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Redefining the Burial Flux of Biogenic Silica and its Role in the
Global Marine Silicon Cycle
Abstract

The burial of biogenic silica (bSi) in sediments is an important aspect of the investigation
and reconstruction of the present and past ocean productivity as well as understanding the
biogeochemical cycles of silicon (Si) and the contemporary marine Si state. However, due to
the lack of an internationally recognized and standardized bSi determining procedure taking
into account of the different sediment types and compositions, large uncertainties of the
determined bSi content (bSi02%) bias the evaluation of the global burial flux of bSi. The
methodological bias of the estimated bSi burial flux brings out the question of whether the
contemporary marine Si cycle is at steady state. To redefine the global burial flux of bSi, the
different methods (e.g., wet chemical methods, X-ray diffraction, Infrared method) and the
principal influencing factors (types of sediment and bSi, matrix and provenance) that affect bSi
determinations were thoroughly evaluated. In addition, an optimum protocol to accurately
measure bSi in sediments was proposed. The main results are listed below:

The accurate determination of bSi02% in sediment of coastal and continental margin zones
(CCMZs) is particularly difficult due to mineral interferences. As a typical CCMZs, the east
China seas (the Bohai Sea, Yellow Sea and the East China Sea) sediments are characterized by
high silicate mineral and low bSi02% content. Therefore, it is challenging to quantify the bSi02%
and the bSi burial flux of the east China seas. To evaluate the bSi burial flux of the east China
seas and find out an appropriate procedure of determining the bSi0,% of CCMZs sediments,
this thesis determined the types and abundances of bSi in sediments and determined the bS102%
using several wet chemical methods, e.g., the continuous analysis method and conventional wet
alkaline digestion. The results showed the major type of bSi in sediments of the Bohai Sea and
Yellow Sea is diatom, and the major types of bSi in sediments of the East China Sea are diatoms
and sponge spicules. Radiolarian tests were found mainly in sediments of the East China Sea
slope. The abundance of radiolarians and sponge spicules outweigh that of diatoms in sediments
of East China Sea slope which indicates that radiolarians and sponges are important Si sinks of
this region. The results showed that alkaline digestions using stronger solutions (2.0 M Na,CO3)
and sediments pretreatment steps (pretreating sediments using 1.0 M HCI and 10% H2Oo,
grinding) resulted in an overestimate of the bSi02% due to increased leaching of silica mainly

from authigenic silicates and clays, whereas weak digestions (0.1 M and 0.2 M Na;COs3)
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underestimated the bSi02% owing to incomplete digestion of sponge spicules. Alkaline
extraction results showed that the use of the automated continuous analysis method (0.5 M
NaOH, 1 h extraction) accurately corrects for the lithogenic silica (ISi) fraction in marine
sediments, and thereby improves the determinations of bSi02% in the sediments of east China
seas CCMZs. Ensuring full digestion of all bSi remains challenging, in particular for sponge
spicules, motivating both verifications via microscopy and longer duration of extraction times.
Accurately evaluating the global marine bSi burial flux is particularly challenging due to the
methodological biases since there is still a lack of internationally recognized procedure for
measuring the opal content of various sediment types of the world ocean. In order to estimate
the methodological biases of the global bSi burial flux, this study examined samples from
different marine environments, e.g., sediment of coastal and continental marginal zones (East
China Sea, the Congo deep-sea fan and Baffin Bay) and sediments of open oceans (the Southern
Ocean, North Atlantic, Equatorial Pacific) using X-ray Diffraction (XRD) method and different
wet chemical methods. This study also evaluated the Infrared method (IR: including Infrared
method and Fourier Transform Infrared Spectrometer method). The results showed that the
bSi0,% determined by XRD method was about 0.5 (bSi02% > 10%) to 5.5 (bSi02% < 10%)
times higher than that determined by wet chemical method, the bSi0,% determined by IR
method was about 10% (bSi02% > 30%) to 35% (bSi02% < 30%) lower than that determined
by wet chemical method. There are also variations between different wet chemical methods.
For example, the bSi02% determined following the direct wet alkaline digestion (no mineral
correction) was significantly higher (p < 0.05) than other wet chemical methods, e.g.,
continuous analysis method and conventional wet alkaline digestion. The bSi02% determined
following an intercept of the Si vs Al plot was significantly lower than that determined by the
continuous analysis method and conventional wet alkaline digestion. There is no significant
difference between the continuous analysis method and conventional wet alkaline digestion.
In order to emphasize the influence of these methodological differences, this thesis revised
the bSi burial flux in the east China seas and the global ocean. The new estimate of the bSi
burial flux in east China seas is 253 (£ 286) Gmol-SiO; yr™!, which is one third of the previous
estimates which applied a pretreatment procedure prior to alkaline extractions. This estimate
under-evaluates the sponge bSi due to incomplete digestion of sponge spicules. Based on this
study and previously published data, this thesis re-evaluated the global bSi burial flux to 6.7 +
2.7 Tmol-SiO, yr'! which is about 30% lower than previous studies, showing the needs of a
better understanding the bSi burial flux determinations in order to know either there is an

overestimation by previous study or there is a missing Si sink. To minimize the methodological
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biases, this thesis proposed a new general wet alkaline extraction procedure for determining the
bSi content in sediments both CCMZs and open oceans.

The dissolution of silicate minerals on seafloor releases an important amount of dSi which is
necessary for maintaining high diatom productions of the CCMZs, although silicate minerals
dissolution is incongruent along the continental shelves. Here, we investigated surface
sediments of a typical CCMZs of the Chinese marginal Seas (Bohai Sea, Yellow Sea, East China
Sea and the South China Sea) using a continuous alkaline extraction technique, grain-size and
chemical (organic carbon, inorganic carbon and total nitrogen) analysis as well as a qualitive
measurement of clay mineral compositions by X-ray Diffraction for understanding the
discrepancy of silicon (Si) dissolution in different sediment matrix and its potential controlling
factor. The results showed 2 times higher amount of Si and aluminum (Al) were leached from
muddy sediments as compared to sandy sediments. High dissolution rate (> 0.20 mg-SiO> g’!
min!) of silicate minerals is positively correlated to large sediment specific surface area. Further,
our modeling data showed the high Al contents (Si:Al < 40) of biogenic silica (bSi) reduces
opal reactivity. And the source of Al incorporated with bSi structure is mostly due to the silicate
minerals dissolution. We show that although the reactivity of silicate minerals is less active than
bSi, it still potentially releases more bio-available Si and Al to seawater due to its dominant
content (70.3% — 99.0%wt) on seafloor. The results highlight silicate minerals dissolution as an
important potential marine Si source and emphasize a broad application of the continuous
alkaline extraction technique for understanding the dissolution kinetics of silica of marine

sediments.

Keywords: Biogenic Silica, Burial Flux, Global Ocean, Silicon Cycle, Analytical Method
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Redéfinir le flux d'enfouissement de la silice biogéne et son role

dans le cycle global du silicium marin

Résumé

L'enfouissement de la silice biogénique (bSi) dans les sédiments est un aspect important de
'étude et de la reconstruction de la productivité océanique actuelle et passée ainsi que de la
compréhension des cycles biogéochimiques du silicium (Si) et de 1'état contemporain du Si
marin. Cependant, en raison de 1'absence d'une procédure de détermination du bSi reconnue et
standardisée au niveau international prenant en compte les différents types et compositions de
sédiments, de grandes variabilités de la teneur en bSi déterminée (bSi02%) biaisent I'évaluation
du flux d'enfouissement global de bSi. Le biais méthodologique du flux d’enfouissement estimé
de la bSi souleéve la question de savoir si le cycle contemporain du Si marin est a 1’état
d’équilibre. Pour redéfinir le flux d'enfouissement global de bSi, j’ai évalué les les différentes
méthodes (par exemple, méthodes chimiques humides, diffraction des rayons X (XRD),
méthode infrarouge) utilisées pour la détermination de bSi et des biais associés aux rendements
de bSi mesurés. J’ai aussi établi un protocole optimal pour analyser la bSi dans les sédiments
avec une ¢valuation approfondie des principaux facteurs d'influence (types de sédiments et de
bSi, matrice et provenance). Les principaux résultats sont listés ci-dessous :

Pour évaluer le flux d'enfouissement de bSi dans les mers de Chine orientale et mettre au
point une procédure appropriée pour déterminer le bSi02% des sédiments des CCMZ (Coastal
and Continental Marginal Zones), cette these a déterminé les différents types de bSi dans les
sédiments et leur abondance (diatomées, radiolaires, éponges) en microscopie. Elle a déterminé
le bSi02% en utilisant plusieurs méthodes chimiques humides, comme par exemple la méthode
Si/Al et la méthode Si/temps.

Les résultats ont montré que le principal type de bSi dans les sédiments de la mer de Bohai
et de la mer Jaune est la diatomée, et que les principaux types de bSi dans les sédiments de la
mer de Chine orientale sont les diatomées et les spicules d'éponges. Les tests radiolaires ont été
trouvés principalement dans les sédiments du talus de la mer de Chine orientale. L'abondance
des radiolaires et des spicules d'éponges dépasse celle des diatomées dans les sédiments du talus
de la mer de Chine orientale. Ceci indique que les radiolaires et les éponges sont d'importants
puits de Si de cette région, sous-estimés jusqu’a présents en raison de leur résistance a la

digestion alcaline lors de I’analyse.
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Les résultats ont montré que les digestions alcalines utilisant des solutions plus fortes (2.0 M
NayCO3) et des étapes de prétraitement des sédiments (1.0 M HCI et 10% H»0) entrainaient
une surestimation du % de bSiO2 en raison d'une lixiviation accrue de la silice provenant
principalement des silicates et des argiles authigeénes, alors que les digestions (0.1 M et 0.2 M
Na2CO3) ont sous-estimé le % de bSiO2 en raison d'une digestion incompléte des spicules
d'éponges. Les résultats de l'extraction alcaline ont montré que 1'utilisation de la méthode Si/Al
(0.5 M NaOH, extraction 1 h) corrige avec précision la fraction de silice lithogéne (1Si) dans
les sédiments marins, et améliore ainsi les déterminations de bSiO2% dans les sédiments de
'Est de la Chine.

Assurer une digestion compléte de tous les bSi reste un défi, en particulier pour les spicules
d’éponges, ce qui justifie a la fois des vérifications par microscopie et des durées d’extraction
plus longues. Afin de souligner l'influence de ces différences méthodologiques, ce chapitre a
révisé le flux d'enfouissement de bSi dans les mers de Chine orientale et fournit une nouvelle
estimation de 253 (+ 286) Gmol-SiO, an’!, soit un tiers des estimations précédentes qui
appliquaient une procédure de prétraitement avant les extractions alcalines. La contribution
potentielle des radiolaires et des éponges a I'enfouissement de la bSi a été discutée et un nouveau
protocole général pour la détermination de la bSi dans les sédiments minimisant le biais
méthodologique dans la détermination du bSi a été proposé.

Afin d'estimer les biais méthodologiques du flux mondial d'enfouissement du bSi, cette
étude a examiné des échantillons provenant de différents environnements marins, par exemple
les sédiments des zones marginales cotieres et continentales et des océans ouverts, a 1'aide de
la méthode XRD et de différentes méthodes chimiques humides. Nous avons également évalué
la méthode infrarouge (IR: incluant la méthode infrarouge et la méthode du spectromeétre
infrarouge a transformée de Fourier). Nos résultats ont montré que le bSi02% déterminé par la
méthode XRD était environ 0.5 (bSi02% > 10%) a 5.5 (bS102% < 10%) fois supérieur a celui
déterminé par la méthode chimique humide, et le bSi02% déterminé par la méthode IR était
d'environ 10 % (bSi102% > 30%) a 35% (bSi02% < 30%) inférieur a celui déterminé par
méthode chimique humide. Le % de bSiO> déterminé selon la méthode de Mortlock et Froelich
(1989) était significativement plus élevé (p < 0.05) que d'autres méthodes chimiques humides,
par exemple DeMaster (1981), Koning et al. (2002) et Kamatani et Oku (2000). Le % de bSi0»
déterminé d'aprés Kamatani et Oku (2000) était significativement inférieur a celui déterminé
par DeMaster (1981). Il n'y a pas de différence significative entre les résultats de Koning et al.
(2002) et DeMaster (1981). Sur la base de cette étude et des données publiées précédemment,

cette thése a réévalué le flux d'enfouissement global du bSi a 6.7 = 2.7 Tmol-SiOz an’!, ce qui
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est environ 30 % inférieur aux études précédentes, montrant la nécessité de mieux comprendre
les déterminations du flux d'enfouissement du bSi pour savoir s'il y a une surestimation par les
¢tudes précédentes ou s'il y a un puits de Si manquant. De plus, nos résultats ont montré que la
procédure de prétraitement, par exemple le broyage et le prétraitement des sédiments a 1'aide
de HCI et de H202, peut entrainer une surestimation du bSiO2%. En outre, une procédure
générale de digestion alcaline humide a été proposée pour déterminer le % de bSiO; dans les
sédiments de divers environnements de dépot.

Cette thése a étudié les sédiments de surface dune CCMZ typique des mers marginales
chinoises (mer de Bohai, mer Jaune, mer de Chine orientale et mer de Chine méridionale) en
utilisant une technique d'extraction alcaline continue, granulométrique et chimique (carbone
organique, carbone inorganique et total). azote) ainsi qu'une mesure qualitative des
compositions minérales argileuses pour comprendre 1'écart de dissolution du silicium (Si) dans
différentes matrices sédimentaires et son facteur de controle potentiel. Les résultats ont montré
qu'une quantité 2 fois plus élevée de Si et d'aluminium (Al) était lessivée des sédiments boueux
par rapport aux sédiments sableux. Un taux de dissolution élevé (> 0.20 mg-SiO; g'! min™') des
minéraux silicatés est positivement corrélé a une grande surface spécifique des sédiments. De
plus, nos données de modélisation ont montré que la teneur €levée en Al (Si: Al < 40) de la
silice biogénique (bSi) réduit la réactivité de l'opale. Et la source d’ Al incorporée a la structure
bSi est principalement due a la dissolution des minéraux silicatés. Les résultats ont montré que,
bien que la réactivité des minéraux silicatés soit moins active que celle de la bSi, ils libérent
néanmoins potentiellement plus de Si et d'Al biodisponibles dans 1'eau de mer en raison de leur
teneur dominante (70.3 % - 99.0 % en poids) sur le fond marin. Les résultats mettent en
évidence la dissolution des minéraux silicatés comme une source importante de Si marin et
mettent 1'accent sur une large application de la technique d'extraction alcaline continue pour

comprendre la cinétique de dissolution de la silice des sédiments marins.

Mots clés : Silice Biogénique, Flux d'enfouissement, Océan Mondial, Cycle du Silicium,

Méthode Analytique
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1.  Introduction and research background

1.1. General introduction

Silicon (Si) is the second most abundant element in the Earth’s crust and the seventh most
abundant element in the universe. It is a key element for the maintenance of a stable climate on
planet Earth over the geological time scales (Harrison, 2000; Isson and Planavsky, 2018) and is
also a required nutrient element by many terrestrial and marine organisms. In the marine realm,
the cycling of Si is of particular interest owning to its interplay with other biogeochemical
cycles, such as Carbon (C) and Nitrogen (N) (Tréguer and De La Rocha, 2013; Blattmann et
al., 2019) as well as other elements (e.g., Al, Ge and Zn) (Sutton et al., 2018). Therefore,
understanding the processes that control the Si cycle is critical for understanding the functioning
of marine biogeochemical cycles (Leynaert et al., 1993; Ragueneau et al., 2002, 2006; Liu et
al., 2003, 2005; Brzezinski et al., 2017; Tréguer et al., 2018, 2021; DeMaster, 2019).

Marine dissolved silicon (dSi) is a necessary nutrient for the growth and production of
diatoms which contribute about 40% of the primary production of the world ocean and 70% of
the primary production for coastal oceans (Nelson et al., 1995; Van Cappellen et al., 2002).
Marine silicifiers (i.e., diatoms, radiolarians, siliceous sponges) utilize dSi to build their
frustules/skeletons, these silicified bio-structures are called biogenic silica (bSi) by aquatic
scientists or opal by geologists. Recent studies demonstrated that the bSi production will
decrease in future oceans due to the dSi decline in surface waters, and the bSi burial rate will
be enhanced because of the reduced dissolution rate of silica in acidified seawater (Tréguer et
al., 2018; Taucher et al., 2022). The changes in riverine dSi input into oceans and the bSi
production as well as bSi removal from the oceans raised concerns about whether the state of
marine silicon cycle is at equilibrium, therefore, further studies for minimizing the uncertainties
from both marine Si input and output fluxes are necessary (Tréguer et al., 2021).

The cycling of Si in the modern ocean and marine Si budget has been evaluated for several
times over the past four decades (DeMaster, 1981, 2002, 2019; Nelson et al., 1995; Tréguer et
al., 1995, 2021; Tréguer and De La Rocha, 2013). However, large uncertainties of the marine
Si burial flux still exist (Figure 1.1). The reason for the large uncertainty is partly attributed to
errors of determined bSi content (bSi02%) (Conley, 1998; DeMaster, 2002; Tréguer et al., 2021),
since there is still a lack of a standardized determination method and internationally recognized
standard sample for measuring and calibrating the bSi0,% in sediments of various marine

depositional environments (Zhu et al., 2022, 2023). Therefore, evaluating the methodological
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biases of bSi burial flux is essential and would shed light to a better understanding of global
marine Si cycle (DeMaster, 2019; Tréguer et al., 2021). So far, numerous techniques are used
for measuring bSi02% in marine sediments. Generally, they can be divided into five groups: (1)
the wet alkaline methods, including Si/time method and Si/Al method (DeMaster, 1981;
Mortlock and Froelich, 1989; Miiller and Schneider, 1993; Schliiter and Rickert, 1998;
Kamatani and Oku, 2000; Koning et al., 2002; Liu et al., 2002; Lyle and Lyle, 2002), (2) X-ray
diffraction method (XRD) (Goldberg, 1958; Eisma and van der Gaast, 1971; Leinen, 1985), (3)
infrared analysis (including the infrared analysis and Fourier Transform Infrared Spectrometry,
e.g., IR and FTIR) (Frohlich, 1989; Vogel et al., 2016; Melucci et al., 2019), (4) microfossil
counts (Pudsey, 1993; Varkoubhi et al., 2020b) and (5) the normative calculation of bSi based on
sediment bulk elemental contents (Leinen, 1977). Among them, wet chemical methods, XRD
and IR method can quantitatively determine the bSi02%, whereas microfossil counts method
and Normative calculation method can only qualitatively determine the bSiO>%. Previous
research had shown that XRD (Goldberg, 1958; Hurd, 1983; Leinen, 1985) and IR (Vogel et al.,
2016; Melucci et al., 2019) methods are capable of determining the bSi02% efficiently but loose
accuracy in determining samples that contain < 10% bSi02%. Wet chemical methods are the
most popular general class of methods used, however, there are considerable variations of
alkaline digestion protocols and large variabilities of the determined bSi102% exist among
different protocols (DeMaster, 1991; Conley, 1998; Michalopoulos and Aller, 2004). Moreover,
the biases of the bSi02% determined by the wet chemical methods, XRD and IR method and
the subsequent effect on the bSi burial flux evaluation were not clear. To accurately determine
the bSi02%, a complete measurement of the different types of bSi and minimizing the
interference of non-bSi is a necessary condition. However, these two conditions are difficult to
achieve simultaneously. Marine sediments consist of several types of bSi (mainly diatoms,
radiolarians, sponge spicules) and lithogenic silica (ISi: clay minerals, authigenic alumino-
silicates, feldspar and quartz) which are characterized by different physical (morphology,
crystallinity, dissolution rate/reactivity) and chemical properties (Si/Al ratio, Si isotopic
composition). Groups of investigators had applied sequential extractions to determine bSi, the
Si isotope signals of the alkaline solutions have shown distinct imprints of a variety of Si
sources (bSi, authigenic alumino-silicates and clays) at separate digestion steps (Rahman et al.,
2016, 2017; Pickering et al., 2020). Quantitatively defining different Si phases (bSi, authigenic
aluminosilicate, clay minerals) using Si isotopic techniques (5°°Si, >2Si) is challenging, because
of the overlaps of 6°°Si signal of bSi and 1Si (Sutton et al., 2018) and protentional contamination

source of *2Si from terrestrial soils (DeMaster, 2019).
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Recent study found the burial of bSi in sediments contributes about 60% of the global marine
Si sink (Tréguer et al., 2021), thus any effort to better evaluate the bSi burial flux must take into
account the (1) accurate quantification of opal contents in sediments of variety oceanic regions
(estuary, costal seas and open ocean) and (2) defining the influences of physical (physical
structure, mineral content), chemical (Si, Al composition) and biological (types and abundances
of bSi) properties of marine sediments on bSi determinations. To redefine the burial flux of bSi
of the world ocean, this thesis thoroughly examined the physical (grain size, specific surface
area) and chemical (organic carbon, inorganic carbon, total nitrogen, clay mineral content)
properties of sediments that were obtained from varieties of marine depositional environments
(Baffin Bay, Arctic, the Western Antarctic Peninsula, North Atlantic, Equatorial Pacific,
Southern Ocean, coastal and continental margin zones (CCMZs) of the east China seas and the
Congo deep-sea fan). The factors (sediment types, types of bSi, concentration and types of
alkaline solutions, period of extraction time and method of calculations) that influence bSi
determinations were evaluated by using multiple methods (physical methods: XRD and IR;
chemical methods: different wet chemical methods). Based on the wet alkaline extractions and
microscopic observation of different types of bSi in sediments, a general protocol for accurate
quantification of bSi in CCMZs was proposed and a re-estimated bSi burial flux of the east
China seas (Bohai Sea, Yellow Sea, East China Sea) CCMZs was presented (see chapter 3).
Incongruent dissolution of silica from different sediment types was studied by applying
continuous analysis of Si and Al of alkaline solutions (e.g., the Si/Al method), and detailed
explanations of the modeling parameters from Si/Al method and their relationship with
sediment composition (bS10,%, organic carbon, inorganic carbon, grain size, specific surface
area, clay mineral compositions) were presented (see chapter 4). Further, this thesis thoroughly
evaluated the bSi methodological biases, and determined the effect of pretreatment procedures
on bSi determinations. Eventually, a general wet alkaline extraction procedure proposed for
measuring bSi of CCMZs sediments was tested using sediments of different marine regions and
the effect of methodological biases on bSi burial determinations were examined (see chapter 5).
This thesis provides insights of appropriate measurement of the bSi02% in marine sediments
and provides a better understanding of the bSi determination, the dissolution kinetics of various

silicates as well as the state of the modern marine Si cycle.
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Figure 1.1. The burial flux of Si in nearshore (< 1000 m), deep-sea (> 1000 m) and the total
bSi burial flux of the global ocean. TDLR 2013 represents Tréguer and de La Rocha (2013). T

mol-Si yr! equals to 10> mol-Si yr'!.
1.2. Research background

The Marine Si cycle is tightly intertwined with the marine carbon and nitrogen cycles through
the biological Si pump, thus, understanding the marine Si cycle is essential for knowing the
functioning of marine food webs, biogeochemical cycles, and the biological carbon pump
(Tréguer et al., 2021). Marine dSi is a required nutrient for the growth of marine silicified
organisms throughout the geological time (Figure 1.2) of planet Earth (Siever, 1991; Conley et
al., 2017). Marine silicifiers, such as diatoms, silicious sponges, radiolarians, silico-flagellates,
and some cyanobacteria, utilize dSi to build their physical structures (Armstrong and Brasier,
2013; Tréguer and De La Rocha, 2013). These bio-silicious frustules/skeletons, in the form of
amorphous silica combined with water molecules, are called biogenic silica by aquatic scientists
or opal/opal-A by geologists. The biological processes of oceanic dSi date back to the Archean
(Conley et al., 2017) with eukaryotic silicon metabolism occurring in the Neoproterozoic
(Maliva et al., 1989). Subsequently, a direct fossil evidence proved that Si biomineralization
appeared since the late Precambrian (Siever, 1992) accompanied by a secular decrease of dSi
in the seawater (Conley et al., 2017). Eventually, the marine dSi concentration decreased

approximately thirteen times (from 1000 uM to 75 uM) during the past 3000 million years
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(Siever, 1991; Conley et al., 2017). The drop of oceanic dSi concentrations has caused
continuous competition and evolution of oceanic silicifiers and non-silicifiers through
geological time (Finkel et al., 2010; van Tol et al., 2012; Hendry et al., 2018) which indicates
the importance of understanding the state of Si budget and the marine Si cycle. In addition, the
trend of the continuous decrease of dSi concentrations and the enhanced diatom burial relative
to other silicified organisms in the past possibly remain unchanged in future oceans (Figure 1.2),
because of the (1) decreased riverine dSi input to the world ocean (Phillips, 2020) and (2)
enhanced bSi burial on the seafloor in future acidified ocean (Tréguer et al., 2018; Taucher et
al., 2022).

Biosilicification drives a decline of dSi in the ocean uM
through geological time L 1500

Future Ocean ?

-..“------------—----------.___ — 1000
Decreased dSi concentrations B
— 500
(A) |
.t O

| Diatom control

(B)

. Sponge and Radilarian control |

Radiolarians

Siliceous Sponges

Relative importance for bSi removal

| | I I I
500 400 300 200 100 0

Time before present (Ma)

Figure 1.2. The diagram shows the marine Si cycle through geological time. Figure plotted
after Siever (1991) and Conley et al. (2017). (A): A continuous decrease of marine dSi
concentrations since 500 Ma. (B): The relative importance of bSi removal due to siliceous

sponges, radiolarians and diatoms. According to recent study by Tréguer et al. (2018) and
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Taucher et al. (2022), the marine dSi in surface water will decrease and the bSi burial will be
enhanced in future acidified oceans. Thus, possibly the relative importance for bSi removal of

radiolarians and sponges will continue to decrease in future oceans.

