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due to dissolution in sediment
traps: A case study in the
South China Sea
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Hangzhou, China, 4Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai),
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The dissolved silicate concentrations in the supernatant of sediment trap

sampling bottles retrieved from deep water (1000-3000 m) at four stations in

the South China Sea (SCS) were measured to calculate the underestimated flux

of biogenic silica (bSi) in sinking particles due to bSi dissolution. High dissolved

silicate concentrations in the supernatant, ranging from 122.6 to 1365.8

mmol/L, indicated significant dissolution of particulate bSi in the sampling

bottles. Underestimation of the bSi flux in the SCS by ~2% to ~34% (average:

~10%) due to bSi dissolution was revealed, and the degree of underestimation

increased with decreasing total bSi flux. The amount of bSi dissolved within the

sampling series at each station was generally positively correlated with

dissolution time and to a certain extent influenced by the bSi amount

collected by the sampling bottles under a low bSi sinking flux. Apparently

stronger bSi dissolution was found at two of the four stations due to relatively

high bSi dissolution rates, which were possibly related to a higher reactive

surface area of the bSi or bacterial activity. Overall, our results demonstrated

that the considerable bSi dissolution in sediment trap sampling bottles should

not be ignored, especially in the low-productivity oligotrophic ocean, and bSi

flux calibration via measurement of the dissolved silicate in sampling bottles is

necessary. To reduce bSi flux underestimation due to the deployment of time-

series sediment traps, larger-volume sampling bottles should be avoided in the

oligotrophic open ocean, and sinking particle samples should be analyzed as

soon as the sediment traps are recovered.
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Introduction

Biogenic silica (bSi), also referred to as biogenic opal,

comprises the skeletons or cell walls of siliceous organisms,

such as diatoms, silicoflagellates, sponge spicules, siliceous

rhizarians and several species of choanoflagellates in marine

environments (Biard et al., 2018; Maldonado et al., 2019; Puppe,

2020; Llopis Monferrer et al., 2020; Tréguer et al., 2021). Silicate

is an essential nutrient supporting the growth of siliceous

organisms and the picocyanobacteria Synechococcus (Baines

et al., 2012; Ohnemus et al., 2016). The biogeochemical cycle

of silicon, including assimilation by phytoplankton,

remineralization from organic organisms, dissolution and

burial of siliceous organisms in sediments, controls silicate

bioavailability in the global ocean (Struyf et al., 2009; Tréguer

et al., 2021). In addition, as one of the main ballast minerals

transporting particulate organic carbon to the deep ocean, bSi

plays an important role in the global biogeochemical cycles of

carbon (Ragueneau et al., 2006; Honjo et al., 2008; Street-Perrott

and Barker, 2008; Lampitt et al., 2009; Guidi et al., 2016; Tréguer

et al., 2018).

Sediment traps are widely implemented as an effective tool

to observe marine biogeochemical processes and marine

biological carbon export by collecting sinking particles over

time in the deep ocean. The sinking particles are analyzed in

the laboratory to obta in deta i led informat ion on

biogeochemical fluxes, and bSi, as one of the main

components in sinking particles, is measured to estimate the

silicon export flux and the coupled relation between silicon

and carbon (Ran et al., 2015; Li et al., 2017; Tan et al., 2020).

The mole ratio of bSi to CaCO3, another major ballast material

of particulate organic carbon attributed to coccoliths and

foraminifer tests (Schiebel, 2002; Poulton et al., 2007), in

sinking particles is an important indicator of different

marine biogeochemical provinces (Ragueneau et al., 2002).

Oceanic regions with higher bSi/CaCO3 ratios (>1.0) are

normally referred to as silica oceans, and regions with

ratios<1.0 constitute carbonate oceans (Honjo et al., 2008).

Therefore, accurate measurement of bSi in sinking particles is

essential for research on marine silicon and carbon cycles.

