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Abstract 21 

The dissolution of silicate minerals on the seafloor releases an important amount of 22 

dissolved silicon (dSi), which is necessary for maintaining high diatom production in 23 

Coastal and Continental Margin Zones (CCMZs). However, the dissolution of silicate 24 

minerals along the continental shelves is variable, which hinders our understanding of 25 

the marine Si cycle on both a regional and global scale. To understand the discrepancy 26 

of silicon (Si) released in different sediment matrices and its potential controlling 27 

factors, we investigated surface sediments of typical CCMZs of the Chinese marginal 28 

Seas using a continuous alkaline extraction technique, grain size and chemical (carbon 29 

and total nitrogen) analysis as well as a qualitative measurement of clay mineral 30 

composition by X-ray diffraction. The results showed that the amount of Si and 31 

aluminum (Al) leached from muddy sediments were 2 times greater than those released 32 

from sandy sediments. High dissolution rates (> 0.20 mg-SiO2 g-1 min-1) of silicate 33 

minerals are caused by a large sediment-specific surface area. Further, our data showed 34 

that biogenic silica (bSi) with high Al content (Si:Al < 40) has low reactivity and that 35 

the source of Al incorporated in bSi is silicate minerals undergoing dissolution. We 36 

show that although the dissolution of silicate minerals is less active than that of bSi, it 37 

still potentially releases more bio-available Si and Al to seawater due to its dominant 38 

presence on the seafloor (70.3% − 99.0%wt). This study highlights silicate minerals as 39 

an important potential marine Si source and emphasizes the need for a better 40 

understanding of the roles of silicate minerals in the Si cycle of marginal seas in future 41 

studies. 42 
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Graphical Abstract: 43 

 44 

Highlights:  45 

·Muddy sediments potentially release two times more Si and Al than sandy sediments. 46 

·Elevated values of alkaline extracted Si and Al are due to a large sediment-specific 47 

surface area. 48 

·Reactivity of biogenic silica in sediments is reduced because of the incorporated Al 49 

that originates from silicate minerals. 50 

·Models show that Si:Al ratios of the linearly dissolving lithogenic silicate phases are 51 

correlated with the major types of clay minerals in sediments. 52 

Keywords: Continuous Alkaline Extraction; Silicate Dissolution; Silicon Cycle; 53 

Coastal and Continental Margin Zones 54 
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1. Introduction 55 

Riverine discharge is the main external marine silicon (Si) source to Coastal and 56 

Continental Margin Zones (CCMZs) (Tréguer et al., 2021). As a consequence of climate 57 

change, a decrease in riverine dissolved Si (dSi) discharge (Phillips, 2020) to the oceans 58 

is expected. Moreover, with a warmer and more stratified ocean, there will be lower 59 

nutrient input from depth, leading to lower diatom production and resulting in a decline 60 

in biogenic silica (bSi) export in mid and low-latitude oceans (Tréguer et al., 2018). 61 

Alternatively, Taucher et al. (2022) predicted that with ocean acidification, the pH-62 

induced decrease in bSi dissolution will reduce the availability of silicic acid in the 63 

surface ocean, consequently triggering a global diatom decline. The dissolution of 64 

silicate minerals in sediments of CCMZs contributes an important amount of dSi 65 

(ranging from 2 to 45 Tmol-Si yr-1) to the global ocean (Jeandel et al., 2011; Jeandel 66 

and Oelkers, 2015; Frings, 2017; Tréguer et al., 2021), which fuels planktonic and 67 

benthic diatom production (Tréguer et al., 1995; Leynaert et al., 2011). Jeandel et al. 68 

(2011) and Jeandel (2016) highlighted the importance of silicate mineral dissolution in 69 

the silicate-rich CCMZs as a necessary Si source of the oceans. Given the importance 70 

of silicate minerals dissolution for supplying Si to the ocean and sustaining oceanic 71 

productivity (Fabre et al., 2019; Zhang et al., 2020; Measures and Hatta, 2021; Ng et 72 

al., 2020, 2022; Ward et al., 2022), understanding the variability of silicate mineral 73 

dissolution along continental margins (Lerman et al., 1975; Jeandel et al., 2011; Jeandel 74 

and Oelkers, 2015) and evaluating its Si-release potential are necessary (Barão et al., 75 

2015). 76 

The interaction of silicate minerals with seawater contributes to the control of the dSi 77 

concentration of seawater, with silicate minerals releasing Si to the silica-deficient 78 

seawater and precipitating Si from silicic acid enriched (> 417 µM) seawater 79 

(Mackenzie et al., 1967; Siever, 1968). Based on theoretical and empirical studies of 80 

porewater dSi profiles, Frings (2017) concluded that 45 Tmol-Si yr-1 is released from 81 

clay and calcareous seafloor. However, Tréguer et al. (2021) found that some of the 82 

non-biogenic-silica sediment classes described in Frings (2017) contain significant bSi,  83 
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which explains the overestimation of the benthic Si efflux. The re-evaluated benthic Si 84 

efflux from opal-poor sediments is approximately 2 Tmol-Si yr-1, which still represents 85 

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

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

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

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

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

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

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

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

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

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

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

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

2012). 98 

The continuous alkaline extraction technique is an advanced wet chemical method 99 

that simultaneously analyzes dSi and dAl (Koning et al., 2002) and is widely applied 100 

for differentiating different sources of Si from soil (Barão et al., 2014, 2015) and marine 101 

sediments (Koning et al., 2002; Barão et al., 2015; Raimonet et al., 2015; Zhu et al., 102 

2023). Through a high-resolution (one-second) alkaline extraction monitoring of the 103 

dSi and dAl contents and a first-order dissolution model, sources of Si are well-defined 104 

based on the different dissolution kinetics and elemental compositions of bSi and 105 

silicate minerals (i.e., lithogenic silica) (Koning et al., 2002). This technique allows 106 

accurate quantification of the bSi content (bSi%) and the lithogenic silica content, 107 

particularly for sediments of CCMZs where silicate mineral content far exceeds the bSi% 108 

