dominant.

6.2. Geochemistry of the major elements

Al is a weathering resistant element that can be used to under-
stand long-term variations of bulk sediments under chemical
weathering. The content of each compound is divided by Al content
with these ratios representing the relative amounts of each to
amounts of clay and feldspar, excluding the dilution of calcite
and quartz contents. Our results for Na/Al and P/Al show similar
variations to those of carbonates. This is indicative of Na and P
being supplied by pore water in the sediment, which can be highly
affected by porous biogenic materials. We, therefore, use the Na/P
ratio to avoid any influence from fluid content. XRF data for the re-
sults of K/Al, Ti/Al, and Na/P show some interesting findings
(Figs. 6a and 7):

� K/Al ratio shows its lowest value at�78.3 ka after which time an
apparent increasing trend occurs until �64 ka. Post 64 ka, the
10 K/Al ratios fluctuate narrowly between 2 and 2.3 through to
MIS 3 to 1. Considering mineral contributions, illite and K-feld-
spar are the major sources of K. In our core, most XRD peaks of
feldspar are close to K-feldspar. To identify why the K/Al ratio
decreased during 80 ka, we plot illite/(illite + chlorite + feldspar)
and feldspar/(illite + chlorite + feldspar) variations in Fig. 6b.
Variation in the K/Al ratios are congruent with (illite + feld-
spar)/(illite + chlorite + feldspar) variations. This indicates the
most likely reason for a decreasing K/Al ratio is a decline in feld-
spar during 80 ka. This K/Al ratio supports the previously men-
tion anomalous decrease in feldspar during 80 ka (Fig. 3b).
ange according to digitized data from Saito et al. (1998) and Cutler et al. (2003). The
98). The blue continuous curve refers to Cutler et al. (2003). The dashed-red lines

on of the references to colour in this figure legend, the reader is referred to the web
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� The Ti/Al ratio exhibits a relatively high value after �26 ka, and
reaches a confirmed high after 20 ka. During 26–100 ka, the
average of the 100Ti/Al ratios was about 2.76, but it rose to
2.93 after 26 ka (Table 3, Fig. 7a). Before 20 ka, an extremely
high ratio appeared at 34.7 ka. Comparing Ti/Al ratios in Table 3,
Ti/Al ratio is lower in continental crust and felsic rocks (62.89),
but higher in mafic rocks (�5.33). In our core, the Ti/Al ratio is
between that of upper and lower continental crusts. Indeed,
sediments show an increasing Ti/Al ratio after 26 ka. This phe-
nomenon implies sediment transport from eastern Taiwan via
the KC perhaps entering the OT after this time. Eastern Taiwan
is mainly composed of oceanic crust with rich mafic rocks. After
16 ka, the Ti/Al displayed an anomalous increase.
� The Na/P ratio reveals changes in salinity with low salinity sea

water prevalent before about 20 ka, increasing until the present.
This is a similar trend to variations in the Ti/Al ratio, but the
onset time for its increase is later than that of Ti/Al.

The above elemental variations indicate that Ti/Al and K/Al rep-
resent detrital sources, whilst Na and P are mainly dependent on
the water systems. Chen et al. (1995a) point to the KTW having
the highest salinity of all KC water, so the Na/P ratio may reflect
intrusion of the KTW into the OT.
7. Discussion

In this study, mineralogical and geochemical results obtained
from MD012404 show variations in the supply of detrital sedi-
ments over the last �100 ka in the central OT. Results indicate that
the Yangtze River was the main source of terrestrial sediments
from 100 to 16 ka, except for 24–19 ka when fluvial sources de-
creased and aeolian supply increased. After 16 ka, variations in il-
lite and chlorite indicate that terrestrial sediments carried on the
Kuroshio from eastern Taiwan gradually replaced those from the
ECS (Fig. 3a and b). Observed quartz variations of Fig. 5a show
quartz content matching sea-level variation during MIS 3, 4 and
5; these results fit well the sea-level results of Saito et al. (1998).
In Fig. 5a, higher sea-levels (��40 m) during MIS 5 resulted in a
quartz content of less than 35%; however, lower sea-levels
(�80 m) during MIS 3 led to quartz content being higher at about
45%. This relationship between falling sea-levels and increasing
quartz content is evident until 24 ka. Accordingly, we can assume
that the supply of quartz is mainly from the Yangtze River and
the ESC basin before 24 ka. As the sea-level dropped, the reach of
the Yangtze River was closer to the central OT, improving the sup-
ply of coarser sediments. Conversely, during MIS 5, sea-levels were
higher and Yangtze River supply was farther away from the coring
site, leading to finer transported sediments and rich clay in the
core.

