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ABSTRACT

A total of 849 core samples collected from two drilling core STD235 and 
ZSQD289 in the northeastern South China Sea were analyzed for elemental compo-
sition including total organic carbon (TOC), total nitrogen (TN), stable carbon and 
nitrogen isotopic composition (δ13C, δ15N), and clay mineral composition. Based on 
clay mineral assemblages and organic geochemistry characteristics, it is supposed 
that the terrestrial source for sediments at STD235 and ZSQD289 is mainly from 
southwestern Taiwan. Moreover, the sedimentary organic matter of site ZSQD289 
was probably directly inputted from southwestern Taiwan submarine canyon, while 
the sedimentary organic matter of core STD235 was probably transported by deep 
water current. The chronology suggested that it covered the record since ~19.7 and 
34.6 ka BP in site STD235 and ZSQD289 respectively. Before the Last Glacial Maxi-
mum (LGM), high TOC/TN ratios with low δ13C and δ15N values might indicate that 
terrestrial organic input and nitrogen fixation was enhanced. During the LGM, gradu-
ally increased TOC, TN, δ13C, and δ15N values might result from the enhanced burial 
of organic carbon and higher marine primary production constrained by the strong 
winter monsoon. TOC/TN ratios and δ13C values generally present a decreased trend 
from LGM to Holocene (18 - 11 cal ka BP), strongly correlated to the terrestrial 
organic input and marine primary production reduced during this period. Since Holo-
cene, the terrestrial organic input to both sites further reduced and maintained a low 
level, in according with a high sea level and a gradual intensified summer monsoon.
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1. INTRODUCTION

South China Sea (SCS), located between the Asia land-
mass and the West Pacific, is one of the largest marginal seas 
in the world (Wang and Wang 1990). As a part of SCS, the 
northeastern SCS is surrounded by southern mainland Chi-
na, Taiwan Island and Luzon arc and connected to the East 
China Sea and Pacific Ocean by the Taiwan Strait and Luzon 
strait in the east (Fig. 1). Numerous rivers including both 
the world’s largest rivers (e.g., Mekong River, Pearl River, 
and Red River) and small mountainous rivers (e.g., rivers 
in southwestern Taiwan) supply as much as 570 Mt yr-1 of 
terrigenous sediments to SCS (Milliman and Syvitski 1992; 

Dadson et al. 2004). However, the northeastern SCS alone 
receives on less than 260 Mt yr-1 of river sediments mainly 
from three prominent sources, i.e., Pearl River, southwestern 
Taiwan, and Luzon arc system (Liu et al. 2010), occupying 
almost half of total terrigenous discharge to the entire SCS. 
Because of its location and continuous high sedimentation 
rates, the northeastern SCS provides an ideal area for high-
resolution studies of paleoenvironmental and paleoceano-
graphic change (Bühring et al. 2004; Wang and Li 2009).

The East Asian Monsoon plays an important role in 
the climate fluctuation of the SCS. It results in differential 
land-sea heating between the Western Pacific Warm Pool 
and the Asian continent, and is characterized by seasonal 
switch in wind direction, precipitation and runoff (Wang et 
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al. 2003). At the same time, a seasonal wind direction gener-
ates a reversal of the SCS surface currents, passing from a 
cyclonic gyre during the winter monsoon to an anticyclone 
during the summer monsoon, with strong influence from the 
Kuroshio intrusion (Fig. 1) (Wang and Wang 1990; Shaw 
and Chao 1994). In addition, the SCS deep water current, 
probably originating from a branch of the southward North 
Pacific Deep Water in the western Pacific, may cross the 
Luzon Strait and carry eastern and southern Taiwan-sourced 
resuspended fine grained sediments into the northeastern 
SCS (Fig. 1) (Lüdmann et al. 2005). Therefore, the sediment 
provenances of northeastern SCS are complicated because 
of the interaction of surface current with East Asian mon-
soon winds, the intrusion of the subsurface Kuroshio and 
deep water current (Shaw and Chao 1994; Su 2004). Most 
of previous studies mainly at SONNE Cruise 95 cores and 
Ocean Drilling Program (ODP) Leg 184 sites in the north-
eastern SCS considered the Pearl River as the main sedi-
mentary source (Wang et al. 1999; Wehausen and Brumsack 
2002; Boulay et al. 2003; Tamburini et al. 2003), but recent 
studies more emphasis a significant contribution derived 
from the northeast sources, i.e., Taiwan and/or the Yangtze 
River (Shao et al. 2007; Wan et al. 2007, 2010; Liu et al. 
2008). Including the above studies, most of investigations 
on sediment provenance are mainly based on clay mineral-
ogy and elemental geochemistry, however, discriminating 
the provenance of sedimentary organic matter on deep sea 
has seldom performed. Only some relevant studies focused 
on Pearl River and Taiwan Rivers estuaries and shelf of SCS 

(Yu et al. 2010; Yang et al. 2011a; Hung et al. 2012; Zhang 
et al. 2014), little data are available to determine the sources 
and compositions of sedimentary organic matter from the 
slope and deep basin in the northeast of SCS. Furthermore, 
most of the paleoclimatic studies in the north of SCS con-
centrated on the reconstruction of long-term climatic varia-
tion until now (An et al. 1990; Zhao et al. 2001; Jia et al. 
2003; Jian et al. 2003; Huang et al. 2005; Wei et al. 2006; 
Wan et al. 2007, 2008, 2010; Clift et al. 2014). Those recon-
structions have shown that glacial stages were marked by 
a stronger winter monsoon with an increase of aridity over 
northern Asia, and interglacial periods were characterized 
by a stronger summer monsoon coupled with strengthened 
southwestern winds and enhanced monsoon rainfall over 
the continent (An et al. 1990; Wang and Wang 1990; Mor-
ley and Heusser 1997; Wang et al. 1999). In comparison, 
study on the climatic reconstruction of short-term and high-
resolution is relatively weak, and the work on centennial-
millennial climatic and environmental variation in northern 
SCS needs strengthening. It has been reported that consider-
able climate variability and complex driving mechanism of 
regional climate change exist in northern SCS since the last 
glacial (Morley and Heusser 1997; Lin et al. 2006; He et al. 
2008; Dai et al. 2015). Seeking insight into the relationship 
between climate and organic matter component in marine 
sediment since the last glacial period may provide new evi-
dence for response to climate changes, which in turn may 
improve predictions of the future climate changes.