(Barão et al., 2015; Zhu et al., 2023). Previous studies found that the amount of alkaline-109 

extracted Si from silicate minerals is significantly higher than bSi (Barão et al., 2015). 110 

Although silicate mineral digestion, performed in the laboratory, is significantly 111 

enhanced under the hot (85 ℃) conditions of alkaline digestion, it suggests the potential 112 

importance of non-biogenic silicate as a source of silicate for marine ecosystems (Barão 113 
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et al, 2015). Further, in situ measurement of the dissolution rate of aluminosilicates in 114 

seawater was found to be comparable to the dissolution of bSi in oceanic sediments, 115 

particularly for silicate minerals of surface sediments that contain highly active surface 116 

areas (Lerman et al., 1975; Köhler et al., 2005). This is probably due to 1) reduced 117 

dissolution rate of bSi caused by authigenic aluminosilicate coating surrounding the 118 

bio-siliceous structures (Michalopoulos and Aller, 1995, 2004; Michalopoulos et al., 119 

2000; Amann et al., 2020) and 2) relative rapid dissolution of silicate minerals in surface 120 

sediments (Köhler et al., 2005). Therefore, simultaneous alkaline extractions can help 121 

quantify different Si fractions that are more soluble than the highly crystalized minerals 122 

and can be released back into seawater. 123 

CCMZs are “boundary exchange zones” that play a major role in the land-to-ocean 124 

transfer of materials (Jeandel and Oelkers, 2015). As the largest CCMZs in western 125 

Pacific, the Chinese marginal Seas (i.e., the Bohai Sea (BH), Yellow Sea (YS), East 126 

China Sea (ECS) and South China Sea (SCS)) receive more than 1.4 × 109 tons yr-1 of 127 

terrestrial sediments from surrounding rivers (Milliman and Meade, 1983; Liu et al., 128 

2009; Qiao et al., 2017; Ma et al., 2022). Even a lower limit of dissolution rate (0.5%-129 

SiO2 yr-1, Jeandel et al., 2011; Jeandel and Oelkers, 2015) of the riverine transported 130 

solid phases would release 1.2 × 1011 mol-Si yr-1 into the marine water column, which 131 

is still comparable to the dSi input from all surrounding rivers (6.4× 1011 mol-Si yr-1, 132 

(Liu et al., 2003, 2005, 2009, 2011). In addition, both field observations and 133 

onboard/laboratory incubations have shown that the Si efflux from the opal-poor 134 

sediments plays a major role in the diatom production of the BH (Liu et al., 2011), YS 135 

(Liu et al., 2003; Wu et al., 2017), ECS (Wu and Liu, 2020) and SCS (Ma et al., 2022), 136 

as well as other CCMZs (i.e., the southern North Sea, Gehlen and van Raaphorst, 1993; 137 

Oehler et al., 2015). It is therefore important to understand the role of bSi and silicate 138 

minerals dissolutions in Si efflux and more broadly, in the biogeochemical cycle of Si 139 

in the CCMZs. 140 

In this context, we measured the chemical compositions (i.e., total organic carbon, 141 

inorganic carbon, total nitrogen), physical properties (i.e., grain size) and the clay 142 

mineral contents of sediments to understand the sediment matrices. We conducted 143 
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continuous alkaline extraction experiments to simultaneously monitor the dissolution 144 

of bSi and silicate minerals in sediments, and further quantified the amount of different 145 

Si phases (bSi and silicate minerals) released from various types of sediments (muddy 146 

vs. sandy sediments) collected in the CCMZs of the Chinese marginal Seas. 147 

2. Materials and Methods 148 

2.1. Sampling of Sediment Samples 149 

Surface sediments (0 − 2 cm) were collected from the BH, YS, ECS and SCS during 150 

August − September 2008, September − October 2010, May − June 2013 and March − 151 

April 2014, respectively (Figure 1). Information (research cruise, date, samples’ 152 

coordinates and water depth) of these samples is described in Wu et al, (2017), Ma et 153 

al, (2023) and Zhu et al, (2023). All samples were sealed in plastic bags and 154 

immediately stored on board at -20 ℃ and freeze-dried in the laboratory for further 155 

analysis. 156 

 157 

Figure 1. Map of the Chinese marginal Seas showing sampling stations in the Bohai 158 
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Sea (BH), Yellow Sea (YS), East China Sea (ECS) and northern South China Sea 159 

(NSCS). Mud deposits are also indicated following Wu and Wen (2019) and Shi et al. 160 

(2021). Figure plotted using Ocean Data View (ODV) program (Schlitzer, 2023). 161 

2.2. Analytical Methods 162 

2.2.1 Continuous Alkaline Extractions 163 

The simultaneous alkaline extraction of Si and Al was conducted following the wet 164 

chemical method described in previous studies (Koning et al., 2002; Barão et al., 2015; 165 

Zhu et al., 2023). The high-resolution analysis (one second) of alkaline extracted dSi 166 

and dAl allows 1) an evaluation of the alkaline extracted Si fractions from bSi and 167 

silicate minerals, as the Al content of diatoms in sediments is less than that of silicate 168 

minerals (Koning et al., 2002; Ehlert et al., 2012), and 2) the determination of the 169 

dissolution kinetics of bSi and silicate minerals. In brief, freeze-dried sediments were 170 

added into a stainless-steel vessel filled with 180 mL of 0.5 M NaOH pre-heated to 171 

85℃. The alkaline extracted Si concentration was measured according to the 172 

molybdate-blue method (Grasshoff et al., 1983) and the Al concentration was 173 

determined according to the fluorometric method (Hydes and Liss, 1976). Standard 174 

samples of dSi and dAl with concentrations of 1 mg L-1, 2 mg L-1, 4 mg L-1, 6 mg L-1, 175 

