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Abstract

The biogenic silica of sediment samples from Core CJ01-185 which is collected from the eastern India Ocean off
the Sunda Strait is analyzed to evaluate the impact of the opening of the Sunda Strait on a paleoproductivity
evolution. The new results indicate that the biogenic silica mass values of Core CJ01-185 show the lowest 0.86% in
the last glacial period, and reach its maxima of 1.89% in the late Holocene. Furthermore, the biogenic silica mass
accumulation rate (MARBSi) values also vary with much higher during the late Holocene than during the last
glaciation. The input of additional terrigenous materials from the Java Sea has enhanced the paleoproductivity
and increased the biogenic silica mass and MARBSi values after the opening of the Sunda Strait. It is suggested that
the paleoproductivity in the study area is mainly influenced by the southeast monsoon and upwelling before the
opening of the Sunda Strait. However, the paleoproductivity is dominated by the terrigenous materials input other
than by the southeast monsoon or upwelling in the Holocene.
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1  Introduction
Biogenic silica (BSi) which is mostly composed of siliceous

plankton (such as diatom, radiolarian and sponge spicule re-
mains), is a major biogenic component of marine sediments. Of
these groups of siliceous plankton, diatoms account for the most
BSi production. Diatoms are particularly in high-latitude areas
and along some continental margins, especially in upwelling
areas (De Wever et al., 2002; Karleskint et al., 2012). More than
40% of the global primary production is attributable to diatoms,
suggesting a close coupling of the ocean’s silica and carbon
cycles (Nelson et al., 1995). Therefore, changes in a BSi abund-
ance in sedimentary record is a potentially important paleopro-
ductivity proxy (DeMaster, 1991; Ragueneau et al., 1996; Rague-
neau et al., 2000).

The eastern Indian Ocean (EIO) is the important pathway of
heat transfer from the Western Pacific Warm Pool to the Indian
Ocean (Qu et al., 2005; Sprintall et al., 2014). The upwelling sys-

tem along the Sumatra-Java coast is associated with the mon-
soon climate (Fig.1). The upwelling-related high primary pro-
ductivity was a major control factor for the observed high carbon
and nitrogen contents of surface sediments off southeast Java
(Susanto et al., 2001) (Figs 2a and b).

In this study, we present a continuous, high-resolution re-
cord from Core CJ01-185 collected from eastern India Ocean off
the Sunda Strait, and now carried out the biogenic silica and the
biogenic silica flux over the past ca. 19 500 a. We attempt to seek
a correlation that may inherently exist between biogenic silica
and a paleoenvironment condition and the influence of the pa-
leoproductivity evolution before and after the opening of the
Sunda Strait.

2  Background of the study area
The Sunda Shelf between the Indonesian Archipelago and

Viet Nam, is one of the largest shelves and has a water depth of  

Foundation item: The National Programme on Global Change and Air-sea Interaction under contract Nos GASI-GEOGE-06-03 and
GASI-02-IND-CJ01; the China-Indonesia Joint Project under contract No. “BENTHIC”; the Third Institute of Oceanography, Ministry
of Natural Resources Research Grant under contract No. 2015015.
*Corresponding author, E-mail: xuyonghang@tio.org.cn
 

Acta Oceanol. Sin., 2019, Vol. 38, No. 1, P. 78–84

https://doi.org/10.1007/s13131-019-1372-z

http://www.hyxb.org.cn

E-mail: hyxbe@263.net



less than 70 m. The Sunda Shelf was exposed during the last gla-
cial maximum, when the sea level was approximately –130 m
lower than today (Hanebuth et al., 2000). With the increase in the
sea level, the Sunda Shelf was flooded because the water depth
increased to –20 m at 9.5 ka (Hanebuth et al., 2000, 2011; Se-
tiawan et al., 2015). The Sunda Strait connects the Java Sea and
the EIO (Fig. 1). The hydrologic conditions of the EIO were influ-
enced by warmer and low-salinity sea water, which is from the
Java Sea entered the EIO with the Indonesian Throughflow
through the Sunda Strait (Xu et al., 2008; Linsley et al., 2010). Se-
tiawan et al. (2015) proposed that the sea surface temperatures
increased approximately 1.7°C after the opening of the Sunda
Strait at approximately 10 ka.

The South Java current which is characterized by low salinity
and warm water generally flows eastward along the coasts of
Sumatra and Java (Sprintall et al., 2010). As the southeast mon-
soon strengthens, the South Java current turns to westward and
merges with the south equatorial current in september. Cool and
fresh water was transported into the Indian Ocean by the Indone-
sian throughflow (Gordon et al., 2003; Talley and Sprintall, 2005).
Gordon (2005) suggested that the upper water body structure and
the sea surface temperatures in the EIO were influenced by the
Indonesian Throughflow.