The bulk geochemical properties of organic matter,  

Fig. 1. Map of the northern SCS and locations of drilling samples discussed in this work. The location of ODP1144 from Wan et al. (2010), and the 
location of 17940, 17939, 17938, 17937, 17936 from Wang and Li (2009); Monsoon winds and current systems from Liu et al. (2010) and Lüdmann 
et al. (2005), and the background map from Google Earth, May 2016.
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including total organic carbon (TOC) content, total nitrogen 
(TN), carbon to nitrogen (TOC/TN) ratios, and carbon (δ13C) 
and nitrogen (δ15N) isotopes, are widely used to constrain 
the origins of sedimentary organic matter and reconstruct 
paleoclimate/paleoenvironment (Meyers 2003; Hu et al. 
2006; Lamb et al. 2006; Yang et al. 2008; Castro et al. 2010; 
Volvoikar et al. 2014). Carbon and nitrogen isotope frac-
tionation of terrestrial plants is more significant than algae 
because of distinct carbon assimilation pathways, resulting 
in terrestrial plants usually characterized by lighter carbon 
and nitrogen isotope ratio. At the same time, δ13C composi-
tion helps to distinguish between C3 (δ13C = -37 ~ -20‰) 
and C4 (δ13C = -14 ~ -9‰) photosynthetic plants (Deines 
1980; O’Leary 1988). These values show some overlapping 
with δ13C from marine organic matters, which range from 
-22.0 to -20‰ (Meyers 1994; Martinelli et al. 1999). For 
this reason, δ13C was applied to paleoenvironmental studies 
routinely combined with δ15N and TOC/TN (Meyers 1994, 
1997; Wilson et al. 2005). The present work is focused on 
organic geochemical signatures including TOC, TN and 
TOC/TNweight ratios, and carbon (δ13C) and nitrogen (δ15N) 
isotopes, combined with clay mineral compositions from 
lower slope and deep basin sediments in northeastern SCS, 
in order to provide clues for provenance of sediments and 
short-term paleoclimate and paleoenvironment changes on 
the northeastern SCS.

2. METHODOLOGY
2.1 Samples

Core STD235 (20°21.15’N, 118°22.56’E) was taken 
from the continental slope of northeastern SCS, located 
in the northeast of ODP1144 (20°3.18’N, 117°25.14’E)  
(Fig. 1), at a water depth of 2630 m. The total length of the 
core was 8.55 m. The lithology of core STD235 is character-
ized mainly by grey silty sand with thin grey layers of mud 

and sandy silt with moderate bioturbation. It can potentially 
reflect the marine environment by its stable sedimentary re-
cord without obvious disturbance.

Core ZSQD289 (20°52.03’N, 119°52.31’E), was col-
lected from the deep-sea basin of the northeastern SCS ad-
jacent to the southwest of Taiwan (Fig. 1), at a water depth 
of 3605 m. The total length of the core was 8.47 m. The 
lithology is dominated by silica clay and calcareous in gray 
or dark gray, with thin layers of silica clay, calcareous clay 
and sandy silt with moderate bioturbation.

2.2 Methods

A total of 849 core samples (428 from STD235 and 
421 from ZSQD289) collected at interval of 2 cm were 
prepared for analysis. All samples were freeze-dried and 
ground into fine powder for analysis of total organic carbon 
(TOC), total nitrogen (TN) and their stable isotope ratios, 
δ13C and δ15N at the State Key Laboratory of Organic Geo-
chemistry at Guangzhou Institute of Geochemistry. In addi-
tion, 171 samples were selected (86 from STD235, 85 from 
ZSQD289) for analysis of clay mineral.

The chronology of the core STD235 was based on 6 
AMS14C dates of planktonic foraminifera (G. ruber), and the 
core ZSQD289 was based on 2 AMS14C dates of planktonic 
foraminifera (G. ruber) and 2 AMS14C dates of bulk organic 
matter (Table 1). Samples were pretreated at Guangzhou In-
stitute of Geochemistry, and then the dating of material was 
carried out at the State Key Laboratory of Nuclear Phys-
ics and Technology (Peking University, China). The radio-
carbon ages of planktonic foraminifera and bulk organic 
matter have been calibrated using the CALIB 6.0 program 
based on the Marine09 and IntCal09 calibration curves, re-
spectively (Stuiver and Reimer 1993; Reimer et al. 2009)  
(Table 1). The age of each depth was interpolated from the 
two nearest dates.

Sample core Depth (cm) Material AMS14C age (yr BP) Calendar age (yr BP, 1σ) MISb

STD235 55 G.rubera 3760 ± 25 3685 ± 50 1

STD235 315 G.ruber 11910 ± 30 13352 ± 47 1

STD235 395 G.ruber 12935 ± 40 14774 ± 215 2

STD235 575 G.ruber 13750 ± 60 16508 ± 222 2

STD235 705 G.ruber 14300 ± 60 16955 ± 99 2

STD235 825 G.ruber 16310 ± 70 19148 ± 114 2

ZSQD289 60 G.ruber 2930 ± 100 3088 ± 133 1

ZSQD289 465 G.ruber 15420 ± 160 18765 ± 112 2

ZSQD289 652 organic matter 25360 ± 80 30297 ± 126 3

ZSQD289 808 organic matter 29140 ± 100 33750 ± 338 3

Table 1. AMS 14C ages dated on core STD235 and ZSQD289.

Note:  a: G. ruber (Globigerinoides ruber) is a kind of Planktonic foraminifera species. b: MIS is marine isotope 
stage.
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2.2.1 Elemental Composition

Total organic carbon (TOC) and nitrogen (TN) were 
analyzed with a Vario EL III Elemental analyzer. Prior to 
analysis, freeze-dried samples (10 - 20 mg) were acidified 
(4 N HCl) to remove carbonates and dried. 849 samples 
were all analyzed in duplicate, with the mean deviation of 
the duplicate measurements for C and N < 0.05%. In order 
to control the instrument analysis quality, one sample was 
measured repeatedly at different time, and the resulted mean 
deviations (σ) of multiple analyses (n = 5) for C and N were 
0.02 and 0.003%, respectively.