8 mg L-1, 10 mg L-1, 20 mg L-1, 30 mg L-1, and 40 mg L-1 were used for calibration, and 176 

only the linear regression curves with correlation coefficients ≥ 0.999 were accepted 177 

according to previous studies (Barão et al., 2015). Two independent internal reference 178 

solutions (with concentrations of 3 mg L-1, and 9 mg L-1 of dSi and dAl) were tested 179 

before and after the continuous alkaline extractions to guarantee an analytical error 180 

below 5%. Triplicate analyses of sample C12 were conducted, and the standard 181 

deviation for three parallel extractions was < 3%, indicating good reproducibility (Zhu 182 

et al., 2023). The concentrations of dSi and dAl of the reagents blank solutions were at 183 

the baseline of measurements. Samples from the BH, YS and ECS were digested 184 

previously, and the modeling parameters were reported in Zhu et al. (2023), three 185 

samples (NSCS1, NSCS7 and NSCS10) from the SCS were analyzed in this study. The 186 

period of alkaline extraction ranged from 30 min to 70 min (50 min on average). The 187 
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stock solutions for Si and Al concentration analyses were made using Na2SiO3·9H2O 188 

(Sigma-Aldrich S4392) and KAl(SO4)2·12H2O (Merck 101047). The standard 189 

solutions and the internal independent reference solutions were prepared by diluting the 190 

stock solution. 191 

2.2.2. Analytical Procedure for Si and Al data 192 

Each extraction provides Si and Al concentrations over time, and unit of time t in 193 

equation (Eq. 1) was normalized into minutes (min). Calculation of the bSi content 194 

(bSi%) follows the procedure that assumes the presence of a linearly dissolving silicate 195 

mineral phase and a non-linearly dissolving silica phase indicating bSi and /or non-bSi 196 

(Koning et al., 2002). 197 

All alkaline extracted Si and Al concentrations were fitted (Eq.1) using the first-order 198 

dissolution models (model 1: i =1; model 2: i =2, model 3: i =3) as described in Koning 199 

et al. (2002), Barão et al. (2015) and Zhu et al. (2023). Here, Eq.1 describes sediments 200 

containing several non-linearly dissolving Si phases (ExtrSi1, ExtrSi2, ExtrSi3): 201 

𝑆𝑖𝑎𝑞 =  ∑[𝐸𝑥𝑡𝑟𝑆𝑖𝑖]0 (1 − 𝑒−𝑘𝑖𝑡𝑛
𝑖 ) + 𝑏𝑡                                             202 

𝐴𝑙𝑎𝑞 =  ∑ 1𝛽𝑖 [𝐸𝑥𝑡𝑟𝑆𝑖𝑖]0 (1 − 𝑒−𝑘𝑖𝑡𝑛
𝑖 ) + 1𝛽𝑙𝑖𝑛  𝑏𝑡                        (1) 203 

Where Siaq and Alaq are the concentrations of leached dSi and dAl in mg L-1, at time 204 

t (min). [ExtrSii]0 is the initial extractable Si in mg L-1, calculated under a condition 205 

when all alkaline extractable Si (bSi and silicate mineral) has dissolved, ki is the 206 

reactivity constant (min-1) of non-linear dissolving phases and βi is the atomic ratio of 207 

Si and Al released during the dissolution of extractable silica fraction. The parameters 208 

b and βlin  represent the constant dissolution rate and the Si:Al ratios of silicate 209 

minerals, respectively. Normally, several alkaline extractable Si (ExtrSii) phases exist, 210 

the bSi phases are characterized by a high Si:Al ratio (βi > 5) and high reactivity (ki > 211 

0.1 min-1) (Koning et al., 2002). Further, the total amount of alkaline extracted Si 212 

(TAlkSi, mg-Si g-1) and Al (TAlkAl, mg-Al g-1) were also presented. For the fitted 213 
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results from the above-mentioned models (see Eq.1), optimization was carried out by 214 

maximizing the likelihood statistic and parameters of the optimum model were adopted. 215 

Detailed calculations of the likelihood statistic are provided in Armstrong et al. (2002), 216 

Moriceau et al. (2009) and Zhu et al. (2023). The units of ExtrSii, TAlkSi, TAlkAl, βi 217 

and b were normalized as mg-Si g-1, mg-Si g-1, mg-Al g-1, µmol:µmol and mg-SiO2 g-1 218 

min-1, respectively. 219 

2.2.3. Grain-size Analysis 220 

The grain-size measurement was conducted following an optimum−“PT2SD” 221 

protocol proposed by Jaijel et al. (2021). The freeze-dried sediments were added into a 222 

15 mL plastic tube filled with 1 mL Mili-Q water (18 MΩ), then 2 mL of 30% H2O2 223 

was mixed with samples for removing the organic matter (addition of the volume of 224 

H2O2 is dependent on organic matter content of sediment). Then 0.4 mL of Clagon 225 

solution was added to the sample solution prior to measurement. Triplicate 226 

measurements were applied for grain-size analysis using Malvern Mastersizer 2000 227 

grain-size analyzer with Hydro 2000S module, and an averaged value was calculated 228 

after measurements. The mean grain size, specific surface area (SSA), D [3,2] surface 229 

area distribution weighted mean (D [3,2]) and fractions of clay (< 2 µm), silt (2 – 62.5 230 

µm) and sand (> 62.5 µm) were also calculated. The definition of textural classification 231 

of clay, silt and sand follows the subdivisions introduced by Wentworth (1922). Specific 232 

surface area (SSA) of sediment is calculated by the total area of particles divided by the 233 

total weight. The D [3,2] is most relevant where specific surface area is important, e.g., 234 

reactivity, dissolution and bioavailability, it is sensitive to the presence of fine 235 

particulates in the size distribution. Note that the definition of muddy (sand + silt > 70%) 236 

and sandy (sand > 50%) sediment follows Flemming (2000).  237 

2.2.4. Chemical Analysis 238 

The chemical analysis includes the measurement of total nitrogen (TN), total organic 239 

carbon (TOC) and total carbon (TC). TN, TOC and TC contents were analyzed by flash 240 

combustion of precisely weighted sediment samples (about 10 mg) at 950 °C on a 241 
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Thermo Scientific FLASH 2000 CHN. Measurement of TOC was conducted using 242 

decarbonated (acidification with 1.0 M HCl) sediment. The calculation of inorganic 243 

carbon (CaCO3) content is expressed as: CaCO3% = 100*(TC% − TOC%)/12. Detrital 244 

material content (detrital% = 100% − TN% − TOC% − CaCO3% − bSi%) was 245 

calculated following Rickert (2000). The calibration curve for TN, TOC and TC 246 

measurement with R2 > 0.9997 was created by measuring 9 standards which were 247 

prepared using N-Phenylacetamide (C8H9NO, Sigma-Aldrich 397237), and the 248 

analytical precision of TN, TOC and TC was < 5%. 249 

2.2.5. Clay Mineral Analysis 250 

The relative clay mineral (illite, kaolinite, chlorite and montmorillonite) contents 251 

were measured by X-ray diffraction (XRD) on oriented mounts of clay-size particles (< 252 