The southeast (Australian) and northwest (Indonesian) mon-
soons are important climate systems in the EIO. The southeast
monsoon is associated with a dry weather and little rainfall from
May to September (Fig. 2e). However, from November to March,
the northwest monsoon strengthens, carrying large amounts of
moisture to the Java region (Fig. 2e), which may be due to the
southward migration of the Intertropical Convergence Zone
(ITCZ) (Qu et al., 2005).

The upwelling along the Java-Sumatra Indian Ocean coasts is
a response to regional winds associated with the monsoon cli-
mate. Susanto et al. (2001) suggested that the upwelling with a
low sea surface temperature and a high salinity was most intense
southern of Java in July and southwest of Sumatra in October
(Figs 2c and d). The eastern Indian Ocean is significantly influ-
enced by the ENSO. A significant interannual variability of the
Java-Sumatra upwelling is also linked to the ENSO through the
Indonesian throughflow. During El Niño (La Niña), the ITF car-

ries colder (warmer) water shallowing (deepening) thermocline
depth and enhancing (reducing) upwelling strength (Susanto et
al., 2001).

3  Samples and analytical methods
A sediment Core CJ01-185 was collected from off the Sunda

Strait (7°1′17.28″S, 105°6′11.27″E, 1 538 m water depth, core
length 300 cm) with R/V GEOMARIN III in 2014 (Fig. 1). There
are two tephra layers (3–5 and 47–55 cm layers) in this sediment
core (Xu et al., 2017). The sand content in this core is about 3%,
and the silt content is 74%, the clay content is 23% (Xu et al.,
2017) (Fig. 3). The silt content has significantly increase since 4.2 ka,
and mean grain size also increases (Fig. 3).

Core CJ01-185 was sampled every 1 cm, and 91 samples for
BSi analyses. Dissolved silica in the extractions was determined
using a molybdate blue spectrophotometric method (Mortlock
and Froelich, 1989). Samples were dried and ground to 200 mesh
in an agate grinder. Then, about 130 mg of sediment was put into
a 50 mL polypropylene centrifuge tube; 1 mol/L HCl and 10%
H2O2 were added to remove the carbonate and organics, and
then 2 mol/L Na2CO3 solution was added, and the sample placed
in a water bath preheated to 85°C. After that, 125 μL of the super-
natant was taken after 1, 2, 3, 4, 5 and 6 h of centrifugation. More
detail could be seen in Wang et al. (2014). The mass percent of
extracted silica was plotted versus time, and the extrapolated in-
tercept equals the BSi content of the sample (DeMaster, 1981).
The precision of BSi content was better than ±3%. The analyses of
BSi content were carried out in the Ocean University of China.

The calculation of BSi mass accumulation rates [MARBSi,
g/(cm2·ka)] for the productivity proxies used linear sedimenta-
tion rates (LSR, cm/ka) and a dry bulk density (ρ) as follows: MARBSi=
X×ρ×LSR (Schoepfer et al., 2015). An age model of core CJ01-185
has previously been studied by Xu et al. (2017). We also collected
the data of the dry bulk density, grain size and TOC content val-
ues (Xu et al., 2017) to present the paleoproductivity evolution.

4  Results
The BSi values of core CJ01-185 show lowest in the last glacial

period, and increased from bottom upward (Fig. 3). On the basis
of variations in the BSi content, we subdivided core into three
units: the average BSi value is 0.86% in Unit 1 (19.5–10 ka), the av-
erage value is 1.48% in Unit 2 (10–4.2 ka) and 1.89% in Unit 3 (4.2 ka
to present) (Figs 3 and 4).

The MARBSi over the past ca. 20 ka also increased from bot-
tom upward. The MARBSi were lower than 5 g/(cm2·ka) between
ca.11 and 20 ka. From ca. 11 ka to 3.5 ka, the MARBSi increased
gradually, and reached its higher value of 20 g/(cm2·ka). During
the episode of ca 3.5 ka to 2.0 ka, the MARBSi reached its highest
value with an average of 56 g/(cm2·ka). The MARBSi fluctuated
within a narrow range of 20.9 to 25.7 g/(cm2·ka) from ca. 2 ka to
present.