The marine Si cycle consists of biological, physical, and chemical processes (Kamatani et al.,
1980; Kamatani, 1982; Tréguer et al., 1995, 2018; Rahman, 2019; Ma et al., 2022; Zhu et al.,
2022). Current study demonstrated that three bSi producers contribute most of the bSi in the
modern ocean, i.e., diatoms (phytoplankton), radiolarians (zooplankton), and silicious sponges
(animal) (Maldonado et al., 2019). Among them, diatoms play a major role in global marine
bSi production. Pelagic diatoms contribute 40% of the global oceanic primary production
(Tréguer et al., 2018) and 70% of the primary production at the coastal seas (Nelson et al., 1995).
However, most of the bSi produced in the photic zone dissolve in the water column and at the
sediment-water interface, only ~ 3.6% of total diatom production has been buried on the
seafloor (Tréguer et al., 2021). Recent studies found the deposition of bSi in sediments is mainly
due to diatoms and siliceous sponge spicules (Maldonado et al., 2019; Tréguer et al., 2021).
Besides biological processes and physical dissolutions, bSi also participates in chemical
reactions, i.e., reverse weathering (a relatively rapid chemical reaction in estuaries and tropical
regions as reported by Mackenzie and Garrels (1966) and Michalopoulos and Aller (1995)).
Once deposited on the seafloor, bSi starts reacting with the major cations (Al, Fe, K) in
seawater/porewater and subsequently generates authigenic alumino-silicates surrounding the
bio-siliceous structures (Michalopoulos and Aller, 1995, 2004). Reverse weathering process
removes large quantity of Si from ocean through 1) the formation of authigenic clays at the
sediment-water interface which prevents the escape of dSi from seabed and 2) a rapid
transformation of bSi to alumino-silicates (Rahman et al., 2016, 2017). These three pathways
(e.g., the burial of diatom bSi, sponge spicules and the reverse weathering process) remove 15.6
+2.4 Tmol-Si yr'! from seawater which is approximately equals to the total Si input fluxes (14.8
+ 2.6 Tmol-Si yr'!), showing a relatively equilibrium state of the modern marine Si cycle (a
balance between the marine Si input flux and the marine Si output flux) (Tréguer et al., 2021).
Nevertheless, the Si budget and the biological fluxes within the water column are strongly
influenced by climate change (e.g., ocean acidification and global warming) and anthropogenic
activities (Tréguer et al., 2018, 2021; Cael et al., 2021; Taucher et al., 2022). Seawater
acidification (a decrease of seawater pH values) can induce a decreased bSi dissolution rate and
therefore enhance the exportation of bSi from the water column to sediment, thus, cause a

decrease in the dSi concentrations of seawater which subsequently limit the production of
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diatoms in future oceans (Tréguer et al., 2018; Taucher et al., 2022). In addition, the trend of
global warming and the anthropogenic activities also cause a decrease dSi discharge from the
global rivers (an increase only in the Arctic region) (Phillips, 2020), therefore, cause a decrease
of ocean dSi concentrations of surface water layer. Those impacts will inadequately influence
the marine Si cycles on both regional (such as CCMZs) and global scales (Tréguer et al., 2021;
Taucher et al., 2022).

1.2.1. The biogeochemical cycle of Si in modern ocean

DeMaster (2019) and Tréguer et al. (2021) reviewed the up-to-date knowledge about the
biogeochemical cycle of Si in the modern ocean and estimated the marine Si budgets. Both
studies demonstrated that the marine Si budget of modern ocean is at a relatively steady state.
However, both anthropogenic activities and natural climate change can cause an imbalanced
state of the marine Si budget (Tréguer et al., 2021). Detailed descriptions of the modern Si cycle

are presented below:
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Figure 1.3. The biogeochemical cycle of Si in the modern ocean and the marine Si budget
(Tr&uer et al., 2021; Zhu et al., 2022). Fp(gross) represents the annual gross production of
diatom Si, Fp(surface) represents the Si dissolved in surface water, Fe(export) represents Si
exported to deep water, Fs(rain) represents the Si deposited to seabed, Fp(benthic) represent the

Si dissolved at sediment/sediment-water interface, “Upwelling” means annual flux of dSi

23



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

transported from deepwater to surface, SGW represent submarine ground water. The unit 1
Tmol-Si yrt equals to 102 mol-Si yrt. The values marked within black symbols represent
marine input fluxes, and the values presented in orange symbols represent output fluxes. The
green arrow represents bSi transportation from photic zone to deep-water, the white arrows
represent bSi dissolution fluxes and transportation of dSi from deep-water to the surface
through upwelling.

1.2.1.1. Marine Si input fluxes

There are six pathways of the marine Si input flux, including (1) rivers (8.1 =2.0 Tmol-Si
yr 1), (2) mineral dissolution (2.2 1.0 Tmol-Si yr 1), 3) submarine groundwater (3.8 Tmol-Si
yrt; Cho et al. (2018)), (4) atmospheric deposition (0.5 0.5 Tmol-Si yr?), (5) polar and
subpolar glacier (0.33 +0.26 Tmol-Si yr!), and (6) hydrothermal activity (1.7 0.8 Tmol-Si
yr1) (Tr&uer et al., 2021). These six Si input sources (Figure 1.3) are ultimately derived from
the weathering of the Earth’s crust (Tréguer and De La Rocha, 2013). Compared with the
previous estimates by Tré&uer and De La Rocha (2013), the Si input from the subpolar glaciers

is defined as a new source of Si to marine environments (Hawkings et al., 2017, 2018).
1.2.1.2. Marine Si output fluxes

Marine dSi is removed from seawater by (1) the burial of diatoms on the seafloor at a depth
of > 10 — 20 centimeters (cm) (9.2 + 1.6 Tmol-Si yrt, Hayes et al., 2021; Tré&gyuer et al., 2021),
(2) deposition of sponge spicules (1.7 1.6 Tmol-Si yr*; Maldonado et al. (2019)) and (3) the
formation of authigenic silicates due to reverse weathering (4.7 Tmol-Si yr!; Rahman et al.
(2017)) (see Figure 1.3). The burial of bSi in open ocean is approximately 5.5 Tmol-Si yr*
(Hayes et al., 2021) and is larger than the bSi burial at CCMZs (3.7 Tmol-Si yr %, Tréguer et
al., 2021).Which suggests CCMZs are important marine Si sinks because areas of CCMZs only
represent 10% of global marine seafloor. Siliceous sponges play a significant role in removing
Si from the ocean because of their long lives and specifically low dissolution rate (Maldonado
etal., 2012, 2022). Reverse weathering process was considered to react slowly (> 10* — 10° yr
b, but direct evidence (SEM image of incubated diatom frustules) and the 32Si activities in
reactive Si pools have shown a rapid formation of authigenic alumino-silicates at large river
estuaries, such as the Amazon River estuary, Yangtze River estuary, Mississippi River and
Congo River estuary (Michalopoulos and Aller, 1995; Rahman et al., 2016, 2017; Zhao et al.,
2017). In addition, several geochemical tools (*2Si, 5*°Si, Ge/Al) have shown that authigenic
clays may form ubiquitously in all the depositional environments of the global ocean (Ehlert et
al., 2016; Baronas et al., 2017; Geilert et al., 2020; Pickering et al., 2020). However, there is
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still an argument of whether authigenic silicates should be defined as marine Si sinks (DeMaster,
2019). Rahman et al. (2016, 2017) measured the natural *2Si of alkaline solutions to quantify
the authigenic Si formed through reverse weathering reactions and concluded that nearly all bSi
produced in the photic zone were transformed as authigenic clay minerals. DeMaster (2019)
argued that Rahman et al. (2016, 2017) overestimated the quantity of marine authigenic clays
because he considered reverse weathering as a process that transforms solid (diatoms) to solid
(authigenic silicates) materials, thus the formation of authigenic clay minerals could not be

defined as a sink of dSi because the dSi in seawater is already removed from the ocean.
1.2.1.3. Biological fluxes of Si

Tréguer et al. (2021) re-estimated the annual global marine planktonic diatom production
(255 +=52 Tmol-Si yrt) using both the field data and modeling results, the estimate is not
significantly different from the previously reported value by Nelson et al. (1995). Besides
planktonic diatoms, other siliceous organisms also contribute to bSi production. For example,
picocyanobacterial (such as Synechococcus, Brzezinski et al. (2017)) contribute < 20 Tmol-Si
yr 1, radiolaria contribute to 2 — 58 Tmol-Si yr* (Llopis Monferrer et al., 2020), siliceous
sponges contribute > 6.15 +5.86 Tmol-Si yr ! to the world ocean (Tr&uer et al., 2021).
Nonetheless, these bSi productions (picocyanobacterial, radiolaria and siliceous sponges: 51.2
Tmol-Si yr?) are within the uncertainty of the global diatom bSi production at the photic zone.

Recycling of Si in the water column is important for maintaining marine primary productions.
Due to the low dSi levels in seawater (~75 M), bio-siliceous frustules produced in the photic
zone continuously dissolve in the water column and at the sediment-water boundary. According
to recent estimates, about 56% of the diatom bSi dissolved in the photic zone (< 200 m depth),
and 40% dissolved in deep water and sediment-water interface. Eventually, only less than 4%
of bSi is buried on the seafloor (Tréyuer et al., 2021). Unlike diatoms, radiolarians and sponge
spicules are more resistant to dissolve. Thus, the burial efficiency of radiolarians and sponge
spicules (27.6%) are much higher than diatoms (Maldonado et al., 2019). The dissolution rate
of bSi are effected by several factors, such as temperature, pH and cations (AI**) combined with
bSi (Kamatani et al., 1980; Van Cappellen and Qiu, 1997, 1997; Pondaven et al., 2000;
DeMaster, 2002; Gallinari et al., 2002; VVan Cappellen et al., 2002b; Gallinari et al., 2008; Liu
et al., 2002; Rickert et al., 2002; Wu and Liu, 2020; Ma et al., 2022, 2023).

Based on the OCIM grid results using annual mean dSi concentration from the World Ocean
Atlas (2018), Tr&guer et al, (2021) calculated the total dSi inventory value (120000 Tmol Si)
of modern ocean. Thus, the overall geological residence time for Si (dSi inventory value divided
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by the dSi input flux) reduces to 8000 years. Therefore, the residence of Si in the ocean is closer
to the residence time of N (< 3000 yr?). The updated estimate of the Si residence time is about
60% shorter than the previous value (18000 yr, Tré&uer and De La Rocha, (2013)), which
suggests that the Si cycle may fluctuate over the glacial-interglacial timescales (Treguer et al.,
2021).

Annual temperature [°C] at the surface Annual silicate [umol/kg] at the surface
W o w

o o
s ~m—

Figure 1.4. Map of the sea surface temperature, dSi concentration, chlorophyll o and bSiO2%
in surface sediment. (A) sea surface temperature (SST/°C, from the World Ocean Atlas (2018)):
high SST in tropical and sub-tropical regions; (B) silicate concentration in surface water (World
Ocean Atlas, 2018), high dSi concentration in polar area (North Pacific and the Southern Ocean)
and intermediate dSi concentration at Equatorial Pacific; (C) chlorophyll o concentration (data
from the Ocean Color Webmaster: https://oceancolor.gsfc.nasa.gov/13/): high chlorophyll o
concentrations were observed in high latitude and the equatorial regions; and (D) bSiO2% in
surface sediment (plotted using raw data from Hayes et al. (2021)): the Southern Ocean,

Equatorial Pacific, Central Indian Ocean and North Pacific are regions enriched in bSi.
1.2.2. Physical property, types and distributions of biogenic silica in global ocean

Biogenic silica is a term which represents all types of biogenic siliceous structures. There are
several types of bSi in marine sediment, and each bSi type consists of several hundreds of
species that are characterized by different shapes and physical properties (such as water content
and dissolution rate). Among them, diatoms, sponge spicules and radiolarians play major role
in bSi burial in the ocean. There are other types of bSi found in marine sediment, such as
phytolith (transported from land to coastal seas) (Meunier et al., 2014; Ran et al., 2017) and

silico-flagellate (Wang et al., 2016), but their contribution to the global marine bSi burial are
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less important (Maldonado et al., 2019). The introduction of diatom, radiolaria, sponge spicules
and other types of bSi and their distributions in the world ocean are briefly described in the

following sub-sections.
1.2.2.1. Physical property of biogenic silica

Biogenic silica (SiO2 nH20) is amorphous silica that contains a certain amount of combined
water molecule (Hurd, 1983). The content of combined water content of bSi is dependent on
the bSi types (Table 1.1), age (living bSi or bSi obtained in deep sediments, Mortlock and
Froelich, (1989) and Dodd et al. (2017)) and the living environment of bSi (Leynaert et al.,
2018). Normally, bSi goes through diagenesis process and loses its combined waters. Thus,
aged bSi contains less water molecules than fresh bSi. The average water content of bSi (only
consider diatoms, radiolarians and sponge spicules) is ca. 10% (SiOz 0.4H,0, see Table 1.1 and
reference therein). To systematically standardize the problem of water content and formula of
bSi, the opal content is preferably reported as SiO2 (molecular mass: 60 g mol™) (Mortlock and
Froelich, 1989).

The dissolution rate of various types of bSi varied significantly. Sponge spicules and
radiolarians are more resistant to dissolution in both seawater and alkaline solutions than
diatoms (Mortlock and Froelich, 1989; MUler and Schneider, 1993; Kamatani and Oku, 2000;
Maldonado et al., 2019). This information has important implication for bSi determinations
because the commonly used wet alkaline extraction technique needs to be adjusted to different
bSi types when measuring the bSiO.% of sediment from the different marine regions (DeMaster,
1981, 1991). The bSi structures undergoes the physical dissolution and diagenesis process in
marine environments. Once the diatom died, the aging of the frustule begins and the bSi starts
losing the silanols (Si-OH), this dihydroxylation process is dependent on surrounding
temperature and diagenetic reactions (Dodd et al., 2017). A combination of selective dissolution
of Si and precipitation of Al dissolved from minerals in sediment cause an elevated Al content
in diatom frustules, and X-ray diffraction spectra have shown that Al substituted the Si
throughout the entire diatom test (van Bennekom et al., 1989). The dihydroxylation of bSi and
incorporation of Al in silica tetrahedral unit have prevented the dissolution of amorphous silica,
therefore, enhance its preservation in marine sediments (Dixit et al., 2001; Dodd et al., 2017).
Note, additional subsection (section 1.2.2.3) is presented for describing the dissolution kinetics

of different types of bSi and lithogenic silicates.
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Table 1.1 Combined water content (%wt.) of various types of biogenic silica. The average
combined water content for diatoms, radiolarians and sponge spicules are 7.1%, 12.0% and
11.1%, respectively.

Types Age Region Numbers H20% References
0-12ka Guaymas Basin 3 4.1 Wang and Yeh (1985)
0-12ka Southern Ocean 6 121 Shemesh et al. (1988)
Diatoms  12ka—2.6Ma Guaymas Basin 72 3.9 Wang and Yeh (1985)
Mortlock and Froelich
12ka—2.6Ma Southern Ocean 3 8.1
(1989)
Central Equatorial ) 159 Hurd and Theyer
0-12ka Pacific ' (1977)
Radiolarian Southern Ocean 6 7.9 Shemesh et al. (1988)
Central Equatorial Hurd and Theyer
2-40Ma - 26 12.1
Pacific (2977)
- 6 12.3 Sandford (2003)
Schwab and Shore
0 - - 9.5
(1971)
Sponge - 3 115 Levi et al. (1989)
spicules Kuannel Channel,
By 1 9.7
Hawaii Hurd and Theyer
0—12ka -
Kaneohe Bay, Hawaii 3 10.2 (2977)
Sagami Bay Hawaii 1 134

1.2.2.2. Biogenic silica types and distributions

The distribution of bSi on seafloor is inhomogeneous. Generally, CCMZs are areas with low
bSiO2%, and certain ocean regions, such as the Southern Ocean, the Equatorial Pacific, the
Central Indian Ocean and the North Pacific are areas enriched in opal (Figure 1.4 D) (DeMaster,
2002; Liu et al., 2002, 2016; Zhang et al., 2015; Wu et al., 2015, 2017; Wu and Liu, 2020b;
Hayes et al., 2021; Tréguer et al., 2021; Ma et al., 2022, 2023; Zhu et al., 2023). As shown in
Figure 1.4, the bSiO>% distribution in surface sediments is controlled by both the diatom
production and preservation. Thus, bSiO2% in sediments are controlled by the nutrient
concentrations in surface water, the bSi production and the physical parameters of seawater
(e.g., SST, salinity, pH) (Ragueneau et al., 2000). The distributions of different types of bSi are
described in subsections below.
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1.2.2.2.1. Diatoms

Diatoms are unicellular algae with golden-brown photosynthetic pigments and are the
dominant marine primary producers in the ocean (Nelson et al., 1995; Tre&guer et al., 2018;
Dutkiewicz et al., 2020). Diatoms require light to live and are therefore limited to live in the
photic zone (< 200 m). The size of the diatom can reach up to 2000 pm, however, most of the
diatom species are in the size range of 10 jum to 100 pm. As predominant bSi primary producer,
diatoms are important opponents of phytoplankton biomass at the high latitudes (e.g., the
Southern Ocean, Sea of Okhotsk) and in equatorial and coastal upwelling regions (Bracher et
al., 2009). In addition, in areas of high nutrient supply (i.e., the equatorial and coastal upwelling
zones and deep chlorophyll maximum; see Figurel.4B), the growth rate of diatoms reaches its
maximum (Hamm et al., 2003). Diatoms live in both water columns and at the sediment-water
interface of the coastal regions. The production of planktonic diatom in global oceans was
evaluated, however, the production of benthic diatoms in global coastal zones were not clear
(Leynaert et al., 2011; Tréguer et al., 2021).

1.2.2.2.2. Radiolarians

Radiolaria, also called Polycystina, Collodaria or Rhizaria, are protozoa distinguished by the
segregation of their soft anatomy into the central capsule, containing the endoplasm, and the
surrounding ectoplasm (or calymma), and by their siliceous (opaline) skeletons of most species.
The scientific definition of radiolaria has varied through time, generally, they are a group of
diverse unicellular eukaryotes bearing delicate and elegant mineral skeletons (Biard et al., 2017;
Biard, 2022). Radiolarians are zooplankton that live in the water column (from the surface to
the bottom waters) and they have existed since the beginning of the Paleozoic era (541 Ma),
producing an astonishing diversity of intricate shapes during their ~ 600-million-year history.
After the death of radiolaria, the siliceous skeletons are preserved in sediments for millennia
and subsequently records the imprint of its living environments, providing excellent tools to
reconstruct past environments (Wever et al., 2002). In the modern ocean, ca. 400 — 800 living
species (and several thousand extinct forms whose maximum dimension varies from 30 M to
2 mm) of radiolarians occupy almost all ecologic niches from shallow water to the deep ocean
(Boltovskoy and Correa, 2016), most of living radiolarians live in water depth < 1000 m
(Boltovskoy, 2017). Radiolarians distribute widely (70°N to 85°S) in the global ocean
(Figure.1.5), however, most of the radiolarian species live in the sub-tropical to low latitude
(30°N to 30°S) ocean regions where the sea surface temperature (SST/°C) is high (Boltovskoy
and Correa, 2016; Boltovskoy et al., 2017). In addition, based on the plankton samples,
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sediment trap and surface sediment data, Boltovskoy et al. (2010) found the radiolarian
production is higher in the sub-tropical to low-latitude regions than in sub-polar and polar

regions.
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Figure 1.5. The different biogeographic domains marked in different colors (Northern Polar,
Bi-Subpolar, Transitional, Tropical-Subtropical, Eastern Equatorial Pacific, Southern Polar) are
defined by radiolarian species and parameters of sea water such as the mean annual temperature,
salinity, chlorophyll a, silicate, nitrate, and phosphate concentrations. The figure is replotted
following Boltovskoy and Correa (2016), detailed descriptions of the different domains are

referred to the reference.

Individual radiolarian is thought to live for about one month (Armstrong and Brasier, 2013;
Hori et al., 2021), due to their required specific living conditions and relatively short lives,
radiolarians are used as a practical tool for biostratigraphy and paleo-oceanographical indicators
(Chen and Tan, 1997; Wever et al., 2002; Rogers and De Deckker, 2007; Fontorbe et al., 2013,
2017; Chen et al., 2014; Cortese and Prebble, 2015; Boltovskoy and Correa, 2016; Boltovskoy
et al., 2017). Thus, the radiolarian abundances, content (Leinen, 1985), species (De Wever et
al., 2001) and their Si isotopic composition (Bole et al., 2022) were determined for re-
constructing the paleo-environment. Radiolarian is also an important bSi producer and active
marine C exporter. A recent study found radiolarians contain relatively large amounts of Si and
C compared to diatom frustules (Llopis Monferrer et al., 2021) and they contribute 2 to 58 T
mol-Si yr? (1% to 19%) of the global oceanic silica production (Llopis Monferrer et al., 2020).

Similar to the burial of diatoms, radiolarians carry both Si and C while sinking to the deep-

water (Llopis Monferrer et al., 2021). However, compared to diatoms, radiolarian test carry
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more Si in a single cell (Llopis Monferrer et al., 2020) and is more difficult to dissolve in
seawater (Kamatani, 1971). A recent study demonstrates that the contribution of radiolarians to
the global marine Si sink is negligible (Maldonado et al., 2019). However, this estimate was
based on the results of 10 sediment cores of the world ocean and may underestimate the
radiolarian bSi burial flux because a large amount (average 10% of the total bSi production) of
bSi is produced by the slow dissolving radiolarians (Llopis Monferrer et al., 2020). In addition,
there are areas enriched in radiolarian oozes, such as the Southern China Sea (Chen and Tan,
1997; Zhang et al., 2015), Equatorial Pacific and Southern Ocean (Boltovskoy et al., 2010;
Dutkiewicz et al., 2015).

1.2.2.2.3. Siliceous sponges

Sponges are ubiquitous marine animals, occurring with moderate to high abundance on the
seafloor (i.e., continental shelves, slopes, abyssal plains and hadal bottoms, Figure 1.6) (Chu et
al., 2011; Maldonado et al., 2012; VVan Soest et al., 2012; Gutt et al., 2013; Kou et al., 2018; Li
et al., 2020; Morganti et al., 2022). Sponges utilize varieties of C, nitrogen (N), phosphorous
(P) and dSi compounds, in addition to the particulate C, N, and P obtained by regular feeding
(Maldonado et al., 2012). Among all the known marine sponge species, about 75% of species
(most Demospongiae species and all the known Hexactinellida species) utilize dSi to build their
siliceous skeletons. The quantity of siliceous skeletons represents up to 90% — 95% of the body
dry weight (Maldonado et al., 2011, 2012). Siliceous sponges live in a variety of marine
environments. Large sponge reefs were found in several spots of the ocean, such as the central
Arctic seamounts (Morganti et al., 2022) and Antarctic (Gutt et al., 2013), which indicate
silicious sponge are important marine Si reservoirs. Van Soest et al. (2012) summarized the
recognized sponge species at 232 marine ecoregions (excluding open ocean; Figure 1.6) and
further confirmed a wide adaptation of sponges in different marine environments of global
ocean.

Large sponges can live for several hundred years. After their death, sponge spicules are
released from the structures surrounded by organic matters. Sponge spicules are the skeletons
to strengthen the mesohyl, assisting to support the growth of the soft sponge tissues and
reinforcing the epithelia, and avoiding the collapse of aquiferous subectosomal spaces and
cannals (Maldonado et al., 2012). The size of the spicules ranges from 1 um to about 2 — 3
meters (m), depending on the species. Spicules larger than 100 pm are called megascleres, and
small spicules (< 100 ) are called microscleres. In addition, spicules also show a large variety
of shapes and ornamentation details (Boury-Esnault and Rutzler, 1997; Uriz et al., 2003) and
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the formation of spicule is genetically controlled (MUler et al., 2006). Due to their low
dissolution rate, sponge skeletons can be preserved in sediment over long term thus they
become important Si sinks in the ocean (Chu et al., 2011; Maldonado et al., 2019, 2022). The
information of the content and distribution of sedimentary sponge spicules is limited in several
locations, such as the South China Sea (Chou et al., 2012), Baffin Bay (Murillo et al., 2018),
Bay of Best (L&pez-Acosta et al., 2022) and 17 cores of world ocean (Maldonado et al., 2019).

According to the alkaline extractions of different shapes of spicules and sponge spicules
obtained from different species, Maldonado et al. (2019, 2022) found the dissolution of spicules
is dependent on their size, types (Demospongiae, Hexactinellida, Homoscleromorpha) and
organic compound incorporated within the silica layers of the spicules. Due to the complexity
of the spicule dissolution rate, accurately quantification of the sponge bSi content in sediment
is challenging (Conley and Schelske, 2001; Maldonado et al., 2022).
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Figure 1.6. The global diversity of Porifera (sponges) at 232 marine eco-regions (Van Soest et
al., 2012). The numbers within the map represent numbers of sponge species in each marine
region. Information about marine sponges can be found on World Porifera Database webpage
(https://www.marinespecies.org/porifera/). Additional knowledge about the sponge species and
their distributions can be found in the weblink of NOAA Deep-Sea Coral & Sponge Map Portal
(https://www.ncei.noaa.gov/maps/deep-sea-corals/mapSites.htm).

