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ABSTRACT: Field observations were carried out in the East China Sea (ECS) in October 2000, May
2001 and April–May 2002. Biogenic silica (BSi) in core sediments, sediment traps, and suspended
particulate matter (SPM) was measured; silicate profiles in pore waters were examined. The concentration of BSi in SPM was high in coastal areas. The content of BSi in ECS sediments is less than 1%,
as the result of tremendous riverine input of terrigenous weathered materials. For the ECS Shelf, the
dissolution of BSi in sediment cores is important to maintain high levels of silicate in the water column, supporting prolific primary production by diatoms. BSi burial efficiencies, that is, the silica
accumulation rate divided by the sum of the silica accumulation rate and the benthic silicate flux, are
estimated to be 36 to 97%, higher than in the Equatorial Pacific Ocean and higher than the global
ocean average. BSi regeneration efficiency, that is, the ratio of BSi vertical flux minus the BSi accumulation rate relative to BSi vertical flux, is ca. 80% for the ECS. A silica budget was established for
the ECS shelf, and the model output shows that major silicate input comes from the Kuroshio,
followed by silicate from the riverine inflow and the Taiwan Strait. About 75% of gross BSi production dissolves in the water column over the ECS Shelf.
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The biogenic silica (BSi) record in marine sediments
acts as a potential proxy for oceanic changes and has a
close link to the carbon cycle (Rabouille et al. 1997,
Pondaven et al. 2000, Ragueneau et al. 2000, Tréguer &
Pondaven 2000, Bárcena et al. 2002). BSi is preferentially transported over organic carbon throughout the
water column and preserved in sediments; it has been
used to reconstruct past production of surface waters
(Nelson et al. 2002, Romero & Hebbeln 2003). However, lateral advection of water masses, sediment
redistribution and spatial variations in the preservation
of silica frustules affect the signature produced in the
water column and its burial in marine sediments.
Because of spatial variations in BSi preservation, and
coupling/uncoupling between Si and C in marine bio-

geochemical cycles, calibration of the BSi proxy in the
modern ocean is required, which requires a full understanding of the mechanisms that control the Si cycle
(Ragueneau et al. 2000).
In coastal environment, the BSi record in core sediments provides evidence of eutrophication, for example, in the Mississippi Delta (Turner & Rabalais 1994).
It has been shown that the ratio of plant nutrients and
availability of silicate control both the silica productivity and the phytoplankton species composition (Nelson
& Goering 1978, Conley et al. 1993). Silicon limitation
in marine systems has been examined in a variety of
marine environments (e.g. Brzezinski & Nelson 1989,
1996, Nelson et al. 2001). Benthic regeneration of dissolved silica is known to be an important source in supporting the production of diatoms, e.g. in the Ross Sea
(Nelson et al. 1996). Perturbations in the silica cycle
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observed in many freshwater and coastal marine systems may have far-reaching repercussions on the food
webs and trophic structure of aquatic systems (Conley
et al. 1993). Therefore, there has been an increase in
studies focusing on the Si cycle over the last 2 decades
(Ragueneau et al. 2000, Schlüter & Sauter 2000, DeMaster 2002, Nelson et al. 2002); data for the Si cycle in
China’s seas are scarce, however.
The East China Sea (ECS) consists of a broad continental shelf and the Okinawa Trough, and it receives
tremendous river runoff, notably from the Changjiang
(Yangtze River). The ECS is characterized by high tidal
energy, very high sediment supply, and frequent storm
events that produce resuspension of sediments (Huh &
Su 1999). The Changjiang plume dispersal is primarily
southward in winter and northeastward in summer (Lee
& Chao 2003). The Kuroshio flows northeastward along
the margin of the continental shelf. Extensive exchange
of water and nutrients between the ECS and the
Kuroshio occurs across the shelf-break region through
upwelling and frontal processes (Liu et al. 2000). The
sub-surface Kuroshio waters upwell across the slope,
reaching as far as the offshore area of the Changjiang
Estuary, known as part of the Taiwan Warm Current,
showing important variation in time and space (Lin et
al. 1999, Liu et al. 2000). The Taiwan Warm Current is
composed of waters from the northward flow through
the Taiwan Strait and shelf-intrusion waters from the
Kuroshio in the area north of Taiwan. It occupies the
southern part of the ECS and has relative low nutrient
concentrations as compared to Kuroshio’s sub-surface
waters and riverine runoff (Gong et al. 1996).
The shelf area of the ECS is considered to be a net
sink for atmospheric CO2 (Wang et al. 2000). The
Changjiang Estuary and its adjacent coastal environment have frequent harmful algal blooms (HABs) due
to tremendous input of nutrients from the land. The
number of HABs has increased dramatically since the
1990s. The most important HAB species in this area
include Noctiluca scintillans and Skeletonema costatum (Zhu et al. 1997), which can give rise to hypoxia
and/or anoxia in marine ecosystems (GEOHAB 2001).
Moreover, large-scale (ca. 103 to 104 km2) blooms of
Prorocentrum dentatum have been identified in the
region adjacent to the Changjiang Estuary in the
period from 2000 to 2003 (Wang & Huang 2003).
Knowledge of the origin and fate of BSi in ECS is relevant to the understanding of the population dynamics
and community function. It was reported that the riverine flux of dissolved silica has decreased, but those of
dissolved inorganic nitrogen and phosphate have increased in the Changjiang, leading to decreasing Si:N
and Si:P ratios in the adjacent coastal waters, with potential silica limitation of diatom growth (Li & Cheng 2001).
The Si:N ratios in the Changjiang may decrease in the

