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Abstract

The dissolution of silicate minerals on the seafloor releases an important amount of
dissolved silicon (dSi), which is necessary for maintaining high diatom production in
Coastal and Continental Margin Zones (CCMZs). However, the dissolution of silicate
minerals along the continental shelves is variable, which hinders our understanding of
the marine Si cycle on both a regional and global scale. To understand the discrepancy
of silicon (Si) released in different sediment matrices and its potential controlling
factors, we investigated surface sediments of typical CCMZs of the Chinese marginal
Seas using a continuous alkaline extraction technique, grain size and chemical (carbon
and total nitrogen) analysis as well as a qualitative measurement of clay mineral
composition by X-ray diffraction. The results showed that the amount of Si and
aluminum (Al) leached from muddy sediments were 2 times greater than those released
from sandy sediments. High dissolution rates (> 0.20 mg-SiO> g! min™) of silicate
minerals are caused by a large sediment-specific surface area. Further, our data showed
that biogenic silica (bSi) with high Al content (Si:Al < 40) has low reactivity and that
the source of Al incorporated in bSi is silicate minerals undergoing dissolution. We
show that although the dissolution of silicate minerals is less active than that of bSi, it
still potentially releases more bio-available Si and Al to seawater due to its dominant
presence on the seafloor (70.3% — 99.0%wt). This study highlights silicate minerals as
an important potential marine Si source and emphasizes the need for a better
understanding of the roles of silicate minerals in the Si cycle of marginal seas in future

studies.
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Graphical Abstract:

River Discharge High bSi production

Highlights:

* Muddy sediments potentially release two times more Si and Al than sandy sediments.

* Elevated values of alkaline extracted Si and Al are due to a large sediment-specific
surface area.

* Reactivity of biogenic silica in sediments is reduced because of the incorporated Al
that originates from silicate minerals.

* Models show that Si:Al ratios of the linearly dissolving lithogenic silicate phases are

correlated with the major types of clay minerals in sediments.

Keywords: Continuous Alkaline Extraction; Silicate Dissolution; Silicon Cycle;

Coastal and Continental Margin Zones
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1. Introduction

Riverine discharge is the main external marine silicon (Si) source to Coastal and
Continental Margin Zones (CCMZs) (Tréguer et al., 2021). As a consequence of climate
change, a decrease in riverine dissolved Si (dSi) discharge (Phillips, 2020) to the oceans
is expected. Moreover, with a warmer and more stratified ocean, there will be lower
nutrient input from depth, leading to lower diatom production and resulting in a decline
in biogenic silica (bSi) export in mid and low-latitude oceans (Tréguer et al., 2018).
Alternatively, Taucher et al. (2022) predicted that with ocean acidification, the pH-
induced decrease in bSi dissolution will reduce the availability of silicic acid in the
surface ocean, consequently triggering a global diatom decline. The dissolution of
silicate minerals in sediments of CCMZs contributes an important amount of dSi
(ranging from 2 to 45 Tmol-Si yr!) to the global ocean (Jeandel et al., 2011; Jeandel
and Oelkers, 2015; Frings, 2017; Tréguer et al., 2021), which fuels planktonic and
benthic diatom production (Tréguer et al., 1995; Leynaert et al., 2011). Jeandel et al.
(2011) and Jeandel (2016) highlighted the importance of silicate mineral dissolution in
the silicate-rich CCMZs as a necessary Si source of the oceans. Given the importance
of silicate minerals dissolution for supplying Si to the ocean and sustaining oceanic
productivity (Fabre et al., 2019; Zhang et al., 2020; Measures and Hatta, 2021; Ng et
al., 2020, 2022; Ward et al., 2022), understanding the variability of silicate mineral
dissolution along continental margins (Lerman et al., 1975; Jeandel et al., 2011; Jeandel
and Oelkers, 2015) and evaluating its Si-release potential are necessary (Bardo et al.,
2015).

The interaction of silicate minerals with seawater contributes to the control of the dSi
concentration of seawater, with silicate minerals releasing Si to the silica-deficient
seawater and precipitating Si from silicic acid enriched (> 417 uM) seawater
(Mackenzie et al., 1967; Siever, 1968). Based on theoretical and empirical studies of
porewater dSi profiles, Frings (2017) concluded that 45 Tmol-Si yr'! is released from
clay and calcareous seafloor. However, Tréguer et al. (2021) found that some of the

non-biogenic-silica sediment classes described in Frings (2017) contain significant bSi,



84  which explains the overestimation of the benthic Si efflux. The re-evaluated benthic Si

85  efflux from opal-poor sediments is approximately 2 Tmol-Si yr'!, which still represents

86  13% of the total marine Si input (Tréguer et al., 2021). Quantitatively differentiating

87  the Si outflux of silicate minerals from bSi is challenging due to complex mineral

88  compositions (Jeandel et al., 2011; Tréguer et al., 2021). A flow-through experiment

89  was established for evaluating the Si efflux from bulk sediment of various depositional

90 environments (Open Ocean (Van Cappellen and Qiu, 1997; Rickert, 2000; Gallinari et

91 al., 2002, 2008) and CCMZs (Wu et al., 2017; Wu and Liu, 2020; Ma et al., 2023)).

92  However, the Si released during the flow-through experiment originates from both bSi

93 and silicate minerals, and the relative contribution of either Si source is not

94  distinguished according to the measurement of dSi concentrations only (Ma et al., 2023).

95 In this study, we use a simultaneous measurement of dSi and dissolved aluminum (dAl)

96  in order to address this issue (Kamatani and Oku, 2000; Koning et al., 2002), since the

97 Al content in bio-siliceous frustules is far less than in mineral sediments (Ehlert et al.,

98  2012).