1.2.2.2.4.  Other types of biogenic silica

As mentioned above, besides diatoms, radiolarians and sponge spicules, other types of bSi

also contribute to the marine Si production and sinks. For example, phytoliths are produced by
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terrestrial plants and are transported to the CCMZs by rivers (Struyf et al., 2005, 2006; Zang et
al., 2016; Ran et al., 2018). Most phytoliths dissolve in estuary and river deltas, but the aged
phytolith individuals are buried within sediments because of their low dissolution rate (Meunier
et al., 2014). Additionally, unicellular silicoflagellate (size: 20 — 100 pm) also contributes to
marine bSi production and bSi burial. Silicoflagellate is photoautotrophic phytoplankton live in
the photic zone and thrive in silica-rich waters associated with current upwelling regions (i.e.,
equatorial and high latitude water along western margins of continents) (Armstrong and Brasier,
2013). Silicoflagellate frustules also exist in sediment of a variety of environments, such as the
east China seas (Liu et al., 2015), Mediterranean Sea and Black Sea (Malinverno et al., 2019)
and Santa Barbara Basin (Barron et al., 2015), and were used as an indicator to reconstruct the

past marine environment and climate (Lipps, 1979).
1.2.2.3. Dissolution kinetics of biogenic silica and lithogenic silica

The dissolution of bSi and ISi provides necessary dSi nutrient for marine silicifiers (Frings,
2017; Treguer et al., 2021). The controlling factors of solubility of the bSi in saline water, such
as temperature, pH, specific surface area as well as the incorporated Al content of bio-siliceous
materials, were evaluated previously by applying the flow through experiments (\VVan Cappellen
and Qiu, 1997; Gallinari et al., 2008; Ma et al., 2023). Generally, the solubility of bSi is high
under high pH, high temperature and large specific area conditions, and the solubility of bSi is
reduced due to Al incorporation (Van Cappellen and Qiu, 1997, 1997; Rickert, 2000; Dixit et
al., 2001), hinting asymmetrical dissolution kinetics/or solubilities of different silicates under
different marine environments (Gallinari et al., 2002; Wu et al., 2015, 2017; Wu and Liu, 2020;
Ma et al., 2023). In an alkaline solution, the dissolution of bSi is controlled by pH, extraction
time, temperature and the pre-treatment of bio-siliceous structures (MUler and Schneider, 1993;
Rickert, 2000; Maldonado et al., 2019, 2022). Normally, fresh diatoms and cleaned diatoms are
more soluble (Maldonado et al., 2019), untreated diatoms (Kamatani and Oku, 2000) and aged
diatoms are less soluble (Muller and Schneider, 1993). However, most diatoms can be extracted
completely after 60 min of digestion in hot alkaline solutions (see Figure 1.7 A and references
with the plot), except some altered bSi from river delta (Michalopoulos and Aller, 2004). The
dissolution rate of radiolarian tests and sponge spicules are much less than diatoms, thus, are
harder to digest completely. Muller and Schneider (1993) found 70% of radiolarian tests
dissolved after 100 min in NaOH solution (Figure 1.7 B). Considering a 10% of water content
of radiolarian skeletons (Table 1.1), there will be about 20% of the radiolarians escape
dissolution. The dissolution of sponge spicules is particularly difficult, complete extraction of
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sponge spicules requires about 1000 min (> 12 h) of alkaline digestion (Maldonado et al., 2022),
bringing out challenges for bSi determination.

The dissolution of ISi releases large quantity of dSi to the ocean (Frings, 2017; Tré&yuer et al.,
2021). Considering the even texture and the constant Si:Al ratio of clays (Koning et al., 2002),
the dissolution of clays would also contribute tremendous dAl into the ocean. Direct
measurements have shown an elevated dAl in the bottom waters of the Arctic Ocean, the
western boundary undercurrent of the North Atlantic, the Mediterranean Sea and the core of the
Equatorial Undercurrent, which suggest the dissolution of ISi as potential Si and Al sources.
The relative enriched dSi and dAl at bottom waters provide conditions for a widely spread
formation of reverse weathering product along continental margins (Measures and Hatta, 2021).
Similar to bSi, the dissolution of clay minerals is dependent on pH, temperature, catalytic (Al
effect) or inhibitor effect (organic matter), the deviation of equilibrium, surface area/surface
reactivity and ionic strength effect (Cama and Ganor, 2015). Therefore, the release rate of Si
and Al varied for different marine regions due to the physical and chemical characteristics of
the seawater and sediment composition. In alkaline solutions, the proton-promoted reaction
mechanism dominates the clay mineral dissolution process (Golubev et al., 2006) and the
dissolution rate increases at high pH (Figure 1.7 D, E, F). Thus, the release of Si (also Al) from
clay minerals varies under different extraction conditions. The information about dissolution of
different clays has important implication for bSi determinations because about 1% to 50% of
clays dissolve during alkaline extractions.

As shown in Figure 1.7, the dissolution of bSi and ISi in an alkaline solution varied
significantly when applying different extraction techniques. This information has major
implications for bSi determinations and the evaluation of the bSi burial flux on both the regional
scale and a global scale, because most researchers select the wet alkaline methods to measure
the bSiO2% (Conley, 1998). These implications are listed below:

(1) The sources of Si released from sediment are bSi and ISi. Discriminating the different
Si sources can help to understand the benthic Si cycle and to assist the accurate evaluation
of bSi burial in the world ocean. Therefore, the key point for bSi determination is to
accurately quantify bSi content and avoid the interference of ISi.

(2) The solubility of various types of bSi (diatoms, radiolarians and sponge spicules) and
ISi (different clays and silicate minerals) is largely different. Thus, the types of bSi and
sediment composition need to be considered when select the method for measuring the
bSi02%.
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(3) DeMaster (1991) found that previous studies underestimated the complexity of bSi types.
The types of bSi and their size/shapes, organic matter content, age (fresh skeleton or fossil),
and degree of silicification also affect their dissolution rate.

(4) The dissolution of ISi release dAl to bottom water (Measures and Hatta, 2021).
Considering the differences of solubility in different clays, the efflux of Si and Al from
sediments of different marine regions is incongruent. Further attempts aim to quantify the
dSi and dAl dissolve from sediments need to deliberate the incongruent dissolution

characteristics of various sediment types.
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Figure 1.7. Dissolution kinetics of different types of biogenic silica and clay minerals in hot
alkaline solutions. The dissolution of silica is controlled by the pretreatment of bSi (acid and
peroxide treatment, grinding), the concentration of alkaline solution and the duration of
extraction. (A): Extraction of fresh, aged, cleaned and un-treated diatoms (see SEM pictures on
the right): a complete digestion of diatoms takes < 120 min; (B): Extraction of radiolarians (see
SEM npictures on the right): a complete digestion of radiolarians takes < 200 min; (C):
Extraction of sponge spicules (see SEM pictures on the right): a complete digestion of sponge
spicules takes > 3000 min (50 h); (D): Extraction of kaolinite (1:1 layer mineral): about 1% —
40% of silica dissolve from kaolinite in various alkaline solutions; (E): Extraction of
montmorillonite (2:1 layer mineral): about 1% — 50% of silica dissolve from montmorillonite
in various alkaline solutions; (F): Extraction of illite (2:1 layer mineral): about 1 — 3% of silica
dissolve from illite and chlorite in various alkaline solutions. The order of bSi dissolution rate:
diatoms > radiolarians > sponge spicules. The order of clay dissolution rate: montmorillonite >
kaolinite > illite > chlorite. This figure is plotted based on previous published data (DeMaster,
1979; Muller and Schneider, 1993; Kamatani and Oku, 2000; Liu et al., 2002; Maldonado et a.,
2019, 2022), detailed information about the data source was listed with the figure. Note the

scales on X and Y axis are different for individual plot.
1.2.3. Methods used for biogenic silica determinations

Due to the positive relationship between diatom production and bSiO2% in sediment (Nelson
et al., 1995; Pondaven et al., 2000), the quantification of bSi in sediments is thus important for
geologists, marine chemists, paleolimnologists and oceanographers who use bSiOx% for
understanding the past climate and environments (Conley, 1998). Previous studies developed
numerous methods to quantify bSiO>% in marine sediment. Generally, these methods are
grouped as (1) X-ray diffraction (XRD) method (conversion of amorphous bSi to crystallized
cristobalite (Goldberg, 1958); direct XRD measurement (Eisma and van der Gaast, 1971)); (2)
Point counts of diatom frustules on a smear slide (Pokras and Molfino, 1986; Pudsey, 1993);
(3) Infrared analysis (IR (Frohlich, 1989), Fourier transform infrared (FTIR) analysis (Vogel et
al., 2008, 2010, 2016) and attenuated total reflection fourier transform infrared (ATR-FTIR)
analysis (Melucci et al., 2019)); (4) Elemental partitioning of sediment chemistry (Leinen,
1977); (5) Microscope determination of sponge, radiolarian and silico-flagellate (Maldonado et
al., 2019); (6) Wet chemical methods, also called wet alkaline method which include a single
digestion without clay mineral calibration (Mortlock and Froelich, 1989), time sequential
digestion with clay mineral calibration (DeMaster, 1981; Conley and Schelske, 1993, 2001; Liu
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et al., 2002; Lyle and Lyle, 2002), clay mineral calibration using SiO2/Al>O3 ratio (Kamatani
and Oku, 2000) and continuous wet chemical method which requires a high resolution analysis
of Si (MUler and Schneider, 1993) and Si & Al (Koning et al., 2002; Bar& et al., 2015). Each
of these procedures has certain inherent systematic problems or is analytically cumbersome
(Mortlock and Froelich, 1989; DeMaster, 1991; Conley, 1998). General descriptions of these
methods are presented below.

The XRD method described by Goldberg (1958) includes the combustion of sediment at 900 °C
to 1050 °C for 4 hours in order to transform the X-ray amorphous bSi into crystallized
cristobalite. XRD method gives a reproducibility of £10%bSiO, with a lower limit of detection
about 2%bSiO> (Goldberg, 1958). Eisma and Van der Gaast (1971) recommended measuring
the opal “bulge” without heating the samples to avoid the strong influence of cations (Na, K,
Mg, Ca) and minerals on the cristobalite peak. The direct XRD measurement gives a precision
of 3% for sediment samples with > 10% bSiO> and gives higher errors for bSiO>% below 10%
(Eisma and Van der Gaast, 1971). Based on an internationally calibration experiment, Conley
(1998) reported a 0.5 to 5 times overestimation of bSiO2% using the XRD method as compared
to the opal content determined by several wet chemical methods. Hurd (1983) concluded two
challenges that affect the XRD determination: (1) the unknown transformation efficiency of bSi
into cristobalite and (2) the influence of silicate minerals on the calculation of amorphous silica
spectra. So far, these two issues have not been resolved.

The microfossil counts of diatoms on a smear slide are used to semi-quantify the bSi content
relative to other materials (Pudsey, 1993). Generally, the glued samples were placed under
crossed-nicols illumination polarizing microscope, diatoms and clay particles appear the same
as under plane-polarized light whereas quartz and silt grains appear yellow and gray on a light
grey background. Pudsey (1993) calibrated the microfossil count method and found the
disadvantages of this method are (1) the accuracy of measurement is dependent on the precision
of balance or weighing, (2) the uneven sediment distribution on smear slide due to aggregation
of sediment slurry, and (3) overestimation of diatoms due to the mounting medium used. The
microfossil count method was proposed for a quick and shipboard use, thus a very precise
estimate of the percent silica is not required. Varkouhi and Wells (2020) adopted the microfossil
count results and convert the bSi volumetric content into mass percentage. However, whether
this calculation is accurate is not clear due to a lack of comparation with other methods (such
as the wet chemical method).

The infrared analysis method (IR, FTIR, ATR-FTIR) is a rapid and efficient method of

determining bSi using a small amount of sediment (10 mg). Therefore, can be used as a cost-
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effective method for paleolimnological research (Frohlich, 1989; Rosén et al., 2010; Meyer-
Jacob et al., 2014; Vogel et al., 2016; Melucci et al., 2019). To quantify the bSi content, the
absorbance of silica IR spectra (4000 cm™ — 400 cm™) of processed sediments and reference
samples (or standards) are analyzed, and the bSiO>% is calculated based on the absorbance of
sample and standards (Meyer-Jacob et al., 2014; Melucci et al., 2019). This method was applied
for both marine and lacustrine sediments and showed a good co-relationship as compared with
the bSiO2% measured by wet alkaline methods. Variation between the bSi yield determined by
the IR method and the wet alkaline method is still not clearly explained (Vogel et al., 2016).
Previous study demonstrated that IR measurement is influenced by determining the
environment (such as room moisture), homogeneity and granulometry of samples, and ISi
content (Melucci et al., 2019).

Elemental partitioning of sediment chemistry method (or normative calculation method) was
proposed to estimate the bSiO2% based on an assumption that the SiO2:Al>Oz of earth crust is
a constant value (SiO2:Al203 = 3), and the excess SiO> (equals to SiO2 — 3Al203) is defined as
the biogenic origin (Bostrom et al., 1972). However, the Si: Al ratios (2 — 11) are dependent
on clay mineral compositions, and they change significantly (Leinen, 1977). To properly
determine the bSiO2% in sediments, Leinen (1977) suggests measuring the clay mineral
composition for understanding the actual Si:Al ratio and then determining the bulk element
composition (i.e., Si, Al, Mg, Mn, Fe) of the sample. However, the normative calculation
method showed a high determination limit and large standard deviations. In addition, this
method was used to determine sediments of open ocean and was not tested for nearshore
sediments which contain low opal and high ISi content.

Microscope determination is used to measure the size (length, width) of individual bSi
frustule/skeleton, and calculate the mass of bSi based on its volume and density (Maldonado et
al., 2019). This method was applied specifically for determining the mass of sponge spicules
and radiolarians (Maldonado et al., 2019). The microscope determination method is time-
consuming and laborious, therefore, is not capable of determining large numbers of samples.

The wet chemical method is the most commonly used method for bSi determination so far
(Kamatani and Oku, 2000; Koning et al., 2002). This method is based on the assumption of a
fast-dissolving bSi (non-linear dissolution) phase and a slow-dissolving ISi phase (linear
dissolution) during the hot alkaline extractions (DeMaster, 1981). Swann (2010) grouped the
wet alkaline methods as (1) Si/time method (Hurd, 1973; Eggimann et al., 1980; DeMaster,
1981; Mortlock and Froelich, 1989; Gehlen and van Raaphorst, 1993; Muler and Schneider,
1993; Ragueneau and Tré&guer, 1994; Conley and Schelske, 2001; Liu et al., 2002; Lyle and
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Lyle, 2002; Michalopoulos and Aller, 2004) and (2) Si/Al method (Kamatani and Oku, 2000;
Koning et al., 2002). The difference between the two methods is the way of bSiO2% calculation.
The Si/time method calculates bSiO»% based on the dissolution Si through time, whereas the
Si/Al method calculates the bSiO2% based on the dissolution of Si, Al and the Si:Al ratios
during the alkaline digestions. Bar&v et al. (2015) found the Si/Al method can accurately correct
the ISi phases, especially when determining marine sediments. However, due to the needs of
additional lab equipment and the time-consuming procedure, the Si/Al method (especially the
continuous analysis of the Si and Al technique) is only applied in a few labs (such as the aquatic
lab in University of Antwerp, Bar&p et al., 2014, 2015). Whereas most studies use the Si/time
method to measure the bSiO2% (DeMaster, 1981; Mortlock and Froelich, 1989; Conley and
Schelske, 2001; Liu et al., 2002, 2005; Zhang et al., 2015; Ma et al., 2023; Ran et al., 2016,
2018; Maldonado et al., 2019). In addition, varieties of wet alkaline digestion procedures (Table
1.2) were applied by different investigators, such as (1) a sediment pretreatment process using
HCI (Michalopoulos and Aller, 2004) or HCI and H20, (Mortlock and Froelich, 1989), (2) the
use of different alkaline (NaOH, KOH and Na>COs), (3) different concentrations of alkaline
solutions (Conley, 1998) and (4) different sample to solution ratios (Landen et al., 1996; Liu et
al., 2002; Rahman et al., 2016). Studies have found biases of the determined bSiO2% among
the different alkaline methods (Conley, 1998; Bar& et al., 2015) which influences the
evaluation of the bSi burial flux in both regional and global scale (Tré&uer et al., 2021).
Therefore, a generalized wet alkaline method adapted for sediment of varieties of marine
environment and an international calibration is necessary (Tréguer et al., 2021).

In summary, although bSiO2% determination methods have been developed for more than
seven decades, there is still a lack of internationally recognized method and a standardized
protocol for properly measuring the bSiO2% in sediments (Goldberg, 1958; DeMaster, 1981,
Mortlock and Froelich, 1989; Conley and Schelske, 1993; Liu et al., 2002; Kamatani and Oku,
2000; Koning et al., 2002; Muller and Schneider, 1993). As a result, the methodological biases
would cause large uncertainties of the calculated bSi burial flux of the modern ocean. The
current evaluation of the bSi burial flux of open ocean was based on previously published data
determined by several methods (see Figure 1.8). Among ~ 3000 samples, more than 80% of
samples were determined by wet chemical methods and XRD methods. In addition, different
alkaline solutions (Na.COz, NaOH, KOH) were used to determine the bSi in sediment, which

lead to large uncertainties of the determined bSiO2%.
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Figure 1.8. Pie charts show the proposition of different methods used for measuring bSiO2%
in sediments. The numbers represent percentage of data determined by different methods; the
calculation was based on ~3000 raw data presented in Hayes et al. (2021).

1.2.4. Biogenic silica burial flux determinations

Robust evaluation of the bSi burial flux is necessary for understanding the state of the marine
Si budget, marine Si cycles, and the sustainability of the marine ecosystem. The burial flux (Fy)
of bSi in sediment is expressed as F, = C * w (Ingall and Jahnke, 1994), where C (mol g?) is
the concentration of bSi, and w (g cm? yr?) is the mass accumulation rate. Therefore, any
process that influences the bSi concentration in sediment and sediment mass accumulation rate
will contribute uncertainties to the estimation of the bSi burial flux. From the bSiO.%
perspective, (1) physical and chemical processes can have an impact on bSi accumulation on
the seafloor (such as temperature, pH of seawater (Tr&uer et al., 2018; Taucher et al., 2022),
salinity, and currents, these parameters influence the dissolution of bSi structures), (2) the errors
and biases in bSi yield determined using different methods (incomplete extraction of resistant
bSi can bring out underestimation and leach of ISi can bring out overestimation) can bring out
uncertainties to the estimation of bSi burial flux. From the sediment mass accumulation rate
perspective: (1) climate (flood, drought, and hurricane-driven eddies) impact and human
activities (river damming and sand mining) can affect the sediment accumulation in CCMZs,

(2) current induced sediment resuspension can also influence the measurement of sediment

42



Redéfinir le flux d'enfouissement de la silice biogéne et son role dans le cycle global du silicium marin

accumulation rate. This thesis aims to re-evaluate the bSi burial flux by assessing the bSi
methodologies biases.

1.2.5. Study importance and research objectives

Radiolarians, sponges and diatoms are key players in this evolution and, as such, have
provided rich paleontological records for a multitude of palaecoceanographic studies (Racki and
Cordey, 2000). These marine micro-organisms, which can produce intricate skeletons of silica,
are very sensitive to changes in environmental conditions. The resistant silica-based skeletons
of these organisms are particularly useful in regions of importance for studying climate change
where carbonate-based archives are poorly preserved. The study of the biogeochemistry of
these skeletons in the sediment layers allows us to obtain information on the environmental
conditions and their variability over time.

The biological pump drives the transportation of both Si and C from photic zone to deep
ocean, whereas the marine physical and chemical process effect the efficiency of cycling and
recycling rate Si (Van Cappellen and Qiu, 1997a, 1997b; Van Cappellen et al., 2002; Rickert et
al., 2002; Gallinari et al., 2008; Tréguer et al., 2021; Ma et al., 2023). To better understand the
processes of silicification and the role of silicifiers in marine ecosystems and to improve our
understanding of the marine silicon cycle, an internationally recognized method for accurately
measuring bSi content in marine sediments is necessary. The only intercalibration exercises that
have been performed dates backed to >20 years ago and have all highlighted that the disparity
of the results for bSi analyses can vary by sample type, matrix, and provenance (Conley et al.,
1998). To reassess the burial flux of opal in sediments as well as to better constrain the reverse
weathering flux of the global marine silicon, this thesis will define the optimum protocol to
analyze bSi in sediments of different depositional environments. To achieve the research
objectives, this thesis conducted a thorough evaluation of the principal factors (already
identified by the scientific community) that influence the accuracy the analysis of bSi in
sediment including:

(1) the physical structure and trace element content of the bSi found within the sediment.
(2) the structural/mineral/chemical composition of the sediment samples (e.g., biogenic vs.
lithogenic content; Si: Al ratio).

(3) the provenance (physicochemical environment) of the sediment samples.

This thesis thoroughly characterized the physical and chemical properties of sediments
obtained from a variety marine region (e.g., the Chinese marginal seas, the Southern Ocean, the

North Atlantic Ocean, Baffin Bay, Equatorial Pacific and the Congo deep-sea fan) using
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multiple methods (see chapter 2. Materials and methods). This study will provide answers to
the following important questions which still baffle marine chemists working on the early
diagenesis of bSi and the modern marine Si cycles.

(1) What are the factors that control the accurate determination of biogenic silica (bSi) in

the sediment of different marine regions and what are their associated impact on the

estimation of bSi burial flux determination?

(2) What are the advantages and disadvantages of the different methods used for bSi

determinations, and among the varieties of methods which one can be adopted as a

standardized method for measuring bSi in sediments of all marine environments?

(3) How can lithogenic silica (clays, authigenic silicates), grain size, and carbon affect the

reactivity/preservation of bSi?

(4) Is the previous evaluation of the bSi burial flux an over-estimation or under-estimation?

To answer these research questions, the necessary materials and methodologies (see chapter

2) were performed. The results and discussions were presented in chapter 3, 4 and 5, separately,
focusing on (1) resolving the bSi burial flux determinations in the CCMZs of east China seas
(see chapter 3), (2) uncovering the incongruent Si dissolution of CCMZs sediments and define
the co-relationship between sediment compositions (i.e., clay minerals, organic matter, grain
size) and opal content (see chapter 4) and (3) evaluating the bSi methodological biases and re-
estimate the global marine bSi burial flux (chapter 5). Eventually, a general conclusion is

presented in chapter 6.
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Table 1.2 List of bSi determination methods which applied wet alkaline extractions. S/L

represents the sample to alkaline solution ratio (unit: g/L).

Alkaline _
_ bSi02% S/L Pretreatment References
solution
1% Na>COs 4-20 0.2-0.6 No DeMaster (1981)
Michalopoulos and Aller
1% Na.COs 1.8 1.2 HCI
(2004)
Gehlen and van Raaphorst
0.1M Na2CO3 <0.2 2.5 No
(1993)
finely grind,
2% Na2COs3 <5 0.25-0.5 Hl Landen et al. (1996)
5% Na.COs3 0.42-1.65 0.16 finely grind Hurd (1973)
2.0M Na,COs3 0.1-65  0.7-2.5 Grind Eggimann et al. (1980)
Grind, )
2.0M NaxCOs <3 1-5 Liu et al. (2002)
HCI, H202
Gehlen and van Raaphorst
2.0M Na,COs <0.2 2.5 No
(1993)
2.0M Na.COs3 3-100  0.625-5 HCI, H20; Mortlock and Froelich (1989)
0.032M NaOH <50 0.2-1 Grind Schluter and Rickert (1998)
0.2M NaOH <10 0.5-0.75 No Kamatani and Oku (2000)
0.5-1.0M
55 0.2-0.6 No DeMaster (1981)
NaOH
0.5M NaOH <20 1 No Koning et al. (2002)
1.0M NaOH <91 1 No Muller and Schneider (1993)
Grind, HCI,
2.0M KOH <60 0.2-1 Lyle and Lyle (2002)
H202
4.0M NaOH <17 83 HCI Rahman et al. (2016)
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2. Materials and methods

2.1. General description

This study used surface sediments from different marine regions, such as the Baffin Bay
(Arctic), the Equatorial Pacific, the east China seas (Bohai Sea, Yellow Sea, East China Sea
and South China Sea), North Atlantic Ocean, Congo deep-sea fan, West Antarctic Peninsula,
Southern Ocean and offshore Oceania (Eastern Australia and offshore New Zealand). Locations
of the samples were shown in Figure 2.1. These samples represent different sediment types
(high ISi content vs. high bSi content) and different bSi types (diatoms, radiolarians and sponge
spicules).

The bSi types were determined using an inverted microscope. Sediment composition (total
carbon, total inorganic carbon, total nitrogen) was determined using a Thermo Scientific
FLASH 2000 CHN analyzer. Clay mineral types were determined using the X-ray Diffraction
method. The bSiO.% was determined using several wet alkaline methods (different Si/time and
Si/Al method) and the XRD method. The methods used for characterizing the physical and
chemical properties of sediments as well as for quantifying the bSi are presented in the

following subsections.
2.2. Sediment location and sample descriptions

Sediment samples (n = 153) obtained at different ocean regions (see Figure 2.1) were
freeze-dried and sealed in plastic bags before analysis. Surface sediments from the east China
seas (Bohai Sea, Yellow Sea, East China Sea and Northern South China Sea, Figure 2.1 A)
were obtained using box corer during the cruise between 2008 to 2013. The east China seas are
known as opal depleted CCMZs and are recognized as a typical ISi rich sediment which is
practically challenging for an accurate bSi determination (Koning et al., 2002; Tré&uer et al.,
2021). For example. the sediment contains high ISi content (70%, Wu and Liu, 2020) and low
bSi content (< 3%, Liu etal., 2002; Liu et al., 2016; Wu et al., 2015, 2017; Wu and Liu, 2020;
Ma et al., 2022). The sediment accumulation in the East China Sea is high due to terrigenous
material delivered from large rivers (Yellow River, Yangtze River) and resuspension of
sediment by currents (Qiao et al., 2017). In addition, the bSi types in sediments of the east China
seas are complex. Previous research found diatoms and phytoliths (Ran et al., 2018),
radiolarians (Zhang et al., 2015; Li et al., 2020a; Qu et al., 2020b) and siliceous sponges (Chou
etal., 2012; Li et al., 2020a).
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Figure 2.1. Map of Sample locations. Surface sediments (n = 153) from Coastal and

Continental Margin Zones (CCMZs) and open ocean. (A) surface sediments from east China

seas, sample locations were referred to Wu et al. (2017) and Wu and Liu (2020), (B) surface

sediment from Baffin Bay, Arctic, (C) surface sediment from the Southern Ocean and Eastern

Oceania (offshore New Zealand, Eastern Australia) (D) surface sediments from Equatorial

Pacific. The BSi content of all sediment samples were measured using wet chemical method.

Sample coordinates and water depth were listed in table S5.5.
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The sediments from Baffin Bay (Figure 2.1 B) were obtained during the Green Edge Project
(2016) research campaign (see weblink: http://greenedge-expeditions.com/about/) of which
focuses on studying the Arctic marine ecosystem under phytoplankton spring bloom conditions.
These samples were obtained from cold water (-0.3°C to 3 °C) environment at 200 to 2000 m
water depth. The sampling area has an ice coverage of more than 330 days per year (Lafond et
al., 2019; Randelhoff et al., 2019). The minerals in sediment of Baffin Bay are mainly from two
sources, i.e., the West Greenland shelf and Baffin Island shelves (Andrews, 2019). In addition,
diatoms (Lafond et al., 2019) and siliceous sponges (Baker et al., 2018) were found to be
dominant bSi types in Baffin Bay.

The information (coordinates, sampling water depth and method, sediment type, SST,
radiolarian species) of sediment of the Southern Ocean and Eastern Oceania (offshore Eastern
Australia and offshore New Zealand) were described in Cortese and Prebble (2015). These
samples (see Figure 2.1C, sampling water depth from 500 to 5000 m) were obtained using a
piston core or gravity core, but only the surface sediments were used in this study. Even though
the samples were obtained from surface seafloor, their }*C age ranges from 400 years (before
the present, BP) to 6000 years (BP) (Cortese and Prebble, 2015).