It is acknowledged that the bSi of dead organisms begins

to dissolve in the water column due to the high-

undersaturated concentration of si l icate in marine

environments (Hurd, 1973; Tréguer and Rocha, 2013). It is

foreseeable that the dissolution of bSi will also inevitably

occur in a sediment trap because the sampling bottles are

generally filled with seawater that is highly undersaturated in

silicate. Continuous bSi dissolution in sediment trap sampling

bottles could result in significant underestimation of the bSi

sinking flux by more than 80% under low bSi fluxes and by

60% under the annual average flux in high-latitude seas, such

as the Greenland Sea, Norwegian Sea and Baltic Sea
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(Bauerfeind and Bodungen, 2006). Nevertheless, few follow-

up studies on bSi dissolution in sediment traps during the

sampling period and the effect on bSi flux measurements have

been reported. This may result in substantial underestimation

of the silicon biogeochemical flux in the current global marine

silicon cycle budget (Tréguer and Rocha, 2013; Tréguer et al.,

2021) and corresponding misunderstanding of the marine

biogeochemical carbon cycle and marine biological carbon

pump (Honjo et al., 2008).

The South China Sea (SCS), as the largest marginal sea in the

tropical northwestern Pacific, is under the control of the East

Asian monsoon, and therefore has significant seasonal variation

in the marine environment and biogeochemical processes in the

upper ocean. It is generally considered oligotrophic water with

relatively low surface biomass (Du et al., 2013; Du et al., 2017).

Nevertheless, diatoms are important contributors to

phytoplankton communities in this oligotrophic water,

especially during winter monsoon period (Ning et al., 2004).

Long-term time-series observations by sediment traps in the SCS

since the 1980s have indicated significant seasonal and

interannual variations and spatial differences in the bSi export

flux to the deep ocean, related to variations in diatom

productivity (Wiesner et al., 1996; Lahajnar et al., 2007; Ran

et al., 2015; Li et al., 2017; Zhang et al., 2019; Tan et al., 2020; Li

et al., 2022). The bSi/CaCO3 ratio in the sinking particles is

generally<1.0 in the northern SCS except in the period of highest

productivity (Zhang et al., 2019; Tan et al., 2020), and >1.0 in the

central SCS except in the period of lowest productivity (Li et al.,

2017; Li et al., 2022), indicating a variable export mechanism of

POC in this relatively small semienclosed and oligotrophic ocean

basin. However, the measurement of the bSi sinking flux in

previous works did not consider dissolution of bSi in the

sampling bottles of sediment traps and its effect on the bSi

flux measurements.

In the present work, the SCS was selected to investigate bSi

dissolution in sediment traps and its impact on bSi flux

estimation in this low-latitude oligotrophic marginal sea. Both

the bSi in sinking particles and the silicate in the supernatant of

the sediment trap sampling bottles were analyzed to evaluate the

degree of bSi dissolution in the sediment trap bottles during the

sampling period and calculate the underestimation of the bSi

sinking flux. The results also provide valuable clues for further

study of the dissolution kinetics of bSi in dark, cryogenic and

high-pressure deep ocean environments.
Materials and methods

Time-series sediment trap mooring

Time-series sinking particle samples collected at 4 stations in

the northern SCS (Figure 1 and Table 1) were used in this study.
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They were collected from July 2012 to April 2013 at station SCS-

NW, from May 2015 to April 2016 at station SCS-N, and from

May 2017 to May 2018 at station SCS-B and SCS-C at water

depths ranging from 1000 or 3000 m. The sediment traps used in

this study were the PARFLUX Mark 78H-21 from Mclane

Research Laboratories, Inc. The sea water temperature ranged

from 2.4°C to 4°C at the depth of the deployed sediment traps

(Chen et al., 2001; Tian and Wei, 2005; Wang et al., 2011).

Before the sediment traps were deployed, the adopted

polyethylene sampling bottles (250 ml for SCS-N and 500 ml

for SCS-NW, SCS-B and SCS-C) were filled with a filtered

surface seawater-based solution of sodium chloride (NaCl, 35

g·L-1) and mercury chloride (HgCl2, 3.3 g·L-1) to minimize

microbial activity and diffusive processes (Wiesner et al.,

1996; Li et al., 2017). The surface seawater retrieved from

the open ocean where the sediment traps were deployed was

nearly depleted in silicate (silicate concentration = 0.8~1.4

mmol·L-1). After recovery of the sediment traps, the collected

samples were stored in a refrigerator at 4°C. Approximately

30 mL of the supernatant in each sampling bottle was filtered

through a polycarbonate filter (0.45-μm pore size) for silicate

analysis. Wet particle samples were passed through a 1-mm

mesh nylon sieve to remove zooplankton, and the <1-mm

component was divided into ten equal parts with a high-

precision rotary splitter (McLane WSD-10). Each subsample

for bS i ana lys i s was fi l t e red through prewe ighed

polycarbonate filters and dried at 45°C for 72 h before

being precisely weighed.
Measurement of silicate in the
supernatant of the sediment trap
sampling bottles