99 The continuous alkaline extraction technique is an advanced wet chemical method
100  that simultaneously analyzes dSi and dAl (Koning et al., 2002) and is widely applied
101 for differentiating different sources of Si from soil (Barao et al., 2014, 2015) and marine
102  sediments (Koning et al., 2002; Barao et al., 2015; Raimonet et al., 2015; Zhu et al.,
103 2023). Through a high-resolution (one-second) alkaline extraction monitoring of the
104  dSiand dAl contents and a first-order dissolution model, sources of Si are well-defined
105  based on the different dissolution kinetics and elemental compositions of bSi and
106  silicate minerals (i.e., lithogenic silica) (Koning et al., 2002). This technique allows
107  accurate quantification of the bSi content (bSi%) and the lithogenic silica content,
108  particularly for sediments of CCMZs where silicate mineral content far exceeds the bSi%
109  (Bardoetal.,2015; Zhu et al., 2023). Previous studies found that the amount of alkaline-
110  extracted Si from silicate minerals is significantly higher than bSi (Bardo et al., 2015).
111 Although silicate mineral digestion, performed in the laboratory, is significantly
112 enhanced under the hot (85 °C) conditions of alkaline digestion, it suggests the potential

113 importance of non-biogenic silicate as a source of silicate for marine ecosystems (Barao
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et al, 2015). Further, in situ measurement of the dissolution rate of aluminosilicates in
seawater was found to be comparable to the dissolution of bSi in oceanic sediments,
particularly for silicate minerals of surface sediments that contain highly active surface
areas (Lerman et al., 1975; Kohler et al., 2005). This is probably due to 1) reduced
dissolution rate of bSi caused by authigenic aluminosilicate coating surrounding the
bio-siliceous structures (Michalopoulos and Aller, 1995, 2004; Michalopoulos et al.,
2000; Amann et al., 2020) and 2) relative rapid dissolution of silicate minerals in surface
sediments (Kohler et al., 2005). Therefore, simultaneous alkaline extractions can help
quantify different Si fractions that are more soluble than the highly crystalized minerals
and can be released back into seawater.

CCMZs are “boundary exchange zones” that play a major role in the land-to-ocean
transfer of materials (Jeandel and Oelkers, 2015). As the largest CCMZs in western
Pacific, the Chinese marginal Seas (i.e., the Bohai Sea (BH), Yellow Sea (YS), East
China Sea (ECS) and South China Sea (SCS)) receive more than 1.4 x 10° tons yr'!' of
terrestrial sediments from surrounding rivers (Milliman and Meade, 1983; Liu et al.,
2009; Qiao et al., 2017; Ma et al., 2022). Even a lower limit of dissolution rate (0.5%-
SiO; yr!, Jeandel et al., 2011; Jeandel and Oelkers, 2015) of the riverine transported
solid phases would release 1.2 x 10! mol-Si yr! into the marine water column, which
is still comparable to the dSi input from all surrounding rivers (6.4x 10" mol-Si yr!,
(Liu et al., 2003, 2005, 2009, 2011). In addition, both field observations and
onboard/laboratory incubations have shown that the Si efflux from the opal-poor
sediments plays a major role in the diatom production of the BH (Liu et al., 2011), YS
(Liu et al., 2003; Wu et al., 2017), ECS (Wu and Liu, 2020) and SCS (Ma et al., 2022),
as well as other CCMZs (i.e., the southern North Sea, Gehlen and van Raaphorst, 1993;
Oehler et al., 2015). It is therefore important to understand the role of bSi and silicate
minerals dissolutions in Si efflux and more broadly, in the biogeochemical cycle of Si
in the CCMZs.

In this context, we measured the chemical compositions (i.e., total organic carbon,
inorganic carbon, total nitrogen), physical properties (i.e., grain size) and the clay

mineral contents of sediments to understand the sediment matrices. We conducted
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continuous alkaline extraction experiments to simultaneously monitor the dissolution
of bSi and silicate minerals in sediments, and further quantified the amount of different
Si phases (bSi and silicate minerals) released from various types of sediments (muddy

vs. sandy sediments) collected in the CCMZs of the Chinese marginal Seas.
2. Materials and Methods
2.1. Sampling of Sediment Samples

Surface sediments (0 — 2 cm) were collected from the BH, YS, ECS and SCS during
August — September 2008, September — October 2010, May — June 2013 and March —
April 2014, respectively (Figure 1). Information (research cruise, date, samples’
coordinates and water depth) of these samples is described in Wu et al, (2017), Ma et
al, (2023) and Zhu et al, (2023). All samples were sealed in plastic bags and
immediately stored on board at -20 °C and freeze-dried in the laboratory for further

analysis.
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—River
® Sample location
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Figure 1. Map of the Chinese marginal Seas showing sampling stations in the Bohai
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Sea (BH), Yellow Sea (YS), East China Sea (ECS) and northern South China Sea
(NSCS). Mud deposits are also indicated following Wu and Wen (2019) and Shi et al.
(2021). Figure plotted using Ocean Data View (ODV) program (Schlitzer, 2023).