2 μm). All samples were pretreated with 15 mL of 30% H2O2 for 24 h to remove the 253 

organic matter and then decarbonated using 0.5% HCl. The decarbonated suspensions 254 

were washed successively with distilled water to remove excess ions and to enhance 255 

the deflocculation of clays. The clay-size particles were separated following Stokes' law 256 

and concentrated using a centrifuge. The resulting pastes were spread onto calibrated 257 

niches on glass slides. XRD analyses were conducted using a Rigaku D/max 2500 258 

diffractometer with Cu kα radiation (40 KV/150 mA; Speed: 8°/min; Step: 0.024°) at 259 

the Qingdao Institute of Marine Geology. Peak areas and illite crystallinity were 260 

calculated after manual baseline correction using MacDiff software version 4.2.6 261 

(Petschick, 2002), following the semi-quantitative method of Biscaye (1965). 262 

2.3. Statistical Analysis 263 

To show the distributions of the determined parameters in the studied area, data were 264 

plotted using the ODV program, and the values were interpolated in color (Schlitzer, 265 

2023). A Principal Component Analysis (PCA) was performed to identify the majority 266 

of the variance among the modeling parameters (ExtrSii, ki, TAlkSi, TAlkAl, b, βi and 267 

βlin ), sediment physical parameters (clay%, silt%, sand%, mean grain size, D [3,2], 268 

sediment-specific surface area, the relative clay mineral contents and water depth, 269 
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chemical compositions (bSi%, TN%, TOC%, CaCO3% and detrital%) and the water 270 

depth of samples. Two–way Analysis of Variance (ANOVA) were used to test if there 271 

are significant differences among the determined parameters. Both PCA and two-way 272 

ANOVA tests were performed using Origin 2021b software. 273 

3. Results 274 

3.1. Dissolution of Si and Al Fractions 275 

The analysis of Si and Al data showed that the optimum model for most samples 276 

(25/31 samples) is model 2, and 6 samples (A4, B09, C4, NSCS1, NSCS7 and NSCS10) 277 

were only fitted with model 1. The determined parameters showed a heterogeneous 278 

distribution of alkaline extracted Si and Al in surface sediments of the Chinese marginal 279 

Seas. Figure 2 shows the distribution of non-linear dissolving Si phases (ExtrSi1: 0.21 280 

– 5.97 mg-Si g-1, ExtrSi2: 0.16 – 6.01 mg-Si g-1), total alkaline extracted Si (TAlkSi: 281 

0.65 – 23.31 mg-Si g-1) and Al (TAlkAl: 0.14 – 5.79 mg-Si g-1) as well as the dissolution 282 

rate of silicate minerals (b: 0.02 – 0.36 mg-SiO2 g-1 min-1). The distribution patterns of 283 

ExtrSi1, ExtrSi2, TAlkSi, TAlkAl and b values were similar with high values in 284 

sediments of the western BH, northern YS, Zhe-Min coast and the ECS continental 285 

slope. In addition, as shown in Figure A1, the reactivity and the Si:Al ratio of the first 286 

non-linear dissolving Si fraction (k1: 0.06 – 4.50 min-1; β1: 2.00 – 36.07) were higher 287 

than the second non-linear dissolving Si fraction (k2: 0.05 – 0.13 min-1; β2: 1.83 – 7.84), 288 

and the Si:Al ratio of non-linear dissolving Si fractions (β1 and β2) were larger than 289 

the Si:Al ratio of the linearly dissolving silicate mineral (βlin: 1.57 – 5.07).  290 
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  291 

Figure 2. The parameters (A: ExtrSi1, first non-linearly dissolving Si phase; B: ExtrSi2, 292 

second non-linearly dissolving Si phase; C: TAlkSi: the total amount of Si; D: TAlkAl, 293 

the total amount of Al; and E: b, dissolution rate of the linearly dissolving silicate 294 

mineral) of the simultaneous alkaline extraction, which was interpolated in color. The 295 

values in each plot represent the ranges and averages (shown in brackets) of data, all 296 

the determined parameters were presented in Table S1. The figure was generated using 297 

the ODV program (Schlitzer, 2023). 298 

3.2. Grain-size Distributions 299 

Grain size is a key physical parameter of marine sediments. Generally, the sediments 300 

used in this study contain mainly silt (54.1%), sand (41.9%) and with minor amount of 301 

clay (3.9%) content. The mean grain-size distribution at the study area is similar to the 302 

sand distribution whereas the distribution of specific surface area of the sediments is 303 

similar to the distribution of clay and silt fractions (Figure 3). Further, areas 304 

characterized by fine grain-size fractions (clay and silt: grain-size < 62.5 µm) were 305 

found in the western BH, northern YS, Zhe-Min coast and ECS continental slope 306 

(Figure 3 A and B). The outer continental shelf of ECS is characterized by high sand 307 

content (Figure 3 C). The largest mean grain size was found in a sample (NSCS10, 308 
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Figure 3 D) from the NSCS. Our determined values are in agreement with the 309 

previously reported grain-size distribution patterns (Wu and Wen, 2019; Shi et al., 2021; 310 