Each supernatant sample for silicate analysis was diluted 10–

30 times with silicate-depleted sea surface water. The diluted

sample was then acidified and mixed with an ammonium

heptamolybdate solution to form molybdosilicic acid. The

resulting acid was reduced with a reducing agent (L (+)

ascorbic acid or a mixed reagent of H2SO4, metol and

Na2SO3) into a blue dye, which was measured at 810 nm with

spectrophotometer. Oxalic acid was added to the reducing agent

to avoid phosphate interference. For the supernatant samples

from station SCS-N, the silicate concentrations were measured

by a Skalar San++ nutrient automatic analyzer, with the

chemical treatments of samples embedded in the analyzer.

The silicate concentration in the supernatant was considered

to originate from the dissolution of biogenic silica (bSiD), as the

filtered surface seawater-based solution used to fill the sampling

bottles was generally silicate depleted. The absolute amount of

bSiD was calculated with equation (1):

M bSiDð Þ = 67:29� V � C (1)
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where M(bSiD) is the amount of bSiD (mg), 67.29 is the

molar mass (g·mol-1) of bSi [SiO2·0.4 H2O; Mortlock and

Froelich (1989)], V is the volume of the sampling bottle (L),

and C is the silicate concentration in the supernatant (mmol·L-1).

Then, the underestimated bSi flux due to bSi dissolution was

calculated with equation (2):

F bSiDð Þ = M bSiDð Þ
S0 � Dt

(2)

where F(bSiD) is the bSiD flux (mg·m-2·d-1), S0 is the collecting

area of the sediment trap (m2), and Dt is the sampling interval (day).
Measurement of biogenic silica in
sinking particles

The flux of particulate bSi (bSiP) was measured following

Mortlock and Froelich (1989): 20–50 mg of a dry sinking particle

sample was ground and transferred to a 50-mL polypropylene

centrifuge tube. Then, 5 mL of 2% H2O2 and 5 mL of 1 mol/L

HCl were added to remove impurities such as organics and

carbonate, respectively. The sample was centrifuged, and the

supernatant was removed with a pipette. Then, Milli-Q water

was mixed with the sample and centrifuged again to remove the

supernatant. This process was repeated three times to remove

the residual reaction liquid. After the resultant sample was dried

at 60°C, 40 mL of a 2 M Na2CO3 solution was added, and the

obtained sample was heated in a water bath at 85°C for 5 h. The

sample was then centrifuged, and 20 mL of the supernatant was

employed for silicate measurement with the silicomolybdenum

blue method via spectrophotometry.
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The amount of bSiP was calculated with equation (3):

M bSiPð Þ = 67:29� VNa2CO3
� Cextract �

m
M 

(3)

whereM(bSiP) is the amount of bSiP (mg), 67.29 is the molar

mass (g·mol-1) of bSi [SiO2·0.4 H2O; Mortlock and Froelich

(1989)], VNa2CO3 is the volume of the Na2CO3 solution (L),

Cextract is the silicate concentration in the supernatant of the

extraction solution (mmol·L-1), m is the total amount of sinking

particles (mg), and M is the amount of sinking particles

considered for silicate analysis (mg).