2.2. Analytical Methods
2.2.1 Continuous Alkaline Extractions

The simultaneous alkaline extraction of Si and Al was conducted following the wet
chemical method described in previous studies (Koning et al., 2002; Barao et al., 2015;
Zhu et al., 2023). The high-resolution analysis (one second) of alkaline extracted dSi
and dAl allows 1) an evaluation of the alkaline extracted Si fractions from bSi and
silicate minerals, as the Al content of diatoms in sediments is less than that of silicate
minerals (Koning et al., 2002; Ehlert et al., 2012), and 2) the determination of the
dissolution kinetics of bSi and silicate minerals. In brief, freeze-dried sediments were
added into a stainless-steel vessel filled with 180 mL of 0.5 M NaOH pre-heated to
85°C. The alkaline extracted Si concentration was measured according to the
molybdate-blue method (Grasshoff et al., 1983) and the Al concentration was
determined according to the fluorometric method (Hydes and Liss, 1976). Standard
samples of dSi and dAl with concentrations of Il mg L', 2mg L', 4 mg L', 6 mg L',
8mgL!,10mgL! 20mg L' 30mgL", and 40 mg L' were used for calibration, and
only the linear regression curves with correlation coefficients > 0.999 were accepted
according to previous studies (Bardo et al., 2015). Two independent internal reference
solutions (with concentrations of 3 mg L', and 9 mg L' of dSi and dAl) were tested
before and after the continuous alkaline extractions to guarantee an analytical error
below 5%. Triplicate analyses of sample C12 were conducted, and the standard
deviation for three parallel extractions was < 3%, indicating good reproducibility (Zhu
et al., 2023). The concentrations of dSi and dAl of the reagents blank solutions were at
the baseline of measurements. Samples from the BH, YS and ECS were digested
previously, and the modeling parameters were reported in Zhu et al. (2023), three
samples (NSCS1, NSCS7 and NSCS10) from the SCS were analyzed in this study. The

period of alkaline extraction ranged from 30 min to 70 min (50 min on average). The
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stock solutions for Si and Al concentration analyses were made using Na>Si03-9H>O
(Sigma-Aldrich S4392) and KAI(SO4)2-12H,O (Merck 101047). The standard
solutions and the internal independent reference solutions were prepared by diluting the

stock solution.
2.2.2. Analytical Procedure for Si and Al data

Each extraction provides Si and Al concentrations over time, and unit of time t in
equation (Eq. 1) was normalized into minutes (min). Calculation of the bSi content
(bSi%) follows the procedure that assumes the presence of a linearly dissolving silicate
mineral phase and a non-linearly dissolving silica phase indicating bSi and /or non-bSi
(Koning et al., 2002).

All alkaline extracted Si and Al concentrations were fitted (Eq.1) using the first-order
dissolution models (model 1: i =1; model 2: i =2, model 3: i =3) as described in Koning
et al. (2002), Bardo et al. (2015) and Zhu et al. (2023). Here, Eq.1 describes sediments

containing several non-linearly dissolving Si phases (ExtrSi;, ExtrSiz, ExtrSis3):

n

Sigq = Z[ExtrSil-]O (1—e~kit) + bt

i

lin

Al = z % [ExtrSi;]o (1 — e kit + Bi bt (D

Where Siaq and Alyq are the concentrations of leached dSi and dAl in mg L!, at time
t (min). [ExtrSii]o is the initial extractable Si in mg L', calculated under a condition

when all alkaline extractable Si (bSi and silicate mineral) has dissolved, 4; is the
reactivity constant (min™') of non-linear dissolving phases and B, 1s the atomic ratio of
Si and Al released during the dissolution of extractable silica fraction. The parameters
b and B, represent the constant dissolution rate and the Si:Al ratios of silicate
minerals, respectively. Normally, several alkaline extractable Si (Ex#rSi;) phases exist,
the bSi phases are characterized by a high Si:Al ratio (8, > 5) and high reactivity (k; >

0.1 min") (Koning et al., 2002). Further, the total amount of alkaline extracted Si

(TAIKSi, mg-Si g') and Al (TAIkAIL, mg-Al g') were also presented. For the fitted
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results from the above-mentioned models (see Eq.1), optimization was carried out by
maximizing the likelihood statistic and parameters of the optimum model were adopted.

Detailed calculations of the likelihood statistic are provided in Armstrong et al. (2002),

Moriceau et al. (2009) and Zhu et al. (2023). The units of ExrSii, TAIkSi, TAIKAI, B,

and b were normalized as mg-Si g™, mg-Si g, mg-Al g”!, pmol:pmol and mg-SiO> g!

min’!, respectively.
2.2.3. Grain-size Analysis

The grain-size measurement was conducted following an optimum—“PT2SD”
protocol proposed by Jaijel et al. (2021). The freeze-dried sediments were added into a
15 mL plastic tube filled with 1 mL Mili-Q water (18 MQ), then 2 mL of 30% H20O»
was mixed with samples for removing the organic matter (addition of the volume of
H>O:> is dependent on organic matter content of sediment). Then 0.4 mL of Clagon
solution was added to the sample solution prior to measurement. Triplicate
measurements were applied for grain-size analysis using Malvern Mastersizer 2000
grain-size analyzer with Hydro 2000S module, and an averaged value was calculated
after measurements. The mean grain size, specific surface area (SSA), D [3,2] surface
area distribution weighted mean (D [3,2]) and fractions of clay (<2 um), silt (2 — 62.5
pum) and sand (> 62.5 um) were also calculated. The definition of textural classification
of clay, silt and sand follows the subdivisions introduced by Wentworth (1922). Specific
surface area (SSA) of sediment is calculated by the total area of particles divided by the
total weight. The D [3,2] is most relevant where specific surface area is important, e.g.,
reactivity, dissolution and bioavailability, it is sensitive to the presence of fine
particulates in the size distribution. Note that the definition of muddy (sand + silt > 70%)

and sandy (sand > 50%) sediment follows Flemming (2000).
2.2.4. Chemical Analysis

The chemical analysis includes the measurement of total nitrogen (TN), total organic
carbon (TOC) and total carbon (TC). TN, TOC and TC contents were analyzed by flash

combustion of precisely weighted sediment samples (about 10 mg) at 950 °C on a
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Thermo Scientific FLASH 2000 CHN. Measurement of TOC was conducted using
decarbonated (acidification with 1.0 M HCI) sediment. The calculation of inorganic
carbon (CaCO3) content is expressed as: CaCO3% = 100*(TC% — TOC%)/12. Detrital
material content (detrital% = 100% — TN% — TOC% — CaCO3% — bSi%) was
calculated following Rickert (2000). The calibration curve for TN, TOC and TC
measurement with R? > 0.9997 was created by measuring 9 standards which were
prepared using N-Phenylacetamide (CsHoNO, Sigma-Aldrich 397237), and the
analytical precision of TN, TOC and TC was < 5%.