near future, which will influence the ecosystem in the
adjacent coastal environment after the construction of
the Three Gorges Dam is completed (Liu et al. 2003a).
In the present study, BSi was measured in suspended
particulate matter (SPM), samples from sediment traps,
and sediment samples; dissolved silica was measured
in pore waters. This work was conducted to (1) understand the BSi distribution in the ECS; (2) establish the
relationships of BSi with primary production; and
(3) evaluate the ecological significance of BSi in the
nutrient dynamics of ECS.

MATERIALS AND METHODS
Sampling. Field observations were carried out in
October 2000, May 2001 and April–May 2002. Water
samples were taken at 3 depths (surface, intermediate
and near-bottom) for BSi and dissolved silicate analyses in 2002. The data for the amount of dissolved silicate in the water column from the 2002 cruise have
already been published (Han et al. 2003). SPM was collected by filtering water samples through pre-cleaned
and pre-weighed 0.45 μm pore-size acetate cellulose
filters. Core sediments were carefully collected to
avoid resuspension of bottom sediments by a multicorer having 4 sub-tubes with an inner diameter of
9 cm and a length of 61 cm at Stns E3, E4 and E6 in
2000, Stns E4, E5 and E6 in 2001, and Stns DB6, DC10
and D34 in 2002 (Fig. 1). The core sediments were sectioned at 0.5 to 5 cm intervals in nitrogen gas. Samples
for the analysis of silicate concentration in the bottom
waters were taken from the multi-corer by drawing
water from 5 cm above the undisturbed sediment –
water interface. The pore waters were extracted from
sediments by centrifuging at 4000 rpm (3790 × g) for
15 min and filtered through pre-cleaned 0.45 μm poresize ace-tate cellulose filters. Water content of the sediments was estimated by the change in weight before
and after freeze-drying. The deposition flux of biogenic materials was estimated by measurement of BSi,
organic carbon and nitrogen from 4 sediment traps set
up below the euphotic zone, but above the bottom turbid layer. Each trap was sampled for 1 to 2 d in the
2002 cruise (Stns T1 to T4; Stn T1: 29° 42.107’ N,
122° 21.93’ E, Stns T2 to T4: between 30° 45.373’ N,
122° 25.809’ E and 30° 49.068’ N, 122° 37.027’ E; depths
of deployment: 9, 10, 24 and 11 m which were 3, 4, 9
and 5 m above the seabed at Stns T1 to T4, respectively). Each sediment trap was made of polyvinylchloride cylinders, having an opening with a diameter of
14.6 cm and length of 59 cm, with a polyvinylchloride
baffle consisting of cells 1.7 cm2 and 4 cm deep to
reduce turbulence and the unwanted capture of large
swimmers. A 450 ml polyethylene sample bottle was
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Fig. 1. (a) Geographic location of the
study area, including locations referred
to throughout the text. The circulation
regime of the East China Sea (ECS) is
also sketched, with the main oceanic and
coastal currents flowing into the area
(Kuroshio, Taiwan Warm Current [TWC],
Tsushima Current [TC]). Isobaths are
also shown. (b) Sampling stations in
April–May 2002. (c) Sampling stations in
both October 2000 and May 2001. The
small solid points represent grid stations
where water samples were collected and
filtered for SPM; the positions of the
core sediment stations are also indicated

attached to the bottom of each cylinder with screw
threads. The receiving bottles were filled with filtered
seawater and HgCl2 (2.0 × 10– 3 v/v)to prevent bacterial
decomposition/degradation of settled particles in deployment. On recovery of the traps, particles were
collected on pre-weighed 0.45 μm poresize acetate cellulose filters and precombusted, pre-weighed What-