Sediment from three locations (Northern Atlantic Ocean, Congo deep-sea fan, and Western
Antarctic Peninsula, see Figure 2.1) was specifically selected. Sample D226 was obtained at
PAP site during the BENGAL program (Ragueneau et al., 2001; Gallinari et al., 2002, 2008).
This sample is calcareous sediment containing low bSi and ISi. The bSi content and bulk Si
dissolution rate were reported by Ragueneau et al, (2001). Samples from the Congo deep-sea
fan (MTB2, MTB3, MTB6) were obtained in 2011 during the WACS cruise (Congo-lobe
project), the samples were collected by multicores which minimize the disturbance of surface
sediments (Rabouille et al., 2016). Sediments from the Congo deep-sea fan contains high Al
(van Bennekom et al., 1989) and most of the materials (70%wt) were delivered through the
Congo River (Garzanti et al., 2021). The surface sediment of WAP is composed of detrital
material (70%wt) and biogenic siliceous remains (20%wt) (Gallinari et al., 2008), this site
exhibits strong seasonal fluxes of biogenic particles following intense summer phytoplankton
blooms accruing after the sea ice melting (Smith et al., 2006).

The samples from Equatorial Pacific (Figure 2.1D) were obtained during the JGOFS cruise
(McManus et al., 1995). Generally, diatom and radiolarian are present in the sediments (Hurd,
1973) and the bSi0.% of the samples were < 15% (McManus et al., 1995; Gallinari et al., 2002).

Further, two international calibration sediments (Still Pond, R-64) were used as international

standards, and two types of clay minerals (kaolinite, provided by Prof. Oliver Ragueneau;
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bentonite: Sigma Aldrich) were determined to examine the effect of different pretreatment
procedures on clay dissolution.

2.3. Analytical methods

To characterize the sediments used in this thesis, the bSiO2%, organic carbon content (OC%),
total carbon (TC%), inorganic carbon (IC% = TC% — OC%, also calculated as CaCO3%), total
nitrogen (TN), the grain size of the sediment, clay mineral contents, types of major bSi and their
abundances were determined. Detrital material content (detrital% = 100% — bSi02% — OC% —
TN% — CaCO3%) calculation follows Rickert (2002). The measurement of dSi and dAl
concentrations in alkaline solutions were determined manually and automatically, the purpose
of separating them is due to the differences in alkaline neutralization and the adjustment of the
analysis due to sampling intervals. A detailed description of these methods is listed in the

following sub-sections.
2.3.1. Biogenic silica

To find out an appropriate method of determining the bSiO2% in marine sediments, both wet
alkaline methods and the X-ray diffraction method were applied. Several wet alkaline extraction
techniques (see table 1.2) were tested in this thesis, including manual alkaline digestions
(Si/time method as described by DeMaster (1981) and Si/Al method as described by Kamatani
and Oku (2000)) and the automated digestions (Si/Al method as described by Koning et al.
(2002)). The calculation of the bSiO2% follows the method described by DeMaster (1981),
Mortlock and Froelich (1989), Conley et al. (2001), Liu et al. (2002), Kamatani and Oku (2000),
Koning et al. (2002) and Bar& et al. (2015).

2.3.1.1. Wet alkaline digestions

This study used both manual alkaline extractions (extraction procedures as described by
DeMaster, 1981) and the continuous alkaline extractions (extraction procedures as described by
Koning et al., 2002) to determine the bSi02%.

Manual digestions refer to the extraction of sediments in an alkaline solution (NaOH, Na>COg,
KOH) manually (DeMaster, 1981; Mortlock and Froelich, 1989; Kamatani and Oku, 2000;
Conley and Schelske, 2001; Liu et al., 2002; Lyly and Lyly, 2002). The pretreated (pretreating
sediments using 1.0 M HCl and 10% H»0O, and grinding sediments into powders) and untreated
sediments were extracted in NaOH (0.5 M) and Na,COs (0.1 M, 0.2 M, 2.0 M) solutions. Before
alkaline digestions, freeze-dried sediments were gently mixed using an agate pestle and agate

mortar. The mixing process aims to homogenize the sediments without breaking the sediment
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into fine powers (for not over-changing the bSi and ISi structures). Sediments (20 to 100 mg)
were then weighed into a 50 mL polypropylene copolymer centrifuge tube (Nalgene no. 3119-
0050; Caps no. DS3132-0024) or a 50 mL fluorinated ethylene propylene (FEP) centrifuge tube
(Nalgene no. 3114-0050; Caps no. DS3131-0024). An alkaline solution (40 mL, Na.COs or
NaOH) was added to the centrifuge tube using a calibrated 10 mL pipette (10 =0.01 mL,
Eppendorf). The sample-to-liquid ratios (S/L) were ca. 2.5 g/L. The tubes were tightly capped
after the addition of the alkaline solution. Sediment samples and alkaline solution were well
mixed using a Vortex mixer. Then samples were immediately placed into a shaking water bath
(Julabo SW22) pre-heated to 85 °C with an oscillation frequency of 100 rpm (as shown in the
schematic diagram Figure 2.2). In addition, the sediment pretreatment procedure was applied
following Mortlock and Froelich (1989). Freeze-dried sediment was weighted in plastic tube,
10 mL of 10% H20 was added to the tube for 30 min for removing organic matters. Then 10
mL of 1.0 M HCI was added to remove carbonate (for 30 min). Measurement of dSi of the
mixture showed little amount of Si was leached (~0.1%SiO2). After centrifugation and rinsing
samples with Mili-Q water for 3 times, the HCI and H20. were removed from residual sediment.

Residual sediment was dried for further analysis.

‘ T=85°C ‘
. ___[\J\/,\_/W_\/\/ _
shaking bracket\ i Alkaline —|_| =r
S~ i Samples 44Ul i
| i
L 1

Figure 2.2. The schematic diagram shows the manual alkaline extractions. Sediments were
added in plastic tubes filled with 40 mL of alkaline solutions (NaOH, Na>CO3). The duration
of extraction ranges from 5 h to 60 h. The dashed line represents a shaking bracket, and the

curved line represents water level.
An aliquot of 200 pL to 1000 pL clear centrifugation supernatant was taken from the

extraction solution at each time interval (one hour) and neutralized using 1.0 M HCI solution.

Prior to each sampling step, the sediment-solution mixture was centrifugated for 5 min at the
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speed of 4000 rpm. Normally, it takes about 10 mins before next digestion step. This procedure
does not affect the measurement of dSi and bSi (Liu et al., 2002). The period of digestion times
was dependent on the purposes of the measurements and varied from 5 h to 60 h. Later, the
neutralized samples were diluted by Milli-Q water (18.2 MQ c¢m-1) to 10 mL, then the dSi was
measured following the molybdate-blue method (Grasshoff et al., 1983) following a
spectrometer as described in Mortlock and Froelich (1989) and Liu et al. (2002). The dAl
concentration was measured following the lumogallion method (Hydes and Liss, 1976;
Ragueneau et al., 2005). A detailed description of dSi and dAl measurement procedures was
described in section 2.3.2. Additionally, to test the effect of pretreatment procedure on bSi
determination, sediments were (1) ground into fine powders using agate mortar and pestle and
(2) pretreated using 1.0 M HCI and 10% H:0O>. Generally, about 40 mg of sediments were
weighed in a tube, then 10 mL of H.O, was added into the sample for removing the organic
matters. After 30 min, 10 mL of 1.0 M HCI was added to remove inorganic carbon. After 30
min, the mixed solution was centrifugated at 4000 rpm for 5 min. The upper liquid was removed
carefully using a pipette. Later, 10 mL of Mili-Q water was added to wash out the residual acid
and peroxide. The washing procedure was repeated three times in order to remove residual acid
and peroxide completely. The washing procedure does not leach Si from sediment as described
by Pickering et al, (2020)). Then sediments were dried at 60 °C overnight.
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Figure 2.3. Schematic plot shows the extraction of sediments following continuous Si/Al
method. Sediments were extracted in a stainless-steel vessel filled with 180 mL of 0.5 M NaOH

solution. A rotating blade was placed inside the vessel to homogenize the sediment and alkaline
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solution for generating a relative constant sample/liquid ratio. The water-bath was pre-heated
at 85 °C before starting the experiment, and a rotating blade was equipped within the water-
bath for keeping a homogenized temperature. The curved line represents water level, the dashed
line represents connections between spectrometers and the signal processing system on
computer. The dSi analysis and dAl analysis were further described in Figure 2.4 and Figure
2.5.

mL/min

8. L(+) Ascorbic acid 0.32 E .

7. Oxalic acid 0.32

Fluorimeter
Flo'?v-celi: 50 mm
iA =810 nm

6. Ammonium 0.42
heptamolybdate -

5. Air
1.40
4. Mili-Q + FFD6

[
3. Air ﬂn’
2. H,S0, solution 0.80 ‘ A _

1. Sample 0.42 : Waste .
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1.60 dSi analysis
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Figure 2.4. A schematic diagram shows the measurement of dissolved dSi by the automatic
method. This system is connected to the reaction vessel through an automatic sampler for taking
the samples continuously. Alkaline solution was neutralized and mixed with reagents. Then
determined by a fluorimeter at the wavelength of 810 nm. The dashed line represents area that

all reagents were mixed before dSi determination.

The continuous alkaline digestions refer to the digestion of sediments in 0.5 M NaOH
solution with an automatic sampler and analytical system for determining the dSi and dAl
concentration (Koning et al., 2002; Bar&p et al., 2015). This method allows a high-resolution
(one second) record of the dissolution kinetics of both bSi and ISi. In this study, the bSiO2%
was measured following the continuous analysis method (Koning et al., 2002; Bar& et al.,
2015). The experiments were carried out at the University of Antwerp (Belgium). The dSi and
dAl concentrations in 0.5 M NaOH solution were measured continuously at one second (s)
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resolution (Mdler and Schneider, 1993). In general, freeze-dried sediments (15 to 100 mg)
were added into a stainless-steel vessel with an initial 180 mL of 0.5 M NaOH pre-heated to
85 °C (see Figure 2.3). The closed vessel (to avoid evaporation) is directly connected to a
continuous analyzer (Skalar®, The Netherlands) and a rotating motor continuously
homogenizes the sample in the extraction liquid, maintaining a constant S/L ratio. The dSi
concentration is determined according to the molybdate-blue method (Grasshoff et al., 1983),
while dAl is determined according to the fluorometric method (Hydes and Liss, 1976). Detailed

descriptions of the dSi and dAI measurements can be found in section 2.3.2.
2.3.1.2. X-ray diffraction

The determination of bSi using the XRD followed the procedure described by Goldberg
(1958) and Leinen (1985). Normally, the amorphous bSi was transformed into crystalized
cristobalite under high temperatures, and the calculation of the bSiO>% is based on the X-ray
cristobalite spectra. In this thesis, a standard addition method was applied for quantifying the
bSi in the sediment of the east China seas (sample: Al, F8, C12, DC). The aims of applying
this method are to (1) evaluate whether the XRD method can be used for measuring the bSiO2%
in opal-depleted sediment, and (2) to test the precision of the XRD method. In general, about
25 g of freeze-dried sediments were pretreated using 1.0 M HCI to remove the calcium
carbonate. This procedure does not change the amount of cristobalite in sediment (Goldberg,
1958). Then residual sediments were centrifugated at 4000 rpm for 5 min, and the upper clear
solution was removed through pipetting. After washing the residual sediment three times using
Mili-Q water, the sediments were dried (60 °C) in an oven overnight. The dried sediments were
ground into fine powers mechanically. Later, the weighted sediment was mixed with a known
amount of decarbonated diatomite (0%, 0.5%, 1.0% and 1.5%SiO, dry weight) before
combustion (1050 °C, 4 hours). The area of the resultant 4.04 A diffraction peak of cristobalite
was determined on an X-ray Diffraction Spectrometer (Brucker AXS D8 Advance and Brucker
AXS D2 Phaser) at 40 KV and 35 MA, using Cu - Ka radiation over 20 ranging from 2° to 70°
(Goldberg,1958). The bSiO2% was then calculated based on the added bSiO2% (X-axis) vs.
cristobalite area (Y-axis) plot, the bSiO2% of the sample equals the absolute value of the X-axis

where Y is zero.
2.3.2. Dissolved Si and Al analysis

2.3.2.1. Dissolved Si analysis
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The dSi analysis methods are different for manual extracted samples and automated extracted
samples. The manual analysis of the dSi concentrations was performed for the samples
extracted by manual alkaline digestions. The determination of dSi in Na;CO3 (0.1 M, 0.2 M,
2.0 M Na2CO3) and 0.5 M NaOH solution follows the molybdate-blue method as described by
Mortlock and Froelich (1989), Liu et al. (2002) and Gallinari et al. (2002). Neutralized alkaline
solutions were diluted 50 to 200 times using Mili-Q water, then mixed with acidified
ammonium heptamolybdate solution. After 20 min, the reducing reagent (oxalic acid, H2SO4
solution and 4-Methylaminophenol sulfate) was added and well mixed. The solution is then
placed within the lab for 1 h before analysis. Instead of determining the absorbance (Abs), the
transmittance (T%) was measured using the UV spectrometer (Abs = — log T). The dSi standard
solutions (the same matrix as alkaline solution) of O M, 2.50 M, 2.75 UM, 5.00 M, 7.50 M,
8.75 M, 10.00 v, 12.50 M, 15.00 M, 17.50 M, 20.00 v were measured for calculating
dSi concentration.

The automated procedure for the measurement of the dSi concentration is based on the
following reactions: the sample is acidified and mixed with an ammonium heptamolybdate
solution forming molybdosilicic acid. The molybdosilicic acid is reduced with ascorbic acid to
a blue dye, which is measured using a UV spectrophotometer. As shown in Figure 2.4, a sampler
is connected with the reaction vessel for sampling the alkaline from the beginning of extraction.
The alkaline solution is then mixed with acid solution (3% of H2SOs, percentage in volume,
reagent number: Merck 100731) for neutralization. Subsequently, it is reacted with the
ammonium heptamolybdate (2%wt, reagent number: Merck 101182), oxalic acid (4.2%wt,
reagent number: Merck 100495) and ascorbic acid (3.8%wt, reagent number: Merck 100127).
Then the solution was passed through a 50 mm flow-cell and the absorbance (Abs) is
determined at the wavelength of 810 nm. Standard samples of dSi with concentrations of 1 mg
LY, 2mgLY, 4mgLt,6mgL? 8mgL? 10mgL?t 20mgL? 30 mmgL? and 40 mg L
were used for calibration, and only the linear regression curves with correlation coefficients R?
> 0.9995 were accepted according to previous studies (Bardo et al., 2015). Two independent
reference solutions (with concentrations of 3 mg L, and 9 mg L* of dSi) were tested before
and after the continuous alkaline extractions to guarantee an analytical error below 5%. The
determination of the blanks during each extraction experiment showed the Si from both the
reagent and tube was negligible. The stock standard solutions for Si were made using
Na>SiO3 9H,0 (Sigma-Aldrich S4392).
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2.3.2.2. Dissolved Al analysis

To measure the dAl in alkaline solutions, a lumogallion method was applied using a
fluorimeter (Fluorimeter JASCO FP-920). This method was designed for measuring low
concentrations of dAl in natural waters (Hydes and Liss, 1976; Ren et al., 2001) and adopted
for determining the dAl in alkaline solutions by Koning et al. (2002) and Ragueneau et al.
(2005).

Before measuring the dAl concentrations, the following reagents were prepared in advance.
Including (1) buffer solution (24 mL of 2.0 M sodium acetate (GPR, VWR) mix with 10 mL of
2.0 M acetic acid (Sigma Aldrich)), (2) lumogallion (C12H9CIN206S, Brunschwig A5060)
solution (200 mg/L), (3) 10 mg/L or 370.37 M dAl stock solution (regent: KAI(SOa)2 12H20,
Merck 101047). After the preparation of the reagents, the alkaline solution (sub-samples
obtained at each one-hour interval) was neutralized using 1.0 M HCI solution in a 15 mL plastic
tube. For example, a 1 mL of 0.5 M NaOH solution is neutralized with 0.625 mL of 1.0 M HCI,
or 0.5 mL- 0.5 M NaOH solution is neutralized with 0.313 mL of 1.0 M HCI. Then the
neutralized solution was diluted to 10.0 mL with Mili-Q water (18.2 MQ) using a pre-calibrated
pipette. Later, 1.0 mL of buffer solution (sodium acetate and acetic acid mixture, pH = 5.05 —
5.10) was added into the plastic tube. After mixing the solution well, 0.5 mL of lumogallion
solution (200 mg L) was added and the tube was tightly closed. The tubes were put into a
shaking (100 rpm) water bath (Julabo SW22) pre-heated at 80 °C. After heating the solution for
90 minutes (min), the tubes were removed from the water bath and put in the lab for cooling
down to an ambient temperature. The fluorimeter was then switched on and running for at least
30 min before analysis. Note that the working standard solutions were prepared in the same
matrix as samples (using the same concentration/volume of alkaline solution, acid solution for
neutralization and the same proportion of dilution). The concentrations of the standard dAl
solution were: 0 M, 0.125 M, 0.25 pM, 0.50 pM, 0.75 M, 1.00 M, 2.50 piv, 5.00 piv,
10.00 pM, 15.00 pM. The parameter settings on the fluorimeter for dAl determinations are Aex
=498 nm, Aem = 560 nm, Gain = 100 and ATTEN = 4. The plot of concentrations of standard
solutions (M) vs. Fluorescence value (constant) with an R? > 0.9995 was adopted for the
calculation of the samples. The unit of the dAl concentrations (JaM) was normalized to mg L
(1 M =27 x102mg L.

The method of measuring the dAl using an automatic method originates from Hydes and Liss
(1976) and is similar to the manual method as described above. However, the automatic method
allows a rapid, high-resolution dAl analysis and continuously records the changes in dAl
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concentration through time. This procedure was proposed by Koning et al. (1997, 2002) and
was used for determining the alkaline extracted dAl from the soil, lacustrine and marine
sediment (Bar&v et al., 2015). The automated procedure (Figure 2.5) for the determination of
dAl in an alkaline solution (0.5M NaOH) is based on the following reactions: the alkaline
solution was pimped by auto-sampler continuously, the sample was mixed with 0.05M HCI
solution for neutralization. Hereafter, the buffer solution (sodium acetate and acetic acid
solution, pH = 5.0) and the lumogallion solution (200 mg/L) were added. The mixture was then
heated at 50 °C for a chromogenic reaction. Samples were measured by fluorimeter (flow-cell
width: 2 mm) with Aex = 460 nm, Aem = 550 nm (these parameters were adjusted for the rapid
determination of dAl). Standard samples of dAl with concentrations of 1 mg L™, 2 mg L7, 4
mg L% 6mgL? 8mgL? 10mgL? 20 mg L?, 30 mg L%, and 40 mg L were used for
calibration, and only the linear regression curves with correlation coefficients R? > 0.9995 were
accepted according to previous studies (Bar& et al., 2015). Two independent reference
solutions (with concentrations of 3 mg L, and 9 mg L of dAl) were tested before and after
the continuous alkaline extractions to guarantee an analytical error below 5%. The stock
standard solutions for Al were made using KAI (SO4)2 12H>0 (Merck 101047). A detailed
information of the reagents used for dAl analysis was listed below (1) NaOH and Brij 35
solution (mix 1000 mL of NaOH with 2 mL of 30% Brij 35 (Skalar SC 13900)); (2) HCI
solution (dilute 45 mL of 32% HCI (Merck 100313) with Mili-Q water to 1000 mL and add 3
mL of Brij 35); 3) Buffer solution (dissolve 164.0 g of sodium acetate trihydrate (Merck 106267)
into 400 mL then add 96% acetic acid (Merck 100062) continuously until the pH = 5.0,
normally 70 to 75 mL of acetic acid is required); 4) Lumogallion stock solution (dilute 50 mg
of lumogallion (Brunschwig A5060) into 250 mL); 5) Standard solution (1000 ppm dAl,
dissolve 17.582 g aluminum potassium sulfate dodecahydrate (Merck 101047) into 1000 mL
0.5 M NaOH). Note that all pump tubes were rinsed for 20 min using 0.5 M NaOH solution
after each digestion, and the reagent blank for dAl was determined continuously for 20 min for

ensuring a stabilized signal.
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Figure 2.5. A schematic diagram shows the measurement of dAl by the automatic method. This
system is connected to the reaction vessel through an automatic sampler for taking the samples
continuously. The alkaline solution was neutralized and mixed with reagents (the system
marked within dashed line), well mixed mixture was heated at 50 °C and then the dAl was

determined by a spectrofluorometer.

2.3.3. Organic carbon (OC), total carbon (TC), inorganic carbon (IC), and total
nitrogen (TN)

Freeze-dried sediments were homogenized and pulverized with an agate mortar and pestle.
Approximately 10 mg sub-samples were thoroughly decarbonated using 1.0 M HCI. They were
then subsequently dried overnight at 50 <C to evaporate HCI. The carbonate-free organic carbon
(OC%), total carbon (TC%) and total nitrogen (TN%) were analyzed by flash combustion of
precisely weighted sediments at 950 <C on a Thermo Scientific FLASH 2000 CHN at
PACHIDERM, LEMAR (Brest, France). The IC content was calculated by TC content minus
OC content. The R? of calibration curve for OC, TC and TN were 0.9999, 0.9998 and 0.9995,
respectively.

2.3.4. Grain-size analysis

Grain-size distribution is a general characteristic of sediment. It is a widely used tool to

classify and describe sedimentary environments (Blott and Pye, 2001). In this research, all the
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grain size analysis were run triplicates using the Malvern Mastersizer 2000 grain size analyzer
with a Hydro 2000S module. To remove the organic matter from the sediments and separate
the small grains, several pretreatments were run before the analysis. The organic matter was
removed by adding 30% H.O> under room temperature. The addition of H.O> was ceased until
there was no reaction. The samples were then mixed by a Vortex mixer and put into an
ultrasonic bath for 10 minutes. Before the grain size analysis, two drops of 2% Micro 90
detergent were added to the bath to clean the system. Two drops of a solution with dissolved
calcite (‘Calgon’) were added during measurement as a disaggregate. The samples were then
sonicated for 15 seconds, and the grain size distribution was determined using a Malvern
Mastersizer 2000. The grain sizes of the sediments were measured between 0.02 um to 2000
um. The terminology (clay, silt, sand) of the sediment grain size descriptions follows Udden-

Wentworth standards (Wentworth, 1922).
2.3.5. Relative clay mineral composition

To analyze clay mineralogy and the relative clay mineral (illite, kaolinite, chlorite and
montmorillonite) contents, surface sediments obtained from various depositional environments
were used. Clay minerals were identified by XRD using a Rigaku D-MAX 2500 X-ray
diffractometer at the Qingdao Institute of Marine Geology, China Geological Survey. The bulk
sediments were pretreated with 10% H.0, and 15% acetic acid (CHsCOOH) to remove organic
matter and inorganic carbonates, respectively. Then, the clay fractions (< 2 M) were
segregated from the bulk sediment solution based on conventional Stokes' settling velocity
principles and centrifuged. Each sample was transmitted by moist smearing to slides and was
kept for air-drying. XRD runs were then carried out three times following air-drying, ethylene—
glycol solvation, and heating at 490 °C for 2 h. The identification of clay minerals was based
primarily on the position of the (001) series of basal reflections on the three XRD diagrams.
The ethylene glycolate XRD curves from different provinces were used to perform a qualitative
analysis of clay minerals for comparison. The settings for XRD analysis were listed

subsequently: voltage: 40KV/150 mA, scanning speed: 8°/min, sampling step: 0.024°. In

addition, the chemical weathering index (CWI) and Illite crystallinity were calculated using the
MacDiff software as described by (Warr, 2018).

2.3.6. Scanning electron microscopy coupled with energy dispersive spectrometer
(SEM-EDS)
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The observed siliceous organisms in the sediments were imaged using Scanning Electron
Microscopy (SEM; FEI Quanta 200, and Hitachi TM4000). To chemically characterize the bSi
and its associated authigenic aluminosilicate ‘coating’, the Scanning Electron Microscopy was
coupled with an Energy Dispersive Spectrometer (SEM-EDS) analysis using FEI Quanta 200
and OXFORD X-MAX Silicon Drift Detector (detector size: 80 mm) at Ifremer-LCG (France).
Typically, the bio-siliceous structures were handpicked under a stereomicroscope and mounted
on an adhesive carbon tab (Leit) using a brush. The carbon tab was pasted on pin stubs and
coated with gold (Cheize et al., 2019). The major elements were quantitatively determined

under a high vacuum at 20 kV.
2.3.7. Microscopic observation

Microscopy observations were applied for determining the bSi types and abundances in
sediments. The abundances (numbers per gram: 10° g! dry sediments) of different marine bSi
organisms in samples A3, C4, C7, C12, and F2 were examined optically using an inverted
microscope (Zeiss Axio Observer Al) at 10X magnification. The samples were selected based
on their water depth and sediment type (A3, F2: silty-clay; C4, C7: sandy; C12: clay-silt). To
prepare the samples for microscopic observation, ca. 5 to 10 mg of homogenized dry sediment
was pretreated in 10 mL of 1.0 M HCI and 10 mL 10% H>0O, and heated at 60 °C for 2 h. The
solution was subsequently discarded after centrifugation (4000 rpm, 5 min) and the residual
sediment was rinsed three times using Milli-Q water (18.2 MQ). The decarbonated sediments
were homogenized in Milli-Q water (1 mL) and the samples were put on a glass microscope
slide for optical observation. The abundance of individuals for different types of bSi (i.e.,
diatom frustules, radiolarian skeletons and siliceous sponge spicules) was counted and
normalized as the number of individuals per gram of dry sediment (10° g'!). In addition, all
samples were observed under a microscope for determining the types of bSi and 14 samples
(ST4, D226, Still Pond, R-64, Eq, MTB2, MC4-A, MC8-B, 3585CQ, 2714CQ, 2368G, F104,
HS555, A459) were selected as representative samples (representing different types of sediments

of various marine environment).
2.3.8. Determination of pH

The pH of alkaline solutions (NaOH, Na>xCOs3) was determined using a Mettler Toledo-SG78-
B pH meter. Before each measurement, the pH meter was calibrated at room temperature using
three buffer solutions: pH 4.00, 6.86, 10.00. In order to know the effect of temperature on
alkaline pH values, the pH values of the alkaline solutions were measured at both room

temperature (~ 22 °C) and high temperature (> 70 °C).
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2.3.9. Data analysis of Si/Al results

Each extraction of the continuous analysis procedure provides dSi and dAl concentrations
through time at a one-second resolution (Figure S3.1), the unit of parameter t in the models (Eqg.
2.1 — 2.3) was normalized into minutes (min). Determination of the bSiO,% follows the
procedure that assumes the presence of two discrete phases: (1) a linear phase indicating ISi
dissolution and (2) a nonlinear phase indicating bSi and/or non-bSi dissolution (DeMaster, 1981;
Koning et al., 2002). The bSiO>% was calculated following the 4 models (Eq.2.1 = Model 1;
Eqg.2.2 and EqQ. 2.3 = Model 2 and Model 3; Eq.2.3 = Model 4) described by Koning et al, (2002)
using the Origin 2021b software.