2.2.5. Clay Mineral Analysis

The relative clay mineral (illite, kaolinite, chlorite and montmorillonite) contents
were measured by X-ray diffraction (XRD) on oriented mounts of clay-size particles (<
2 um). All samples were pretreated with 15 mL of 30% H2O; for 24 h to remove the
organic matter and then decarbonated using 0.5% HCI. The decarbonated suspensions
were washed successively with distilled water to remove excess ions and to enhance
the deflocculation of clays. The clay-size particles were separated following Stokes' law
and concentrated using a centrifuge. The resulting pastes were spread onto calibrated
niches on glass slides. XRD analyses were conducted using a Rigaku D/max 2500
diffractometer with Cu ka radiation (40 KV/150 mA; Speed: 8°/min; Step: 0.024°) at
the Qingdao Institute of Marine Geology. Peak areas and illite crystallinity were
calculated after manual baseline correction using MacDiff software version 4.2.6
(Petschick, 2002), following the semi-quantitative method of Biscaye (1965).

2.3. Statistical Analysis

To show the distributions of the determined parameters in the studied area, data were
plotted using the ODV program, and the values were interpolated in color (Schlitzer,

2023). A Principal Component Analysis (PCA) was performed to identify the majority

of the variance among the modeling parameters (ExtrSi;, ki, TAlkSi, TAIKAL b, ,BI. and

B,,)» sediment physical parameters (clay%, silt%, sand%, mean grain size, D [3,2],

sediment-specific surface area, the relative clay mineral contents and water depth,
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chemical compositions (bSi1%, TN%, TOC%, CaCO3% and detrital%) and the water
depth of samples. Two—way Analysis of Variance (ANOVA) were used to test if there
are significant differences among the determined parameters. Both PCA and two-way

ANOVA tests were performed using Origin 2021b software.
3. Results
3.1. Dissolution of Si and Al Fractions

The analysis of Si and Al data showed that the optimum model for most samples
(25/31 samples) is model 2, and 6 samples (A4, B09, C4, NSCS1, NSCS7 and NSCS10)
were only fitted with model 1. The determined parameters showed a heterogeneous
distribution of alkaline extracted Si and Al in surface sediments of the Chinese marginal
Seas. Figure 2 shows the distribution of non-linear dissolving Si phases (ExtrSi;: 0.21
—5.97 mg-Si g'!, ExtrSi>: 0.16 — 6.01 mg-Si g!), total alkaline extracted Si (TAIkSi:
0.65—23.31 mg-Si g'!) and Al (TAIKAL: 0.14 —5.79 mg-Si g'') as well as the dissolution
rate of silicate minerals (b: 0.02 — 0.36 mg-SiO, g'! min). The distribution patterns of
ExtrSi;, ExtrSi;, TAIkSi, TAIKAl and b values were similar with high values in
sediments of the western BH, northern YS, Zhe-Min coast and the ECS continental

slope. In addition, as shown in Figure A1, the reactivity and the Si:Al ratio of the first

non-linear dissolving Si fraction (k;: 0.06 — 4.50 min’'; B ;+2.00 —36.07) were higher
than the second non-linear dissolving Si fraction (k2: 0.05—0.13 min''; S 5 1.83-7.84),
and the Si:Al ratio of non-linear dissolving Si fractions (4, and f ) were larger than

the Si:Al ratio of the linearly dissolving silicate mineral (8, : 1.57 —5.07).
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Figure 2. The parameters (A: ExtrSi, first non-linearly dissolving Si phase; B: ExtrSi>,
second non-linearly dissolving Si phase; C: TAIkSi: the total amount of Si; D: TAIkAI,
the total amount of Al; and E: b, dissolution rate of the linearly dissolving silicate
mineral) of the simultaneous alkaline extraction, which was interpolated in color. The
values in each plot represent the ranges and averages (shown in brackets) of data, all
the determined parameters were presented in Table S1. The figure was generated using

the ODV program (Schlitzer, 2023).
3.2. Grain-size Distributions

Grain size is a key physical parameter of marine sediments. Generally, the sediments
used in this study contain mainly silt (54.1%), sand (41.9%) and with minor amount of
clay (3.9%) content. The mean grain-size distribution at the study area is similar to the
sand distribution whereas the distribution of specific surface area of the sediments is
similar to the distribution of clay and silt fractions (Figure 3). Further, areas
characterized by fine grain-size fractions (clay and silt: grain-size < 62.5 pm) were
found in the western BH, northern YS, Zhe-Min coast and ECS continental slope
(Figure 3 A and B). The outer continental shelf of ECS is characterized by high sand

content (Figure 3 C). The largest mean grain size was found in a sample (NSCS10,
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Figure 3 D) from the NSCS. Our determined values are in agreement with the
previously reported grain-size distribution patterns (Wu and Wen, 2019; Shi et al., 2021;
Mei et al., 2020; Ma et al., 2023).