Mei et al., 2020; Ma et al., 2023). 311 

  312 

Figure 3. The clay% (A), silt% (B), sand% (C), mean grain size (D) and specific surface 313 

area (E) of surface sediments. The values in each plot represent the ranges and averages 314 

(shown in brackets) of data, all the determined parameters were presented in Table S1. 315 

The figure was generated using the ODV program (Schlitzer, 2023). 316 

3.3. Chemical Parameters 317 

The distribution of detrital material, bSi, CaCO3, TN and TOC contents are shown in 318 

Figure 4. Samples from the study area contain high detrital material (average: 90.8%, 319 

Figure 4 A), which agrees with previous studies (Wu and Liu, 2020; Ma et al., 2023). 320 

A higher content of detrital material was found in near-shore sediments than in 321 

sediments on the ECS continental shelf. The distribution of bSi% and CaCO3% (Figure 322 

4 B, C) showed similar patterns with higher values in near-shore sediments and deep-323 

water sediments (i.e., continental slope). Distributions of TN% and TOC% were similar 324 

(Figure 4 D, E) with high values in the central YS and the continental slope of ECS.  325 
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 326 

Figure 4. Detrital material content (A), bSi% (B), CaCO3% (C), TN% (D) and TOC% 327 

(E) of the study area. The values in each plot represent the ranges and averages (shown 328 

in brackets) of data, all the determined parameters were presented in Table S1. The 329 

figure was generated using the ODV program (Schlitzer, 2023). 330 

3.4. Clay Minerals 331 

The relative clay mineral compositions of the study area were illite (63.5%), chlorite 332 

(20.4%), kaolinite (11.9%) and montmorillonite (4.3%). Generally, illite and chlorite 333 

content increase from the BH to ECS (Figure 5 A, B), whereas a reverse pattern was 334 

found for kaolinite (Figure 5 C). The BH sediments contain higher montmorillonite 335 

content than other regions (YS, ECS and SCS) of this study (Figure 5 D). In addition, 336 

samples from BH and western YS and the inner shelf of ECS have higher illite 337 

crystallinity (> 0.28) than the other samples (Figure 5 E). This indicates a poor illite 338 

crystallinity of near-shore sediments.  339 
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 340 

Figure 5. The illite% (A), chlorite% (B), kaolinite% (C), montmorillonite% (D) and 341 

illite crystallinity (D) of the sediments. The values in each plot represent the range of 342 

data and the average value, all the determined parameters were presented in Table S1. 343 

The figure was generated using the ODV program (Schlitzer, 2023). 344 

3.5. Principal Component Analysis  345 

The PCA displayed relationships between alkaline extraction parameters and 346 

sediment physical and chemical properties. The distributions of muddy and sandy 347 

seidments on the bi-plot were also presented (Figure 6). Results showed positive 348 

relationship of the continuous alkaline extraction results (ExtrSi1, ExtrSi2, b, β1, β2, 349 

βlin, bSi%, TAlkSi and TAlkAl), TOC%, TN%, clay%, silt%, SSA, the parameters of 350 

clay minerals (illite crystallinity, illite%, montmorillonite%) and sediment water depth. 351 

The β1, k1 and k2 were positively related to mean size of sediment, sand%, detrital%, 352 

D [3,2] and chorite%, kaolinite%, and were negatively related to fine-size fractions 353 

(clay% and silt%), SSA, b, TAlkSi, TAlkAl, TOC%, TN%, ExtrSii, bSi% CaCO3%, βlin 354 

and parameters of clay minerals.  355 
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 356 

Figure 6. Bi-plot of PCA ordination of the determined parameters for all samples. PC1 357 

represents principle component 1 and PC2 represents principle component 2. The 358 

symbols in blue and black color represent muddy and sandy sediments, respectively. 359 

4. Discussion 360 

4.1. Muddy Sediments Release more Si and Al than Sandy Sediments 361 

Sediment samples of this study were grouped as sandy sediment (sand > 50%, SSA 362 

< 0.5) and muddy sediment (clay + silt > 70%, SSA > 0.5). The results showed that 363 

values for the alkaline extracted Si and Al from muddy sediments were much higher (> 364 

200%) than those for the sandy sediments, which indicates that muddy sediments could 365 

be an important source of Si and Al in the Chinese marginal Seas. As shown in Figure 366 

7, values for the alkaline extracted TAlkSi, TAlkAl, bSi and silicate mineral contents 367 

from muddy sediments were 2 to 3 times higher than values determined for sandy 368 

sediments. In addition, the alkaline leachable silicate minerals contents outweigh bSi% 369 

from both muddy and sandy sediments (Figure 7). Therefore, although the reactivity of 370 

bSi is higher than silicate minerals (see Figure A1 and section 3.1), the dissolution of 371 
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silicate minerals is potentially an important Si source for the Chinese marginal Seas 372 

because bSi% (bSi% < 2%) is much lower than the detrital% (average: 90.8%, Figure 373 

4) and the physical mass of silicate minerals (> 70%, Wu and Liu, 2020). Thus, the 374 

dissolution of silicate minerals is an important potential source of Si in coastal shelf 375 

systems (i.e., CCMZs) (Jeandel and Oelkers, 2015; Pickering et al., 2020). A 376 

comparison of alkaline leachable Si and Al from different sediment types further 377 

confirmed the important role of muddy sediments on Si release. Samples containing 378 

more fine-size fractions (< 62.5 µm) released more Si (TAlkSi, bSi and silicate minerals) 379 

and TAlkAl (ANOVA test: p < 0.001, Figure 8). This positive relationship is probably 380 

due to three reasons: 1) high specific surface area (SSA) of sediment, 2) species of 381 

diatoms in sediments and their cell sizes and 3) better conservation of bSi in muddy 382 

sediments. Detailed explanations are presented in the following separate paragraphs. 383 

 384 

Figure 7. Plot of alkaline extracted Si (TAlkSi, bSi, silicate minerals) and Al (TAlkAl) 385 

from muddy and sandy sediments. Error bars represent the data range with 1.5 IQR 386 