man GF/F filters. Swimmers which were visible to the
naked eye were carefully removed by hand, using a
pair of fine-tip tweezers. The filters were freeze-dried.
Sediment –water flux incubation. The exchange flux
of nutrients at the sediment –water interface was determined by incubating the core sediments with filtered
overlying seawater, and the core-sediment tubes were
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RESULTS AND DISCUSSION
placed in a water bath in darkness (Liu et al. 2003b).
The overlying water was continuously bubbled with
BSi in the SPM
air to maintain saturation of dissolved oxygen in aerobic conditions. Water samples were taken using plastic
BSi concentrations in 2002 surface waters varied
syringes from core tubes at 5 to 12 h intervals over a
between 0.21 and 2.76 μM, with an average ± SD (here
period of 50 h. The change in composition of the overand throughout) of 1.3 ± 0.98 μM. The highest concenlying water was used to estimate the net solute
trations of BSi were observed in coastal areas (Fig. 2),
exchange across the sediment –water interface.
which were affected by abundant terrestrial sediment
Chemical analyses. The BSi of particles from sediment
discharge from the Changjiang, as in the Bay of Bengal
traps and bottom sediments was analyzed using the al(Gupta & Sarma 1997). Although concentrations of BSi
kaline leaching method of Mortlock & Froelich (1989),
in the Changjiang have not been measured, significant
together with the determination of the slope for mineral
concentrations of BSi — ranging from 2.7 ± 0.52 to 74 ±
correction (DeMaster 1981) (cf. Liu et al. 2002). Briefly,
17.6 μM, with an average of 28 μM — are found in
BSi was dissolved in 2 M Na2CO3 at 85°C. The extracted
other world rivers, including the Amazon, Connecticut,
solution was centrifuged (3790 × g) and the supernatant
Danube, Rhine, Mississippi, Lena, and Congo (Conley
was used to determine dissolved silica. The coefficient of
1997). BSi concentrations in the Yongjiang, which
variation (CV) for 5 parallel extractions was 1.9%. Four
empties into the Hangzhou Bay, were 1.7 ± 0.36 μM
sediment samples provided by D. J. Conley for inter-lab(authors’ unpubl. data). Biogenic opal produced by
oratory comparison (Conley 1998) were measured in this
vascular plants, diatoms, and siliceous sponges has
study and compared well with recommended values. BSi
been found in soils and terrestrial sediments of contiin SPM was analyzed by leaching with 5% Na2CO3 at
nents, with opal ranging from 2% to more than 5%,
100°C for 100 min; Al measurement was also taken for
except in the Antarctica (Clarke 2003). This can partly
mineral correction (Kamatani & Takano 1984). Silicate in
explain the high content of BSi near the coast, where
the leaching solution was analyzed by the molybdateSPM was high. Elevated concentrations of BSi in the
blue spectrophotometric method (Mortlock & Froelich
Changjiang Estuary are also related to the strong ver1989), and dissolved aluminum by the fluorimetric
tical mixing that conveys diatom cells upward from the
method of Ren et al. (2001). The CV for BSi measurement
near-bottom and/or sediments back to euphotic surin SPM samples was better than 10%.
face waters. The Secchi depth was ~1 m adjacent to the
The BSi measurement method for sediment traps
Changjiang Estuary, which means that the euphotic
and core sediments was not used for SPM samples,
layer is only ca. 3 m deep (1% light level corresponds
because the appropriate solid-to-solution ratio for the
to 2.7 × Secchi depth). Silica production extending to
sediment should be 1 to 5 g l–1 (i.e. 40 to 200 mg solid
depths greater than that where there is 1% of light
to 40 ml solution for 8 h leaching; Liu et al. 2002). The
radiation has been reported in most coastal environlevel for most of the SPM samples, however, was