Model 1 demonstrates the first-order dissolution of a single Si phase (Siextr) as shown in Eq.1:

Siaq = [Siextrlo (1 —e ™) + bt

1
Al [Siextr]o (1 - e_kt) +

=— — bt
“ .31 ﬁlin
Here, Siaqg and Alyq are the concentrations of silicic acid and aluminum in mg L™, in the

(2.1)

reaction vessel at time t (min). [Siextr]o is the initial extractable silica present in the vessel in mg
L, equivalent to the final concentration of Siaq reached when all extractable silica (bSi and ISi)
has dissolved, k is the reactivity constant (min) and g is the atomic ratio of Si and Al released
during the dissolution of extractable silica fraction. b (mg L™ min™) represents the constant
dissolution rate of Si from clay minerals and Siin is the Si/Al ratio in the lithogenic fraction.

Natural sediment samples may consist of several types of extractable bSi. For natural samples
containing two Siexr fractions (Siexirl = EXtrSiy, Siexr2 = ExtrSiz; n = 2), the increases of the
silicic acid concentration in the reaction vessel with time can be as the sum of two first-order
dissolution processes (Model 2), using the same parameters as described in Eq.2.1. For natural
samples containing three Siexr fractions (n = 3), the increase in dSi concentration with time can
be the sum of three first-order dissolution processes (described as Model 3). [Siextr]o,i is the
initial extractable silica present in the extractable silica fraction i, ki is the reactivity constant
and pi is the Si/Al ratio for fraction i.

n
Siaq = Z[Siextr]o,i 1- e_kit) + bt
i

n
Aly, = l5' (1 —e kit Lb 2.2
aq B[ lextr]O,l( e )+B t ( . )
; i lin

Model 4 demonstrates the reactive continuum dissolution of the infinite number of fractions
(i) (Eq. 3) (Koning et al., 1997) and can be described as:
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. - a v
Siaq = [Siextrlo (1 ~(=7) ) + bt

aa =5 texrlo (1= (555 ) + 5 bt 23)

Where the parameter o represents the average lifetime of the alkaline extractable components

Al

in sediment and v represents a non-dimensional parameter solely related to the shape of the
distribution curve. Model 4 allows a continuum of reactivity of bSi and ISi and assumes one Si:
Al ratio for all the bSi components, it is not justified by data fitting in this study. The highest
number of bSi components justified by model fitting was model 2, in agreement with Bar& et
al. (2015) and Raimonet et al. (2015). The alkaline extractable Si (AIKExSi) may contain several
non-linear fractions, based on the Si: Al ratio and reactivity constant (k). The origin of different
extractable Si fractions (bSi, ISi) can be evaluated (Koning et al., 2002). The ISi fraction is
normally characterized by low reactivity (Koning et al., 2002) and small Si:Al ratios (authigenic
silicates: Si:Al <2, Mackin (1989; Michalopoulos and Aller (1995); kaolinite: Si: Al =1, illite:
Si: Al = 2, montmorillonite, Si: Al <5, Koning et al. (2002)), the bSi fraction is characterized
by high reactivity (k> 0.1 min™ and i > fin) and high Si: Al ratios (8i > 5) (Koning et al., 2002;
Bar& et al., 2015). Moreover, chemically altered bSi structures were characterized by a
nonlinear dissolution with low reactivity (k < 0.1 min™) and low Si: Al ratio (< 5) (Koning et
al., 2002).

For the fitted results from the above-mentioned models, optimization was carried out by
maximizing the likelihood statistic log(L) (Armstrong et al., 2002; Moriceau et al., 2009) as
described as follows:

log(L) = —Elog (2.4)

2 N

(z(log(éj) - log(cj))z)
Where N is the total number of data points, C; is the measured concentration (mg L) for data
point j. and the Cj is the corresponding model prediction. The difference in log(L) (A log(L))
between fits of different models to the same data gives the goodness of fit of one model
compared to the other (Figure S1). As described in Moriceau et al. 2009, if the log(L) of one
model is at least two points higher per added parameter than another, it is considered a better
model (Hilborn and Mangel, 1997). In this study, the results from the fitted model were used
for methodology comparison. A non-parametric Aligned Ranks Transformation (ART)
Analysis of Variance (ANOVA) was performed using R. studio software to test for significant

differences between methods.

61



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

3. Revisiting the biogenic silica burial flux determinations: A case study

for the east China seas

Abstract

The Coastal and Continental Margin Zones (CCMZs) contribute to 40% of the total burial
flux of biogenic silica (bSi) of the world ocean. However, the accurate determination of the bSi
content (bSiO2%) in marine sediments remains a challenge. The alkaline methods commonly
used to quantitatively determine bSiO2% can completely digest the amorphous silica of diatoms
but are less effective at digesting radiolarians and sponge spicules. In addition, the lithogenic
silica (I1Si) found in sediments is partly digested during these alkaline extractions, which can
bias the accuracy of the determined bSiO2%. This is of importance in CCMZs where the ISi:bSi
ratio is high. In this study, we examined sediments collected in the CCMZs of the east China
seas, an environment of particular interest given the large amount of ISi deposited by the Yellow
River and the Yangtze River. The results show that alkaline digestions using stronger solutions
and pretreatment steps resulted in an overestimate of the bSiO2% due to increased leaching of
silica mainly from authigenic silicates and clays, whereas weak digestions underestimated the
bSi02% owing to incomplete digestion of sponge spicules. We found that the use of the Si/Al
method, which corrects for the ISi fraction in marine sediments, accurately determines the
bSiO2% in the sediments of east China seas CCMZs. To emphasize the influence of these
methodological differences, we revised the bSi burial flux in the east China seas and provide a
new estimate of 253 (286) Gmol-SiO2 yr?, which is one-third of the previous estimates. We
discuss the potential contribution from radiolarians and sponges, and we propose a new general
protocol for the determination of bSi in sediments that minimizes the methodological bias in

bSi determination.
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3.1. Introduction

Coastal and Continental Margin Zones (CCMZs) are distinct settings for the interrogation of
global marine biogeochemical cycling of silica (Si), climate change and marine ecological
processes (Jeandel and Oelkers, 2015; Jeandel, 2016; Tréguer et al., 2018; Rahman et al., 2019).
The CCMZs represent approximately 10% of the global marine surface area (3.61 x 10% km?)
(Costello et al., 2010), and account for 40% of the total bSi burial (~9.2 Tmol-Si yr'!) in the
global ocean (DeMaster, 2019; Tréguer et al., 2021). This estimate was based solely on the
burial of diatom bSi. However, marine Si is also removed through reverse weathering in major
tropical and subtropical deltas (Rahman et al., 2016, 2017), the burial of siliceous sponges
spicules predominantly on the continental shelf and margins (DeMaster, 2019; Maldonado et
al., 2019), and the burial of radiolarian tests (Maldonado et al., 2019). Recent work estimated
that if all of these processes are taken into account, the burial flux of Si that occurs mainly
within the CCMZs, removes 5.0 to 10.1 Tmol-Si yr! (DeMaster, 2019; Tréguer et al., 2021),
which is equivalent to roughly one to two-thirds of the global Si output flux (15.6 Tmol-Si yr
1) from the marine environment (DeMaster, 2019; Tréguer et al., 2021).

The calculation of the marine Si budget at the global or local level is dependent on the
precision and accuracy of the bSi measurements (DeMaster, 1991). Within the CCMZs, the
combination of 1Si with bSi decreases the reactive surface area of biogenic opal and lowers its
solubility (Dixit and Van Cappellen, 2003; Varkouhi and Wells, 2020; Varkoubhi et al., 2020a),
which enhances the bSi burial efficiency. However, high precipitation rates of terrestrial 1Si
dilutes the bSi and results in opal-depleted coastal sediment (DeMaster, 2002; Wu et al., 2017;
Wu and Liu, 2020). Therefore, accurate determination of the bSi content (bS10:%) in the
CCMZs sediment is particularly challenging owing to its characteristically low bSi02%, high
lithogenic silica (1Si; clay mineral, authigenic aluminosilicate, quartz) content (DeMaster, 1991),
and complexity of bSi types (e.g. diatoms, phytolith, radiolarians, sponge spicules; Figure 3.1A)
(DeMaster, 1991; Maldonado et al., 2019). Among several different techniques (e.g., X-ray
Diffraction (Goldberg, 1958; Eisma and van der Gaast, 1971), point counts of siliceous
microfossil (Pudsey, 1993; Varkouhi et al., 2020a), infrared analysis (Frohlich, 1989),
normative calculation technique (Leinen, 1977), wet chemical method (DeMaster, 1981; Muller
and Schneider, 1993; Mortlock and Froelich, 1989)), wet chemical method is the most
commonly used method for determining the bSi0,% in marine sediments (Conley, 1998).
Considering the complex sediment composition of CCMZs sediments, a mild alkaline leach

(0.1 M Na2CO3) is recommended to minimize the interference of 1Si in bSi determination when
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using the wet chemical method (DeMaster, 1981). However, a mild alkaline leach

underestimates the quantity of bSi due to an incomplete extraction of more resistant bSi (Figure

3.1A), such as radiolarians (Mortlock and Froelich, 1989; Miiller and Schneider, 1993) and

siliceous sponge spicules (Maldonado et al., 2019a). Nonetheless, complete digestion of
resistant bSi using a strong alkaline solution can introduce additional bias due to the inevitable

attack on ISi. To accurately determine bSi02% in sediment from different marine environments,

various kinds of wet alkaline methods with different digestion conditions (i.e., alkaline solution,

sample-to-solution ratio, extraction temperature, duration of extraction and pre-treatment of
sediment by HCI and H>O; before alkaline digestion) have been proposed and applied in the

literature (DeMaster, 1981; Mortlock and Froelich, 1989; Miiller and Schneider, 1993;

Kamatani and Oku, 2000; Conley and Schelske, 2001; Koning et al., 2002; Liu et al., 2002;

Olivarez Lyle and Lyle, 2002). These methods were grouped into two different types: (1)

Si/time alkaline digestion and (2) Si/Al alkaline digestion (Swann, 2010). The Si/time method

(Figure 3.1B), which is the conventional wet alkaline method, requires the measurement of
alkaline extracted Si concentration and corrects the 1Si fraction based on the assumption of the

difference in dissolution kinetics between bSi (non-linear dissolution) and ISi (linear dissolution)
(DeMaster, 1981). The Si/Al alkaline digestion method (Figure 3.1B) requires the measurement

of alkaline extracted Si and Al concentrations, and corrects the ISi fraction based on the

assumption that the Si:Al ratios of 1Si is low (< 5, Figure 3.1A) and the extracted Al is mainly

ISi origin (Kamatani and Oku, 2000; Koning et al., 2002). Previous studies found

methodological differences in the bS102% between Si/time and Si/Al methods in both lacustrine

(Swann, 2010) and marine sediments (Barao et al., 2015). It has been noted that major biases

in the bS102% can be generated among different wet alkaline methods (DeMaster, 1991; Gehlen

and van Raaphorst, 1993; Schliiter and Rickert, 1998; Kamatani and Oku, 2000; Barao et al.,

2015), influencing the estimation of the bSi burial flux, especially in the opal-depleted (bSiO»-

poor) sediment of the CCMZs (DeMaster, 1991, 2002; Tréguer et al., 2021).

The east China seas, which consist of the Bohai Sea (BH), the Yellow Sea (YS), and the East
China Sea (ECS), is one of the largest CCMZs in the Northwest Pacific Ocean. The east China
seas are characterized by high sedimentation rates (Qiao et al., 2017), low bSi02% (< 3%) and
high lithogenic material content (> 70%wt) (Liu et al., 2002; Wu et al., 2017; Wu and Liu, 2020).
Previous studies demonstrated that the burial of bSi in the east China seas is 924 (+ 693) Gmol-
SiO, yr! (Liu et al., 2016; Wu et al., 2017; Wu and Liu, 2020a), accounting for ~5% of the bSi
burial in the global ocean. These estimations were based on the bSi02% determined using

several alkaline digestion techniques, such as using different concentrations of alkaline solution
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(0.1 M NaCO3, 2% NaxCOs3, 2.0 M NaxCOs3), duration of the alkaline digestion (5 h, 8 h) and
pre-treatment process (with HCI and H>O> prior to alkaline extraction) that may underestimate
or overestimate the bSi content due to the incomplete digestion of bSi or the interference of 1Si
in bSi determination (Kamatani and Oku, 2000; Barao et al., 2015) and leaching of authigenic
silicates activated by an acid treatment (Michalopoulos and Aller, 2004; Rahman et al., 2016;
Pickering et al., 2020). Such an under- or overestimate of the bSi content will influence the
magnitude of the burial flux of bSi determined for the CCMZs where sediment load is high and
the bSi content is low. In addition, diatoms, radiolarians (Liu et al., 2017; Qu et al., 2020a,
2020b), sponge spicules (Chou et al., 2012) and living siliceous sponges (Zhang et al., 2003)
were observed in the sediment of the east China seas. However, the influence of their presence
on the determination of bSi content and consequent role in marine Si cycling for this region, is
still not defined. The radiolarians and siliceous sponge spicules are more resistant to alkaline
attacks than diatoms (DeMaster, 1981; Muller and Schneider, 1993), thus the types of bSi need
to be considered when characterizing the bSi content of sediments (DeMaster, 1991).

This study aims to provide an accurate determination of the burial flux of the east China seas
CCMZs by conducting a thorough evaluation of the potential methodological biases influencing
the determination of bSi. To evaluate these methodological biases, multiple samples of
characteristically diverse marine sediment from the east China seas were measured for bS102%
using different alkaline solution concentrations (0.1 M, 0.2 M, 2.0 M Na>CO3), with and without
pre-treatment. In addition, the types of marine bio-siliceous structures (diatoms, radiolarian
tests, and sponge spicules) and their abundances in the different sediment samples were
quantified to select an appropriate wet alkaline method. Further, the bSi02% determined using
the Si/time method (20 h digestion in 0.1 M NaCO3) and the Si/Al method (1 h digestion in
0.5 M NaOH) were compared for an accurate evaluation of the alkaline extracted Si (bSi and
1Si) from sediments of the CCMZs. The detailed evaluation of these methodological biases
resulted in the production of a revised evaluation of the burial flux of biogenic silica for the east
China seas CCMZ and a discussion on the implementation of a standardized method for the

determination of bSi02% in similar depositional environments.
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Figure 3.1. The schematic diagram shows the: (A) components in the sediment of CCMZs and
(B) Wet chemical methods (B1: Si/time method; B2: Si/Al method). (A) shows the types of bSi
(dissolution capability : diatom < phytolith < radiolarian < sponge spicule (Mortlock and
Froelich, 1989; Miiller and Schneider, 1993; Meunier et al., 2014) and types of 1S1 (Si: Al ratio:
authigenic clay: Si:Al <2 (Mackin, 1989; Michalopoulos and Aller, 1995); kaolinite: Si:Al =1,
illite: Si:Al = 2, montmorillonite: Si:Al < 5 (Koning et al. (2002)) in marine sediment. The
‘stronger attack’ represents high pH, longer extraction time and sample pre-treatment with acid
(e.g., HCI) and/or oxidizing agents (e.g., H2O»). (B) shows the alkaline digestion (85°C) of bSi
and correction of ISi using the Si/time method (B1) modified from DeMaster (1981), the Si/time
method (B2) modified from Conley and Schelske (2001) and the Si/Al method (B3) modified
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from Kamatani and Oku (2000). The Si/time method (B1 and B2) assumes the bSi dissolves
non-linearly through time whereas the 1Si dissolves linearly (the slope equals to dissolution rate
‘b’) through time, the different types of bSi (diatom, radiolarian and sponge spicules) can be
quantified based on their dissolution rate (B2: ki, and k»). The Si/Al alkaline digestion method
(B3) assumes that the ratio of alkaline extractable Si vs. Al is constant, and the alkaline
extractable Al is mainly ISi origin, the Si:Al ratio of bSi is higher (> 5) than 1Si (< 5) (Koning
et al.,2002). The Si: Al vs. time plot shows a decrease of Si:Al ratios to constant value after a

complete digestion of bSi.
3.2. Materials and methods
3.2.1. Study area and sample locations

The east China seas (Figure 3.2) consist of the BH (surface area: 7.73 x 10* km?), the YS
(surface area: 38 x 10* km?), and the ECS (surface area: 77 x 10* km?) (Qiao et al., 2017). The
semi-enclosed BH and YS are shallow water bodies with an average water depth of 18 m
(maximum 85 m) and 44 m (maximum 140 m) respectively. About 21 large rivers (length of
mainstream > 100 km) deliver 782.2 x 10° kg yr'! of sediment to the BH, with more than 90%
delivered by the Yellow River. Roughly 30 rivers discharge 13.0 x 10° kg yr! of sediment into
the YS (Qiao et al., 2017). However, up to 90% of its total sediment burial flux (414.6 x 10° kg
yr') is transported from the BH and 5.7% is eroded sediment from the old Yellow River (Qiao
et al., 2017). The ECS consists of a broad continental shelf and the Okinawa Trough, with an
average water depth of 349 m (maximum 2700 m). About 18 rivers deliver 490.5 x 10° kg yr™!
of sediment into the ECS, of which approximately 80% is delivered from the Yangtze River
(Qiao et al., 2017). The bSi02% in surface sediments of the BH, YS and ECS were 0.92 + 0.24%
(Liu et al., 2002), 2.20 £ 0.79% (Wu et al., 2017) and 1.97 £ 0.53% (Wu and Liu, 2020),
respectively, and are considered to be relatively low values (< 3% is considered a threshold
value for bSi concentrations) and requires an accurate determination (Koning et al., 2002; Liu
et al., 2002; DeMaster, 2019; Tréguer et al., 2021).

Field observations were conducted in the east China seas from 2008 to 2013. The sampling
sites are shown in Figure 3.2. At each sampling site, surface sediment samples (0 — 2 cm) were
collected using a stainless-steel box sampler and subsequently packed in sealed plastic bags at
-20 °C on board. Frozen samples were then freeze-dried in the laboratory and stored at room
temperature (~20 °C) until analysis. Two sediment samples for interlaboratory comparison
(sample code: Still Pond, R-64) were also measured using the Si/time (0.1 M Na;COs, 20 h
digestion) and the Si/Al (0.5 M NaOH, 1 h digestion) alkaline digestion method. The location
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of these sampled sediments and their descriptions are given in Conley (1998).
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Figure 3.2. Map of the study area indicating the sampling stations. The location of samples is
grouped in different colors at the Bohai Sea (black dots @), Yellow Sea (blue dots @), and the
East China Sea (red dots ®). The surface sediment samples (0 — 2 cm) were obtained during
several research cruises during 2008-2013. The distributions of currents are based on Liu et al,
(2007) and Qin et al, (1996). White arrows represent the Yellow River and Yangtze River
discharge. (YSCC: Yellow Sea Coastal Current; ZFCC: Zhejiang Fujian Coastal Current;
TWWC: Taiwan Warm Current; KWC: Kuroshio Warm Current). The map is created using
Ocean Data View (ODV) software (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de,
2021).

3.2.2. Analytical methods

The content of bSi found in the sediments in this study is expressed as bSi02% (molar mass
of bSi02: 60 g mol!) to avoid potential errors associated with the difference in bond water
content of different types of bSi and/or ages of siliceous organisms. Two wet chemical methods
were used to quantify the bS102%: the Si/time method (DeMaster, 1981; Conley and Schelske,
1993, 2001; Liu et al., 2002) and the Si/Al method (Koning et al., 2002; Bardo et al., 2014,
2015).
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In this study, the bSi0,% was determined following the calculation method described by Liu
et al, (2002) where sediments undergo an 8 h digestion. In addition, the bSi0,% was also
calculated following the method described in DeMaster (1981), Liu et al, (2002) and Conley
and Schelske, (1993, 2001) when sediment was digested in a 0.1 M Na,COs solution for 20 h.
The method described in Conley and Schelske (1993, 2001) was applied for quantifying the
diatom bSi, radiolarian and/or sponge bSi (Figure 3.1B). Moreover, the bSi0,% analyzed
according to the method described by Mortlock and Froelich (1989) was also performed.

To obtain high-resolution photos and to semi-quantify the elemental composition of bSi
structures, a scanning microscope measurement was applied (see chapter 2). The types of bSi
and abundances were determined using an inverted microscope. The evaluation of the bSi

content was performed following the method described in chapter 2.
3.2.3. Burial flux of bSiO2 in the CCMZs of east China seas

The burial flux (F5») of bSiO; in sediment can be expressed as follows (Ingall and Jahnke,
1994):

F,=Cx*w (3.1)

Where C (mol g!) is the concentration of bSi02%, and is calculated from the bSi02%
determined in dry sediment (in g of SiO» g'!), and converted to mol g™ by dividing it by the
molecular weight of SiO2 (6 x 10~ g mol ™), w (g cm™ yr!) is the mass accumulation rate. The
w used in this study is averaged sediment accumulation rate at BH (0.50 g cm™ yr'!), YS (0.37
g cm™ yr'') and ECS (0.26 g cm™ yr'!) reported previously (Qiao et al., 2017). Note, a primary
objective of this study was to determine the potential influence that methodological biases can
have on the bSi burial flux. Therefore, an average sedimentation rate of the study area was
applied. The F), were then multiplied by the respective area of the BH, the YS and the ECS to

calculate the burial flux of bSi of each region and the east China seas.
3.3. Results

3.3.1. Biogenic silica types and their abundances

Table 3.1 shows the abundance of the three types of marine bSi in sediment obtained from
the east China seas (see Figure 3.2 for sample sites). All of the samples used in this study were
examined under a microscope to determine the relative composition of different bSi types.
Among the three major types of marine bSi (i.e., diatoms, radiolarians, sponge spicules),

diatoms and sponge spicules were observed in the sediments of BH, YS, and ECS. Radiolarian
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skeletons were only observed in the sediment of YS and ECS. The abundance of sponge spicules
and their size (length) and the number of radiolarian tests varied between samples from the BH,
the YS and the ECS. Microscopic observations indicated that radiolarian skeletons were rare in
the sediment of the YS, whereas more radiolarian tests were found in the sediment samples of
ECS. Although sponge spicules were found in all sediment samples (Table 3.1), the size of
sponge spicules in the sediment of the BH (length: 10 — 40 um), and Y'S (length: 50 — 300 pum)
are smaller than that of the ECS (100 — 500 um). The abundance of sponge spicules in the
sediment of BH and YS is less than what was observed for diatoms. In contrast, the abundance
of sponge spicules was greater than diatoms in ECS sediment samples (Table 3.1).

We found that radiolarians and sponge spicules were more abundant in the sediment of the
ECS than the BH and the YS from the microscopic observations. Therefore, five samples (C4,
C7, C12, F2, and A3) were selected from the ECS for determining the abundance of different
types of bSi. The radiolarians and sponge spicules are more abundant in the offshore sediment
(C7, C12) than in nearshore sediment (A3, F2, C4). The abundance of sponge spicules is greater
than that of diatom tests in the 5 samples (C4, C7, C12, F2, A3) from ECS, especially in sample
C12 where the abundance of sponge spicules (231.7 x 10° g'!) is ca. 15 times greater than that
of diatoms (14.8 x 10* g'!). The abundance of diatoms is similar for the BH, YS and ECS, which
1s in agreement with previous research (Chen et al., 2014; Wang et al., 2016; Li et al., 2018, Li
et al., 2020). However, radiolarians and sponge spicules are more abundant in the ECS,

especially in the sediment of the outer shelf of the ECS.
3.3.2. Wet alkaline digestions
3.3.2.1. Evaluation of reference samples

Two interlaboratory comparison sediment samples (Still Pond, R-64) were measured using
Si/time (Figure S3.2) and Si/Al (Figure S3.3) alkaline digestion to assess the accuracy of the
biogenic silica measurement. Similar results were obtained to previous works (Table 3.2), but
also showed dependence on the extraction method. The bSi102% applying a 0.5 M NaOH
digestion (Still Pond: 2.74%; R-64: 7.23%) and a 0.1 M Na,COs digestion (Still Pond: 2.00 +
0.05%; R-64: 5.50 £ 0.10%) are within the acceptable range of bSi0,% values (Still Pond: 2.82
+ 1.17%; R-64: 6.49 £ 2.09%) reported in Conley (1998) (Table 3.2). The wide range of data
presented in Conley (1998) is likely due to the influence of methodological differences applied
(alkaline solution concentration and/or chemical pre-treatment), the act of crushing the
sediment prior to the alkaline attack, and the existence of sponge spicules in Still Pond and R-

64 which was not previously reported in Conley (1998), because siliceous sponge spicules were
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observed in both reference samples. The coefficient of variability (i.e., relative standard

deviation) for five parallel extractions was < 3%, indicating good reproducibility.
3.3.2.2. Comparation of the extraction methods

The results presented here compare the analysis of bSiO2% determined using different
Si/time methods. Triplicate digestion of the pre-treated (P) and non-pretreated (NP) sediment
(Figure 3.3) was performed to determine the influence of the pre-treatment process on bSi
determination. As expected, stronger solutions, and pretreatment of sediment led to greater
release of silica (Table 3.3, Figure 3.3 and Figure 3.4). According to the different alkaline
digestion and microscopic observation, this is mainly due to the extraction of ISi rather than bSi
(e.g., sponge spicules). The pre-treatment of sediment using HCI1 (1.0 M) and H>O> (10%) as
described by Mortlock and Froelich (1989) will activate the authigenic silicate phases and the
clay minerals, thus cause an overestimation of the bSi02%.