2.2.2 Stable Isotope Analysis

The stable carbon and nitrogen isotope compositions 
of carbonate-free samples were measured using a Finnigan 
Delta Plus XL (Instrument ID: CE Flash EA 1112). All iso-
tope values were presented in standard δ-notation in per mil 
(‰) with respect to Vienna-Pee Dee Belemnite (VPDB) 
carbon and atmospheric nitrogen (N2). The mean deviation 
of δ13C and δ15N based on replicate analyses were < 0.25‰ 
and < 0.3‰, respectively.

2.2.3 Clay Mineral Analysis

Clay mineral (< 2 mm) were separated based on Stoke’s 
settling velocity principle after removing carbonate and or-
ganic matter by treatment with 15% hydrogen peroxide and 
25% acetic acid, respectively. Clay mineralogy determina-
tions were made by X-ray diffraction on X’Pert with CuKα 
radiation (40 kV, 200 mA). Identification of clay minerals 
was made mainly according to the position of the (001) se-
ries of basal reflections on the XRD diagrams. Semiquan-
titative estimates of peak areas of the basal reflections for 
the main clay mineral groups of smectites (smectite+illite 
mixed layers) (17 Å), illite (10 Å), and kaolinite/chlorite (7 
Å) were carried out using the MDI Jade 5.0 software. Rela-
tive proportions of kaolinite and chlorite were determined 
based on the ratios of the 3.57/3.54 Å peak areas. The em-
pirical factors introduced by Biscaye (1965) were not used 
when generating relative weight percentages of each clay 
mineral. Relative clay mineral abundances were given in 
percent (Table 2).

3. RESULTS
3.1 Chronology

Six AMS 14C dates range from ~1.76 to ~19.70 cal ka 
BP on core STD235 and four AMS 14C dates range from 
~0.84 to ~34.59 cal ka BP on core ZSQD289 were obtained 
respectively, indicating these record covered the pre-LGM, 
LGM, deglaciation, and the Holocene (Table 1 and Fig. 2). 
Accordingly, the average sedimentation rate for different 

segments was calculated. In the core STD235, low values 
occur in Holocene (~26.9 cm ka-1), and high values occur 
in the early and late deglaciation (54.7 - 56.3 cm ka-1) and 
remarkably high values occur in the middle deglaciation (up 
to ~290.8 cm ka-1). In the core ZSQD289, low values occur 
in LGM, deglaciation and Holocene (16.2 - 25.8 cm ka-1), 
and high value occur in pre-LGM (~45.2 cm ka-1) (Fig. 2). In 
both cores, sedimentation rates are higher in glacial period 
(80.7 cm ka-1 for STD235, 26.1 cm ka-1 for ZSQD289) than 
interglacial period (27.0 cm ka-1 for STD235, 25.8 cm ka-1 
for ZSQD289).

3.2 Clay Mineral Composition

The percentage of illite, smectite, chlorite and kao-
linite in the clay mineral assemblages of 86 samples from 
STD235 range from 34 - 54% (42 ± 4.2%), 14 - 41% (31 
± 5.8%), 13 - 21% (17 ± 1.8%), and 9 - 13% (10 ± 1.0%), 
respectively (Table 2). There is preponderance of illite over 
other minerals. The percentage of illite, smectite, chlorite 
and kaolinite in the clay mineral assemblages of 85 samples 
from ZSQD289 range from 33 - 60% (44 ± 5.8%), 14 - 40% 
(29 ± 5.7%), 15 - 21% (18 ± 1.4%), and 8 - 11% (9 ± 0.7%), 
respectively. The clay mineral components of 85 samples 
from ZSQD289 are generally similar to those of STD235, 
with preponderance of illite over other minerals (Table 2). 
In general, the clay mineral components of STD235 and 
ZSQD289 show no significant changes between glacial and 
interglacial periods (Fig. 3).

3.3 TOC, TN, and the C/N Ratios

TOC values in cores STD235 and ZSQD289 range 
from 0.55 - 2.17% (average 1.10 ± 0.27%) and 0.49 - 1.24% 
(average 0.82 ± 0.15%), respectively. The ZSQD289 core 
had an average TOC value of 0.89 and 0.68% during glacial 
and interglacial period respectively, whereas the STD235 
core had a higher average of 1.30 and 0.84% during gla-
cial and interglacial period respectively. TN values in the 
STD235 and ZSQD289 sediments have a mean value of 0.13 
± 0.02% (0.08 - 0.17%) and 0.10 ± 0.02% (0.04 - 0.15%) 
respectively, which co-varied with their corresponding 
TOC values (R2 = 0.57 and 0.68, respectively). The TOC/
TN weight ratios of the STD235 and ZSQD289 cores range 
from 5.4 - 16.1 (average 8.3 ± 1.49) and 5.7 - 14.8 (average 
8.1 ± 0.93), respectively (Fig. 3).

Overall decreasing trend of TOC and TOC/TN values 
is observed from bottom to top in the core STD235 sedi-
ments, with five abrupt rises of TOC/TN values correspond-
ing to their higher TOC abundance (Fig. 3). Comparatively, 
the core ZSQD289 shows higher concentration of TOC and 
TN in the middle and bottom, and lower in the upper part, 
with a slight upward decrease of TOC/TN values. However, 
it is similar in both cores that average values of TOC, TN, 
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and TOC/TN in the glacial period are higher than intergla-
cial period.

3.4 Stable Carbon and Nitrogen Isotope Composition

In core STD235, the δ13C values fluctuate within a 
range of -23.8 and -21.0‰ (on average -21.9 ± 0.49‰). 
Rhythmic fluctuations of the isotope signal delineate an up-
ward gradual decreasing trend in δ13C over 15 ka. The δ13C 
values fluctuate dramatically in deeper core STD235, and 
five obvious lower values respectively covary with higher 
TOC and TOC/TN values (Fig. 3a). δ15N values fluctuate 
between 2.3 and 4.5‰ (on average 3.5 ± 0.56‰), showing a 
strong fluctuation on the bottom and a decreased trend along 
upward core.

The δ13C values in core ZSQD289 range from -24.5 
to -20.4‰ (on average -22.2 ± 0.60‰). In glacial period, 
the δ13C values fluctuate in higher values compared to the 
interglacial period. The δ15N values fluctuate between 2.1 
and 5.8‰ (on average 4.7 ± 0.68‰). The δ15N values pres-
ent a similar trend with δ13C values from 34.6 to 15 ka BP, 
namely gradual decrease first and then increase (Fig. 3b). 
And after 15 ka, δ13C values show a decreased trend, while 
δ15N values fluctuate at high level first and then decrease in 

the late Holocene.