(A) Clay% (B) Silt% (©) Sand%

= 100
40°N

o 30°N

T Ouean Data View

e ) o o
1T0°E 120°E 130°E 110°E 120°E 130°E 110°R 120°F

&
o

(D) Mean Grain size [um] (F) Specific surface area
A0°N == 600 i 1.5
500

35°N 35°N

= 4400

30°N a0 30N

200

25°N 25°N

76-5624 |z 100
20°N ® o Wmng 20°N

o g 0 ]
110°FE 120°E 130°E 110°E 120°F

0.06-1.48
(0.64)

C Oean Duw View

=
=
m

Figure 3. The clay% (A), silt% (B), sand% (C), mean grain size (D) and specific surface
area (E) of surface sediments. The values in each plot represent the ranges and averages
(shown in brackets) of data, all the determined parameters were presented in Table S1.

The figure was generated using the ODV program (Schlitzer, 2023).
3.3. Chemical Parameters

The distribution of detrital material, bSi, CaCOs3, TN and TOC contents are shown in
Figure 4. Samples from the study area contain high detrital material (average: 90.8%,
Figure 4 A), which agrees with previous studies (Wu and Liu, 2020; Ma et al., 2023).
A higher content of detrital material was found in near-shore sediments than in
sediments on the ECS continental shelf. The distribution of bSi% and CaCO3% (Figure
4 B, C) showed similar patterns with higher values in near-shore sediments and deep-
water sediments (i.e., continental slope). Distributions of TN% and TOC% were similar

(Figure 4 D, E) with high values in the central YS and the continental slope of ECS.
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Figure 4. Detrital material content (A), bSi% (B), CaCO3% (C), TN% (D) and TOC%
(E) of the study area. The values in each plot represent the ranges and averages (shown
in brackets) of data, all the determined parameters were presented in Table S1. The
figure was generated using the ODV program (Schlitzer, 2023).
3.4. Clay Minerals

The relative clay mineral compositions of the study area were illite (63.5%), chlorite
(20.4%), kaolinite (11.9%) and montmorillonite (4.3%). Generally, illite and chlorite
content increase from the BH to ECS (Figure 5 A, B), whereas a reverse pattern was
found for kaolinite (Figure 5 C). The BH sediments contain higher montmorillonite
content than other regions (YS, ECS and SCS) of this study (Figure 5 D). In addition,
samples from BH and western YS and the inner shelf of ECS have higher illite
crystallinity (> 0.28) than the other samples (Figure 5 E). This indicates a poor illite

crystallinity of near-shore sediments.
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Figure 5. The illite% (A), chlorite% (B), kaolinite% (C), montmorillonite% (D) and
illite crystallinity (D) of the sediments. The values in each plot represent the range of
data and the average value, all the determined parameters were presented in Table S1.
The figure was generated using the ODV program (Schlitzer, 2023).

3.5. Principal Component Analysis

The PCA displayed relationships between alkaline extraction parameters and
sediment physical and chemical properties. The distributions of muddy and sandy

seidments on the bi-plot were also presented (Figure 6). Results showed positive
relationship of the continuous alkaline extraction results (ExtrSis, ExtrSiz, b, B, B,
S P bSi%, TAIkSi and TAlkAl), TOC%, TN%, clay%, silt%, SSA, the parameters of
clay minerals (illite crystallinity, illite%, montmorillonite%) and sediment water depth.
The B, ki and k2 were positively related to mean size of sediment, sand%, detrital%,

D [3,2] and chorite%, kaolinite%, and were negatively related to fine-size fractions
(clay% and silt%), SSA, b, TAIkSi, TAIkAL, TOC%, TN%, ExtrSii, bS1% CaCOs%, S,

and parameters of clay minerals.
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Figure 6. Bi-plot of PCA ordination of the determined parameters for all samples. PC1
represents principle component 1 and PC2 represents principle component 2. The

symbols in blue and black color represent muddy and sandy sediments, respectively.
4. Discussion
4.1. Muddy Sediments Release more Si and Al than Sandy Sediments

Sediment samples of this study were grouped as sandy sediment (sand > 50%, SSA
< 0.5) and muddy sediment (clay + silt > 70%, SSA > 0.5). The results showed that
values for the alkaline extracted Si and Al from muddy sediments were much higher (>
200%) than those for the sandy sediments, which indicates that muddy sediments could
be an important source of Si and Al in the Chinese marginal Seas. As shown in Figure
7, values for the alkaline extracted TAlkSi, TAlkAI, bSi and silicate mineral contents
from muddy sediments were 2 to 3 times higher than values determined for sandy
sediments. In addition, the alkaline leachable silicate minerals contents outweigh bSi%
from both muddy and sandy sediments (Figure 7). Therefore, although the reactivity of

bSi is higher than silicate minerals (see Figure A1 and section 3.1), the dissolution of
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silicate minerals is potentially an important Si source for the Chinese marginal Seas
because bSi% (bSi% < 2%) is much lower than the detrital% (average: 90.8%, Figure
4) and the physical mass of silicate minerals (> 70%, Wu and Liu, 2020). Thus, the
dissolution of silicate minerals is an important potential source of Si in coastal shelf
systems (i.e., CCMZs) (Jeandel and Oelkers, 2015; Pickering et al., 2020). A
comparison of alkaline leachable Si and Al from different sediment types further
confirmed the important role of muddy sediments on Si release. Samples containing
more fine-size fractions (< 62.5 um) released more Si (TAIkSi, bSi and silicate minerals)
and TAIKAI (ANOVA test: p < 0.001, Figure 8). This positive relationship is probably
due to three reasons: 1) high specific surface area (SSA) of sediment, 2) species of
diatoms in sediments and their cell sizes and 3) better conservation of bSi in muddy

sediments. Detailed explanations are presented in the following separate paragraphs.
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Figure 7. Plot of alkaline extracted Si (TAIkSi, bSi, silicate minerals) and Al (TAIkALI)
from muddy and sandy sediments. Error bars represent the data range with 1.5 IQR
(Interquartile Range), and the numbers above the bar chart represent mean values. The

averaged values and errors were calculated using data of all sampling sites of this study.