However, after 24 ka, there is a decoupling between quartz con-
tent and sea-level changes (Fig. 5a). When sea-levels were at their
lowest (about �120 m) during the LGM, quartz content abruptly
decreased to its lower limit. It swiftly increased again, however,
around 19 ka. During the LGM, the Yangtze River mouth was situ-
ated at the shelf edge close to the central OT (Ujiié et al., 2001).
When summer solar insolation was very low during the LGM
(Fig. 5b), water supply from the upper Yangtze died away due to
freezing conditions on the Tibetan Plateau from 24 to 19 ka. Con-
temporaneously, aeolian transport exhibits great variation be-
tween 22 and 20 ka. In Section 6, we discussed the inverse
relationship between summer solar insolation and feldspar/(feld-
spar + quartz) ratios. After 19 ka, quartz supply increased swiftly
and large amounts of sediment arrived until 16 ka (Fig. 3b).
According to previous research, sedimentation rates did increase
from about 19 ka (Fig. 3a) (Xu and Oda, 1999; Xiang et al., 2007).
The notion is supported by faunal evidence (Xu and Oda, 1999)
and organic matter composition (Ujiié et al., 2001). After this per-
iod of sudden increase, quartz content again declined to its lower
limits and established its previous trend of varying with sea-levels
until 13 ka (Fig. 5a). Interestingly, quartz content also peaked in
10 ka under the influence of high summer insolation (Fig. 5b). This
suggests terrestrial-river input and/or the KC strengthening due to
reinforcement of the summer monsoon. In the early Holocene, cli-
matic conditions led to maximum summer monsoon conditions,
causing overall high temperatures and humidity in East Asia and
the Yangtze River (Yi and Saito, 2004). This result has also been re-
corded in ice-core records from the Tibetan Plateau (Thompson
et al., 1997).

The geochemical results given in Section 6.2 suggest a change in
terrestrial sediment supply from the ECS to the eastern shelves of
Taiwan due to the presence of higher Ti/Al ratios after 26 ka. In
addition, high Na/P ratios also reflect the intrusion of KTW. Ti is of-
ten concentrated in basic rocks and oceanic crusts (Rudnick and
Fountain, 1995; Klein, 2003; Rudnick and Gao, 2003). Geologically,
western Taiwan is composed of continental crust, and eastern Tai-
wan is composed of oceanic crust. Increased Ti/Al ratios imply sed-
iment sources from eastern Taiwan. In the southern OT, a series of
turbidites occurred in core OPD1202 during 60–30 ka (Huang et al.,
2005); these are indicative of mass-wasting events during this per-
iod. Kao et al. (2006) suggest a tectonic event during this period
that might have caused a topographic barrier to be broken and
the Yonaguni Depression to be formed. In core ODP1202, clay sed-
iments were deposited after 28 ka (Diekmann et al., 2008). In addi-
tion, volcanic activity in Japan (Machida, 2002) indicates two
eruptions (Aira (Aira-Tn) Volcano, 29–26 ka; Kikai (K-Ah) Volcano
at 7.3 ka) in Kyushu that would have led to transported volcanic
ash to this area. The Aira volcanic explosion was violent and long.
These events in the southern OT and southern Japan could indicate
continuous tectonic opening in the OT which potentially led to Ti/
Al ratios increasing after 26 ka. We did not, however, find any Aira-
ash geochemical signals from 29 to 26 ka, though Kikai-ash signals
exist at 7.3 ka in the form of an anomalous increase in Si/Al ratios,
and the presence of volcanic ash in the core (Chang et al., 2008). Gi-
ven the above analysis, an increased Ti/Al ratio implies intrusion of
the KC into the OT carrying with it sediments from eastern Taiwan.
This could reflect a tectonic opening in the southern OT during
�26 ka. In addition, previous research of diatom evidence in core
MD012404 (Chang et al., 2008) supports warm-tropical species
intruding into the OT at 29–25 ka; these gradually increase after
about 20 ka. These results coincide with our Ti/Al ratio increases
(Fig. 7a). Therefore, it implies that more KC was able to enter the
OT freely after about 20 ka.

Moreover, our Na/P ratio also suggests that low salinity water
prevailed prior to 20 ka, and the salinity has increased since that
time.
8. Conclusions

This study uses geochemical and mineralogical data derived
from the sedimentary record of IMAGES Core MD012404 to infer
sea-level changes and the influence of the Asian monsoon based
on the terrestrial sediments found in the core. The sediment record
is examined for the past 100 ka. Terrestrial sediments of IMAGES
Core MD012404 are sourced mainly from the Yangtze River and
Kuroshio Current. Accordingly, we can infer that sediments
sourced from the Yangtze River reflect sea-level changes before
24 ka. In addition, there is some evidence of other sediments enter-
ing the Okinawa Trough, perhaps from eastern Taiwan, at around
26 ka, according to higher Ti/Al ratios. There is also evidence of
declining fluvial sediments from the Yangtze during the LGM
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period. However, at this time, the Yangtze Estuary was still close to
the central Okinawa Trough so that when the climate began warm-
ing after 19–20 ka, abrupt increases in Na/P ratios and in the
amount of quartz in the core are apparent. From these two find-
ings, we speculate that more KTW may have intruded into the Oki-
nawa Trough and more water may have flowed into the ECS from
the Yangtze River since then. The feldspar anomalies may imply
that the eolian sources changed, caused by the varying strengths
of the East Asian winter monsoon.
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