4. DISCUSSION
4.1 Sedimentation Rate and Its Control Factors

The present study site STD235 and ZSQD289 both 
shows the higher sedimentation rate during glacial period 
than Holocene (Fig. 2). This is consistent with other sites in 
northern SCS where the glacial sedimentation rate is gener-
ally higher than interglacial time (Wang 1999). In general, 
the accumulation rates in SCS depend very much on the 
sediment discharge from rivers, and the sedimentation rate 
within a marginal sea is highest near the river mouths and 
decrease with distance from the coast (Lisitzin 1972). Dur-
ing the last glacial time, the continental margin extended 
to the present 100 - 120 m isobaths (Wang and Sun 1994), 
and the erosion of the newly exposed shelf and the direct 
discharge of terrigenous fluvial matter into the deep sea 
increased the terrigenous sediments supply to the research 
sites. This correlation between the supply of continental ma-
terial and glacial low sea level periods in the SCS has been 
well documented (Wang and Li 2009).

However, the difference of sedimentation rates between 
the core STD235 and ZSQD289 indicates the relationship 

Source Number of samples Illite (%) Chlorite (%) Kaolite (%) Smectite (%)

Pearl Rivera 37 31 18 46 5

Luzona 35 1 7 5 87

SW Taiwana 19 55 43 1 1

Yangtze Riverb - 69 16 9 5

STD235 86 42 ± 4.2 17 ± 1.8 10 ± 1.0 31 ± 5.8

ZSQD289 85 44 ± 5.8 18 ± 1.4 9 ± 0.7 29 ± 5.7

Table 2. Average composition of clay minerals from Pearl River, Luzon, southwestern (SW) Tai-
wan, Yangtze River and STD235, ZSQD289 cores.

Note: a: Data from Liu et al. (2008, 2010). b: from Wan et al. (2010).

(a) (b)

Fig. 2. Age-depth curves of (a) Core STD235 and (b) ZSQD289. Average sediment accumulation rates are marked.



Liu et al.136

between river discharge and deep-sea deposition is not the 
sole cause of the high sedimentation rates (Fig. 2), due to 
various sediment transports and environmental changes. Ac-
cordingly, we collected and compared the sedimentary rate 
of surrounding cores from northern SCS (Table 3). The sedi-
mentary rate in the last 12 ka years of the 17940, located on 
the northwest part, is 70 cm ka-1, and towards the southeast, 
core ODP1144 is 61 cm ka-1, 17939 is 33.3 cm ka-1, 17938 
is 21.6 cm ka-1, 17937 is 16.6 cm ka-1, decreasing gradually 
from northwest to southeast. Meanwhile the core STD235 

and ZSQD289, located in the northeast of ODP1144, were 
27.0 and 25.8 cm ka-1 respectively. Clearly, river discharge 
and monsoon-driven surface current transportation (e.g., Liu 
et al. 2003; Boulay et al. 2005; Wan et al. 2007) is not needed 
to explain this trend to rapidly decreasing sedimentation rate 
into deeper water. Seismic profiles provide evidence that 
there has been strong deep water current transport and de-
position in the northern SCS (Lüdmann et al. 2005; Shao et 
al. 2007). Channels formed by bottom currents occur in wa-
ter depth of 1000 - 2700 m, extending from the northeast to 

(a)

(b)

Fig. 3. The age framework, variation curves of clay mineral content, planktonic foraminifera δ18O, TOC and TN concentrations, TOC/TN weight 
ratios and δ13C, δ15N values from (a) STD235 and (b) ZSQD289.
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southwest, and leading to the accumulation of discontinuous 
drifts with higher sedimentation rates on the eastern side of 
each channel (Fig. 1; Shao et al. 2007). Therefore, it is most 
likely that some NE-SW-trend transportation and deposition 
of deep water bottom current on the north continental slope 
of the SCS lead to the accumulation of some discontinuous 
drifts with higher sedimentation rates on the study sites (such 
as 17940 and ODP1144). The core STD235 was exactly lo-
cated in water depth of 2630 m which was in the range of the 
flowing path of deep water current, and formed sedimentary 
drift with a high sedimentation rate in the last glacial pe-
riod. In contrast, the core ZSQD289 may be less influenced 
by deep water current, thus showed lower sedimentary rate 
whether in the Holocene or in the glacial stage.

The sedimentary rate in the last 12 ka years of the 
17940 is 70 cm ka-1 decreasing gradually from northwest 
to southeast. But in the last 40 ka years, ODP1144 is high-
est reaching 114.7 cm ka-1 and decreasing northwestward 
and southeastward (Table 3). And in the core STD235, the 
remarkably high values occur in the middle deglaciation (up 
to ~290.8 cm ka-1). The above results may reflect the move-
ment of the deep water channel with time. Wan et al. (2010) 
considered that bottom current sedimentation in the north-
ern SCS is strongly correlated to sea-level change. Their re-
sults including clay minerals, grain size and mass accumula-
tion rate of terrigenous materials from ODP1144, all show 
strong glacial-interglacial cyclicity (Wan et al. 2010). A 
similar pattern of cyclic change of clay minerals was seen in 
sediments at ODP 1145 (Boulay et al. 2005) and ODP1146 
(Liu et al. 2003). It is noteworthy that an opposing variation 
of East Asian summer monsoon intensity (Guo et al. 2000) 
and terrigenous flux and grain sizes at ODP Site 1144 (Wan 
et al. 2010) excludes the possibility that monsoon strength 
is the primary control on sediment delivery rates to the con-
tinental margin in this area. If monsoon is controlling ero-
sion rates on onshore, the sediment must be stored onshore 
before being redeposited into the deep sea. Thus, we con-
clude that bottom current deposition is highly dependent on 
sea-level fluctuations. In general, we suggest that the high 

accumulation-rate sediments results from the combined ac-
tions of both deep-water current and terrigenous supply.