Figure 3.3 shows a continuous increase of the Si02% through time. The alkaline extracted
silica (AlkExSi) content is higher for the pretreated sediments than the non-pretreated sediments.
Similar result was obtained for the total amount of alkaline extracted silica (TAIkExSi) after the
8 h digestion (0.1 M Na2CO3, P> 0.1 M Na,COs, NP; 0.2 M Na,COs, P> 0.2 M NaxCOs3, NP;
2.0 M Na;COs3, P> 2.0 M Na,COs, NP; Figure 3.4). As shown in Figure S4 and Figure S5, most
of SiO, was leached from sediments during the first 4 h (AlkExSi(-4)) and less SiO> was
extracted during the 5 h to 8 h digestion (AlkExSis.g)). The quantity of AIkExSia.4) and
AlkExSis.s) correspond to 66% — 86% and 14% — 34% of total amount of silica (TAIKExSi;
TAIKExS1 = AIkExSi(1-4) + AlkExSis.g)) extracted during the 8 h alkaline digestion (Figure S5).
In addition, the AlkExSi(i.4) leached from the pre-treated sediment was higher than from the
non-pretreated sediment (Figure S4 and Figure S5), and the amount of the AlkExSi(s.s) was low
(<0.2%S107) and showed small variations when digested under different alkaline solutions (0.1
M, 0.2 M and 2.0 M Na,COs, P vs. NP). Moreover, more silica (AlkExSi(1-4) and AIkExSi(s.g))
can be leached in stronger alkaline, but the proportion of AlkExSii-4) and AlIKExSis.g) to
TAIkExSi does not change much (Figure S3.5).
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Table 3.1 Different types of marine bSi (diatoms, radiolarians, sponge spicules) and their
abundances (10° g'! dry sediments) in the surface sediment of east China seas. “+”, “++, “+++;

_ 9,

observation of bSi from low to high abundance; : not observed; a: observation of low
abundance of small sponge spicules (length: 10 — 40 um) of BH; b: observation of low
abundance of sponge spicules with intermediate size (length: 50 — 300 pm) of YS; c:
observation of high abundance of sponge spicules (length: 100 — 500 um). Note that phytolith

and siliceous dinoflagellate are not counted in this study.

Biogenic silica types/abundance

Region ) o Sponge References
Diatom Radiolarians
spicules

Bohai Sea ++ - +2 This study
(n=5) 13.0* no data no data Other studies

Yellow Sea ++ = +P This study
(n=7) 17.0? ~0° no data Other studies

++ + +++¢ This study
11.3-19.9%4 0.02-7.3°6 no data Other studies

East China A3 3.8 0 5.2 This study

Sea F2 6.1 0.4 17.6 This study

(n=16) C4 2.2 0 3.3 This study

C7 5.2 0.1 8.4 This study

C12 14.8 12.4 231.7 This study

Note: the numbers in the table are references. 1: Li et al, 2020; 2: Wang et al, 2016; 3: Chen et
al, 2014; 4: Li et al, 2018; 5: Qu et al, 2020; 6: Liu et al, 2017; n represents the number of

samples used for evaluating the types of bSi of each region.
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Table 3.2 The bSi02% of interlaboratory comparison sediment samples (Still Pond and R-64).
The location of the two samples is described in Conley (1998). Note that sponge spicules were

observed in the two sediment samples. NA represents not available.

Still Pond R-64 ) Digestion
Alkaline References

bSiO» std bSiO» std time (h)
2.00 0.05 5.50 0.10 0.1 M Na.,CO3? 5 This study
2.74 - 7.23 - 0.5 M NaOH? 1 This study
1.84 - 7.80 - 0.5 M NaOH? 0.5 Bar&v et al. (2015)
2.68 0.06 - - 2% Na,CO3" 8 Wau et al. (2015)
3.88 0.19 7.50 0.13 2.0 M NaCO3° 8 Liu et al. (2002)
2.82 1.17 6.49 2.09 Na,CO3/NaOH NA Conley (1998)

a: no pre-treatment before the wet alkaline digestion; b: pre-treatment of sediment using HCI

(1.0 M) and H20: (10%) before the alkaline digestion.
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Figure 3.3. Conventional wet alkaline digestion using Na>xCOs3 (0.1 M, 0.2 M and 2.0 M; P vs.
NP) solution. A subsample was removed at 1 each 1 h digestion with a total extraction of 8 h.
The alkaline extracted silica content (Si02%) was normalized into the dry weight of the
sediment. P represents pretreatment of sediment using HCI (1.0 M) and H>0; (10%) before
digestion; NP represents no pretreatment before alkaline digestion. The error bars were
averaged from triplicate digestions. The locations of samples C4, C7, C12, F2, F8, and DC are

shown in Figure 3.1.
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Figure 3.4. The total alkaline extracted silica content (S102%) of sample C4, C7, C12, F2, F8,
DCusing 0.1 M, 0.2 M, 2.0 M Na>CO;3 solution (P vs. NP). The results presented are the Si02%
extracted after 8 h. More Si02% was extracted in a high concentration of the alkaline solution

and after the pre-treatment process.
Table 3.3 and Figure S3.6 showed the bSi02% calculated from the 8 h digestion experiment.

Through ART ANOVA analysis, a significant difference between different alkaline digestions
was identified (Table S3.1). ART ANOVA analysis showed the increase of bSi02% between 0.1
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M NaxCOs (P vs. NP), 0.2 M Na;COs (P vs. NP) and 2.0 M NaxCOs (P vs. NP) were significant
(p <0.0001; Noymer (2008)) (Table S3.1). The yield, expressed as bSi02%, between the P and
the NP alkaline digestions are: 0.1 M NaxCOs3 (P) = 194% 0.1 M Na,COs3 (NP), 0.2 M Na,COs3
(P)=226% 0.2 M NaxCO3 (NP) and 2.0 M NaxCOs3 (P) = 185% 2.0 M Na>COs3 (NP) in average
(calculated from Table 3.3). Besides the pre-treatment process, a higher concentration of
Na»COs can extract more silica significantly (p <0.0001) than a lower concentration of NaxCOs
(C7, F2, F8 and DC; Figure S3.6), except for the bSi0,% determined using a 0.2 M Na,COs3 (P)
and the 2.0 M NaxCOs; (P) digestion (p = 0.0726). For the non-pretreated (NP) digestion
experiment, the average bSi02% extracted using 2.0 M NaxCOs solution is 49% and 69% higher
than the 0.2 M Na;COs and 0.1 M Na>COs digestion, respectively. However, the bSi02% of
sample C7 and C12 was approximately the same when the sample was digested using different
concentrations of NaxCOs3 (0.1, 0.2, 2.0 M), and the bSi0,% of sample C4, F2, F§, and DC was
higher when using higher concentration of Na2CO3 solution (Figure S3.6). Compared to the
alkaline concentration, the pretreatment process has a more important influence on bSi
determination. The bSi02% determined following the single-step alkaline digestion method
proposed for abyssal deposits (Mortlock and Froelich, 1989) generated much higher bSi02%
values (p < 0.0001) than all other digestions. Moreover, the bS102% determined using 0.1 M
NaxCO3 (NP; DeMaster, 1981) was not significantly different (p = 0.0726) compared to the
bSi0,% determined using 0.5 M NaOH (NP; Koning et al., 2002) (Table S3.1). The bSi02%
determined by 2.0 M Na,COs (P) is about 2.6 times of the bS102% determined by 0.1 M Na,CO3
(NP). The average bSi0>% of sample C4, C7, C12, F2, F8 and DC determined using different
methods (0.1 M, 0.2 M, 2.0 M NaxCOs3, P vs. NP; Table 3.3) were 0.49 + 0.25%, 0.40 + 0.23%,
1.82 + 0.56%, 1.00 = 0.44%, 1.13 + 0.49% and 1.34 = 0.57% respectively, showed a large
variation (31 — 57%) of the standard deviation. The proportion of standard deviation to the
averaged bSi02% was larger for low bSi02% samples (C4: 51%, C7: 57%) than other samples.
After the alkaline digestions (2.0 M Na>COs, P), microscopic observations (10X; Zeiss Axio
Observer A1) showed complete digestion of diatoms and radiolarians, whereas sponge spicules

remain present.
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Table 3.3 The bSi02% was determined using 0.1 M, 0.2 M and 2.0 M Na,COs (P vs. NP). The standard deviations were based on triplicate digestion.
Detailed information on the digestion conditions (S/L, temperature, concentration of alkaline solution) and pretreatment process was described in
section 3 (i.e., Materials and methods). The averaged bSi02% of C4 (0.49 + 0.25%), C7 (0.40 + 0.23%), C12 (1.82 = 0.56%), F2 (1.00 £ 0.44%)),
F8 (1.13 + 0.49%), DC (1.34 + 0.57%) determined using different concentrations of alkaline solution (0.1 M, 0.2 M, 2.0 M Na>COs3, P vs. NP),
showed large variation of standard deviation (30 — 60%), which was also reported previously in Conley (1998). ART ANOVA analysis showed a
significant difference (p <0.0001) of the bSi02% determined using different concentrations of NaxCOs3 (P and NP). MF 1989 represents the bSi02%
determined following the method described by Mortlock and Froelich (1989), this method (no mineral correction) is presented for comparing with

the 2.0 M NaxCOjs digestion that applied a mineral correction.

2.0 M NaxCO3
0.1 M Na2COs3 0.2 M NaCOs3 2.0 M NaxCOs3
MF 1989
Sample
NP P NP P NP P P
bSiO, std bSiO, std bSiO, std bSiO, std bSiO, std bSiO, std hSiO» std
C4 0.27 0.02 0.39 0.03 0.21 0.01 0.51 0.18 0.44 0.13 0.65 0.09 0.95 0.04
C7 0.17 0.03 0.47 0.03 0.14 0.05 0.56 0.02 0.18 0.03 0.52 0.10 0.78 0.02
C12 1.41 0.09 1.40 0.16 1.46 0.03 2.10 0.07 1.28 0.22 231 0.34 2.75 0.12
F2 0.55 0.04 0.72 0.13 0.55 0.03 1.18 0.07 0.86 0.05 1.42 0.23 1.74 0.08
F8 0.41 0.01 0.79 0.08 0.76 0.10 1.33 0.03 1.22 0.27 1.50 0.10 1.89 0.05
DC 0.80 0.04 1.35 0.07 0.84 0.04 1.39 0.07 1.24 0.34 1.71 0.29 2.15 0.11
Ave. 0.56 0.42 0.90 0.49 0.66 0.45 1.17 0.56 0.84 0.46 1.35 0.67 1.72 0.71

71



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

Table 3.4 The bSi0>% in sediments of the east China seas (BH, YS, ECS) was determined using the Si/time alkaline digestion method (0.1 M
NayCOs3; NP). The locations of the samples are shown in Figure 3.1. The different types of bSi determined (diatom, sponge and total bSiO») are
specified according to the digestion time or method used. The “n” represents the total amount of samples used for bSi determination. ART ANOVA
analysis showed a significant difference (p < 0.0001) between the bSi0,% calculated at 5 h intervals (DeMaster, 1981; Diatom bSiO;, Conley and
Schelske, (2001)), 8 h intervals (Liu et al., 2002) and 20 h intervals (Conley and Schelske, 2001).

Method DeMaster (1981) Conley and Schelske (2001) Liu et al, (2002)
Total bSiO> Diatom bSiO; Sponge bSiO; Total bSiO> Total bSiO>
Region digestion time . . 20 20 o
(h)

Station bSiO2 std bSiO2 std bSiO2 std bSiO2 std bSiO2 std
BO1 0.22 0.02 0.25 0.02 0.27 0.01 0.52 0.01 0.43 0.01
_ B10 0.24 0.02 0.27 0.03 0.27 0.01 0.54 0.03 0.43 0.04
Bohal B19 0.25 0.005 0.28 0.02 0.26 0.02 0.54 0.03 0.42 0.02
(:::) B23 0.37 0.01 0.42 0.01 0.39 0.01 0.80 0.03 0.67 0.03
B18 0.13 0.02 0.15 0.003 0.11 0.01 0.26 0.01 0.21 0.03
Ave. 0.24 0.08 0.27 0.09 0.26 0.09 0.53 0.18 0.43 0.15
B43 0.51 0.03 0.60 0.02 0.37 0.02 0.97 0.03 0.79 0.07
vellow H20 0.13 0.03 0.15 0.00 0.25 0.03 0.40 0.03 0.28 0.03
(:::) B09 0.11 0.04 0.11 0.01 0.05 0.04 0.15 0.01 0.12 0.04
B02 0.29 0.01 0.34 0.02 0.38 0.01 0.72 0.03 0.57 0.03
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HO6 0.20 0.05 0.21 0.08 0.50 0.01 0.71 0.07 0.47 0.07
H32 0.19 0.02 0.22 0.02 0.30 0.01 0.51 0.03 0.33 0.02
co7 0.19 0.01 0.23 0.01 0.34 0.02 0.57 0.01 0.40 0.02
Ave. 0.23 0.13 0.26 0.16 0.31 0.14 0.58 0.25 0.41 0.11
A09 0.09 0.01 0.09 0.01 0.16 0.002 0.26 0.01 0.13 0.01
F10 0.13 0.05 0.17 0.02 0.39 0.02 0.57 0.04 0.34 0.02
E6 0.02 0.01 0.003 0.01 0.03 0.01 0.04 0.01 0.01 0.02
D1 0.20 0.02 0.27 0.02 041 0.01 0.68 0.01 0.41 0.01
D12 0.51 0.03 0.59 0.03 0.48 0.02 1.07 0.03 0.73 0.05
EéSt A3 0.12 0.01 0.13 0.01 0.17 0.01 0.29 0.02 0.24 0.02
C:;Za C4 0.09 0.01 0.11 0.01 0.20 0.01 0.31 0.01 0.27 0.02
(n=12) C7 0.06 0.01 0.07 0.01 0.11 0.01 0.18 0.01 0.17 0.03
C12 0.83 0.07 0.97 0.06 0.52 0.03 1.49 0.09 1.41 0.09
B8 0.04 0.01 0.05 0.01 0.11 0.00 0.16 0.01 0.14 0.01
F2 0.20 0.03 0.25 0.03 0.33 0.02 0.58 0.05 0.55 0.04
F5 0.06 0.02 0.06 0.02 0.06 0.01 0.12 0.02 0.13 0.04
Ave. 0.19 0.23 0.23 0.27 0.25 0.17 0.48 0.42 0.38 0.37
East
China Ave. 0.22 0.18 0.25 0.22 0.27 0.15 0.52 0.34 0.40 0.29

Seas
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(n=24)
Reference Still Pond 1.31 0.09 1.55 0.10 0.43 0.13 1.98 0.10 2.00 0.05
sample R-64 4.06 0.07 4.30 0.03 1.57 0.43 5.87 0.44 5.50 0.10
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Table 3.5 Parameters from the Si and Al continuous dissolution (Si/Al method) with 0.5 M NaOH (1 h digestion). ExtrSi; (mg-Si g!) is the
concentration of each Si fraction dissolving nonlinearly, &; (min™) is their respective reactivity and Si: Al; ratio. Parameter b refers to the slope of
the fraction dissolving linearly. SP-1, SP-2 and R-64-1, R-64-2 represent duplicate digestions of sample Still Pond and R-64. TAIKExSi and
TAIKExAIl represent the total alkaline extracted Si and Al. The bS10,% presented here is the bSi content in dry weight. NA represents data that is

not available.

Station Model ExtrSis ExtrSi;  TalkExSi TalkExAl ki k2 B B2 b Piin bSiO2%
BO1 Model 2 0.82 2.34 6.13 2.89 1.90 0.08 4.40 1.83 0.07 2.13 0.18
B10 Model 2 1.26 3.73 12.25 5.14 1.45 0.07 3.16 2.53 0.12 1.95 0.27
B19 Model 2 0.96 1.97 6.16 2.24 1.63 0.08 7.14 2.81 0.07 2.32 0.21
B23 Model 2 1.64 4,91 14.88 5.79 1.66 0.08 10.44 2.36 0.16 2.30 0.35
B18 Model 2 0.58 0.83 3.22 1.01 3.10 0.09 12.83 3.08 0.03 2.45 0.12
B43 Model 2 1.49 6.01 15.29 5.18 1.52 0.08 3.86 3.86 0.16 2.45 0.32
H20 Model 2 0.73 1.56 4.21 1.56 1.84 0.06 4.36 2.64 0.04 2.40 0.16
B09 Model 1 0.66 NA 1.58 0.36 0.69 NA 10.71 NA 0.03 3.23 0.14
B02 Model 2 1.40 3.80 10.83 3.77 2.46 0.10 7.83 3.06 0.17 2.38 1.11
HO6 Model 2 1.46 4.50 12.21 4.26 1.64 0.08 11.89 2.81 0.16 2.45 0.31
H32 Model 2 1.10 1.69 5.83 1.94 2.23 0.09 12.15 2.13 0.07 2.82 0.24
Cco7 Model 2 1.04 2.48 7.00 2.29 2.79 0.08 9.01 2.88 0.08 2.65 0.22
A09 Model 2 0.46 0.68 2.19 0.65 2.46 0.09 8.05 3.44 0.02 2.66 0.10
F10 Model 2 0.88 1.74 7.50 2.72 2.17 0.11 6.75 2.81 0.11 2.45 0.56

A3 Model 2 0.66 0.64 2.92 1.02 250 010 13.83 1.83 003 274 0.28
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D1 Model 2 0.89 4.08 10.59 4.95 099 0.07 2.00 2.29 0.09 2.07 0.19
D12 Model 2 2.47 2.63 23.31 3.73 1.89  0.12 8.94 7.84 0.08  5.07 1.09
DC Model 2 4.99 5.88 17.82 3.72 132  0.05 7.91 5.44 0.15 3.60 2.33
E6 Model2 0.40 0.16 0.97 0.24 332 013 22.44 2.72 001 282 0.12
B8 Model 2 0.39 0.39 2.02 0.56 3.57 0.10 9.47 3.22 002 3.12 0.17
C4 Model 1 1.14 NA 2.97 1.20 0.06 NA 2.31 NA 003 271 0.24
C7 Model 2 0.25 0.39 2.25 0.68 450 0.09 9.21 3.35 0.02 298 0.05
Ci12 Model 2 5.29 5.67 17.10 3.54 1.17  0.06 7.86 4.79 0.10 3.80 1.13
F2 Model 2 0.90 3.52 9.15 3.93 152  0.07 4.80 2.09 0.09 227 0.19
F5 Model 2 0.39 0.44 1.68 0.51 256 0.08 6.92 3.26 0.02 2.69 0.08
F8 Model 2 2.50 4.62 10.69 2.77 1.06  0.05 7.35 4.15 0.08 2.70 0.54
Al Model 2 0.81 2.72 6.35 2.84 146  0.08 3.44 2.22 0.06 2.09 0.17
A4 Model 1 0.21 NA 0.65 0.14 1.34 NA 25.02 NA 001 314 0.05
SP-1 Model 2 6.53 6.45 18.73 4.42 149 0.13 9.96 4.50 0.10 247 2.78
SP-2 Model 2 7.44 5.18 17.11 481 0.50 0.05 5.88 5.18 0.09 1.79 2.70
R-64-1 Model 2 19.20 15.32 46.09 7.97 0.64 015 20.39 6.37 019 249 7.40

R-64-2 Model 2 15.16 17.76 43.65 11.26 126 0.18 22.06 11.00 0.18 2.96 7.05

82



Redéfinir le flux d'enfouissement de la silice biogéne et son role dans le cycle global du silicium marin

3.3.2.3. Separation of bSi from ISi using dissolution rates

A 20 h-alkaline digestion (Figure S3.7) was performed for separating different bSi (diatom,
radiolarian and sponge) from 1Si using Si dissolution rate (Conley and Schelske, 2001).
Microscopic observations of the residual sediment indicated that diatoms and radiolarian
skeletons were digested completely while sponge spicules were not fully extracted. The time
dependent methods (e.g., 5 h, DeMaster (1981); 8 h, Liu et al. (2002); 20 h, Conley and Schelske
(2001)) all showed variations which emphasize that the fixed duration approach (Mortlock and
Froehlich, 1989) is insufficient in the study area. The time dependent methods yield different
bSi0,% estimates, that accord with the duration of digestion, i.e., the 5 h digestion with the
shortest time showed the least bSi02% (0.22 £ 0.18%), the moderate duration (8 h) of attack
gave an intermediate bSi02% (0.40 + 0.29%), and the longest duration of digestion produce the
highest bSi10,% (0.52 + 0.34%) (Table 3.4). The ART ANOVA analysis indicated a significant
(p <0.0001) difference of the bSi02% among the three different time intervals.

According to the method described in Conley and Schelske (2001), the diatom bSiO2%,
radiolarian and sponge bSi102% were calculated at a 5 h and 20 h digestion interval, respectively
(Table 3.4, Figure S3.8). The diatom bSi0,%, radiolarian and sponge bSi02% and total bSi102%
in sediment used in this study averaged 0.25 + 0.22% (0.003 — 0.97%), 0.27 + 0.15% (0.03 —
0.52%) and 0.52 £ 0.34% (0.04 — 1.49%), respectively (see Table 3.4). The amount of diatom
bSi10,% is approximately equal to the amount of radiolarian and sponge bSi02% (Figure S3.8).
ART ANOVA analysis showed significant difference (p < 0.0001) between diatom bSi02%,
radiolarian and sponge bSi02% and the total bSi02%. Detailed calculations of the averaged

bSi02% of the BH, YS and ECS were also presented (Table 3.4).
3.3.2.4. Separation of bSi form ISi using Si/Al ratios

The Si/Al method is proposed based on the assumption that Si is extracted continuously from
bSi and 1Si whereas the Al is extracted mainly from ISi (Koning et al., 1997, 2002; Kamatani
and Oku, 2000), therefore the quantity of bSi and 1Si can be corrected using the Si:Al ratio
(Kamatani and Oku, 2000). The purpose of determining the bSi0,% using the Si/Al method is
to fully digest bSi and correct the 1Si properly. It should be noted that after 1 h digestion using
0.5 M NaOH, diatoms were not observed whereas few radiolarian skeletons and some sponge
spicules were observed within the residual sediment of ECS samples (Figure S3.9). Therefore,
the Si/Al alkaline digestion method determines mostly diatom bSi and radiolarian bSi and partly
sponge bSi, instead of the total bSi02%.

The measured dSi and dAl results and the best fit models were shown in Figure S3.3. After
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the likelihood statistical analysis, we found most samples (27/30 samples including sample Still
Pond and R-64) were fitted better with 2 components (Model 2) than 1 component (Model 1),
and the time evolution of release rates and Si:Al ratios were never sufficient to justify higher
component models (Models 3 or 4). Generally, Si and Al were released non-linearly during the
first 20 minutes and followed by a linear dissolution, and the AlkExSi was always higher than
the AIkExAI (Figure S3.3). The bulk Si:Al ratios (2 < Si:Al < 20) were high at the beginning of
digestion and decreased to a relative constant value (2< Si:Al <5 for most samples, except D12
and C12) after 30 min (Figure 3.5), showing a rapid bSi dissolution during the < 30 min and
complete extraction of bSi after > 50 min. The TAIKExSi ranged from 0.65 mg-Si g”! to 24.0
mg-Si g'!, whereas the total alkaline extracted Al content (TAIKExALI) ranged from 0.14 mg-Si

g t0 6.0 mg-Si g!, with a relative constant S, (2.71 + 0.63, Table 3.5).
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Figure 3.5. The Si/Al results show the Si:Al ratio through alkaline digestion (0.5 M NaOH).

The grey area presents the Si:Al <5.

The reactivity constant (k) of the first non-linear fraction (average k; = 1.96 min!) was greater

than the second fraction (average k> = 0.084 min™!) (Figure 3.6), and the f3; is higher than the £,
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(except for D1, table 3.5). Figure 3.6 showed a wide range of Si:Al ratios for f; (2 <f; < 25)
and k; (0.5 < k; <5), and small ranges of > (2 <f> < 8) and k; (0 < k> < 0.2). In addition, S
has similar Si:Al ratios compare to S, and fS; is always higher than the S, (Figure 3.6). The
ExtrSi;, ExtrSi; and the linear ISi1 fraction account for 19.3 + 9.9%, 27.4 + 12.6% and 53.3 +
10.1% of the TAIKExSi, respectively (Table S3.2). Based on Si:Al ratio (f:) and the reactivity
(ki), the calculated bSi0,% (dry weight) and 1Si10,% (linear ISi fraction + non-linear ISi fraction)
in sediments of east China seas were 1.82 + 2.28 mg-Si g (0.39 + 0.49%bSi0,) and 5.95 +
4.69 mg-Si g (1.28 £ 1.00% bSi0»), respectively (calculated from Table 3.5). However, the
definition of bSi (B > 5 or Bin < Pi <5 & k> 0.1 min") and 1Si (1< Si/Al < 4) (Koning et al.,
2002; Barao et al., 2015) based on Si/Al ratios and reactivity may limit our understanding of
the different Si fractions. Our results showed that sometimes f2 < S, (BO1, H32, A3, E6, F2;
Table 3.5), suggest that the ExtrSiz is ISi origin. However, either this fraction is authigenic
silicate is not clear, because the Si:Al ratio of authigenic silicates (< 2, Mackin (1989),
Michalopoulos and Aller (1995)) and clay mineral (1- 4, Koning et al. (2002)) are both below
5. Bardo et al, (2015) found the non-linear Si fractions (ExtrSi;, ExtrSiz) obtained using the
Si/Al alkaline digestion method is higher than the bSi02% examined using the Si/time method
(0.1 M NaxCOs). However, the ExtrSi; is approximately equal to diatom bSi0,% (Bardo et al.,
2015). Implying the reactive non-linear fraction originates from the diatom bSi and the less
reactive non-linear fraction originates from less soluble Si fractions (implicating resistant bSi,
such as radiolarians, sponge spicules and/or altered diatoms, or 1Si). So far, we cannot
differentiate the less soluble Si fractions. A future study looking at the Si dissolution kinetics of
diatoms, radiolarian skeletons, sponge spicules and synthesized sediment in alkaline digestion
using both Si/Al method and Si/time method would improve our understanding on the definition

of different Si fractions.