Then, the bSiP flux was calculated with equation (4):

F bSiPð Þ = M bSiPð Þ
S0 � Dt

(4)

where F(bSiP) is the bSiP flux (mg·m-2·d-1), S0 is the collecting

area of the sediment trap (m2), and Dt is the sampling

interval (day).
Revising the total biogenic silica fluxes

The total bSi (bSiT) flux was revised by adding the bSiD flux

and the bSiP flux based on equation (5):

F bSiTð Þ = F bSiDð Þ + F bSiPð Þ (5)

The ratio of bSiD to bSiT (bSiD%) was calculated based on

equation (6):

bSiD % =
F bSiDð Þ
F bSiTð Þ �  100% (6)
FIGURE 1

Site locations of the sediment trap moorings in the SCS.
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Results

Dissolved biogenic silica in the sediment
trap sampling bottles

The silicate concentration in the supernatant of the sediment

traps deployed in different areas of the SCS is shown in Figure 2

and Table 2. The silicate concentration in the sampling bottles at

stations SCS-N and SCS-NW was much higher than that in the

sampling bottles at stations SCS-B and SCS-C. At stations SCS-N

and SCS-NW, the silicate concentration decreased gradually

over time from the beginning to the end of the sampling year.

The highest concentration varied within the range of 1200–1400

mmol·L-1, normally found in the first or second sampling bottle.
Frontiers in Marine Science 05
The silicate concentration in the supernatant at stations SCS-B

and SCS-C was generally lower than 400 mmol·L-1, which is

lower than the lower limit of the silicate concentration (564.7

mmol·L-1) at stations SCS-NW and SCS-N. Nevertheless, a

gradual decreasing trend in silicate in the sampling bottles

from the beginning to the end of the sampling year was also

observed at stations SCS-B and SCS-C.

The amount of bSiD was calculated based on the silicate

concentration in the supernatant of each sampling bottle

[equation (1)], and the flux of bSiD was further calculated

[equation (2)]. The bSiD amount and flux at station SCS-NW

were much higher than those at stations SCS-N, SCS-B and

SCS-C (Figure 3). Although an apparent higher silicate

concentration in the supernatant was found at station SCS-N
TABLE 2 Silicate concentration in the supernatant of the sampling bottles, bSiD flux, bSiP flux and bSiT flux at the different sediment trap stations
in the SCS.

Station Depth of the sediment trap (m) Silicate concentration (mmol·L-1) bSiD flux
(mg·m-2·d-1)

bSiP flux
(mg·m-2·d-1)

bSiT flux
(mg·m-2·d-1)

Range Mean Range Mean Range Mean Range Mean

SCS-N 1000 768.2-1186.0 984.5 1.5-2.3 1.9 7.5-48.4 24.3 9.0-50.6 26.3

3000 683.8-1107.0 949.1 1.3-2.2 1.8 2.9-33.3 22.4 4.2-35.4 24.3

SCS-NW 1000 564.7-1365.8 1015.5 2.1-6.0 4.2 10.3-152.7 45.2 15.6-157.7 50.8

SCS-B 1000 161.4-377.3 304.2 0.6-1.4 1.1 3.0-18.6 10.0 4.3-19.8 11.2

SCS-C 1000 122.6-435.6 223.8 0.5-1.6 0.8 1.4-37.7 14.1 2.0-38.2 14.9
frontier
B

C

D

A

FIGURE 2

Silicate concentration in the supernatant of the sediment trap sampling bottles at 1000 m of stationSCS-N (A), 3000 m of station SCS-N (B),
1000 m of station SCS-NW (C) and 1000 m of station B & C with the blueish diamonds representing the data of SCS-B (D).
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than at stations SCS-B and SCS-C, the differences in the bSiD
amount and flux at these stations were not as significant as the

difference in the silicate concentration.
Particulate biogenic silica fluxes
observed by sediment traps

Variations in the bSiP flux at the four stations in the deep

SCS are shown in Figure 4 and Table 2. The bSiP flux at stations

SCS-B and SCS-C from 2017–2018 was slightly lower than that

at station SCS-N from 2015-2016 and much lower than that at

station SCS-NW from 2012-2013. Seasonal variations in the bSiP
flux were found at all stations; for example, a higher bSiP flux was

found in winter than in summer at station SCS-C, and three

remarkable peaks in the bSiP flux were observed at station SCS-

NW. However, no significant correlation was found between the

variation in bSiP and the change pattern of bSiD.
Revised total biogenic silica fluxes

Significant dissolution of bSi, indicated by the high silicate

concentrations in the sediment trap sampling bottles at all

stations in the SCS (Figure 2), is bound to result in

underestimation of the bSi sinking flux. Based on equations
Frontiers in Marine Science 06
(5) and (6), the bSiT flux and bSiD% were calculated and are

shown in Figure 5 and Table 2. The variation in the bSiT flux

generally followed the variation in the bSiP flux, and the

contribution of bSiD to the bSiT was lower than that of bSiP.