Dissolution of silica (bSi and silicate minerals) in solution is controlled by
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temperature, pH and surface area of solid particles (Niibori et al., 2000; Dixit and Van
Cappellen, 2002; Van Cappellen et al., 2002; Cama and Ganor, 2015). Therefore, under
temperature and pH-controlled experimental conditions, the dissolution kinetics of Si
and elements combined with Si (i.e., Al (Gehlen et al., 2002; Koning et al., 2002;
Loucaides et al., 2010), Fe (Liao et al., 2023) and Ge (Mortlock and Froelich, 1989;
Sutton et al., 2018; Baronas et al., 2019)) are dependent on the SSA of the particles. As
shown in Figure 6 and Figure A2, SSA has a positive relationship with the clay% and
silt%, and is negatively related to sand% and the D [3,2] surface weighted mean.
Therefore, an increased yield of alkaline extracted Si and Al phases from muddy

sediments (see Figure 7) is linked to larger SSA.
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Figure 8. Relation of alkaline extracted Si and Al and sediment grain-size content.
Samples containing a higher percentage of fine grains potentially release more (A)
silicate minerals, (B) bSi, (C) TALkSi and (D) TAlkAIl. The dots filled in green color
(see plot B) represent samples from the continental slope of ECS (C12, D12, DC and
F8) and SCS (NSCS7).
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Another reason that could cause an enhanced Si and Al dissolution from muddy
sediments is attributed to bSi types and sizes given their different solubilities
(Maldonado et al., 2022). Several types of bSi (diatom, radiolarian, sponge spicules and
phytolith) were found in sediments of the Chinese marginal Sea (Chen et al., 2014;
Zhang et al., 2015; Ran et al., 2018; Qu et al., 2020; Zhu et al., 2023). However,
phytoliths were mainly found in sediments of river estuaries (Ran et al., 2018).
Radiolarian tests and sponge spicules were more abundant in sediments of the
continental slope of the ECS and SCS basin (Chou et al., 2012; Zhang et al., 2015; Zhu
et al., 2023). Whereas diatoms were the major types of bSi in sediments of the
continental shelf of the Chinese marginal Seas. Based on the measurement of bSi% in
various sediment size fractions and the scanning electron microscopic observations,
Wang et al. (2014) found the largest bSi% in the sediment size fraction of < 16 pm, and
the microscopic measurements showed most of the diatoms were nano-diatoms with a
diameter smaller than 14 um (dominant cells diameters: 2 — 14 um). Thus, the presence
of nano-diatoms in sediment may be one of the reasons that cause the positive
relationship observed between bSi% vs. muddy sediment. In addition, the presence of
sponge spicules and radiolarians may affect our interpretations. There are five samples
(filled symbols) characterized by higher bSi% than other sediments (bSi: TOC% as
shown in Figure A3 B; the slope of TAIkSi vs. TAIKAI plot as shown in Figure A4),
indicating better bSi preservation. These samples were located at the continental slope
of the ECS and NSCS deep water (> 500 m) and contains sponge spicules and
radiolarians (Zhang et al., 2015; Zhu et al., 2023) that are more resistant to dissolution
than diatoms (Hurd, 1983). Thus, sediments of CCMZs containing more sponge
spicules and radiolarians are characterized by higher bS1%: TOC% ratios.

Further, a better preservation of bSi in muddy sediments also induces elevated values
for leachable Si and Al. The positive correlation of the Ex#rSi; (represents bSi), ExtrSi>
(represents silicate minerals for most samples except sample DC and D12, see Table
S1), TOC%, TAlkAl and SSA (Figure 6) indicated a good preservation of TOC%,
ExtrSi; and ExtrSi; in muddy sediments as compared to sandy sediments. Krause et al.

(2017) and Pickering et al. (2023) found a strong correlation between TOC% and the
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authigenic alternation of bSi in sediments of Mississippi River delta, and concluded
that the increasing of organic content may impact the diagenetic modification of bSi.
Thus, one possible mechanism for the enhanced preservation of bSi is attributed to the
favorable formation of authigenic silicate in high TOC% muddy sediments that
generated ExtrSi> and enhanced the preservation of ExtrSi;. Our previous study defined
ExtrSi> as lithogenic silica (authigenic silicates and/or clay minerals) (Zhu et al., 2023).
Through comparing the modeling parameters and the sediment physical and chemical
parameters, ExtrSiz is likely an authigenic alumino-silicate phase. However, further
studies applying multiple geochemical tools (5°°Si, Si, Al, Fe, K; Pickering et al., 2020;
Huang et al., 2023; 32Si and Si, Rahman et al., 2016) are needed in order to define the

ExtrSi; phase specifically.
4.2. Al from Silicate Minerals Hindering the Dissolution of bSi in Sediments

Our results confirm that the dissolution (reactivity) of bSi in sediments is hindered
by the structural incorporation of Al that originates from silicate minerals. It suggests
that this decreased reactivity of bSi leads to enhanced opal preservation in muddy

sediments of CCMZs.
We found the reactivity (k;) and Si:Al ratio of bSi () decrease with the increase of

sedimentary SSA (Figure 6 and Figure 9). The decrease in bSi reactivity in muddy
sediments (Figure 9 A, B) is explained by an increased amount of Al incorporated with
bSi surface, because the Al uptake by bSi surfaces takes place in the sediments during
early diagenesis can generate alumino-silicate “coating” that prevents further
dissolution of biogenic silica (Van Cappellen and Qiu, 1997; Dixit et al., 2001). In
addition, the previous study used Scanning Electron Microscopy coupled with an
Energy Dispersive Spectrometer (SEM-EDS) to qualitatively measure element
distributions at the diatom surface and found enriched Al in sedimentary diatom
frustules of ECS (Zhu et al., 2023), which further confirms our findings. The decreased
bSi reactivity also explains why bSi% is higher in muddy sediments than in sandy
sediments.