ments (cf. Brzezinski & Nelson 1989). Abundant nutri≤30 mg. Ragueneau and co-workers performed several
alkaline digestion comparisons (0.2, 0.5
and 1 M NaOH, 1, 2 and 5% Na2CO3)
and reached consistent BSi results
(Ragueneau et al. 2001).
The silicate of water samples was analyzed using an autoanalyzer (Model:
Skalar SANplus) giving a precision of 1 to
5%. Particulate organic carbon (POC)
and nitrogen (PON) were determined for
core-sediment samples from Stns
DC10, DB6, D34, E4 and the sedimenttrap samples using an Elemental Analyzer (Model: Vario EL III), after removal
of carbonates. The precision was < 5 to
10%, as estimated by repeated analyses.
To compare BSi levels between and
within analytical replicates, a 1-factor
analysis of variance (ANOVA) technique
was used to process the data at the p =
0.05 probability level (Morgan 1991).
Fig. 2. Horizontal distributions of BSi in surface and near-bottom waters in 2002 (μM)
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BSi in the core sediments and sediment traps
BSi varied from 0.2 to 0.82% in core sediments. The
variation of BSi at different depths for a given sediment
core and the differences of BSi between stations were
both significant at the 95% confidence level, based on
the application of ANOVA (Morgan 1991). High concentrations of BSi were observed at Stns DC10, D34,
E4 and E5, while low BSi concentrations were found at
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ent supply, shallow water depth and strong vertical
mixing are prerequisites for the success of large
diatoms in estuarine environments (cf. Heiskanen &
Keck 1996). It has been reported that freshwater
diatoms contain 10 times more silica per cell volume
than marine diatoms (Conley et al. 1989). In addition,
diatoms are abundant in the surface sediments of
coastal areas, including freshwater species (Kim 1992).
BSi increased with depth, varying from 0.26 to
5.10 μM, with an average of 1.9 ± 1.63 μM, in the intermediate layer and 1.47 to 9.19 μM, with an average of
3.2 ± 2.08 μM, in the bottom waters (Fig. 2). High concentrations of BSi in near-bottom waters are presumably due to high sedimentation rates and resuspension
of bottom sediments.
Planktonic diatoms are abundant in the study areas,
with Pseudo-nitzschia delicatissma, P. pungens, and
Melosira sulcata being the dominant species (Gao et
al. 2003, Zhu et al. 2003). Phytoplankton abundance
was low (< 5 × 103 cells l– 3) in the coastal areas, where
the SPM was high (>100 mg l–1), and the dominant species are Paralia sulcata and Coscinodiscus jonesianus
(Zhu et al. 2003). The distribution of chlorophyll (chl) a
during the 2002 cruise was different from that of BSi, in
that the chl a content was high near 123° E, but low in
the surface layer of the coastal areas (Zhou et al. 2003).
This is probably caused by the fact that only a small
amount of BSi was bound to identifiable diatom cells in
the river plume, while a large fraction of the remaining
BSi consisted of disintegrated diatom cells.
The concentrations of silicate during the 2002 cruise
showed higher values in the coastal areas than offshore areas, especially in surface waters, owing to high
freshwater discharge from the Changjiang, and the silicate levels were higher at the near-bottom than in surface waters due to resuspension of sediments (Han et
al. 2003). In summary, the distribution of BSi is closely
related to that of silicate, and the silica kinetics associated with SPM is a factor affecting the distribution of
BSi in coastal areas. Compared with the BSi content of
settling particulate matter at an open-shelf station further offshore in the ECS (e.g. Iseki et al. 2003), the BSi
content showed a significant gradient from the coast to
the shelf edge and the Okinawa Trough.