(Interquartile Range), and the numbers above the bar chart represent mean values. The 387 

averaged values and errors were calculated using data of all sampling sites of this study. 388 

 389 

Dissolution of silica (bSi and silicate minerals) in solution is controlled by 390 
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temperature, pH and surface area of solid particles (Niibori et al., 2000; Dixit and Van 391 

Cappellen, 2002; Van Cappellen et al., 2002; Cama and Ganor, 2015). Therefore, under 392 

temperature and pH-controlled experimental conditions, the dissolution kinetics of Si 393 

and elements combined with Si (i.e., Al (Gehlen et al., 2002; Koning et al., 2002; 394 

Loucaides et al., 2010), Fe (Liao et al., 2023) and Ge (Mortlock and Froelich, 1989; 395 

Sutton et al., 2018; Baronas et al., 2019)) are dependent on the SSA of the particles. As 396 

shown in Figure 6 and Figure A2, SSA has a positive relationship with the clay% and 397 

silt%, and is negatively related to sand% and the D [3,2] surface weighted mean. 398 

Therefore, an increased yield of alkaline extracted Si and Al phases from muddy 399 

sediments (see Figure 7) is linked to larger SSA.  400 

 401 

Figure 8. Relation of alkaline extracted Si and Al and sediment grain-size content. 402 

Samples containing a higher percentage of fine grains potentially release more (A) 403 

silicate minerals, (B) bSi, (C) TAlkSi and (D) TAlkAl. The dots filled in green color 404 

(see plot B) represent samples from the continental slope of ECS (C12, D12, DC and 405 

F8) and SCS (NSCS7). 406 

 407 
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Another reason that could cause an enhanced Si and Al dissolution from muddy 408 

sediments is attributed to bSi types and sizes given their different solubilities 409 

(Maldonado et al., 2022). Several types of bSi (diatom, radiolarian, sponge spicules and 410 

phytolith) were found in sediments of the Chinese marginal Sea (Chen et al., 2014; 411 

Zhang et al., 2015; Ran et al., 2018; Qu et al., 2020; Zhu et al., 2023). However, 412 

phytoliths were mainly found in sediments of river estuaries (Ran et al., 2018). 413 

Radiolarian tests and sponge spicules were more abundant in sediments of the 414 

continental slope of the ECS and SCS basin (Chou et al., 2012; Zhang et al., 2015; Zhu 415 

et al., 2023). Whereas diatoms were the major types of bSi in sediments of the 416 

continental shelf of the Chinese marginal Seas. Based on the measurement of bSi% in 417 

various sediment size fractions and the scanning electron microscopic observations, 418 

Wang et al. (2014) found the largest bSi% in the sediment size fraction of < 16 µm, and 419 

the microscopic measurements showed most of the diatoms were nano-diatoms with a 420 

diameter smaller than 14 µm (dominant cells diameters: 2 – 14 µm). Thus, the presence 421 

of nano-diatoms in sediment may be one of the reasons that cause the positive 422 

relationship observed between bSi% vs. muddy sediment. In addition, the presence of 423 

sponge spicules and radiolarians may affect our interpretations. There are five samples 424 

(filled symbols) characterized by higher bSi% than other sediments (bSi: TOC% as 425 

shown in Figure A3 B; the slope of TAlkSi vs. TAlkAl plot as shown in Figure A4), 426 

indicating better bSi preservation. These samples were located at the continental slope 427 

of the ECS and NSCS deep water (> 500 m) and contains sponge spicules and 428 

radiolarians (Zhang et al., 2015; Zhu et al., 2023) that are more resistant to dissolution 429 

than diatoms (Hurd, 1983). Thus, sediments of CCMZs containing more sponge 430 

spicules and radiolarians are characterized by higher bSi%: TOC% ratios.  431 

Further, a better preservation of bSi in muddy sediments also induces elevated values 432 

for leachable Si and Al. The positive correlation of the ExtrSi1 (represents bSi), ExtrSi2 433 

(represents silicate minerals for most samples except sample DC and D12, see Table 434 

S1), TOC%, TAlkAl and SSA (Figure 6) indicated a good preservation of TOC%, 435 

ExtrSi1 and ExtrSi2 in muddy sediments as compared to sandy sediments. Krause et al. 436 

(2017) and Pickering et al. (2023) found a strong correlation between TOC% and the 437 
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authigenic alternation of bSi in sediments of Mississippi River delta, and concluded 438 

that the increasing of organic content may impact the diagenetic modification of bSi. 439 

Thus, one possible mechanism for the enhanced preservation of bSi is attributed to the 440 

favorable formation of authigenic silicate in high TOC% muddy sediments that 441 

generated ExtrSi2 and enhanced the preservation of ExtrSi1. Our previous study defined 442 

ExtrSi2 as lithogenic silica (authigenic silicates and/or clay minerals) (Zhu et al., 2023). 443 

Through comparing the modeling parameters and the sediment physical and chemical 444 

parameters, ExtrSi2 is likely an authigenic alumino-silicate phase. However, further 445 

studies applying multiple geochemical tools (δ30Si, Si, Al, Fe, K; Pickering et al., 2020; 446 

Huang et al., 2023; 32Si and Si, Rahman et al., 2016) are needed in order to define the 447 

ExtrSi2 phase specifically. 448 

4.2. Al from Silicate Minerals Hindering the Dissolution of bSi in Sediments 449 

Our results confirm that the dissolution (reactivity) of bSi in sediments is hindered 450 

by the structural incorporation of Al that originates from silicate minerals. It suggests 451 

that this decreased reactivity of bSi leads to enhanced opal preservation in muddy 452 

sediments of CCMZs.  453 

We found the reactivity (k1) and Si:Al ratio of bSi (β1) decrease with the increase of 454 

sedimentary SSA (Figure 6 and Figure 9). The decrease in bSi reactivity in muddy 455 

sediments (Figure 9 A, B) is explained by an increased amount of Al incorporated with 456 

bSi surface, because the Al uptake by bSi surfaces takes place in the sediments during 457 

early diagenesis can generate alumino-silicate “coating” that prevents further 458 

dissolution of biogenic silica (Van Cappellen and Qiu, 1997; Dixit et al., 2001). In 459 

addition, the previous study used Scanning Electron Microscopy coupled with an 460 