4.2 Source Discriminations of Sediments
4.2.1 Implication from Clay Minerals

Sediments derived from various source rocks have dif-
ferent clay mineral assemblages, so it can be used to de-
termine the sediment provenance (Liu et al. 2003; Boulay 
et al. 2005; Lu et al. 2006; Wan et al. 2008). According to 
previous studies, terrigenous clastic sediments in northeast-
ern SCS were derived mainly from the Pearl River in south 
China, rivers in SW Taiwan, and rivers in Luzon (Liu et al. 
2010, 2013). Although eolian input from North Asia carried 
by the East Asian winter monsoon was also suggested as an 
important source for terrigenous sediments in northern SCS 
during some geological periods (Wang et al. 1999; Boulay 
et al. 2003; Tamburini et al. 2003), further investigation on 
clay mineralogy and the detrital mean grain size empha-
sized a significant contribution of river-borne terrigenous 
sediments to the northern SCS (Wan et al. 2007).

The data about clay mineral composition from relevant 
rivers has been collected (Table 2) and plotted in the ter-
nary diagram of smectite-kaolinite-(illite+chlorite) (Fig. 4). 
Figure 4 is the ternary diagram and shows that the clay min-
eral assemblages of both drilling cores are close to those 
from the Taiwan source and largely overlap with eastern NE 
SCS. Wan et al. (2010) have shown high-resolution records 
of clay minerals, grain size and mass accumulation rate of 
terrigenous materials from ODP1144 and proved that the 
primary source for sediments at ODP1144 since 3 Ma was 
from Taiwan. Moreover, seismic data revealed that there 
are large submarine canyons off the southwestern Taiwan 
which could efficiently transported terrestrial sediments 
from the inland of southwestern Taiwan to the northeastern 
SCS (Chuang and Yu 2002). A recent clay mineral study 
also indicated that Taiwan-sourced sediments could be 
transported westward to the northern slope (Liu et al. 2011). 
Based on the analysis and our results above, it is assumed 

Core 17940a ODP1144 17939 17938 17937 STD235 ZSQD289

Location 20°7.0’N, 
117°23’E

20°3.18’N, 
117°25.14’E

19°58.2’N, 
117°27.3’E

19°47.2’N, 
117°32.3’E

19°30’N, 
117°39.9’E

20°21.15’N, 
118°22.56’

20°52.03’N, 
119°52.31’E

Sed. thick (m) 8 7.5 4 2.6 2 2.8 2.9

Age (ka) 11.5 12.29 ~12 ~12 ~12 12.0 12.0

Av. sed. rate (cm ka-1) 70 61 33.3 21.6 16.6 27.0 25.8

Sed. thick (m) 13.3 46 12.8 11.5 11 8.55 8.46

Age (ka) ~40 40.1 ~40 ~40 ~40 19.7 34.6

Av. sed. rate (cm ka-1) 33.2 114.7 32 28.8 27.5 47.6 25.0

Table 3. Sedimentary rates of cores collected from the northeastern SCSa (for location of cores see Fig. 1).

Note: a: Data of 17940, 17939, 17938, 17937, and ODP 1144 from Shao et al. (2007).
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that the clay mineral of core STD235 and ZSQD289 might 
be largely derived from the sediment supply of SW Taiwan 
Rivers. However, our results did not exclude the contribu-
tion of sediment supply from Luzon arc to the study sites. 
Clay mineral results showed that the sediments in the core 
STD235 and ZSQD289 had higher content of smectite. 
According to previous research, high contents of smectite 
within the sediments of the northeastern SCS have been 
suggested to originate from Luzon arc (Liu et al. 2010). In 
addition, the bulk sediments may have other provenances 
because the sediment with different size in marine environ-
ments may have much variable sources and hydrodynamic 
sorting effects as well. Those indeterminate factors may af-
fect on discriminating the sediment provenance. Thus, fur-
ther research is needed to distinguish sources of sediment in 
northeastern SCS.

4.2.2 Implication from Organic Geochemical  
Characteristics

Despite evidence for substantial alteration during its 
sedimentation, organic matter retains considerable infor-
mation about its source and its depositional environment. 
The organic matter from terrestrial provenance is generally 
characterized by TOC/TN ratios > 12, δ13C values between 
-26 ~ -27‰ and δ15N values from -5 to -1‰. In contrast, the 
organic matter from marine provenance is generally char-
acterized by TOC/TN ratios of 4 - 10, δ13C values between 
-22 and -20‰ and δ15N values between 2 to 10‰ (Meyers 

1994; Martinelli et al. 1999). Thus, TOC/TN weight ratio, 
δ13C and δ15N values of bulk sediment are generally utilized 
as valid source indicators of sedimentary organic matter 
(Meyers 1997; Burnett et al. 2011).

δ15N values usually are not strong enough for identify-
ing the source of organic matters because the source signa-
ture of δ15N may be altered, associated with nitrogen iso-
tope fraction in the geochemical process such as nitrogen 
fixation, denitrification and degradation of organic matter. 
While studying nitrogen isotopes from clay-rich environ-
ments, one major concern is the potential influence of inor-
ganic nitrogen on the isotopic signature of the bulk sediment. 
To estimate this influence, data from both sites were plotted 
on a TN (wt %) vs. TOC (wt %) diagram, and the mean 
TN% contribution of inorganic nitrogen to the bulk sedi-
ments is estimated as the value at y-intercept for a cross-plot 
of TOC and TN (Figs. 5a and b) (Nijenhuis and de Lange 
2000; Arnaboldi and Meyers 2006). We perform statistical 
analysis and find TOC and TN is linear fitting for samples 
from ZSQD289 in both glacial and interglacial periods. 
That indicates the organic nitrogen in the site ZSQD289 
basically has the same resource with organic carbon, little 
affected by inorganic nitrogen. However, the positive y-
axis intercept for site STD235 samples during glacial period 
indicates that inorganic nitrogen may account for at least 
11% of the total nitrogen pool of these sediments. There-
fore inorganic nitrogen may have a great effect on the δ15N 
values of STD235 core in glacial period. But there is a lack 
of correlation between δ15N and TN for the whole record 

Fig. 4. Comparison of clay mineral assemblages among SW Taiwan, the Pearl River, Luzon, and the NE SCS. Data of SW Taiwan, the Pearl River, 
Luzon, and NE SCS from Liu et al. (2010). Inside the legend box, the numbers in the brackets represent the sample numbers used for the data 
compilations.
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(Figs. 5c and d), suggesting this inorganic enrichment is not 
a determined factor for the changing δ15N (Higginson et al. 
2003). If the isotopic signature of site STD235 has been in-
fluenced by adsorption of inorganic nitrogen during glacial 
period, low δ15N values should correspond to the low values 
of the TOC/TN ratios (Tamburini et al. 2003), which is not 
the case in Fig. 3a. In fact lower values of nitrogen isotopes 
during glacial period often coincide with higher TOC/TN 
ratios (Fig. 3a). This indicates that although inorganic ni-
trogen is present in sediments at site STD235 during glacial 
period, δ15N values bear information on the nature of the 
organic material.