Nevertheless, an apparent change in bSiD% was found. It ranged

from 4.4% to 16.6% (average: 8.3%) at 1000 m at station SCS-N,

from 5.8% to 31.2% (average: 8.9%) at 3000 m at station

SCS-N, from 2.8% to 34.0% (average: 13.3%) at 1000 m at

station SCS-NW, from 6.4% to 31.9% (average: 12.3%) at 1000 m

at station SCS-B and from 1.3% to 33.2% (average: 9.7%) at 1000

m at station SCS-C. In general, the bSiD% value at station SCS-N

was lower than that at stations SCS-NW, SCS-B and SCS-C,

except for one outlier at 3000 m at station SCS-N.
Discussion

Potential factors influencing bSi
dissolution in sediment trap
sampling bottles

As shown in Figures 2 and 3, a general decreasing trend in

silicate concentration and bSiD flux and amount from the

beginning of the sampling period to the end was found at all

studied stations, implying a positive correlation between the

degree of bSi dissolution and the time for bSi dissolution. This is
B

C

D

A

FIGURE 3

The bSiD flux and amount calculated based on the silicate concentration in the sediment trap sampling bottles at 1000 m of station SCS-N (A),
3000 m of station SCS-N (B), 1000 m of station SCS-NW (C) and 1000 m of station B & C with the blueish bars and blueish dotted line
representing the data of SCS-B (D).
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B

C
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FIGURE 4

The bSiP flux at different stations at 1000m of station SCS-N (A), 3000 m of station SCS-N (B),1000m of station SCS-NW (C) and 1000 m of
station B & C with the blueish bars representing the data of SCS-B (D).
B

C

D

A

FIGURE 5

Revision of the bSi flux and contribution of bSiD to bSiT (bSiD%) at 1000m of station SCS-N (A), 3000 m of station SCS-N (B), 1000 m of station
SCS-NW (C) and 1000m of station B & C with the blueish bars and blueish circles representing the data of SCS-B (D).
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understandable, as the dissolution amount of bSi is determined

by the dissolution rate (mol·g-1·h-1), the mass of solute bSi (g),

and the time for dissolution (h). As shown in Figure 6, this

positive correlation between the bSiD amount and the time for

dissolution was significant at stations SCS-NW, SCS-N and SCS-

B, with the exception of station SCS-C.

Another obvious phenomenon is the remarkably different

degrees of bSi dissolution among stations in the study area.

Much stronger bSi dissolution occurred at stations SCS-NW

and SCS-N, as indicated by the much higher silicate

concentrations (Figure 2). Because there was no significant

difference in the dissolution time among the stations, the

different degrees of dissolution among the stations were

either due to different dissolution rates or differences in bSi

amounts. As the average bSi flux at stations SCS-NW and SCS-

N was higher than that at stations SCS-B and SCS-C, it is easy

to conclude that the stronger dissolution of bSi at stations

SCS-NW and SCS-N was due to the higher bSi amount.

Coincidently, a drop in the silicate concentration from

November to December 2015 interrupting the gradually

decreasing trend of the silicate concentration at 1000 m at

station SCS-N (Figure 2) corresponded well to a decline in the

bSi flux (Figures 4, 5). Another sudden decline in the silicate

concentration found in the last sampling bottle of station SCS-

NW (Figure 2) also corresponded to the lowest bSi amount

due to the shortest sampling interval (only 1 week).

However, we also found that the bSiT flux in the sampling

bottles from the end of 2017 to 2018 at station SCS-C was

comparable to and sometimes even higher than the bSiT flux at

the end of station SCS-N (Figures 4, 5), but the silicate

concentration and bSiD amount in these sampling bottles from
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station SCS-C were still apparently lower (Figures 2, 3). As

shown in Figure 7, the correlation between the bSiD amount and

the bSiT amount was generally poor, except at 3000 m at station

SCS-N. It should be noted that this close relationship between

the bSiD and the bSiT at 3000 m at station SCS-N is most likely

attributable to the general decreasing trend of both the bSiD
amount and the bSiT amount over time (Figures 2 and 5,

respectively). Therefore, the bSi amount in the sampling

bottles was not the determining factor for the different degrees

of bSi dissolution among sites, although it could function as a

limiting factor under a low bSi amount, and the difference in

dissolution rate may explain the different degrees of bSi

dissolution among the stations.