E4 (2000-10)

Fig. 3. BSi in core sediments sampled at 7 stations (see Fig. 1)
in October 2000, May 2001 and April–May 2002
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diatom growth and enhance nitrate
uptake in coastal areas, but limited
0
0
increase in silica uptake leads to rapid
5
dissolution of BSi (Boyle 1998). The dif2
ferences between BSi levels before and
10
after incubation with air and/or nitro15
4
gen at Stn DC10 are insignificant at the
20
95% confidence level; the change in
6
25
BSi was limited for a 50 h incubation in
30
8
the coastal environment.
35
POC and PON ranged from 0.1 to
D34 (2002-5)
DB6 (2002-4)
10
40
0.5% and from 0.02 to 0.08% in sediBSi
POC
PON
BSi
POC
PON
ments, respectively, with lower values at
Stn DB6 relative to other sites (Fig. 4).
Contents (%)
Contents (%)
0
0.2 0.4 0.6 0.8
1
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The difference in POC and PON with
0
0
depth in each sediment core was signifi5
cant at the 95% confidence level. The
10
10
range of individual atomic ratios was
15
0.47 to 0.95 for BSi/POC and 8.2 to 9.2 for
20
20
POC/PON, while the average ratios —
25
30
obtained from the slopes of BSi versus
30
POC and POC versus PON — were 0.26
35
40
and 8.15, respectively. The BSi/POC
40
atomic ratios in this study are higher than
50
45
the silicon and carbon production ratio of
DC10 (2002-4)
E4 (2000-10)
50
0.1 reported in the North Pacific Ocean
BSi
POC
PON
BSi
POC
PON
(Pondaven et al. 1999).
BSi in sediment-trap samples varied
Fig. 4. POC and PON in core sediments sampled at 4 stations (see Fig. 1) in
between
0.63 and 0.82%. The POC
October 2000 and April–May 2002. BSi is shown for comparison
and PON contents were 0.64 to 1.58%
and 0.09 to 0.31%, respectively. BSi,
Stns E3, E6 and DB6 (Fig. 3). Field observations at Stns
POC and PON were higher in particles from sediE3, E6 and DB6 showed the bottom sediments conment traps than in the bottom sediments. The estisisted of silt and sand, with considerable shell fragmated BSi deposition flux ranged from 17.9 to
85.5 mmol m–2 d–1, with an average of 42 ± 37.5 mmol
ments (e.g. DB6). Accordingly, the pigment content
(e.g. chl a plus pheo-pigments) was higher at Stns E4,
m–2 d–1. This is higher than in the equatorial Pacific
E5 and DC10 than that at Stns E3, E6 and DB6
Ocean (Ragueneau et al. 2000). The corresponding
(authors’ unpubl. data). The variations of BSi within a
deposition fluxes of POC and PON were 48.8 to 288
given core are probably related to changes in primary
and 6.16 to 35.6 mmol m–2 d–1, with averages of 158 ±
104 and 21 ± 12.3 mmol m–2 d–1, respectively. The
production and resuspension of bottom sediments. No
obvious trend with depth was observed in core sediBSi:POC and POC:PON atomic ratios were 0.22 to
ments, except at Stns DC10, E5 and, to a lesser extent,
0.45 and 5.97 to 7.94, respectively, for sediment-trap
D34.
samples; these values were slightly lower than those
The BSi content in ECS sediments was less than 1%,
in surface sediments. This implies that nitrogen is
mineralized fastest in the water column, followed by
which ranks this area quite low relative to other areas
such as the Northwestern Indian Ocean, Southern
carbon and then silica. Iseki et al. (2003) investigated
the deposition fluxes of BSi and POC in this area
Ocean and Southern Indian Ocean (Cappellen & Qiu
1997, Koning et al. 1997, Rabouille et al. 1997). BSi lev(31° 13’ N, 123° 05’ E), and they found vertical fluxes
els in this study are similar to those from the Bohai and
of 2.85 to 71.2 mmol m–2 d–1 for BSi and 15.9 to
Yellow Seas (Liu et al. 2002), and they are comparable
271 mmol m–2 d–1 for POC, similar to the deposition
fluxes found in this study. From the data of Iseki et al.
to Chesapeake Bay, Bay of Brest and the Northeast
(2003), it can be seen that the vertical fluxes of the
Atlantic (D’Elia et al. 1983, Ragueneau et al. 1994,
major biogenic elements (i.e. POC and BSi) de2001). The low concentrations of BSi can be attributed
to the high content of SPM and the shallow euphotic
creased from inner shelf to the Okinawa Trough
across the ECS.
zone. It has been reported that iron may stimulate
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where W2 is the wet weight of the sediment, W1 is the
dry weight of the sediment, ρw is the density of the
water, and Vb is the volume of each interval of sediment; ∂C/∂x is the pore-water solute gradient; and Ds is
the sediment diffusion coefficient, which was estimated from D (Ullman & Aller 1982):
Ds = D × Φm–1

400

Fig. 5. Sediment pore-water
silicate profiles (e) and silicate concentrations in overlying seawater (n) at 7 stations (see Fig. 1) in October
2000, May 2001 and April–
May 2002. Note differing
scales

Regeneration of dissolved silica in sediments
Pore-water silicate concentrations showed a slight increase with depth except for Stns E5 and E6, where silicate decreased with depth, and bioturbation effects were
observed at Stns E4 in 2001 and D34 in 2002 measurements (Fig. 5). The pore-water silicate concentrations at
the sediment –water interface indicated diffusion of
silicate from the sediment to the overlying seawater.
A first estimate of the benthic diffusion flux of dissolved silica at the sediment –water interface can be
obtained by using Fick’s first law of diffusion for
solutes (Berner 1980):
J0* = –Φ0(∂C/∂x)0Ds

(1)

(3)

where D is the molecular diffusion coefficient in free
solution (Li & Gregory 1974) and m is the empirical
factor (m = 2.5 to 3 at Φ ≥ 0.7; m = 2 at Φ < 0.7). In this
study, m was chosen to be 2.5 to 3 at Stns E4, E5 and
D34 because Φ ≥ 0.7, while m was chosen to be 2 at
Stns E6 and DC10, since Φ < 0.7. A model based on the
diagenetic equations of Berner (1980) and Vanderborght et al. (1977a,b) was used to simulate the concentration-depth profiles of dissolved silica. The
assumptions include that the main chemical reaction
for silicon in sediments is the dissolution of BSi, which
is assumed to be of the first order relative to BSi, while
compaction water flow, porosity changes, etc., can be
ignored. The change in silicate concentration with
depth and time in the model is governed by the following steady-state differential equation:
∂C
∂2C
∂C
= Ds
−ω
+ k m (C ∞ − C ) = 0
∂t
∂x
∂x 2