The majority of depositional organic matters undergo 
no further diagenetic changes after burial, and the TOC/TN 
ratio in sediments is indicative of the source of deposition-
al organic matter (Meyers 1994, 1997; Hedges and Oades 
1997; Louchouarn et al. 1999). The TOC/TN ratios of the 
sediments at sites STD235 and ZSQS289 are on average 
8.3 and 8.1 respectively, falling into between the range of 
marine field defined by the Redfield Ratio and terrestrial 
field defined by Pearl River-derived source (Fig. 5). That 
suggests a mixture of terrestrial while with dominant marine 

sources. The TOC/TN ratios of sites STD235 and ZSQD289 
during interglacial period fall more closely to Redfield Ra-
tio (Redfield 1934), that indicates marine source may have 
dominant contribution to interglacial sediments whereas 
terrestrial supply increased in the glacial period, and the 
discrepancy between glacial and interglacial period at site 
STD235 is more remarkable. The discrepancy in the TOC/
TN ratios between the two sites may be correlated with the 
finding that sediments from site STD235 bear an important 
percentage of inorganic nitrogen during glacial period (see 
the above discussion). Modification of the carbon isotopic 
composition resulted from preferential decomposition of 
13C-enriched organic matters during transport, deposition 
and diagenesis has been reported, but generally small as 
< -2‰ (Marthur et al. 1992). Thus, the δ13C values may 
better reflect the organic sources than δ15N and TOC/TN 
ratios. The range of δ13C at site STD235 and ZSQD289 are 
-23.8 ~ -21.0 and -24.5 ~ -21.0‰ respectively, represent-
ing a mixture of organic source from terrestrial plants and 
marine algae.

Based on the discussion above, we further compare 
the δ13C and TOC/TN values of sedimentary organics from 

(a) (b)

(c) (d)

Fig. 5. Relationship between TOC% and TN%, δ15N and TN in the STD235 and ZSQD289 drilling sites during glacial and interglacial periods, com-
pared with marine field defined by Redfield Ratio and terrestrial source. (C/N)weight of Redfield Ratio is 5.7, (C/N)weight × 1.17 = (C/N)atomic (Redfield 
1934). (C/N)weight of Pearl River-derived terrestrial source is from Yang et al. (2011a).
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sites STD235 and ZSQD289 with the suspended particles of 
rivers and surface sediments from southwestern Taiwan off-
shore and China continent (Fig. 6). Such a comparison must 
take into account the difference of isotopic composition 
of atmospheric CO2 between Quaternary and present. The 
present isotopic composition of CO2 is 7.8‰ while the pre-
industrial value was about 1 - 1.5‰ heavier without signifi-
cant difference during geological times, except sharp varia-
tion at era boundaries (Schlanger et al. 1987; Shackleton 
1987; Marino and McElroy 1991; Eggleston et al. 2016).

Accordingly, corrective value of +1.5‰ has been ap-
plied to modern suspended particles and surface sediment or-
ganic isotopes in order to allow for a better comparison with 
SCS sediments (Fig. 6). The geochemical characteristics of 
both cores are similar to the sedimentary organic matters 
from southwestern Taiwan offshore. According to previous 
study, abundant terrigenous organic matters in northeastern 
SCS are from SW Taiwan Rivers, and a majority of those 
river-borne particles are exported away from the shelf and 
slope region and was transported directly into the deep-sea 
basin through submarine canyon (Hsu et al. 2014). Selvaraj 
et al. (2015) made use of the stable isotopic and biomarker 
evidence to research the terrigenous organics in deep sea 
off southwestern Taiwan, and also found rapid transport of 
terrigenous organic matter into the deep sea during tropic 
storms. Thus, it is possible that the sedimentary organic 
matter of site ZSQD289 in deep-sea basin is directly input 
from southwestern Taiwan submarine canyon. On the other 
hand, the sediments transportation is controlled by compli-

cated current system. Compared with the site ZSQD289, the 
core STD235 was more likely to be affected by deep water 
current according to prior analysis. Studies of pollen and 
foraminiferal δ13C distribution patterns also indicate that 
there are strong and extended water current via the Bashi 
Strait to SCS (Sun and Li 1999; Wang et al. 1999). There-
fore, it is inferred that SCS deep water current, probably 
originating a branch of the southward North Pacific deep 
water, intruded the SCS through the Bashi Strait and trans-
ported sedimentary organic matters from southern Taiwan 
to the site of STD235. Thus similar organic geochemical 
characteristics between the core STD235 and southwestern 
Taiwan offshore may indicate that the terrestrial organic 
matters supply from SW Taiwan have an important con-
tribution to our study site. However, it is noteworthy that 
different sediment erosion and depositional rate may also 
influence geochemical characteristics in the sediment or-
ganic matters. Because of lacking direct evidence, it is un-
able to exclude the fossil and petrogenic carbon sources. So 
the sedimentary organic matter in the study sites may be not 
only derived from Taiwan but from other sources, which is 
respecting for further research.

4.3 Organic Geochemical Information along Core  
Columns: Implication to Paleoenvironment

From the last glacial to Holocene was not a smooth 
transition from one climate state to another, but rather oc-
curred in a series of abrupt warming steps interrupted by 

(a) (b)

Fig. 6. δ13C and TOC/TN plots of STD235 (a) and ZSQD289 (b) cores, compared with C3, C4 plants, Taiwan and Pearl River sources. (Error bars 
showing the standard deviation; δ13C values of both cores were corrected by the difference between ancient and modern atmospheric CO2, see 
discussion in the text). Data of C3, C4 plants of Pearl River from Yu et al. (2010), and those of south Taiwan from Yang et al. (2011b); data of 
suspended/sedimentary organic matters (OMs) of Pearl River, and slope and shelf of northern SCS (NSCS) from Zhang et al. (2014), data of sus-
pended/sedimentary OMs in SW Taiwan rivers from Hilton et al. (2010), and SW Taiwan offshore from Hsu et al. (2014). Inside the legend box, 
the numbers in the brackets represent the sample numbers used for the data compilations.
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sudden shifts toward near-glacial conditions (Dansgaard et 
al. 1993). Thus, the high resolution sediment records dur-
ing this period can be used for precisely understanding the 
relationship between individual environmental variation in 
northeastern SCS and global climate change. Based on the 
high-resolution TOC, TOC/TN, and δ13C records with ac-
curate AMS14C and δ18O of planktonic foraminifera dating 
of the core STD235 and ZSQD289, this study reconstruct 
the paleoenvironment changes in terms of terrestrial input, 
marine authigenic productivity and monsoon evolution as 
well as abrupt climatic events during the past 30 ka in north-
eastern SCS.