The degree of environmental silicate unsaturation (1-C/Ceq)

is one of the key factors determining the dissolution rate of bSi

(Loucaides et al., 2012a). As the water prefilled in the sampling

bottles was almost entirely depleted in silicate (C≈0), the degree

of silicate unsaturation in all sampling bottles was close to 1 at

the very beginning of the dissolution process. This inevitably

resulted in the highest average bSi dissolution rate in each

sampling series occurring in the last sampling bottles of each

station (Figure 2). On the other hand, apparent differences in

silicate concentrations in the last sampling bottles of each station

indicated that significant differences in bSi dissolution rates

among stations started from the initial stage of bSi dissolution

(Figures 2 and 3). As dissolution proceeded, the degree of silicate

unsaturation decreased gradually because the silicate

concentration (C) in the sampling bottles increased. It is worth

noting that the silicate concentration in the bottles is also

determined by the volume of the sampling bottles. As the

same amount of bSi dissolved, the silicate concentration
BA

FIGURE 6

Relationship between the bSiD amount and the dissolution time at the different stations (A. station SCS-N, SCS-B and SCS-C; (B) station SCS-
NW) in the SCS. Note: Because the time when the supernatant taken in the laboratory for station SCS-NW samples was not recorded exactly,
we defined a constant x as the time period from the recovery time of the sediment trap to the time when the supernatant was taken in the
laboratory, and the “Dissolution time - x” is the time period from the sampling time of each bottle to the recovery time of the sediment trap.
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increased less in the 500 ml sampling bottle than in the 250 ml

sampling bottle, which in turn influenced the silicate

unsaturation and the bSi dissolution rate. However, the

difference in the volume of sampling bottles between SCS-NW,

SCS-B, SCS-C (500 ml) and SCS-N (250 ml) could not explain

the apparent lower bSi dissolution rate at stations SCS-B and

SCS-C.

In addition to the environmental silicate concentration (C),

the equilibrium solubility of bSi (Ceq) is another determining

factor of the degree of environmental silicate unsaturation (1-C/

Ceq). The apparently higher bSi dissolution rate at stations SCS-

NW and SCS-N than at stations SCS-B and SCS-C might be due

to the higher bSi solubility of bSi particles at stations SCS-NW

and SCS-N. The highest silicate concentration in the supernatant

at the beginning of the sampling period reached ~1300 mmol·L-1

at station SCS-NW and ~1100 mmol·L-1 at station SCS-N

(Figure 2). This value was comparable to the solubility of bSi

at 2°C measured in stirred flow-through experiments

(1000~1200 mmol·L-1) by Rickert et al. (2002) and higher than

that observed in the field (800~1000 mmol/L) via batch reactors

in the deep (> 1000 m) Mozambique Channel (Loucaides et al.,

2012b). However, we are not sure whether the silicate in the

sampling bottle with the highest silicate concentration reached

saturation. Therefore, we could only approximately estimate that
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the equilibrium solubility of the sinking bSi particles in the deep

northern SCS was at least 1100 mmol·L-1. On the other hand, the

highest silicate concentration in the supernatant at stations SCS-

B and SCS-C was ~400 mmol·L-1 (Figure 2), which is much lower

than 1100 mmol·L-1. Whether it is limited by bSi solubility or

attributed to other factors determining a low dissolution rate

remains unknown.