Energy Dispersive Spectrometer (SEM-EDS) to qualitatively measure element 461 

distributions at the diatom surface and found enriched Al in sedimentary diatom 462 

frustules of ECS (Zhu et al., 2023), which further confirms our findings. The decreased 463 

bSi reactivity also explains why bSi% is higher in muddy sediments than in sandy 464 

sediments. 465 

Further, we argue that the Al incorporated with bSi structures mostly originates from 466 
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the dissolution of silicate minerals. Siliceous frustules produced in the photic zone 467 

contain a trace amount of Al (Si:Al > 120 (van Bennekom et al., 1989; Rickert et al., 468 

2002; Koning et al., 2007)). During the deposition and burial of bSi, a diagenesis 469 

process (such as reverse weathering process (Michalopoulos and Aller, 2004; Ehlert et 470 

al., 2012)) with diagenetic Al uptake (Ren et al., 2013; Dixit et al., 2001) starts 471 

increasing the Al content of bio-siliceous structures in the sediments (Si:Al < 50) (van 472 

Bennekom et al., 1989; Van Beusekom et al., 1997; Rickert et al., 2002; Ren et al., 473 

2013). Our results showed high Al (Si:Al < 40, Figure 9 B) contents in bSi of Chinese 474 

marginal Seas’ sediments, with especially high Al contents (Si:Al < 10) in bSi observed 475 

in sediments characterized by high SSA (i.e., the muddy sediments that contain silicate 476 

minerals with high dissolution rate, see Figure 9 D). This is likely due to the 477 

incorporation of Al with bSi on the seafloor, because the dAl concentration of pore 478 

water and the overlying water at the sediment-water interface (> 120 nM (Mackin and 479 

Aller, 1984)) are much higher than the dAl concentration of the water column (< 50 nM 480 

(Ren et al., 2006; Li et al., 2018; Zhang et al., 2020)), and the residence time of bSi at 481 

the seafloor overtake the time of settling from the surface to bottom water (15 – 70 m 482 

d-1 (Passow, 1991; Ran et al., 2015)). It is, therefore, reasonable to attribute the major 483 

source of Al that is incorporated with bSi to Al release during silicate mineral 484 

dissolution (Dixit et al., 2001).  485 

The Al released from silicate minerals hinders the dissolution of bSi in sediment and 486 

impacts the accurate determination of bSi%. Studies have found incomplete digestion 487 

of bSi due to alumino-silicate coatings on bio-siliceous structures (Zhu et al., 2023), 488 

resulting in an underestimation of the bSi%. Moreover, changes in the sediment 489 

depositional environment can affect the release of Al from silicate minerals (Mackin 490 

and Aller, 1984; Measures and Hatta, 2021; Pickering et al., 2023), which subsequently 491 

influence the incorporation of Al and bSi structures and the preservation of bSi in 492 

sediments. Therefore, attention should be paid to both the Si:Al ratio and the types of 493 

bSi when using bSi% to understand past environmental changes. 494 
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 495 

Figure 9. Relationship of grain-size specific surface area (SSA) and bSi reactivity 496 

constant (A), Si:Al ratio (β1) of bSi (B), TAlkAl (C), and silicate mineral dissolution 497 

rate (b) (D).  498 

4.3. Implications of Simultaneous Alkaline Extraction of Si and Al 499 

The simultaneous alkaline extraction of Si and Al is widely applied for differentiating 500 

various Si phases (Koning et al., 2002; Barão et al., 2015; Raimonet et al., 2015; Zhu 501 

et al., 2023). The definition of the alkaline extracted Si from silicate minerals is based 502 

on an assumption of a slow linear dissolution of clay minerals (Koning et al., 2002). 503 

The distinct different Si:Al ratios between bSi (Si:Al > 5) and clay (Si:Al < 5) allow an 504 

accurate measurement of bSi-poor sediments that contain high silicate minerals, e.g., 505 

CCMZs of Chinese marginal Seas and the Amazon shelf (Koning et al., 2002). 506 

Previous studies found the Si:Al ratios and the reactivity of bSi are dependent on bSi 507 

types, ‘aging’ (Hurd, 1983; Van Cappellen and Qiu, 1997; Dixit et al., 2001; Van 508 

Cappellen et al., 2002) or diagenetic alteration of bSi (Huang et al., 2023). Therefore, 509 

the reactivity and Si:Al ratio of bSi calculated by non-linear dissolution models cannot 510 
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be used to compare samples of different depositional environments (Koning et al., 511 

2002). However, the dissolution rate of silicate minerals (b) in hot alkaline solutions is 512 

dependent on the SSA of solid particles, and the βlin is dependent on the clay mineral 513 

compositions (type and content) of sediments. By comparing with previously published 514 

data (Figure 10), we found βlin reflects the major types of clay minerals of sediments. 515 

For example, the βlin of the kaolinite-rich Congo deep-sea fan sediments (1.16 − 1.18, 516 

Barão et al., 2015) are equal to the Si:Al ratio of kaolinite (1.10 – 1.18, Kamatani and 517 

Oku, 2000; and Koning et al. 2002). The βlin of the kaolinite and montmorillonite-rich 518 

Angola basin (1.90 – 2.15, Koning et al., 2002) sediments are within the Si:Al ratios of 519 

kaolinite and montmorillonite (1.10 – 4.80, Kamatani and Oku, 2000, and Koning et al., 520 

2002). The βlin of the illite-rich Iberian margin sediments (2.23 – 2.34, Koning et al., 521 

2002) are similar to illite (2 – 2.47, Kamatani and Oku, 2000 and Koning et al., 2002). 522 

In addition, the clay minerals in the sediment of Tokyo Bay are mainly illite (50%) and 523 

montmorillonite (40%), and reflected in an alkaline extracted Si:Al ratio of 2.41 524 