85



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

30 30
m kB m f
251 . e kB 25 - .- o B
20 1 20 -
Bi 15 7 . Bi 15 1 ]
) L 10 - -'i...' .
S LI} I
N A
04 , . : . 0 e . '
0 1 2 3 4 5 0 2 4 6 8 10
k; Biin

Figure 3.6. The Si:Al ratio (Bi, Biin) and reactivity (ki) of the east China seas sediment.
3.3.3. SEM and SEM-EDS analysis

The existence of a clay mineral “coating” on the surface of the siliceous organism was
observed by SEM (Figure 3.7 and Figure S3.10) in samples before alkaline digestion. Generally,
the diatoms and radiolarian tests were coated with more clay minerals than the siliceous sponge
spicules. Diatom frustules in sample A1 were pre-treated using HCI (1.0 M) and H>O> (10%),
showing the partial removal of the coated clay minerals after the pre-treatment process.
Additionally, Si, Al, K, Mg, Ca, Fe, Ti, S and As were detected from the diatom tests in sample
Al (Figure S10), indicating incomplete removal of clay materials (authigenic and/or allogenic
clays) after pre-treatment. Besides Si and O, the major metal elements from reaction products
of the reverse weathering process, such as Al, Mg, K and Fe (Michalopoulos and Aller, 2004),
were commonly detected through EDS-SEM analysis (Figure S3.10).

In addition, diatoms and radiolarian tests were not observed in sediment residuals after the
alkaline digestions (0.1 M, 0.2 M, 2.0 M Na>COs, 8 h digestion, P vs. NP; 0.5 M NaOH, 1 h
digestion, NP), whereas sponge spicules were found in the sediment residuals (post-digestion),
especially in sediment from the outer shelf and slope of ECS. The digestion and destruction of
the sponge spicule structures by the alkaline solution are visible from the SEM image (Figure
3.8). Different types of sponge spicules (i.e., strongyle, acanthostyle, tignule) were observed
and picked from sediment residuals of sample C12, which was previously extracted in a 2.0 M
Na;COs3 (P, 85 °C) solution for 8 h. Nevertheless, the degree of destruction of the different
shapes/types of sponge spicules by alkaline solution is variable. For example, the strongyle
sponge spicules (Figure 3.8 G, H, I) are more heavily digested than the acanthostyle sponge
spicules (Figure 3.8 A, B, C) and the tignule sponge spicules (Figure 3.8 D, E, F).
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Figure 3.7. SEM images show different siliceous organisms found in sediment samples (Al,

C4, C7, and C12) before alkaline digestion. A: diatom frustule in sample A1, B: diatom frustule

and sponge spicule in sample C4, C: diatom frustule and sponge spicule in sample C7, D, E and
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F: diatom frustules and radiolarian skeletons in sample C12. Sample A1 was pretreated using

HCI (1.0 M) and H20: (10%) for 1 h, sample C4, C7, and C12 were not pretreated.

Figure 3.8. SEM images of three types of siliceous sponge spicule structures observed in the
residual sediment of sample C12 after 8 h digestion using 2.0 M Na>xCOs3 (P). A-C: acanthostyle
sponge spicule, D-F: tignule sponge spicule, G-1: strongyle sponge spicule. B and C, E and F,

H and I are zoom-in views of images A, D and G, respectively.
3.4. Discussion

This study determined the bSi10,% in sediment from the CCMZs of the east China seas using
both the Si/time and the Si/Al methods and estimated the abundance of different types of bSi in
sediment. The results show that the commonly used pretreatment step (Mortlock and Froelich,
1989) and different alkaline digestion methods (i.e., different concentrations of Na>COs3)

inherently bias the accurate determination of bSi02%. For example, this study found that a
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strong alkaline digestion can overestimate bSi content and does not completely digest sponge
bSi, in agreement with Maldonado et al, (2019), which are important factors to consider when
evaluating total bSi fluxes in the marine environment. These technical biases are important to
understand since pretreatment procedures (e.g., HCI and H,O.) can overestimate the burial flux
of bSi in CCMZs. To emphasize the influence of these methodological differences, we present
a revised bSi burial flux for the east China seas. The causes of the methodological biases are
discussed below (section 3.5.1) and the importance of resistant bSi in the east China seas is
presented (section 3.5.2). Finally, a general procedure (section 3.5.3) is proposed to ensure that
determination of bSi burial flux is supported by an accurate quantification of bSi02% in coastal

sediments.
3.4.1. Re-evaluated burial flux of bSi in the CCMZs of east China seas

Considering the complex bSi types (diatoms, radiolarians and sponge spicules) (Table 3.1)
and high AIKExSi from 1Si from east China seas sediments (Table 3.5), an accurate
determination of the bSi content is challenging due to the technical problems highted by
Maldonado et al. (2019) and Koning et al. (2002) for coastal sediments. In this study, we
assessed the Si/time and Si/Al methods in order to define the optimal method for the
determination of the bSi content. This information is necessary to accurately evaluate bSi burial
in the CCMZs of east China seas.

This study found two major limitations for the Si/time method: (1) insufficient correction of
the 1Si phase and (2) inadequate digestion of the resistant bSi (mainly sponge spicules).
Applying a weak alkaline digestion completely digests the diatoms but cannot fully digest
sponge spicules (Figure 3.8), whereas a strong alkaline digestion extracts more 1Si from the
sediment and resulting in an overestimation of the bSi content. In addition, the AIkExSi
concentration continues to increase during an alkaline extraction (Figure 3.3, Figure S3.7,
Figure S3.11) and a flat “plateau” as shown in Figure S3.2 is never reached, suggesting a
continuous dissolution of resistant bSi (e.g., sponge spicules) and ISi. Therefore, a complete
digestion of the bSi using the Si/time method cannot be defined for the sediment of east China
seas, and the use of a simple tangent line to calculate bSi content (DeMaster, 1981) is
insufficient.

Furthermore, authigenic silicates precipitate on the structure of bSi (Figure 3.7 and Figure
S3.10) can decrease the reactive surface area of bSi and decrease its solubility (Williams et al.,
1985; Varkouhi and Wells, 2020). Applying an acid and peroxide pretreatment procedure can

remove the authigenic silicates and enhance the reactivity of bSi (Mortlock and Froelich, 1989).
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However, our results showed the bSi02% increased more than 100% after the pre-treatment
(Table 3.3, Figure S3.6), a significant (p < 0.0001) statistical increase (Table S3.1), which is not
in agreement with our microscopic observations (Table 3.1, Figure 3.8). Ohlendorf and Sturm
(2008) and Dai et al. (2017) found that using a pretreatment step increased the bSi yield and
they suggested that more bSi was being digested after the removal of the mineral coating. We
argue that this observed increase bSi yield is mainly due to an enlarged amount of Si extracted
from authigenic silicate and clay minerals. This argument is supported by observations made
by Michalopoulos and Aller (2004), who concluded that a mild acid pretreatment step (0.1 M
HCI) can activate the authigenic silicate in the Amazon delta sediment, they also suggested that
the mild acid pre-treatment can activate the neo-formed reverse weathering product (authigenic
silicates) without changing the structure of crystallized clay minerals. However, applying a
stronger acid (1.0 M HCI) and peroxide (10% H>0;) pretreatment can weaken the structure of
clay minerals (Komadel and Madejova, 2006; Hu et al., 2022), therefore, enhance the solubility
of the clay mineral. The chemical composition differences between bSi and authigenic silicates
suggests that they are two different marine Si pools (Michalopoulos and Aller, 2004; Rahman
et al., 2016; Pickering et al., 2020). Applying pre-treatment can cause an overestimation of the
bSi pool, therefore, further studies on disentangling the different Si pools are required
(DeMaster, 1991; Frings et al., 2021b) Frings et al., 2014, 2021a, 2021b; Ehlert et al., 2016;
Pickering et al., 2020; Michalopoulos and Aller, 2004; Rahman et al., 2016).

Although the Si/time method determines the bSi content based on a simple Si vs. time tangent
line, the mineral interference still needs to be corrected. This is typically done with the Si/Al
method for CCMZs sediment (Koning et al., 2002; Barao et al., 2015). However, the
quantification of the bSi content by Si/Al method is underestimated since the sponge bSi is not
completely digested (Figure S3.9). Previous studies concluded that all sponge spicules and most
(> 70%) of radiolarians were digested after 1 h continuous alkaline digestion using 0.5 M NaOH
(Muller and Schneider, 1993). Maldonado et al, (2019) found that only 10% to 20% of fresh
sponge spicules were dissolved after 1.5 h of alkaline digestion using 0.5 M NaOH. The sponge
spicules used by Muller and Schneider, (1993) were treated in acid solution and 10% H>O; for
removing the organic matters and then ground, thus can be digested completely. However, the
sponge spicules used by Maldonado et al, (2019) were not crushed, and were therefore harder
to be digested completely. Thus, 30 to 90% of the sponge spicules may not be determined by
the Si/Al method. Moreover, crushing the sediment or pre-treating the samples would enhance
the digestion efficiency of the sponge bSi, but inevitably increase the surface area of 1Si and

bring out an overestimation of the bSi content. Therefore, a pretreatment of sediment should
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be applied with caution, and we suggest applying a Si/Al method with an extension of extraction
time to > 12 h (Maldonado et al. 2019). Unfortunately, this is not currently possible for the Si/Al
method proposed by Koning et al, (2002).

The burial flux of bSi (£ = C * w) in the CCMZs of the east China seas was re-evaluated,
considering the sediment mass accumulation rate (w) from previously published studies and the
concentration of bSiO; in sediments (C). The variations of the estimated bSi burial flux are
dependent on the determination of the bSi content of the study area. The total bSi burial flux of
the east China seas thus re-evaluated vary from 132 (= 112) Gmol-SiOz yr'!, 249 (+ 158) Gmol-
SiO, yr! and 329 (£ 209) Gmol-SiO; yr'! using the bSi02% determined at 5 h, 8 h and 20 h
digestion interval, respectively. And the estimated bSi burial flux is 253 (£ 286) Gmol-SiO; yr’
! based on the Si/Al method (Table 3.6). Given the presence of high 1Si content in the sediment
samples of the east China seas, a well-known opal depleted CCMZs influenced by the terrestrial
input delivered from the Yellow River and the Yangtze River, we opted the Si/Al (1 h digestion
in 0.5 M NaOH) method as the optimal method for the determination of the bSi content in the
east China seas. Our best estimate of the burial flux of bSiO2 (253 £ 286 Gmol-SiO: yr!) in the
east China seas is about one third of the previous studies (924 £+ 693 Gmol-SiO, yr''; Wu et al.,
2017, Wu and Liu, 2020).This is mainly due to the methodological bias, because the previous
studies determined the bSi0,% with a pre-treatment (with HCI and H>0O,) process (Wu et al.,
2017; Wu and Liu, 2020) that overestimate the bS10,%, subsequently, the bSi burial flux is
over-estimated. The Si/Al method can correct the ISi properly, but still digest the sponge
spicules insufficiently. Therefore, our estimation of the bSi burial flux is an underestimate.

Notably, the difference in bSi burial flux is also influenced by sampling technique (sampling
at different locations and seasons) and the calculation of sediment mass accumulation rate. We
adopted an average mass accumulation rate for the BH, YS and ECS and the potential factors
(such as: riverine sediment input, resuspension of sediment by currents and primary production)
that influence the sediment mass accumulation rate were not discussed in this study but are
necessary for future works. The substantial decrease in the estimation of Si burial flux in the
east China seas raises the question of whether it can have an impact at the global scale and on

the balance of the silica cycle in the ocean.
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Table 3.6 Burial flux of bSiO, (Gmol-SiO, yr'!) of the BH, the YS, and the ECS. The total
bSi0; burial flux of the east China seas equals the sum of the burial flux of the BH, YS, and
ECS. The Si/time method (0.1 M NaxCOs3, NP) and the Si/Al method (0.5 M NaOH, NP) was
displayed for the determination of bSi02%. The Si/Al method was defined as an optimum

method due to an accurate correction of 1S1.

Total burial
Time interval of flux
Methods o BH YS ECS ]
digestion (Gmol-SiO;
yr?)
_ 0.24 0.23 0.19
bSiO»%
+0.08 +0.13 +0.23
5h burial flux 132 +112
) 15.46 54.03 62.76
(Gmol-SiO-
+5.15 +30.54 +75.98
yr)
_ 0.43 0.41 0.38
o bSi02%
Si/time +0.15 +0.11 +0.37
0.1M 8h burial flux 249 +158
) 27.70 96.31 125.53
Na>COs) (Gmol-SiO;
+9.66 +25.84 +122.22
yr)
_ 0.53 0.58 0.48
bSiO»%
+0.18 +0.25 +0.42
20 h burial flux 329 +209
) 34.14 136.24 158.56
(Gmol-SiO;
+11.60 +58.73 +138.74
yr)
_ 0.23 0.36 0.46
bSiO»%
Si/Al +0.09 +0.34 +0.60
(0.5M 1h burial flux 253 +286
) 14.82 84.36 153.49
NaOH) (Gmol-SiO-
) +5.80 +79.67 +200.20
yr
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3.4.2. Contribution of radiolarian and sponge in bSi burial of the east China seas

Our findings emphasize that radiolarian and sponge bSi are important sinks of marine Si for
the east China seas, especially the ECS. Microscopic observations indicate the sediment of BH
i1s composed principally of diatoms (Li et al., 2020), YS is composed of diatoms (Wang et al.,
2016), and the ECS is composed of diatoms (Chen et al., 2014; Li et al., 2018), radiolarians
(Liu et al., 2017; Qu et al., 2020b) and sponge spicules (Table 4.1). No significant differences
were observed in the average abundance of diatoms in surface sediment of BH, YS and ECS.
However, the abundance of sponge spicules is of the same magnitude as diatoms in the sediment
of ECS (Table 4.1), and the abundance of radiolarians is of the same magnitude as diatoms in
the outer shelf and slope of ECS (Qu et al., 2020). Besides the observational data, our alkaline
digestion results confirm the quantity of the less soluble bSi fraction (i.e., sponge spicules and
radiolarians) is approximately equivalent to diatom bSi02% (Table 4.4). Our data showed the
abundance of radiolarians and sponge spicules was not as important as diatoms in the BH and
YS (Table 4.1), thus the origin of the less soluble bSi in BH and YS may be partly due to
phytolith discharged from rivers. Since phytoliths are less soluble than diatoms (Meunier et al.,
2014) and can contribute 14% — 64% of bSi in estuaries and coastal sediment (Ran et al., 2017).

Although little is known about the quantity of radiolarian and sponge bSi in the east China
seas (Zhang et al., 2003; Liang et al., 2021), the current results imply that the burial of “dark
bSi” (radiolarian skeleton and sponge spicules, as defined by Maldonado et al. (2019)) is
possibly as important as diatoms in east China seas. The burial of silicon associated with
siliceous sponges was mainly found on continental slopes/margins (Maldonado et al., 2019), as
one of the largest CCMZs in the Northwest Pacific, the Si burial through siliceous sponges
would be more important than previously expected (Chou et al., 2012; Ran et al., 2017).

3.4.3. General protocol for the determination of bSi in coastal sediments

Our findings emphasize that besides diatoms, the less soluble types of bSi (i.e., radiolarians
and sponge spicules) also act as an important marine Si sink in the CCMZs of the east China
seas. However, the accurate determination of the magnitude of these marine Si sinks is
complicated by different types of methods to determine the bSi content in sediments. The
following is a brief summary of the different wet alkaline methods employed in this study and
their technical limitations:

(1) The Si/time alkaline method ( 0.1 M Na>COs, NP, 5 h digestion) (DeMaster, 1981), which

is commonly used to quantitatively determine bSi0,% in sediment of CCMZs, incompletely

digests the skeletal structures of radiolarians and sponge spicules and partly digests 1Si,
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similar to the findings from Maldonado et al. (2019). A 20 h extraction in 0.1 M Na>COs
solution can digest the diatom and radiolarian bSi and ca. 80% of sponge bSi. The
determination of the bSi02% using a 2.0 M Na>COs solution overestimates the bSi02%
because silica is digested from clay minerals, which bias the accuracy of the method.
(2) The one hour Si/Al method (0.5 M NaOH, NP) (Koning et al., 2002) underestimate the
bSi02% due to incomplete digestion of radiolarian skeleton and sponge spicules. Therefore,
an extension of the digestion time is necessary.
(3) The pre-treatment of sediment using HCI (1.0 M) and H20> (10%) prior to alkaline
digestion can cause an overestimation of the bSi02% due to the digestion of authigenic
silicates and/or clay minerals. Thus, a pre-treatment procedure should be avoided.
To resolve these technical problems, we propose the following general wet alkaline digestion
procedure for the appropriate determination of bSi content in the sediments of CCMZs:
(1) Determining the types of bSi in sediment using a microscope.
(2) Selecting an appropriate alkaline solution according to the type of sediments.
—For sediment sample containing mainly diatoms, a 5 h alkaline digestion using 0.1 M
Na>COs solution is capable of extracting bSi.
—For sediment sample from containing diatoms, sponge spicules and/or radiolarian
skeletons, alkaline digestion > 2 h in 0.5 M — 1.0 M NaOH (Si/Al method) solution is
suggested.
(3) Checking the residue sediment (post-digestion) using a microscope to observe if there are

no more radiolarian tests and /or sponge spicules.
3.5. Conclusion

Our results showed that alkaline extractions of CCMZs sediments using 2.0 M Na>CO3
solution resulted in an overestimation of the bSi02% owing to silica being digested from clay
minerals. Applying a 0.1 M Na,COs digestion (20 h) can minimize the 1Si interference on bSi
determination but can cause at least 20% of underestimation of the bSi0>% owning to
incomplete digestion of sponge spicules. Our results also show that alkaline extractions that
apply a pretreatment procedure overestimate the determined bSi02% due to the digestion of the
authigenic silicate phases and clays and subsequently overestimate the bSi burial flux.
Consequently, we propose the general alkaline digestion protocol to accurately determine bS102%
in marine sediments of CCMZs using the Si/Al method by either applying the continuous
analysis method (Koning et al., 2002) or the time-series digestion method (Kamatani and Oku,

2000). Based on these new results and the application of the Si/Al method in order to produce
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accurate bS10,% results, we revised the current estimate of bSi burial flux to 253 + 286 Gmol-
SiO, yr'!, which is one third of the previously reported (924 + 693 Gmol-SiO, yr!). Our
estimate still underestimates bSi burial flux of the east China seas, and further works on
examining the resistant bSi (i.e., phytolith, radiolarian and sponge spicule) content are still
required. We argue that the pre-treatment process (with HCl and H>O3) applied in previous
estimates is the main reason that bSi burial flux was previously over-estimated. In order to
ensure the accurate determination of bSi from different depositional settings in the future, we

strongly suggest the development of an international intercalibration exercise.
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4. Muddy sediments as an important silicon source of coastal and
continental margin zones: Implications of continuous alkaline

extractions

Abstract

The dissolution of silicate minerals on the seafloor releases an important amount of dissolved
silicon (dSi) which is necessary for maintaining high diatom productions of the Coastal and
Continental Margin Zones (CCMZs). However, the dissolution of silicate minerals along the
continental shelves is incongruent which hinders our understanding of the marine Si cycle on
both a regional and global scale. To understand the discrepancy of silicon (Si) dissolution 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 compositions by X-ray diffraction. The results showed
that Si and aluminum (Al) leached from muddy sediments were 2 times greater than 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 high Al contents (Si:Al <
40) of biogenic silica (bSi) reduces opal reactivity, and that the source of Al incorporated in bSi
is mostly due to silicate minerals dissolution. We show that although 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 seafloor (70.3% — 99.0%wt). This study highlights silicate minerals
dissolution 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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4.1. Introduction

The dissolution of silicate minerals (known as silicate weathering) in sediments of Coastal
and Continental Margin Zones (CCMZs) contributes an important amount of dissolved silicon
(dSi) (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 productions
(Tréguer et al., 1995; Leynaert et al., 2011). As a consequence of climate change, a decrease of
riverine dSi discharge to the oceans is expected (Phillips, 2020) and less nutrients inputs from
below in a warmer and more stratified ocean would cause less production of diatoms and a
decline of biogenic silica (bSi) export to depth in mid and low latitude oceans (Tréguer et al.,
2018), alternatively, Taucher et al. (2022) predicated that enhanced silica export in a future
ocean might trigger global diatom decline. Jeandel et al. (2011) and Jeandel (2016) highlighted
the importance of silicate minerals dissolutions in the silicate-rich CCMZs as 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 incongruent
dissolution of silicate minerals along continental margins (Lerman et al., 1975; Jeandel et al.,
2011; Jeandel and Oelkers, 2015) and evaluating its Si-release potential are necessary (Barao
etal., 2015).

The interaction of silicate minerals with seawater contribute to the control of dSi
concentration of seawater, with silicate minerals releasing Si to the silica-deficient seawater and
precipitating Si from silicic acid enriched (> 25 ppm) seawater (Mackenzie et al., 1967; Siever,
1968). Based on theoretical and empirical studies of porewater dSi profiles, Frings (2017)
concluded 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 which explains the overestimation of benthic Si efflux. The re-evaluated
benthic Si efflux from opal-poor sediments is approximately 2 Tmol-Si yr' which still
represents 13% of the total marine Si input (Tréguer et al., 2021). Quantitatively differentiating
the Si outflux of silicate minerals from bSi is taxing due to the complex mineral composition
(Jeandel et al., 2011; Tréguer et al., 2021). A flow-through experiment was established for
evaluating the Si efflux from bulk sediment of various depositional environments (Open Ocean
(Van Cappellen and Qiu, 1997; Rickert, 2000; Gallinari et al., 2002, 2008) and CCMZs (Wu et
al.,2017; Wu and Liu, 2020; Ma et al., 2023)). However, the Si released during the flow-through

experiment originates from both bSi and silicate minerals, and the relative contribution of either
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Si sources was not distinguished according to the solely measurement of dSi concentrations
(Ma et al., 2023). Applying a simultaneous measurement of dSi and dissolved aluminum (dAl)
possibly resolves this issue (Kamatani and Oku, 2000; Koning et al., 2002), since the Al content
in bio-siliceous frustules is far less than in mineral sediments (Ehlert et al., 2012).

The continuous alkaline extraction technique is an advanced wet chemical method that
simultaneously analyzes dSi and dAl from extracting solution (Koning et al., 2002) and is
widely applied for differentiating different sources of Si from soil (Barao et al., 2014, 2015)
and marine sediments (Koning et al., 2002; Barao et al., 2015; Raimonet et al., 2015; Zhu et al.,
2023). Through a high-resolution (one-second) alkaline extraction monitoring of the dSi and
dAl contents and a first-order dissolution model, sources of Si are well defined based on the
different dissolution kinetics and elemental compositions of bSi and silicate minerals (i.e.,
lithogenic silica) (Koning et al., 2002). This technique allows an accurate quantification of the
bSi content (bSi02%) and the lithogenic silica content particularly for sediments of CCMZs
where silicate mineral content far exceeds the bSi02% (Bardo et al., 2015; Zhu et al., 2023).
Previous studies found that the amount of alkaline extracted Si from silicate minerals are
significantly higher than bSi, hinting to the importance of non-biogenic silicate for marine
ecosystem, although silicate mineral dissolution is significantly enhanced under a hot (85 °C)
alkaline solution condition (Barao et al., 2015). Further, the dissolution rate of aluminosilicates
in seawater was found to be comparable to the dissolution of bSi in oceanic sediments,
particularly for silicates minerals of surface sediments which contain high 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 to quantify different Si fractions that are
more soluble than highly crystalized mineral and can be released back to seawater.

CCMZs are “boundary exchange zones” which 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! to marine water

column, which is still comparable to the dSi input from all surrounding rivers (6.4x 10!! mol-
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Si yr!, (Liu et al., 2003, 2005, 2009, 2011). In addition, both field observations and
onboard/laboratory incubations have shown 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; Zhu et al., 2023), as well as other
CCMZs (i.e., the southern North Sea, Gehlen and van Raaphorst, 1993; Oehler et al., 2015). It
is therefore necessary to understand the role of silicate minerals dissolution in the
biogeochemical cycle of Si of the CCMZs.

In this context, we measured the sediment chemical compositions (i.e., total organic carbon,
inorganic carbon, total nitrogen), physical properties (i.e., grain-size) and the clay mineral
contents for understanding the sediment matrices. We conducted continuous alkaline extraction
experiments to simultaneously determine 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) of the CCMZs of the

Chinese marginal Seas.
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Figure 4.1. Map of the Chinese marginal seas showing sampling stations in the Bohai Sea,

Yellow Sea, Eat China Sea and South China Sea. Mud sediment (< 62.5 pum) areas are also
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indicated following Wu and Wen (2019) and Shi et al. (2021). Figure plotted using Ocean Data
View (ODV) program (Schlitzer, 2023).

4.2. Materials and methods
4.2.1. 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, 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.
4.2.2. Analytical methods
4.2.2.1. 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 Al content of
diatoms in sediments is negligible (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 0.5M 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 1 mg L, 2
mgL!,4mgL!,6mgL!, 8mgL! 10mgL" 20mgL",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 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%. The
concentrations of dSi and dAl of the reagents blank solutions were at the base-line of
measurements. Samples from the BH, YS and ECS were determined 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.

4.2.2.2. Analytical procedure for Si and Al data

101



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

The alkaline extracted Si and Al concentrations were fitted (Eq. 4.1) 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), Barao et al. (2015) and Zhu et al. (2023). Here, Eq. 4.1 describes sediments contain less

than three non-linear dissolving Si phases (ExtrSi;, ExtrSiz, ExtrSis):

n

Sigg = Z[ExtrSii]o (1 — e*it) 4 bt

i

n
Algy = Z L (Extrsi]y (1— e~it) + —— bt (4.1)
- Bi lin

Where Siqg and Al are the concentrations of leached dSi and dAl in mg L™, at time t (min).
[ExtrSi;]o is the initial extractable Si in mg L', calculated under a condition when all alkaline
extractable Si (bSi and silicate mineral) has dissolved, k; is the reactivity constant (min™') of no-
linear dissolving phases and f; is the atomic ratio of Si and Al released during the dissolution
of extractable silica fraction. b and S, represent the constant dissolution rate and the Si:Al
ratios of silicate minerals, respectively. Normally, several alkaline extractable Si (ExtrSi;)
phases exist, the biogenic Si phases are distinguished with high Si:Al ratio (Si > 5) (Koning et
al., 2002; Bardo et al., 2015). Further, the total amount of alkaline extracted Si (TAIkExSi, mg-
Si g'!) and Al (TAIKExAI, mg-Al g') were also presented. An optimum model (Eq.4.1) was
selected by applying a likelihood statistical analysis (Armstrong et al., 2002; Moriceau et al.,
2009; Zhu et al., 2023). The unit of ExtrSi;, TAIkExSi, TAIKExALI £ and b were normalized as

mg-Si g!, mg-Si g”!, mg-Al g'!, umol:pmol and mg-SiO: g!, respectively.
4.2.2.3. 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% H>O> was mixed with samples
for removing the organic matter (addition of the volume of H20: is dependent on organic matter
content of sediment). Then 0.4 mL of Clagon solution was added to 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
um) and sand (> 62.5 um) were also calculated. Definition of textural classification of clay, silt
and sand follows the subdivisions introduced by Wentworth (1922). The specific surface area

(SSA) of sediment is calculated by the total area of particles divided by the total weight of
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sediment. 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).