4.3.1 Pre-Last Glacial Maximum (Pre-LGM)

Reconstruction of relative sea level suggested repeated 
transgression during MIS3 and the rapidly sea level drop-
ping by ~90 m after 30 ka BP (Lambeck and Chappell 2001). 
TOC/TN ratios during this time fluctuate obviously in higher 
value, and exhibit a weak positive correlation with decreased 

δ13C (Fig. 7), suggesting that terrestrial organic supply was 
somewhat enhanced. During Pre-LGM, the climatic condi-
tion was cold and relatively wet, as well as woodland was 
dominated and grasses generally in low abundance in Tai-
wan (Li et al. 2013). Although our data about herb pollen 
content show an increase of herbaceous plant, the percentage 
of woodland is still high, around in the range of 68 - 98%. 
Thus, the terrestrial organic supply is primary woodland dur-
ing this period (mostly C3 plants, the carbon isotope com-
position in the range of -37 to -20‰) (O’Leary 1988). The 
exposure of the continental shelf favored direct transfer of 
coastal and riverine sediments to the deep ocean following 
the sea level rapid falling by ~90 m, without distinct tempo-
rary storage or partial remineralization on shelves and thus 
showing a better burial efficiency. So the increased fluvial 
sediments supply and enhanced terrestrial depleted δ13C di-
lution caused the δ13C approaching to more negative values 
(Fig. 7). Low δ15N values during this period may coincide 
with a pronounced fall in sea level from fast ice build-up. 
Furthermore, it is reported that depleted δ15N in sediments 

Fig. 7. Site STD235 and ZSQD289 down core profiles of abundance in TOC and TN, TOC/TN weight ratios, δ13C and δ15N values in bulk sediment 
(the green and blue curve for STD235, the red and deep rose curve for ZSQD289), comparison with herb pollen content (a percentage of total herb 
and woodland pollen) of ZSQD289 (Yang et al. 2015) and the relative sea level (Lambeck and Chappell 2001; Lambeck et al. 2002).
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might represent increased nitrogen fixation (Biscaye et al. 
1997), and the enhanced nitrogen fixation was derived from 
flouring Trichodesmium during cooling MIS 3, as reflected 
in the reduced δ15N values in Fig. 7.

4.3.2 LGM

The time interval of 24 ~ 18 ka BP corresponds to 
the LGM. During this interval TOC and TN concentration 
gradually increase, but TOC/TN ratios are almost invariant 
except a few excursion. High TOC in deep-sea sediment 
during LGM has been found in the equatorial Atlantic, equa-
torial Pacific as well as low latitudes sea (Pedersen 1983; 
Lyle 1988; Sarnthein et al. 1988). The enhanced burial of 
organic carbon in glacial period sediments was interpreted 
as reflecting increased terrestrial organic matter input and 
the increased biological productivity accompanying intensi-
fied wind-driven upwelling, better burial and preservation 
under reduced oxygenation (Pedersen 1983; Bradtmiller et 
al. 2010). A higher dust supply by prevailing winter mon-
soon and intensified wind-driven upwelling could provide 
an additional increase of primary biomass production. In 
this study, the increased TOC and TN concentrations while 
almost invariant TOC/TN ratios may be the result of mark-
edly increased marine authigenic productivity, which may 
have offset the increased terrestrial organic input resulting 
from sea level falling during LGM.

Based on analysis of TOC, TN concentrations and 
TOC/TN ratios, the increased δ13C values during LGM  
(Fig. 7) may be correlated with elevated marine primary 
production. As atmospheric pCO2 was low during LGM, 
more CO2 dissolved in the ocean and higher oceanic pri-
mary productivity was achieved, as a result the values of 
δ13C increased by 2‰ at most in the records from SCS 
during glacial period (Kienast et al. 2001; Eggleston et al. 
2016). According to previous study on terrestrial vegetation 
of land areas adjacent to SCS, there was a greater extent of 
herbaceous vegetation (mostly C4 plants, the carbon isotope 
composition in the range of -14 to -9‰) and a recession of 
woodland with depleted δ13C during LGM (O’Leary 1988; 
Fairbanks 1989; Luo et al. 2005; Zhou et al. 2012). So the 
heterogeneous terrestrial vegetation may be an alternative 
explanation to the δ13C distribution features, as the pollen 
data also show an increased herbaceous contribution during 
this period compared to present shown in Fig. 7.

δ15N values have similar increased trend along with 
δ13C during LGM (Fig. 7). In the northern SCS, the entire 
upwelling nitrate was utilized on an annual basis, and as 
a consequence, this documented change in phytoplankton 
abundance and utilization did not evidently leave an isoto-
pic signature on the average annual δ15N value of particulate 
organic nitrogen (Altabet et al. 1995). If nitrate utilization 
was incomplete, then glacial increased dustiness would have 
been likely to cause the elevated δ15N due to preferential 

fractionation (Higginson et al. 2003).