Further, we argue that the Al incorporated with bSi structures mostly originates from

21



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

the dissolution of silicate minerals. Siliceous frustules produced in the photic zone
contain a trace amount of Al (Si:Al > 120 (van Bennekom et al., 1989; Rickert et al.,
2002; Koning et al., 2007)). During the deposition and burial of bSi, a diagenesis
process (such as reverse weathering process (Michalopoulos and Aller, 2004; Ehlert et
al., 2012)) with diagenetic Al uptake (Ren et al., 2013; Dixit et al., 2001) starts
increasing the Al content of bio-siliceous structures in the sediments (Si:Al < 50) (van
Bennekom et al., 1989; Van Beusekom et al., 1997; Rickert et al., 2002; Ren et al.,
2013). Our results showed high Al (Si:Al < 40, Figure 9 B) contents in bSi of Chinese
marginal Seas’ sediments, with especially high Al contents (Si:Al < 10) in bSi observed
in sediments characterized by high SSA (i.e., the muddy sediments that contain silicate
minerals with high dissolution rate, see Figure 9 D). This is likely due to the
incorporation of Al with bSi on the seafloor, because the dAl concentration of pore
water and the overlying water at the sediment-water interface (> 120 nM (Mackin and
Aller, 1984)) are much higher than the dAl concentration of the water column (< 50 nM
(Ren et al., 2006; Li et al., 2018; Zhang et al., 2020)), and the residence time of bSi at
the seafloor overtake the time of settling from the surface to bottom water (15 — 70 m
d! (Passow, 1991; Ran et al., 2015)). It is, therefore, reasonable to attribute the major
source of Al that is incorporated with bSi to Al release during silicate mineral
dissolution (Dixit et al., 2001).

The Al released from silicate minerals hinders the dissolution of bSi in sediment and
impacts the accurate determination of bSi%. Studies have found incomplete digestion
of bSi due to alumino-silicate coatings on bio-siliceous structures (Zhu et al., 2023),
resulting in an underestimation of the bSi%. Moreover, changes in the sediment
depositional environment can affect the release of Al from silicate minerals (Mackin
and Aller, 1984; Measures and Hatta, 2021; Pickering et al., 2023), which subsequently
influence the incorporation of Al and bSi structures and the preservation of bSi in
sediments. Therefore, attention should be paid to both the Si:Al ratio and the types of

bSi when using bSi1% to understand past environmental changes.
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Figure 9. Relationship of grain-size specific surface area (SSA) and bSi reactivity

constant (A), Si:Al ratio (8,) of bSi (B), TAIkAI (C), and silicate mineral dissolution
rate (b) (D).
4.3. Implications of Simultaneous Alkaline Extraction of Si and Al

The simultaneous alkaline extraction of Si and Al is widely applied for differentiating
various Si phases (Koning et al., 2002; Barao et al., 2015; Raimonet et al., 2015; Zhu
et al., 2023). The definition of the alkaline extracted Si from silicate minerals is based
on an assumption of a slow linear dissolution of clay minerals (Koning et al., 2002).
The distinct different Si: Al ratios between bSi (Si:Al > 5) and clay (Si:Al < 5) allow an
accurate measurement of bSi-poor sediments that contain high silicate minerals, e.g.,
CCMZs of Chinese marginal Seas and the Amazon shelf (Koning et al., 2002).

Previous studies found the Si:Al ratios and the reactivity of bSi are dependent on bSi
types, ‘aging’ (Hurd, 1983; Van Cappellen and Qiu, 1997; Dixit et al., 2001; Van
Cappellen et al., 2002) or diagenetic alteration of bSi (Huang et al., 2023). Therefore,

the reactivity and Si:Al ratio of bSi calculated by non-linear dissolution models cannot
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be used to compare samples of different depositional environments (Koning et al.,

2002). However, the dissolution rate of silicate minerals () in hot alkaline solutions is
dependent on the SSA of solid particles, and the f, is dependent on the clay mineral
compositions (type and content) of sediments. By comparing with previously published

data (Figure 10), we found g, = reflects the major types of clay minerals of sediments.

For example, the g, of the kaolinite-rich Congo deep-sea fan sediments (1.16 — 1.18,
Bardo et al., 2015) are equal to the Si:Al ratio of kaolinite (1.10 — 1.18, Kamatani and
Oku, 2000; and Koning et al. 2002). The g, of the kaolinite and montmorillonite-rich

Angola basin (1.90 — 2.15, Koning et al., 2002) sediments are within the Si:Al ratios of

kaolinite and montmorillonite (1.10 —4.80, Kamatani and Oku, 2000, and Koning et al.,
2002). The g, of the illite-rich Iberian margin sediments (2.23 — 2.34, Koning et al.,

2002) are similar to illite (2 — 2.47, Kamatani and Oku, 2000 and Koning et al., 2002).
In addition, the clay minerals in the sediment of Tokyo Bay are mainly illite (50%) and

montmorillonite (40%), and reflected in an alkaline extracted Si:Al ratio of 2.41