Previous works have demonstrated that water temperature,

pressure, and pH are potential environmental factors

determining bSi solubility (Hurd, 1973; Lawson et al., 1978;

Kamatani et al., 1980; Van Cappellen and Qiu, 1997; Rickert

et al., 2002), in which a higher water temperature usually yields

enhanced solubility. However, the sea water temperature at the

depths of the deployed sediment traps, both at 1000 and 3000 m,

in the deep SCS generally remained constant, ranging from 2.4°C

to 4°C (Tian and Wei, 2005; Wang et al., 2011), and the samples

were stored in a refrigerator at 4°C after recovery, indicating that

the environmental temperature could not result in a large

difference in bSi solubility among stations. The bSi solubility

has been estimated to increase with pressure based on

experiments with synthetic amorphous silica (Loucaides et al.,

2012a and references therein), but there was no large difference

between the silicate concentration at 3000 m at station SCS-N

and that at 1000 m, indicating that pressure was not the key
FIGURE 7

Relationship between the bSiD amount and bSiT amount in the sampling bottles at the different stations in the SCS.
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factor influencing bSi solubility in the deep SCS. The pH of the

supernatant in the sampling bottles was approximately

measured with a pH meter (Mettler Toledo S210K) before

sample splitting via a McLane WSD-10 rotary splitter, which

revealed that the pH ranged from 7.4 to 7.8 at room temperature

for the supernatant at stations SCS-B and SCS-C and reached

approximately 6.0 for that at station SCS-NW. The relatively

high pH at stations SCS-B and SCS-C could result in lower

resistance of bSi and higher bSi solubility (Hurd, 1973; Van

Cappellen and Qiu, 1997; Taucher et al., 2022), which is against

our assumption that the lower bSi dissolution rate at stations

SCS-B and SCS-C was due to lower bSi solubility. Therefore, the

possibly different bSi solubilities as a result of differences in

ambient physical and chemical conditions cannot explain the

notably different bSi dissolution rates among the stations.

In addition to ambient physical and chemical conditions,

some of the internal characteristics of bSi, e.g., reactive surface

area (As), degree of aging and diagenesis, are other important

controlling factors for bSi solubility (Loucaides et al., 2012a). As

the settling velocity of sinking particles in the open ocean is

dozens to hundreds of meters per day (Giering et al., 2020) and

the settling velocity of sinking particles in the northern SCS was

estimated to be 30-50 m per day (Ran et al., 2015), the degree of

aging and diagenesis of bSi in sinking particles at 1000 m may

not be a key factor in differentiating bSi solubility among sites.

The difference in the As of the bSi seems to be the only possibility

to explain the possible difference in bSi solubility and bSi

dissolution rate among sites. However, this speculation needs

more detailed study, including research on the siliceous

organism compositions and the nanostructure of different bSi

components at each station.

Another possible explanation of the difference in the bSi

dissolution rate among stations could be the effect of bacterial

activity. The silica cell walls of diatoms while alive are protected

from dissolution by an organic film (Hecky et al., 1973), but

bacteria can decompose this organic matter after diatom death

(Bidle and Azam, 1999), thus accelerating bSi dissolution (Bidle

and Azam, 2001). The relatively low pH value at station SCS-

NW could probably be attributed to the notable degradation of

sinking organic matter, which was indicated by the high

concentrations of dissolved organic carbon and dissolved

inorganic nitrogen in the sediment trap (Sun et al., 2015). The

relatively high pH value of the supernatant at stations SCS-B and

SCS-C could indicate lower degradation of organic matter and

lower microbial activity, which could probably result in less bSi

exposure in the solution. However, this possibility should be

confirmed or modified through further research, and more

microbiological work should be involved.

In summary, except for the decreasing trend in the bSi

dissolution amount in the sampling bottles over time, a

significant difference in bSi dissolution among stations was

found in the study area. This significant difference could not

be explained by the difference in bSi flux among stations,
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although the bSiD amount is influenced by the total bSi