DC10 (2002)

(2)

(4)

where km is the rate constant for silicate dissolution, ω
is the sedimentation rate, and C∞ is the asymptotic concentration, as x → ∞, and can be, but is not necessarily,
the concentration of saturation. The sedimentation
rates at Stns E4, E6, E5, DB6, DC10 and D34 were
obtained by 210Pb and 137Cs geochronology (DeMaster
et al. 1985, Huh & Su 1999, G. H. Hong pers. comm.).
The relative intensity of mixing and accumulation is
different on the ECS shelf; accumulation dominates in
the inner shelf near the mouth of the Changjiang,
while mixing dominates in the middle and outer-shelf
areas (DeMaster et al. 1985). Sedimentation rates may
be overestimated due to active biological (bioturbation) or physical (tidal currents, storms) mixing in estuarine and shelf sediments, and the 210Pb method is
more prone to error when there is sediment mixing.
Nevertheless, sediment accumulation rates based on
210
Pb and 137Cs were used in this study, because we did
not have enough information about the seabed environment in the ECS (Huh & Su 1999, Oguri et al. 2003).
The diffusion fluxes of silicate estimated by Eqs. (1) to
(4) varied from 0.02 to 1.84 mmol m–2 d–1, with an average of 0.70 mmol m–2 d–1 in the study area. The benthic
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Table 1. Exchange fluxes of silicate (mmol m–2 d–1) at the sediment –water interface calculated using the pore-water silicate
gradient (DM) and measured by incubation (BC)
Stn
Cruise
DM
BC

E4

E4

E5

E6

E6

DC10

Oct 2000
0.712
0.464

May 2001
0.018
0.546

May 2001
1.84
2.63

Oct 2000
0.439

May 2001
0.638
1.86

Apr–May 2002
0.791

silicate fluxes were the highest at Stn E5, where
upwelling exists (Table 1).
The benthic silicate fluxes measured by incubating
core sediment with in situ seawater are also presented in
Table 1, and were higher than the fluxes estimated from
pore-water profiles. This emphasizes the physical,
chemical and biological contribution to silicate fluxes at
the sediment –water interface, similar to that in experiments in the Seto Inland Sea (Srithongouthai et al. 2003).
Benthic silicate fluxes in this study averaged
1.2 mmol m–2 d–1 in the Changjiang Estuary, which is
similar to the result obtained by Aller et al. (1985), who
reported silicate fluxes of 0.13 to 13.2 mmol m–2 d–1,
with an average of ~2.3 mmol m–2 d–1. The average
benthic silicate flux determined in this study demonstrated a pattern of regular increase away from the
mouth of the Changjiang. The estimated silicate flux
across the sediment –water interface on the ECS Shelf
exceeds the total riverine input by 5-fold (see the discussion, below about silica balance). Similar results
were also reported in the Bohai and Yellow Sea (Liu et
al. 2002). In Chesapeake Bay, the silicate flux from the
sediments exceeds the total riverine input by over
5-fold (D’Elia et al. 1983). The high silicate flux from
the bottom sediments appear to maintain high levels of
silicate in the mesohaline region, and Si limitation of
diatom growth there seems to be relieved (D’Elia et al.
1983). In the Bay of Brest, silicate flux from bottom sediments was the main factor sustaining BSi production
in spring bloom and the contribution from the sediment to the BSi production equaled that from watershed drainage (Ragueneau et al. 1994). Although the
BSi content in the study region was low relative to
other areas of the world, the dissolution of BSi in the
sediment profiles can be equally significant and is
comparable to the Bohai and Yellow Sea, Chesapeake
Bay and the Bay of Brest.

D34
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Apr–May 2002 Apr–May 2002
0.473
0.472