(Kamatani and Oku, 2000). Further, positive relationship between f, ~and major type
of clay was also shown in Figure 6. The f, =~ of sediments from Chinese marginal Seas
(B, =2 — 3) are within the range of Si:Al ratio of illite with exceptions for SCS

samples, which have higher kaolinite or illite content (Figure 10). Therefore, S,
values represent the Si:Al ratios of major types of clay minerals in CCMZs sediments.
The correlation between the calculated f, ~values and Si:Al ratios of major types of

clays is due to the high solubility of clay minerals as compared with other crystalized
silicates (such as quartz and feldspar) and the quantity of the clay-size fractions in

sediments (~10% of total sample volume). Further, whether this correlation can be

applied to other sediment types is not clear. The f, ~ of opal-rich samples (Equatorial

Pacific: f, > 9 (Bardo et al., 2015), particulate bSi sample: g, =48 (Koning et al.,
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2002)) and beach sand sample (Texel, North Sea: #, = 6.9 (Koning et al., 2002)) are

characterized by high Si:Al ratios (> 5), which is higher than the Si:Al ratio of clay
minerals (Si:Al <5). Further studies should check whether these values are an artifact
caused by inappropriate modeling or due to the sediment mineral compositions.
Considering that simultaneous analysis of the Si and Al provides information on the
digestion of both bSi and silicate minerals, it can be adapted to the flow-through

experiment for quantifying the dissolution of bSi and non-bSi at the sediment-water
interface under in-situ conditions. The calculated f, represents Si:Al ratio of bSi and
it decreases during the bSi deposition and burial process (order of f: fresh diatom >

diatom in surface sediment > diatom in deep sediment) (Koning et al., 2002). Thus, the

B, value can reflect the level of diagenetic alteration of bSi in the sediment of the same

marine regions (Koning et al., 2002).

B (S1:Al)
5.08

4.58
4.09

3.59

— 3.09

— 2.59

2.10

1.60

1.10

Figure 10. Relative clay mineral (illite, kaolinite and montmorillonite+chlorite) content
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of sediment and the Si:Al ratio of silicate minerals (5, ) calculated from the continuous
alkaline extraction of Si and Al. The color bar represents the f, ~values. Numbers

within the plot are contours calculated based on determined f, . Data sources of clay

mineral composition: 1) Congo deep-sea fan, Angola basin and Iberian margin: Griffin
et al. (1968); 2) Tokyo Bay: Oinuma and Kobayashi (1966); 2) Clay minerals (illite,
kaolinite and montmorillonite): Kamatani and Oku (2000) and Koning et al. (2002). 4)
Chinese marginal Seas (BH, YS, ECS, SCS): this study. Data sources of Si:Al ratio of

silicate minerals (8, ) from simultaneous alkaline extraction of Si and Al: 1) Congo

deep-sea fan: Bardo et al. (2015); 2) Angola basin and Iberian margin: Koning et al.
(2002); 3) Tokyo Bay: Kamatani and Oku (2000); 4) BH, YS and ECS: Zhu et al. (2023);
5) SCS: this study. All sediment samples were selected from regions under strong

influence of terrestrial input and with high silicate minerals content.
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5. Conclusion

We conducted simultaneous alkaline extraction of Si and Al in sediments of Chinese
marginal Seas and measured the physical and chemical properties of sediments to
understand the incongruent dissolution of silicate minerals in sediments of CCMZs.
Our results demonstrated that more Si (sourced from bSi and silicate minerals) and Al
dissolve from muddy sediments than from sandy sediments. Although the dissolution
rate of silicate minerals is slower than that of bSi, their contribution to the reactive Si
pool is greater due to their larger quantities as compared to bSi. This suggests that
muddy sediments are an important potential Si source for the CCMZs of Chinese
marginal Seas. We found that decreased bSi reactivity is correlated with low Si:Al ratios,
especially for samples of muddy deposits. The source of Al is likely originating from
silicate minerals dissolution. The incorporation of Al into bio-siliceous structures
hinders the dissolution of bSi, thus enhancing bSi preservation. The preservation
efficiency may vary among different types of bSi. Applying continuous alkaline
extraction methods can help to understand these differences due to its ability to
differentiate Si phases with different dissolution rates. Further, the modeling parameters
of the simultaneously analyzed Si and Al concentrations uncover the major types of
clay minerals existing in CCMZs sediments because of their different chemical
characteristics (Si:Al ratios), but whether they can be applied to sediments of open

ocean and/or sandy beaches require dedicated studies.
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934  Figure Al. Relationsip of A): reactivity (ki) of non-linear dissolving Si fraction and

935  Si:Alratios (8 and B) the Si:Al ratio of ISi (8, ) and non-linear dissolving Si fractions

936  (B)). The symbols in orange represents samples of Northern South China Sea (NSCS)

937 that contain one non-linear dissolving Si fraction.
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939  Figure A2. Plot of calculated specific surface area (SSA) of sediment and grain-size.
940  (A) SSA vs. Clay%, (B) SSA vs. Silt%, (C) SSA vs. Sand%, and (D) SSA vs. D [3, 2]

941  surface weighted mean.
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Figure A3. Different sediment chemical compositions and their relationship with grain-

size. The squares filled in green color (see plot B) represent samples from the

continental slope of ECS (C12, D12, DC and F8) and SCS (NSCS7).
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Figure A4. Total amount of alkaline extracted Si (TAIkSi, mg-Si g'')and Al (TAIKAL,
mg-Al g'!). The lines in black, yellow, green color are linear fitted data of samples from
BH, YS and ECS. The dashed green line represent fitted data of samples obtained from

ECS slope. Filled symbles represent NSCS samples.
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