(Kamatani and Oku, 2000). Further, positive relationship between βlin and major type 525 

of clay was also shown in Figure 6. The βlin of sediments from Chinese marginal Seas 526 

(βlin  = 2 – 3) are within the range of Si:Al ratio of illite with exceptions for SCS 527 

samples, which have higher kaolinite or illite content (Figure 10). Therefore, βlin 528 

values represent the Si:Al ratios of major types of clay minerals in CCMZs sediments. 529 

The correlation between the calculated βlin values and Si:Al ratios of major types of 530 

clays is due to the high solubility of clay minerals as compared with other crystalized 531 

silicates (such as quartz and feldspar) and the quantity of the clay-size fractions in 532 

sediments (~10% of total sample volume). Further, whether this correlation can be 533 

applied to other sediment types is not clear. The βlin of opal-rich samples (Equatorial 534 

Pacific: βlin > 9 (Barão et al., 2015), particulate bSi sample: βlin = 48 (Koning et al., 535 
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2002)) and beach sand sample (Texel, North Sea: βlin = 6.9 (Koning et al., 2002)) are 536 

characterized by high Si:Al ratios (> 5), which is higher than the Si:Al ratio of clay 537 

minerals (Si:Al < 5). Further studies should check whether these values are an artifact 538 

caused by inappropriate modeling or due to the sediment mineral compositions. 539 

Considering that simultaneous analysis of the Si and Al provides information on the 540 

digestion of both bSi and silicate minerals, it can be adapted to the flow-through 541 

experiment for quantifying the dissolution of bSi and non-bSi at the sediment-water 542 

interface under in-situ conditions. The calculated βi represents Si:Al ratio of bSi and 543 

it decreases during the bSi deposition and burial process (order of βi: fresh diatom > 544 

diatom in surface sediment > diatom in deep sediment) (Koning et al., 2002). Thus, the 545 

βi value can reflect the level of diagenetic alteration of bSi in the sediment of the same 546 

marine regions (Koning et al., 2002).  547 

   548 

Figure 10. Relative clay mineral (illite, kaolinite and montmorillonite+chlorite) content 549 
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of sediment and the Si:Al ratio of silicate minerals (βlin) calculated from the continuous 550 

alkaline extraction of Si and Al. The color bar represents the βlin  values. Numbers 551 

within the plot are contours calculated based on determined βlin. Data sources of clay 552 

mineral composition: 1) Congo deep-sea fan, Angola basin and Iberian margin: Griffin 553 

et al. (1968); 2) Tokyo Bay: Oinuma and Kobayashi (1966); 2) Clay minerals (illite, 554 

kaolinite and montmorillonite): Kamatani and Oku (2000) and Koning et al. (2002). 4) 555 

Chinese marginal Seas (BH, YS, ECS, SCS): this study. Data sources of Si:Al ratio of 556 

silicate minerals (βlin) from simultaneous alkaline extraction of Si and Al: 1) Congo 557 

deep-sea fan: Barão et al. (2015); 2) Angola basin and Iberian margin: Koning et al. 558 

(2002); 3) Tokyo Bay: Kamatani and Oku (2000); 4) BH, YS and ECS: Zhu et al. (2023); 559 

5) SCS: this study. All sediment samples were selected from regions under strong 560 

influence of terrestrial input and with high silicate minerals content. 561 
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5. Conclusion 562 

We conducted simultaneous alkaline extraction of Si and Al in sediments of Chinese 563 

marginal Seas and measured the physical and chemical properties of sediments to 564 

understand the incongruent dissolution of silicate minerals in sediments of CCMZs. 565 

Our results demonstrated that more Si (sourced from bSi and silicate minerals) and Al 566 

dissolve from muddy sediments than from sandy sediments. Although the dissolution 567 

rate of silicate minerals is slower than that of bSi, their contribution to the reactive Si 568 

pool is greater due to their larger quantities as compared to bSi. This suggests that 569 

muddy sediments are an important potential Si source for the CCMZs of Chinese 570 

marginal Seas. We found that decreased bSi reactivity is correlated with low Si:Al ratios, 571 

especially for samples of muddy deposits. The source of Al is likely originating from 572 

silicate minerals dissolution. The incorporation of Al into bio-siliceous structures 573 

hinders the dissolution of bSi, thus enhancing bSi preservation. The preservation 574 

efficiency may vary among different types of bSi. Applying continuous alkaline 575 

extraction methods can help to understand these differences due to its ability to 576 

differentiate Si phases with different dissolution rates. Further, the modeling parameters 577 

of the simultaneously analyzed Si and Al concentrations uncover the major types of 578 

clay minerals existing in CCMZs sediments because of their different chemical 579 

characteristics (Si:Al ratios), but whether they can be applied to sediments of open 580 

ocean and/or sandy beaches require dedicated studies.  581 
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Appendix A. 932 

 933 

Figure A1. Relationsip of A): reactivity (ki) of non-linear dissolving Si fraction and 934 

Si:Al ratios (βi) and B) the Si:Al ratio of lSi (βlin) and non-linear dissolving Si fractions 935 

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

that contain one non-linear dissolving Si fraction.937 
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 938 

Figure A2. Plot of calculated specific surface area (SSA) of sediment and grain-size. 939 

(A) SSA vs. Clay%, (B) SSA vs. Silt%, (C) SSA vs. Sand%, and (D) SSA vs. D [3, 2] 940 

surface weighted mean. 941 
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 942 

Figure A3. Different sediment chemical compositions and their relationship with grain-943 

size. The squares filled in green color (see plot B) represent samples from the 944 

continental slope of ECS (C12, D12, DC and F8) and SCS (NSCS7).945 
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 946 

Figure A4. Total amount of alkaline extracted Si (TAlkSi, mg-Si g-1)and Al (TAlkAl, 947 

mg-Al g-1). The lines in black, yellow, green color are linear fitted data of samples from 948 

BH, YS and ECS. The dashed green line represent fitted data of samples obtained from 949 

ECS slope. Filled symbles represent NSCS samples.  950 