iment. For sites where the mass accumulation rate was
not available in this study, w was estimated using the
relation ω = S × (1 – Φ) × ρ, where S is the linear sediment accumulation rate, Φ is the average porosity and
r is the density of sediment solids (Ingall & Jahnke
1994). A density of 2.65 was used for all sediments. The
BSi accumulation rates were 0.18 to 11.6 mol m–2 yr–1
in the study region, displaying higher values in estuarine and upwelling areas, and lower values at Stns E3,
E6 and DB6 further offshore, similar to the distribution
of BSi in the sediments.
The BSi burial efficiency, that is, the silica accumulation rate divided by the sum of the silica accumulation
rate and the benthic silicate flux, was calculated to
range between 36% at Stn E6 and 97% at Stn DC10,
adjacent to the Changjiang Estuary. These values
were higher than those in the Equatorial Pacific Ocean
(6.4%) (Ragueneau et al. 2001), the global ocean average (~20%) (Tréguer et al. 1995) and most coastal environments (1.9 to 17.1%) (DeMaster et al. 1996, Koning
et al. 1997, Rabouille et al. 1997, Schlüter et al. 1998),
but are comparable with those in the Polar Front Zone
of the Southern Ocean and the Inner Ross Sea (33.0
and 58.1%, respectively; Ragueneau et al. 2001). This
is presumably due to high sediment accumulation
rates. The ECS low-BSi content and high silica burial
efficiency are closely related to sediments of terrigenous origin.
Regeneration of Si in the water column of the investigation area was also evaluated. Sediment-trap studies showed that the vertical fluxes of BSi were 42 ±
37.5 mmol m–2 d–1. The average Si regeneration efficiency, that is, the ratio of BSi vertical flux minus BSi
accumulation rate relative to BSi vertical flux, was calculated to be ca 80%. It appears that most of the silica
regenerated in the water column.

Silica balance for the ECS Shelf
Removal and burial of silica
Inputs of silicate
Removal of silica from the ocean is regulated by
accumulation in sediments. The BSi accumulation rate
(BSiar) in sediments was obtained using the following
relation: BSiar = BSi × ω, where ω is the sediment-mass
accumulation rate and BSi is the BSi content in the sed-

The main land-source input to the ECS is the
Changjiang. Part of the discharge from Changjiang is
carried into the Yellow Sea, especially in summer,
when the Changjiang plume reaches Cheju Island.
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flux of 306.6 × 109 mol yr–1 from Kuroshio Water (FKW).
The silicate input flux was 56 × 109 mol yr–1 from the
TSW (FTSW) (Chen & Wang 1999). In contrast, the silicate offshore transport was 100.4 × 109 mol yr–1 (FSMW)
on the basis of the data of silicate concentrations in
SMW from Chen & Wang (1999) and the revised water
discharge of SMW found in this study (Fig. 6).

Production of BSi

Fig. 6. Biogeochemical cycle of Si on the ECS shelf. All fluxes
are in ×109 mol yr–1. River inputs, FR; atmospheric deposition,
FA; net deposition of BSi in sediments, FB; BSi gross production, FP(gross); silicate flux recycled in the surface layer,
FD(surface); BSi flux exported toward the deep layer, FE; silicate flux recycled in the deep layer, FD(deep); silicate flux
transferred from the deep layer to the surface layer, Fup; silicate flux at the sediment –water interface, FD(benthic); BSi
flux that reaches the sediment –water interface, FS(rain); silicate input through the Taiwan Strait, FTSW, and Kuroshio water, FKW; offshore transport of silicate, FSMW. The latter 3 items
(FTSW, FKW and FSMW) were taken from Chen & Wang (1999)

The annual freshwater discharge into the ECS is 86%
(i.e. 794.8 × 109 m3) of the Changjiang runoff, with a silicate discharge of 81 × 109 mol yr–1 to the ECS (FR)
based on a previous investigation (cf. Liu et al. 2003c)
(Fig. 6).
Rainwater and aerosol samples were collected on
Shengsi Island, located in the ECS, over a period of 3 yr
from May 2000 to April 2003. Total deposition fluxes of
silicate based on data for dry (i.e. aerosol) and wet (i.e.
rain) depositions were 1.01 ± 0.61 × 109 mol yr–1
(authors’ unpubl. data) (Fig. 6).
In the exchange between the ECS and the Kuroshio,
the Kuroshio Surface Water (KSW), Kuroshio Subsurface Water (KSSW), and Kuroshio Intermediate Water
(KIW) have net onshore transport, while Shelf Mixed
Water (SMW) has net offshore transport, because net
precipitation and freshwater discharge from rivers
exceed evaporation. In addition, there is silicate input
through the Taiwan Strait (TSW) (Chen & Wang 1999).
The silicate input was estimated to be 22.3 × 109 mol
yr–1 from the KSW, 47.3 × 109 mol yr–1 from the KSSW,
and 237 × 109 mol yr–1 from the KIW, with a total input