amount in the sampling bottles. The main reason for the

difference in the degree of bSi dissolution at the different

stations was likely due to the difference in the dissolution rate,

which was presumably related to the different As of bSi or

bacterial activity. Studying the dissolution kinetics of bSi from

different stations with flow-through experiments (Van

Cappellen and Qiu, 1997; Rickert et al., 2002), together with

microbiological analysis, siliceous organism identification and

measurement of the bSi nanostructure, will help identify the

exact controlling factor causing the differences in dissolution

rates in future work. It should be noted that the volume of the

sampling bottle not only influences the silicate concentration in

the bottles but also modifies the dissolution rate by impacting

the silicate unsaturation and eventually influencing the degree of

bSi dissolution.
Underestimation of the bSi flux due to
bSi dissolution

As shown in Figures 2 and 3, although the silicate

concentration at stations SCS-B and SCS-C, respectively, were

much lower than that at station SCS-N, the discrepancy in the

calculated bSiD flux between these stations was not as significant as

that in the silicate concentration (Figure 3), mainly because the

volume of the sampling bottles deployed at stations SCS-B and

SCS-C (500 ml) was twice that of the sampling bottles deployed at

station SCS-N (250 ml) (Table 1). On the one hand, the high

silicate concentration in the supernatant and the large-volume

sampling bottles employed at station SCS-NW resulted in much

higher bSiD fluxes (Figure 3 and Table 2). It should also be noted

that the bSiD flux in several samples collected fromNovember 2012

to February 2013 at station SCS-NW decreased suddenly

(Figure 3), which was likely due to the longer sampling interval

(1 month) during this period. On the other hand, the sudden

increase in the bSiD flux and bSiD% for the last SCS-NW sample

occurred due to the shorter sampling interval (only 1 week,

Figure 3). This indicated that the bSiD flux was determined not

only by the bSiD amount in the sampling bottles but also by the

volume of the sampling bottles and the preset sampling intervals.

A clear negative correlation between bSiD% and the bSiT flux

was found at all stations (Figure 8). In some of the samples, the

bSiD% value was higher than 30%, suggesting that approximately

1/3 of the contained bSi was dissolved in the sampling bottles.

This negative relationship between bSiD% and the bSiT flux has

also been reported in similar work in the North Atlantic Ocean

(Gallinari et al., 2002), but a much higher bSiD% (4.6–66.1%) has

been found in the deep North Atlantic Ocean (Figure 8). This

result indicated that bSi could be significantly underestimated

when the bSiT flux was relatively low, which normally occurs

when the productivity of siliceous organisms, e.g., diatoms, is

relatively low in the oligotrophic open ocean or in the ocean with
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a notable seasonal variation in primary productivity. Generally,

the underestimation could exceed 10% when the bSiT flux was

lower than 40 mg·m-2·d-1 (Figure 8), which suggests that the

global export flux of bSi to the deep ocean has generally been

underest imated, probably by more than 10%, and

correspondingly, bSi recycling in the deep ocean might be

overestimated (Tréguer et al., 2021). It is therefore strongly

suggested that the bSiD fraction in sediment trap sampling

bottles should be measured to better understand sinking

particles of bSi, which is important for quantitative research

on the biogeochemical process of silicon in the ocean and the

global marine silicon cycle.
Conclusion

In this work, we studied the influence of bSi dissolution on

bSi sinking flux estimation via sediment traps in the northern

SCS. The results indicated apparent bSi dissolution in the

sediment trap sampling bottles, which resulted in an

underestimation of the bSi sinking flux of 2~34% (average:

~10%) in the northern SCS. The impact of bSi dissolution on

bSi flux estimation became increasingly notable with decreasing
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total bSi flux, especially when the total bSi flux was lower than 40

mg·m-2·d-1. Therefore, to better quantify the biogeochemical flux

of silicon in the deep ocean, the collected samples should be split

and analyzed in the laboratory as soon as possible after trap

recovery, and it is necessary to measure the dissolved bSi in the

supernatant to revise the particulate bSi flux, especially when

the bSi flux is inherently low. The degree of bSi dissolution in the

sediment trap sampling bottles at each station was mainly

controlled by the dissolution time but influenced by the total

bSi amount in the sampling bottles if the bSi sinking flux was

extremely low. Apparent differences in the degree of bSi

dissolution in the sampling bottles among stations were found.

However, neither the dissolution time difference nor the bSi

amount difference could explain such a large discrepancy in the

degree of bSi dissolution, and the difference in the bSi dissolution

rate might be the only possible reason, but more experiments are

needed to better understand the controlling factors of the bSi

dissolution rate in sediment traps in the future. It is worth noting

that the volume of the sampling bottles adopted could influence

the dissolution amount of bSi and result in greater

underestimation of the bSi flux. Thus, smaller-volume

sampling bottles are recommended for application in sediment

traps, especially in oligotrophic open ocean settings.
FIGURE 8

Percentage of the bSiD as a function of the bSiT flux at the different stations in the SCS and North Atlantic Ocean [NA, North Atlantic; data
retrieved from Gallinari et al. (2002)].
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