5  Discussion
The content of BSi is significantly affected by the sediment

grain size, similar to other elements, such as organic carbon con-
tent (Bergamaschi et al., 1997; Lin et al., 2002; Wang et al., 2009).
For example, the coarse grain fractions could dilution effects to
BSi concentrations (Bernárdez et al., 2005). Wang et al. (2014)
observed the BSi contents of different size fractions varied signi-
ficantly in the East China Sea, with the mean grain size less than
16 μm, which is approximately 1.1 to 1.8 times that in bulk sedi-
ments. To limit the influence of the grain size, Bernárdez et al.
(2005) suggested using BSi from the muddy fraction as an accur-
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Fig. 1.     Position of Core CJ01-185 (1, black star) with oceano-
graphic currents (solid arrows). Location of Core GeoB 10042-1
(2) and GeoB 10043-3 (3) (Setiawan et al.,  2015), Core SO139-
74KL (4, Lückge et al., 2009), Core GeoB 10038-4 (5, Romero et
al., 2012), Core BAR9442 (6, Gingele et al., 2002), Core BAR9403
(7, Murgese et al., 2008). ITF represents Indonesian Throughflow,
SEC South Equatorial Current and SJC South Java Current.

  Xu Yonghang et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 1, P. 78–84 79



ate paleoproductivity proxy. The mean grain size of Core CJ01-
185 ranges from 5.54 to 12.2 μm, with an average of 8.57 μm,
which is muddy fraction characteristic. In many cases, the BSi
and TOC contents decrease with the increasing of the grain size.
However, the BSi and TOC contents of Core CJ01-185 have signi-
ficantly increased since 4.2 ka, accompanied by an increase in
the mean grain size. Moreover, there are no correlation between
BSi content and the mean grain size (Fig. 4), allowing us to use
BSi content to as an important paleoproductivity proxy.

Our study reveals that the BSi content and MARBSi in Unit 1
gradually increased from the last glacial period to the early Holo-
cene (Figs 3 and 5). The trends in the TOC and BSi generally
compare well (Figs 5a and b). The Globigerina bulloides content

could be used as a proxy for the southeast monsoon and the up-
welling intensity (Mohtadi et al., 2011). From the last Glacial
Maximum to early Holocene, the high percentage (~30%) of
Globigerina bulloides off Java Island was caused by strengthen-
ing of the southeast monsoon and upwelling (Fig. 5g) (Mohtadi et
al., 2011). Furthermore, greater differences (Δδ18O) implied an
intensified southeast monsoon and stronger upwelling during
the early Holocene (Fig. 5g). The content of Globigerina bulloides
also increased significantly in the BAR 9442 core during the peri-
od of 17–8 ka (Zhao and Ding, 2011). The total cyst concentra-
tions and O. centrocarpum content in core BAR 9403 show an in-
crease from 20 to 10 ka (Fig. 5e).

The BSi content in Unit 2 shows a rapid enrichment to an av-
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Fig. 2.   Monsoon, average rainfall and upwelling in the EIO. Diatom (a) and organic carbon fluxes (b) are averaged for the sampling
period between November 2000 and July 2003 at the JAM site off southern Java (Romero et al., 2009). Sea surface temperatures (c) and
salinity (d) in the study region data from Levitus and Boyer (1994); average rainfall (e) of 214 months between 1951 and 1976 at
weather station Batu Raja (Lückge et al., 2009).
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erage of 1.48% that is simultaneous with an increase in the MARBSi

and the TOC values. These increases reflect higher paleopro-
ductivity off the Sunda Strait. The maxima total diatom concen-
tration of Core GeoB 10038-4 from the late deglaciation into the
Holocene was also reported (Romero et al., 2012). Furthmore, the
covariation of the total diatom concentration corresponds well
with the seasonal monsoon and the strengthening and weaken-
ing phases of upwelling along the southern coast of Sumatra.
These suggest a direct response of the diatom productivity and
the upwelling intensity to the boreal summer insolation (Romero
et al., 2012). Other scholars have also reported that the higher pa-
leoproductivity in the Holocene than that in the late glacial peri-
od according organic carbon in Core SO139-74KL outside the
Sunda Strait (Lückge et al., 2009).

The southeast monsoon was associated with the summer in-
solation (Figs 5g and i), and the strongest southeast monsoon
was in response to the strongest insolation during the early Holo-
cene (Mohtadi et al., 2011). The southeast monsoon has gradu-

ally weakened since the early Holocene (Fig. 5g), thereby leading
to decreased upwelling and paleoproductivity off southern Java
(Mohtadi et al., 2011). The total diatom concentration of Core
GeoB 10038-4 decreased from the late Holocene (Romero et al.,
2012). These declines reflect that the diatom paleoproductivity is
lower during the late Holocene on southern coast of Sumatra.
However, the BSi and MARBSi of Core CJ01-185 reached their
maxima in Unit 3 during the late Holocene. In addition, the G.
bulloides δ18O and the total cyst concentrations in core BAR 9403
reached maximum in the late Holocene (Figs 5d and e). The G.
bulloides δ18O value of nearby core GeoB 10042-1 and GeoB
10043-3 also indicated the higher paleoproductivity in the late
Holocene off the Sunda Strait (Setiawan et al., 2015).