Silicate is required by planktonic organisms to grow
(e.g. diatoms), and a significant amount of BSi is remobilized by dissolution of silica cells. Production of BSi
was estimated by a combination of factors: 14C primary
production, the relative contribution of diatoms, and
Si/C ratios. However, use of measured Si/C ratios for
natural particle assemblages to transform 14C productivity data into BSi productions is subject to uncertainties (Tréguer et al. 1995). Average primary production
in the ECS was 9.0 ± 3.9 in winter, 9.3 ± 4.8 in spring,
15.7 ± 9.6 in summer and 11.3 ± 4.7 mol C m–2 yr–1 in
fall, with an annual mean primary productivity of
12.1 ± 5.7 mol m–2 yr–1 (Gong et al. 2003). Estimation of
a representative BSi/POC ratio for diatoms in natural
environments is difficult; diatoms growing in nutrientreplete conditions show a reasonably constant BSi/
POC atomic ratio of 0.13 ± 0.05, but in nutrient-poor
conditions large variations of the BSi/POC ratio can
occur, both in oceanic and coastal areas. The BSi/POC
atomic ratio in settling particles in this study was 0.22
to 0.45, and the BSi/POC atomic ratio in settling particles was 0.12 to 1.4 on the ECS Shelf (Iseki et al. 2003).
The average BSi/POC atomic ratio was hence estimated to be 0.48. Therefore, the annual BSi production
on the ECS Shelf was 3.1 ± 0.6 × 1012 mol yr–1, given a
surface area of ca. 53 × 104 km2 over the shelf region of
water depth < 200 m (Fig. 6).

Silica recycling in sediments and silica budget
Based on the above discussions, the BSi deposition
flux below the euphotic zone determined by this study
was 17.9 to 85.5 mmol m–2 d–1, with an average of 42 ±
37.5 mmol m–2 d–1. The average BSi deposition flux in
the upper water column over the whole ECS Shelf was
estimated to be 9.4 ± 10.1 mmol m–2 d–1, including the
data from Iseki et al. (2003) and this study. The annual
flux of BSi exported toward the deep reservoir (FE) on
the ECS Shelf was determined to be 1.8 ± 1.95 ×
1012 mol yr–1. Therefore, the flux of recycled silicate
that occurred in the surface layer [FD(surface)] was
1.27 × 1012 mol yr–1, accounting for 41% of BSi production (Fig. 6).
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The distribution of surface-sediment types over the
ECS Shelf is patchy, consisting of muddy silt at the
inner and mid-shelf to muddy sand at the shelf edge.
By using data for in situ incubations and pore-water
profiles, the sediment-to-water exchange flux over the
entire shelf [FD(benthic)] was estimated to be 0.416 ×
1012 mol yr–1. The BSi accumulation rate [FB(net
deposit)] on the ECS Shelf was estimated to be 0.348 ×
1012 mol yr–1. The BSi flux that reaches the sediment –water interface [FS(rain)] was 0.764 × 1012 mol
yr–1, and the silicate flux recycled in the deep reservoir
[FD(deep)] was 1.05 × 1012 mol yr–1. Based on heat balance, the upper layer was supposed to be 15 m and the
lower layer 60 m (H. Wei pers. commun.), given an
average depth of 75 m on the ECS Shelf. The silicate
flux transported from the deep layer to the surface
layer (Fup) was calculated to be 1.752 × 1012 mol yr–1, by
assuming the silicate flux from TSW and the Kuroshio
was well distributed vertically (Fig. 6). The input of
benthic silicate flux accounts for 54% of the BSi that
reaches the sediment –water interface, and the silicate
flux recycled in the deep reservoir [FD(deep)] accounts
for 58% of the BSi flux exported toward the deep
reservoir (FE). The removal of silica is mainly by BSi
accumulation in sediment, which accounts for 78% of
the total output.
Considering all input budgets of silicate into the
ECS, benthic silicate flux [FD(benthic)] alone accounts
for 48%, followed by the Kuroshio onshore transport,
accounting for ca 36%, then the riverine input (FR),
representing 9%; the input through the TSW (FTSW)
accounts for the remaining 7%.

Bay of Brest and the NE Atlantic. Although the BSi
content in the study region is generally low compared
with most areas of the world ocean, the dissolution of
BSi in the sediments is active — maintaining high levels of silicate in the water column on the ECS Shelf and
supporting important primary production for diatoms.
The BSi burial efficiency was estimated to be between
36 and 97%, which is higher than the Equatorial
Pacific Ocean and the global ocean average due to
high sediment accumulation rates and an elevated
amount of SPM from the Changjiang. The BSi regeneration efficiency was calculated to be ca. 80%.
A silica budget was described for the ECS Shelf. The
major contribution of silicate input comes from the
Kuroshio Water, followed by the Changjiang and Taiwan Strait Water. The inputs are balanced essentially
by the net outputs of BSi into bottom sediments. About
75% of gross BSi production dissolves in the water
column. Finally, 11% of BSi production accumulates in
sediments.
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