4.3.3 Deglaciation

The time interval of 18 - 11 ka BP between LGM and 
Holocene corresponds to the deglaciation. Figure 7 illus-
trates in details a stepped response in TOC, TN and δ13C 
during deglaciation, which shows a strong correlation to sea 
level variation. The parameters of TOC and TN, as well as 
δ13C and δ15N are all sharply changed during 18 - 17.5 ka BP 
through a short transition to the deglaciation (in the core of 
ZSQD289, Fig. 7). And then they turned to higher values for 
the next 3 ka in both cores until around 14 ka BP, except for 
a few excursions which corresponded to the fluctuation of 
herb pollen content and sea level rising (Fig. 7). During 18 
- 11 ka BP, terrestrial supply decrease is reflected by TOC/
TN variations as a result of rapid sea level rising and win-
ter monsoon weakening. On the other hand, the herb pollen 
content in the core ZSQD289 sharply decreased during 15 - 
13 ka BP and then kept low values, corresponding with δ13C 
gradually decreasing since 15 ka BP, which might indicate 
the organic matter from woody plant increased. Meanwhile 
the data of pollen, δ13C and n-alkane-δD from Toushe basin 
also showed that C3 plant have occupied in central Taiwan 
at this time (Li et al. 2013).

There are total five obvious lower δ13C excursions re-
spectively corresponding to five higher TOC and TOC/TN 
excursions observed in STD235 sediments during 18 - 14.5 
ka BP (Fig. 7). Generally, a negative shift in δ13C concur-
rent with positive shifts in TOC and TOC/TN in sediments 
can be indicative of terrigenous organic increase (Das et al. 
2013). Shintani et al. (2011) examined terrestrial biomarkers 
such as n-alkanes and n-fatty acids and generated a record 
of TEX86-derived sea surface temperatures over the last 28 
ka for core MD97-2146 (near core 17940) from the northern 
SCS. The concentration of long-chain n-alkanes and n-fatty 
acids fluctuating in high values over 20 - 15 ka for core 
MD97-2146 also indicate the increase of terrigenous input 
at that time. The change in TEX86-derived sea surface tem-
perature at core MD97-2146 (near core 17940) correspond-
ing to the variation in Chinese stalagmite δ18O during degla-
ciation (Wang et al. 2002; Yuan et al. 2004; Shintani et al. 
2011) reflected atmospheric and oceanic reorganization on 
a millennial timescale in this period. A considerable change 
in terrestrial sediment delivery occurred at ~14 - 15 ka BP. 
Terrestrial organic matter was presumably supplied by en-
hanced aeolian transportation prior to ~14 - 15 ka BP. But 
the contribution from river discharge becoming more impor-
tant thereafter presumably due to intensified summer mon-
soon (Shintani et al. 2011). Five fluctuations of terrigenous 
input recorded in the core STD235 during deglaciation may 
be a regional response to that transition. Perhaps because of  
different sedimentary environment, however, the similar 
strong excursions are not distinctly observed in ZSQD289.
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4.3.4 Holocene

At sites STD235 and ZSQD289, TOC/TN ratios indi-
cate a low input of terrestrial organic material throughout 
the Holocene. Since around 14 ka BP, the contribution from 
river discharge become more important presumably due to 
intensified summer monsoon (Wang 1999; Shintani et al. 
2011). However, the flooded continental shelves due to high 
sea level caused by ice volume contraction would lengthen 
the distance between river mouth and deposition location. 
Consequently, less continental material would be deposited 
at our study sites. Therefore, low TOC/TN ratios during Ho-
locene may be correlated with high sea level accompanied 
by weak winter monsoon and enhanced summer monsoon. 
The enhanced carbon isotopic fractionation of phytoplank-
ton with increased atmospheric pCO2 may be the primary 
mechanism to determine δ13C during the Holocene (Kienast 
et al. 2001).

During Holocene, there existed a weak correlative 
relationship between the decreased δ15N values and the 
decreased δ18O in the Holocene (Fig. 3), which probably 
reflected a gradual intensification of summer monsoon pre-
cipitation. The gradual δ15N depletion trend was also re-
corded in the Holocene sediments at nearby cores ODP1144 
and 17940 (Kienast 2000; Higginson et al. 2003), implying 
a regional δ15N depletion during Holocene. Higginson et al. 
(2003) suggested that depleted δ15N values during Holocene 
likely result from an intensified local N fixation in surface 
water, and from the reduction of deep-water exchange with 
west pacific intermediate water. Similar δ15N distribution 
trend was also recorded in Santa Barbara basin and Mexican 
Margin sites (Emmer and Thunell 2000; Ganeshram et al. 
2000), indicating a global Holecene signature.

5. CONCLUSIONS

Since the last glacial period, the sedimentation rates 
of sites STD235 and ZSQD289 are characterized by higher 
rate in glacial than interglacial period, which is controlled 
by terrigenous input. Furthermore, STD235 site may be af-
fected by deep water current which is correlated to sea-level 
change and formed sedimentary drift with a high sedimen-
tation rate at times, while the core ZSQD289 may be less 
influenced by deep water current. In general, high accumu-
lation-rate sediments results from the combined actions of 
both deep-water current and terrigenous supply.

The clay mineral assemblages and organic geochemi-
cal characteristics of cores STD235 and ZSQD289 indicate 
that the terrestrial sediments from SW Taiwan make sig-
nificant contribution to both sites. On the other hand, or-
ganic geochemical characteristics show that the provenance 
of sedimentary organic matters is a mixture of marine and 
terrestrial sources. Moreover, it is possible that the sedimen-
tary organic matter of site ZSQD289 in deep-sea basin is di-

rectly input from southwestern Taiwan submarine canyon, 
while the sedimentary organic matter in the core STD235 
was probably transported by deep water current.

During Pre-LGM, high TOC/TN ratios and decreased 
δ13C values indicate that terrestrial organic supply is en-
hanced. Low δ15N values may be a signal of increased nitro-
gen fixation with cooling and coincided with a pronounced 
sea level fall. In the period of LGM, TOC, TN, δ13C, and 
δ15N values gradually increase, but TOC/TN ratios are al-
most invariant except for a few excursions, reflecting an 
increased marine primary biomass production. Between 18 
- 11 ka BP was a transition from LGM to Holocene, which 
is associated with a strong climatic fluctuation correlated to 
sea level variations. TOC/TN ratios and δ13C values gen-
erally present a decreased trend, indicating reduced terres-
trial organic supply and marine primary production due to 
rapid sea level rising and winter monsoon weakening. Sev-
eral abrupt climatic events may be regional response to the 
transition of climate and ocean system on a millennial tim-
escale during this period. The positive correlation between 
δ13C and TOC/TN ratios is observed during Holocene. Low 
TOC/TN ratios indicate reduced input of terrestrial organic 
material, and decreased δ13C is primarily constrained by 
carbon isotopic fractionation of enhanced phytoplankton.
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