The good correspondence between paleoproductivity and the
solar insolation during the past 300 a in the EIO region is similar
to seasonal upwelling off Sumatra and Java (Lückge et al., 2009).
However, the paleoproductivity evolution in our study is not in
agreement with variations in the solar insolation at a precession-
al frequency. On the basis of the maxima of the BSi and MARBSi

from 4.2 ka to present, we speculate that the influx of terrigenous
materials during the late Holocene might have acted as an addi-
tional source of nutrients delivered to the uppermost water
column overlying Site CJ01-185. Our interpretation is also sup-
ported by the similar trends in global sea level variations (Fig. 5j)
and the mean grain size at CJ01-185 (Xu et al., 2017). The mean
grain size had been increased since the 4.2 ka (Fig. 3), which in-
dicate that the input of terrigenous materials increased due to the
monsoon rainfall. Although the southeast monsoon was relat-
ively weakest, the northwest monsoon has strongest rainfall dur-
ing the late Holocene (Mohtadi et al., 2011). Murgese et al. (2008)
also suggested that the increasing presence of coastal species in
Core BAR 9403 since 12 ka represented increased precipitation,
river runoff and sediment discharge at sea.

The inputs of additional terrigenous nutrients from the Java
Sea have enhanced paleoproductivity (Setiawan et al., 2015), al-
though the southeast monsoon and the upwelling became weak-
en during the middle-late Holocene (Fig. 5g). The changes in the
MARBSi, as well as the BSi and TOC contents in Holocene suggest
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Fig. 3.   Downcore variations of grain size populations and mean grain size, BSi content, TOC content, and mass accumulation rates of
Core CJ01-185.
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increased paleoproductivity associated with additional input of
terrigenous materials. Owing to the southward migration of the
Intertropical Convergence Zone, the large amounts of moisture
were carried to the EIO and caused heavy rainfall over the region
during the northwest monsoon season (Qu et al., 2005). Fuku-
moto et al. (2015) proposed that the wettest climate from 3.1 ka
BP to the present may reflect increased importance of an austral
hemisphere atmospheric convection and subsequent southerly
position of the Intertropical Convergence Zone at austral sum-
mer time. Therefore, we suggest that the changes in the BSi in
late Holocene document the rise in the terrigenous inputs, trig-
gering the dramatic increase in clastic sedimentation as well as
increased nutrient loading and aquatic primary productivity. The
variations of paleoproductivity in Core CJ01-185 during the early
Holocene were influenced by the opening of the Sunda Strait at
approximately 10 ka. The sedimentation rates recorded in sedi-
ments of Core CJ01-185 increased significantly from 6.5 cm/ka
during the last glacial period to 20 cm/ka in the Holocene (Xu et
al., 2017), which could be associated to the additional input of
terrigenous nutrients from the Java Sea into the EIO after the
opening of the Sunda Strait at approximately 10 ka. Terrigenous
materials with high kaolinite content from the Java Sea were
transported into the EIO through the Sunda Strait during the
Holocene (Gingele et al., 2002). Mohtadi et al. (2011) indicated
that the opening of the Sunda Strait at approximately 10 ka was a
major control on paleoproductivity records, as the fresher Java
Sea waters and the resulting freshwater cap introduced into the
eastern tropical Indian Ocean reduced local upwelling intensity
during the Holocene. Murgese et al. (2008) did not identify obvi-
ous and persistent upwelling conditions offshore Sumatra for the
last 35 000 a.

6  Conclusions
The 20 000 a record of the biogenic silica flux from the east-

ern India Ocean off the Sunda Strait reflects changes in the
primary productivity and provides information regarding
changes of the paleoproductivity evolution before and after the
opening of the Sunda Strait. The BSi content of Core CJ01-185
showed lowest 0.86% in the last glacial period, and reached its
higher value of 1.89% in the late Holocene. Furthermore, the
MARBSi values also varied with much higher during the late Holo-
cene than during the last glacial period. The paleoproductivity in
the study area was dominated by the southeast monsoon and the
upwelling before the opening of the Sunda Strait. However, the
paleoproductivity was mainly controlled by the terrigenous ma-
terials input after the opening of the Sunda Strait, and the effects
of the southeast monsoon and the upwelling were relatively
weak.
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