4.2.2.4. Chemical analysis

The chemical analysis includes the measurement of total nitrogen (TN), organic carbon (OC)
and total carbon (TC). TN, OC and TC contents were analyzed by flash combustion of precisely
weighted sediment samples (about 10 mg) at 950 °C on a Thermo Scientific FLASH 2000 CHN.
Measurement of OC was conducted using decarbonated (acidification with 1.0 M HCI)
sediment. The calculation of inorganic carbon (CaCOs) content is expressed as: CaCO3% =
100*(TC% — OC%)/12. Detrital material content (detrital% = 100% — TN% — OC% — CaCO3%
— bS10,%) was calculated following Rickert (2000). The calibration curve for TN, OC and TC
measurement with R? > 0.9997 was created by using 9 standards, and the analytical precision

of TN, OC and TC was < 5%.
4.2.2.5. 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 deflocculation of clays. The clay-size
particles were separated following Stokes' law and concentrated using a centrifuge. The
resulting pastes were spread into calibrated recesses on glass slides. XRD analyses were
conducted using a Rigaku D/max 2500 diffractometer with Cu ka radiation (40KV/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).
4.2.3. Statistical analysis

To show the distributions of the determined parameters in the studying area, data were plotted
using ODV program which were interpolated in color employing the DIVA method (Schlitzer,
2023). Principal component analysis (PCA) was performed to identify the majority of the
variance among the modeling parameters (ExtrSi;, ExtrSi>, TAIkSi, TAIKAL, b, Biin, f1, and ki),

sediment physical parameters (clay%, silt%, sand%, mean grainsize, D [3,2], sediment-specific
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surface area and the relative clay mineral contents) and chemical compositions (bSi02%, TN%,
TOC%, CaCO3% and detrital%). 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.
4.3. Results
4.3.1. Dissolution of Si and Al fractions

Our results showed heterogeneous distribution of alkaline extracted Si and Al in surface
sediments of the Chinese marginal Seas. Figure 4.2 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;, ExtrSiz, TAlkSi, 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 S4.1, the reactivity and the Si:Al ratio of the first non-
linear dissolving Si fraction (k;: 0.06 —4.50 min’'; $;: 2.00 — 36.07) were higher than the second
non-linear dissolving Si fraction (k2: 0.05 — 0.13 min’'; 8>: 1.83 — 7.84), the Si:Al ratio of non-

linear dissolving Si fractions (f; and f2) were higher than silicate mineral (fi,: 1.57 — 5.07).
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Figure 4.2. The paremeters (A: ExtrSi;, first non-linear dissolving Si phase; B: ExtrSi2, second
non-linear dissolving Si phase; C: TAIkSi: total amount of Si; D: TAlkAI, total amount of Al;
and E: b, silicate mineral dissolution rate) of the simultaneous alkaline extraction which were
interpolated in colour employing the DIVA method (an in-built function in ODV). The values
in each individual plot represent the ranges and average (shown in bracket) of data. The figure

was generated using the ODV program (Schlitzer, 2023).
4.3.2. 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 4.3). Further, areas characterized by fine grain-size fractions
(clay and silt: grain-size < 62.5 pm) were found in the western BH, northern Y'S, Zhe-Min coast
and ECS continental slope (Figure 4.3 A and B). The outer continental shelf of ECS is
characterized by high sand content (Figure 4.3 C). The highest mean grain-size was found in a
sample (NSCS10, Figure 4.3 D) from the NSCS. Our determined values are in agreement with
the previous reported grain-size distribution patterns (Wu and Wen, 2019; Shi et al., 2021; Mei
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et al., 2020; Ma et al., 2023).
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Figure 4.3. The clay% (A), silt% (B), sand% (C), mean grain-size (D) and specific surface area
(E) of surface sediments. The values in each individual plot represent the ranges and average

(shown in bracket) of data. The figure was generated using the ODV program (Schlitzer, 2023).
4.3.3. Chemical parameters

Figure 4.4 shows the distribution of detrital, bSi, CaCO3, TN and TOC contents. Samples
from the study area contain high detrital material (average: 90.8%, Figure 4.4 A) which confirm
with previous studies (Wu and Liu, 2020; Ma et al., 2023). Higher detrital material content was
found in near-shore sediments than sediments on the ECS continental shelf. The distribution of
bSi102% and CaCO3% (Figure 4.4 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 4.4 D, E) with high values in the central YS and the continental
slope of ECS.
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Figure 4.4. Detrital material content (A), bSi02% (B), CaCO3% (C), TN% (D) and TOC% (E)
of study area. The values in each individual plot represent the ranges and average (shown in
bracket) of data. The figure was generated using the ODV program (Schlitzer, 2023).
4.3.4. 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 increases
from the BH to ECS (Figure 4.5 A, B), whereas a reverse pattern was found for kaolinite (Figure
4.5 C). The sediments of BH contain higher montmorillonite content than sediments of other
regions (YS, ECS and SCS) of this study (Figure 4.5 D). In addition, samples from BH and
western YS and inner shelf of ECS is characterized by high illite crystallinity (> 0.28) than the

other samples (Figure 4.5 E), which indicates a poor illite crystallinity of near-shore sediments.
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Figure 4.5. The illite% (A), chlorite% (B), kaolinite% (C), montmorillonite% (D) and illite
crystaliinity (D) of the seidments. The values in each individual plot represent the ranges of
data and the value within the bracket represents average value. The figure was generated using

the ODV program (Schlitzer, 2023).
4.3.5. Principal component analysis

Through a PCA measurement, relationships between alkaline extraction parameters and
sediment physical and chemical properities were displayed (Figure 4.6). Results showed that
sandy sediments were positively related with high sand%, mean grainsize, D [3,2], 51, detrital%
and chlorite content, and muddy sediments were positively related with high clay%, silt%,
sediment-specific surface area, b, TAlkSi, TAIkAlL, TOC%, TN%, ExtrSi;, bSi02% CaCO3%,
Piin, 1llite crystalinity, illite, montmorillonite and kaolinite content. In addition, the Si:Al ratio
of bSi (#;) was neagtively related to clay mineral (illite, kaolinite and montmorillonite), fine
size fractions (clay and silt) and TAlkAl content, whereas the Si:Al ratio of silicate minerals

(Bin) has positive relationship with these parameters.

108



Redéfinir le flux d'enfouissement de la silice biogéne et son role dans le cycle global du silicium marin

-0.2 0.0 0.2
. | . | . | ,
6 . . . 0.6
o Muddy sediments :
4 * Sandy sediments : ¢
7 chlorite | B, CaCO% - 0.4
| °
. . : bSi0,%  ExtrSi,
L ]
27 | -0.2
% mean size Pie : y TN
= D[3,2] 4 | TAIKSi |
o sand% 1/ : TOC%
— 0+-===- R e T f~—=—————— - — geafic sufacearea [ 0.0
™ k, . 1 ithie’s —5.clay%
° | silt%”
U ° L | b
= * e * o TTakal
-2 -1 : ° L . . B _0.2
| | montmorillonite ®
|
e kaolinite  illite crystalinity
4] Detrital% : - -04
|
|
|
' - -0.6
-6 | T : 1 | ’
-6 -4 -2 0 2 4 6

PC 1 (46.86%)

Figure 4.6. Bi-plot of PCA ordination of the determinationed parameters. The symbols in green

and black color represent muddy and sandy sediments.
4.4. Discussion
4.4.1. 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 the alkaline
extracted Si and Al from muddy sediments were much higher (> 200%) than the sandy
sediments, which indicates muddy sediments as an important Si and Al source to the Chinese
marginal Seas. As shown in Figure 4.7, the alkaline extracted TAlkSi, TAlkAl, bSi and silicate
minerals from muddy sediments (TAIkSi: 11.85 mg-Si g™, TAIKAL: 3.62 mg-Al g”!, bSi: 2.63
mg-Si g and silicate minerals: 9.22 mg-Si g') were 2 to 3 times higher than from sandy
sediments (TAIkSi: 2.94 mg-Si g!, TAIKAL: 1.00 mg-Al g™, bSi: 0.68 mg-Si g!' and silicate
minerals: 2.26 mg-Si g!). In addition, the alkaline leachable silicate minerals outweigh bSiO2%
from both muddy and sandy sediments. A comparison of alkaline leachable Si and Al from
different sediment types further confirmed the important role of muddy sediments on Si release.

Samples contain more fine-size fractions (< 62.5 um) released more Si (TAIkSi, bSi and silicate
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minerals) and TAIkAl (ANOVA test: p < 0.001, Figure 4.8). This positive relationship is due to
at least two reasons: 1) high specific surface area (SSA) and 2) species of diatoms in sediments
and their cell sizes, and detailed explanations are presented in the following separate paragraphs.

Dissolution of silica (bSi and silicate minerals) in solution is controlled by temperature, pH
and surface area of solid particles (Mackenzie et al., 1967; Lerman et al., 1975; Hurd, 1983;
Niibori et al., 2000; Dixit and Van Cappellen, 2002; Rickert et al., 2002; Van Cappellen et al.,
2002; Cama and Ganor, 2015; Maldonado et al., 2022). Therefore, under a temperature and pH
controlled experimental condition, 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 4.6 and Figure S4.2, SSA has a
positive relationship with the clay% and silt%, and it is negatively related to the sand% and D
[3, 2] surface weighted mean. Therefore, an increased yields of alkaline extracted Si and Al
phases from muddy sediments (see Figure 4.7) are due to large SSA.

Another reason that caused an enhanced Si and Al dissolution from muddy sediments is
attributed to bSi species and sizes. Several types of bSi (diatom, radiolarian, sponge spicules
and phytolith) were found in sediments of the Chinese marginal Sea (Chen et al., 2014; Zhang
etal., 2015; Ran et al., 2018; Qu et al., 2020; Zhu et al., 2023). However, phytolith were mainly
found in sediments of river estuaries (Ran et al., 2018). Radiolarian tests and sponge spicules
were more abundant in sediments of continental slope of the ECS and SCS basin (Chou et al.,
2012; Zhang et al., 2015; Zhu et al., 2023). Therefore, diatoms were the major types of bSi in
sediments of the continental shelf of the Chinese marginal Seas. Based on the measurement of
bSi content in various sediment size fractions and the scanning electron microscopic
observations, Wang et al. (2014) found largest bSi02% in the sediment size fraction of <16 um,
and the microscopic measurements showed most of the diatoms were nano-diatoms with a
diameter smaller than 14 pm (dominant cells diameters: 2 — 14 um). Thus, we contend that the
presence of nano-diatoms in sediment is one of the reasons that caused the positive relationship
between bSi02% vs. muddy sediment. Further, the presence of sponge spicules and radiolarians
may affect our interpretations too. There are five samples (filled symbols) characterized by high
bS102% than other sediments (bSi02%:TOC% as shown in Figure S4.3 B, slope of TAIkSi vs.
TAIkAI as shown in Figure S4.4), indicating better bSi preservation. These samples were
located at the continental slope of ECS and NSCS deep water (> 500 m) and contains sponge
spicules and radiolarians(Zhang et al., 2015; Zhu et al., 2023). The burial mechanism

(accumulation at sediment-water interface) of radiolarian and sponge spicules bSi in different
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sediment context and their relationship with OC preservation (bSi02%: OC%) may be different

from diatoms and requires further research.
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Figure 4.7. Plot of alkaline extracted Si (TAIkSi, bSi, silicate minerals) and Al (TAIkAI) from
sandy sediment and muddy sediment. Error bars represent data range with 1.5 IQR

(Interquartile Range), and the numbers above bar chart represent mean values.
4.4.2. Al from silicate minerals hindering the dissolution of bSi in sediments

Our results confirm that dissolution (reactivity) of bSi in sediments is hindered by structural
incorporation of Al which originate from silicate minerals, and suggest a decreased reactivity
of bSi probably cause enhanced opal preservation in muddy sediments of CCMZs. Based on
the high-resolution alkaline extraction of Si and Al and the triplicates grain-size measurement
data, we found the reactivity (k;) and Si:Al ratio (f;) of bSi decrease with the increase of
sedimentary SSA (Figure 4.6 and Figure 4.9). The decrease in bSi reactivity in muddy
sediments is explained by an increased amount of Al (low Si:Al ratio) incorporated with bSi
(Figure 4.9 A, B), because incorporation of Al prevents bSi dissolution (Van Cappellen and Qiu,
1997; Dixit et al., 2001). In addition, previous study used Scanning Electron Microscopy

111



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

coupled with an Energy Dispersive Spectrometer (SEM-EDS) to qualitatively measure element
distributions at 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 the reason why bSi02% is higher in muddy sediments than sandy sediments, because

lower reactivity assists bSi preservation.
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Figure 4.8. Relation of alkaline extracted Si&Al and sediment grain-size content. Samples
contain higher percentage of fine grains potentially release more (A) silicate minerals, (B) bSi,
(C) TAIkSi and (D) TAIkAL The dots filled in green color of the plot B are samples from the
slope/deep-water depth (see Figure 1: sample C12, D12, DC, F8, NSCS7).

Further, we argue that the Al incorporated with bSi structures mostly originate from silicate
minerals of the sediments. Siliceous frustules produced in photic zone contain trace amount of
Al (Si:Al > 120 (van Bennekom et al., 1989; Rickert et al., 2002; Koning et al., 2007)), a
diagenesis process (such as reverse weathering process, Michalopoulos and Aller, 2004; Ehlert

et al., 2012) and diagenetic Al uptake (Ren et al., 2013) starts during the deposition and burial
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of bSi which cause elevated Al content of bio-siliceous structures in 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 4.9 B) content in bSi of Chinese marginal Seas’
sediments, especially high Al content (Si:Al < 10) of bSi in sediment of high SSA, e.g., muddy
sediments (Figure 4.9 B) which is characterized by high dissolution rate of silicate minerals
(Figure 4.9 D). Since dAl concentrations in overlying water at sediment-water interface and
pore water (> 120 nM (Mackin and Aller, 1984)) are much higher than the in 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 silicate minerals dissolution.
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Figure 4.9. Relationship of grain-size specific surface area (SSA) and bSi reactivity constant

(A), Si:Al ratio (81) of bSi (B), TAIkAI (C), and silicate mineral dissolution rate (b) (D).
4.4.3. Implications of simultaneous alkaline extraction of Si and Al

The simultaneous alkaline extraction of Si and Al proposed by Koning et al. (2002) is widely
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applied for differentiating various bio-available Si phases (Barao et al., 2015; Raimonet et al.,
2015; Zhu et al., 2023). The definition of the alkaline extracted Si of silicate minerals is based
on a slow linear dissolution of clay minerals (illite, kaolinite and montmorillonite), the distinct
different Si:Al ratios between bSi (Si:Al > 5) and different clays (Si:Al < 5) allows 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 is dependent on bSi types,
‘ageing’ or diagenetic alteration of bSi (Hurd, 1983; Van Cappellen, 1996; Van Cappellen and
Qiu, 1997; Dixit et al., 2001; Van Cappellen et al., 2002). Therefore, the reactivity and Si:Al
ratio of bSi calculated by non-linear dissolution models cannot be used to compare samples of
different depositional environments (Koning et al., 2002). However, the dissolution rate of
silicate minerals (b, mg-SiO, g™!) in hot alkaline solution is dependent on the SSA of solid
particles, and the S, is dependent on the clay mineral compositions (type and content) of
sediments. By comparing with previously published data (Figure 4.10), we found i, reflects
the major types of clay minerals of sediments. For example, the fi» of Congo deep-sea fan
sediments (fi» = 1.16 to 1.18, Bardo et al. (2015); sediments enriched in kaolinite, Griffin et al.
(1968)) are equal to Si:Al ratio of kaolinite (1.10 — 1.18, Kamatani and Oku (2000) and Koning
et al. (2002)). The S of Angola basin (fi» = 1.90 to 2.15, Koning et al. (2002); sediments
enriched in kaolinite and montmorillonite, Griffin et al. (1968)) are within the Si:Al ratio of
kaolinite (1.10 — 1.18) and montmorillonite (2.80 — 4.80, Kamatani and Oku (2000) and Koning
etal. (2002)). The i of Iberian margin sediments (S, = 2.23 to 2.34, Koning et al. (2002); 80%
of illite, Griffin et al. (1968)) are similar to illite (2 — 2.47, Kamatani and Oku (2000) and
Koning et al. (2002)). In addition, the clay mineral in sediment of Tokyo Bay is mainly illite
(50%) and montmorillonite (40%), which therefore lead to an alkaline extracted Si:Al ration
of 2.41 (Kamatani and Oku, 2000), this ratio is calculated from the slope of Si vs. Al plot which
may be underestimated. The S, of the samples from Chinese marginal Seas (S, =2 — 3) are
within the range of Si:Al ratio illite with exceptions for SCS samples which has higher kaolinite
or illite content (Figure 4.10). The reason for this good correlation is because of the high
solubility of clay mineral compared with other crystalized silicates (such as quartz and feldspar).
Thus, the Si and Al signals of clays can be distinguished even though clay size fraction only
represents ~10% of total sample volume. Moreover, the £, of opal-rich samples (Equatorial
Pacific: fii» > 9 (Bardo et al., 2015), and particulate bSi sample: £, = 48 (Koning et al., 2002))
and beach sand sample (Texel, North Sea: fii» = 6.9 (Koning et al., 2002)) are characterized by

high Si:Al ratios (> 5) and reasons for the elevated value (normally S, < 5) was not well
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explained. Further studies should check whether it is an artifact caused by inappropriate

modeling or due to sediment compositions.
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Figure 4.10. Relative clay mineral (illite, kaolinite and montmorillonite+chlorite) content of
sediment and the Si:Al ratio of silicate minerals (/i) calculated from the continuous alkaline
extraction of Si and Al. Color bar represents the [, values. Numbers within the plot are
contours claculated based on determined fi». Data sources of clay mineral composition: 1)
Conge seep-sea fan, Angola basin and Ibrtian 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 (f,) from simiutaneous
alkaline extraction of Si and Al: 1) Conge seep-sea fan: Barao et al. (2015); 2) Angola basin
and Ibrtian margin: Koning et al. (2002); 3) Tokyo Bay: Kamatani and Oku (2000); 4) BH, YS
and ECS: Zhu et al. (2023); 5) NSCS: this study. All samples were selected from regions under

strong influence of terristrial input and sediments contain high silicate minerals content.

115



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

4.5. Conclusion

We conducted simultaneous alkaline extraction of Si and Al in sediments of Chinese marginal
Seas and measured the physical and the chemical properties of sediments for understanding 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 of
bSi, the contribution of silicate mineral to the reactive Si pool overweighs the bSi due to their
large quantities, highlighting muddy sediments as an important potential Si source for the
CCMZs of Chinese marginal Seas. We found 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 enhances bSi preservation. The preservation efficiency may vary
among different types of bSi. Applying continuous alkaline extraction methods can help to
understand the differences due to its ability of differentiating Si phases with different rates of
dissolution. Further, high-resolution simultaneous extraction of Si and Al combined with non-
linear first order dissolution models uncovered dominant clay minerals exists in sediments
because of the different chemical characteristics (Si:Al ratios) of various types of clays and will

require dedicated studies.
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5. Estimating the methodological biases of the global marine biogenic

silica burial flux

Abstract

Biogenic silica (bSi), as an important component of marine sediments, is produced mainly by
diatoms, radiolarians and siliceous sponges. The burial of bSi on seafloor is corelated to both
the surface productivity and carbon storage, thus, it is one of the key processes of the global
marine silicon cycle. Accurate evaluation of the global marine bSi burial flux is particularly
challenging due to the methodological biases since there is a lack of internationally recognized
procedure for measuring the opal content of various sediment types of the world ocean. In order
to estimate the methodological biases of the global bSi burial flux, this study examined samples
from different marine environments, e.g., sediment of coastal and continental marginal zones
(East China Sea, the Congo deep-sea fan and Baffin Bay) and sediments of open oceans (the
Southern Ocean, North Atlantic, Equatorial Pacific) using X-ray Diffraction (XRD) method and
different wet chemical methods. We also evaluated the Infrared method (IR: including Infrared
method and Fourier Transform Infrared Spectrometer method). Our results showed that the
bSi0,% determined by XRD method was about 0.5 (bSi02% > 10%) to 5.5 (bSi02% < 10%)
times higher than that determined by wet chemical method, the bSi02% determined by IR
method was about 10% (bSi102% > 30%) to 35% (bSi102% < 30%) lower than the average value
that determined by wet chemical methods. The bS10,% determined following the Mortlock and
Froelich (1989) method was significantly higher (p < 0.05) than other wet chemical methods,
e.g., DeMaster (1981), Koning et al. (2002) and Kamatani and Oku (2000). And the bSi02%
determined following Kamatani and Oku (2000) was significantly lower than that determined
by the DeMaster (1981) and Koning et al. (2002). There is no significant difference between
the Koning et al. (2002) and DeMaster (1981) method. Based on our results and previously
published research, we re-evaluated the global bSi burial flux to 6.7 + 2.7 Tmol-SiO, yr'! which
is about 30% lower than previous studies. Our results have important implications for the
modern marine Si cycle research because of the large uncertainties of the current marine bSi
burial flux which brings out the question of whether the marine Si cycle is at steady state. In
addition, our results showed the pretreatment procedure, e.g., grinding and pretreating
sediments using HCI and H20., can cause overestimation of the bSi02%. Further, a general
wet alkaline digestion procedure was proposed for determining the bSi102% in sediments of

various depositional environments.
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5.1. Introduction

The marine biogeochemical cycle of silicon (Si) is particularly important due to its
intertwined relationship with carbon and nitrogen cycles through the biological pump
(Pondaven et al., 2000; Tréguer et al., 2018). Therefore, understanding the marine Si cycle is
important for knowing the functioning of the marine biogeochemical cycles. Biogenic silica
(bSi) is amorphous silicious structure produced by silicifiers (e.g., diatoms, radiolarians and
silicious sponges) that utilize dissolved silicon (dSi) to thrive. Recent studies demonstrate that
the exportation of diatoms in future acidified oceans will be enhanced (Tréguer et al., 2018;
Taucher et al., 2022), which potentially leads to an imbalanced marine Si steady state. Therefore,
as one of the key processes of marine Si cycle, the burial of bSi needs to be accurately evaluated
because of its large uncertainties (Tréguer et al., 1995, 2021; DeMaster, 2002, 2019; Tréguer
and De La Rocha, 2013; Hayes et al., 2021).

The current estimation of bSi burial flux at open oceans (>1000 m water depth) is based on
the bSi content (bSi02%) determined using several methods, such as wet chemical methods, X-
ray diffraction (XRD), Infrared methods (IR, including the frontier transform infrared technique:
FTIR) and smear slides method (Hayes et al., 2021). Among the different methods, the wet
chemical methods (Eggimann et al., 1980; DeMaster, 1981; Mortlock and Froelich, 1989;
Conley and Schelske, 1993; Miiller and Schneider, 1993; Landen et al., 1996; Schliiter and
Rickert, 1998; Kamatani and Oku, 2000; Koning et al., 2002), XRD (Goldberg, 1958; Eisma
and van der Gaast, 1971; Leinen, 1985) and IR (Frohlich, 1989; Vogel et al., 2016; Melucci et
al., 2019) are the most well-developed techniques for bSi measurement (Conley, 1998; Vogel
et al., 2016; Melucci et al., 2019; Hayes et al., 2021) so far. However, large biases in bSi0>%
determined by wet chemical methods, XRD and IR still exist, and these biases were not well
evaluated (Hurd and Birdwhistell, 1983; Conley, 1998; Vogel et al., 2016; Melucci et al., 2019).
For example, the bSi0,% determined by XRD method outweighs the bSi yields measured by
wet chemical methods (Conley, 1998), and comparison of the bSi0,% determined by IR vs.
wet chemical method show large offsets (Vogel et al., 2016). In addition, studies that applied
the commonly used wet chemical methods adopted varieties of extraction procedures (i.e., types
of alkaline solution and alkaline concentrations, sediment/solution ratios and pretreatment
procedure) which further generate large standard deviations of bSi10,%, especially for the
samples of coastal and continental zones (CCMZs) which contain low opal contents (DeMaster,
1991; Conley, 1998; Liu et al., 2002; Bardo et al., 2015; Zhu et al., 2023). Therefore, the

methodological biases in bSi02% can have significant influence on the evaluation of the bSi
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burial flux of CCMZs which represents 40% of the global bSi burial (Conley, 1998; DeMaster,
2002; Tréguer et al., 2021).

Several forms of silicates present in marine sediments, including bSi, metal-Si oxides (Si-
MeOx), authigenic aluminosilicate (Au-Si: a product of the bSi reverse weathering reaction
which includes active and inactive phase) and crystalized silicate minerals (clays, quartz and
feldspar) (Michalopoulos and Aller, 2004; Rahman, 2019). Compared with silicate minerals,
Au-Si, Si-MeOx and bSi are more soluble and reactive, thus they are defined as reactive Si pool
(Michalopoulos and Aller, 2004; Rahman et al., 2016; Pickering et al., 2020). Accurate
differentiation of the different Si pools is difficult, because of the physical (X-ray amorphous
form) or chemical (Si:Al ratio) properties (Hurd 1983; Pickering et al., 2020; Zhu et al., 2023).
Applying the Si/Al wet chemical method (Kamatani and Oku, 2000; Koning et al., 2002) is
capable of distinguishing bSi from other reactive Si pool but may underestimate some resistant
bSi (radiolarian and sponge spicules) (Zhu et al., 2023). Therefore, a generalized determination
procedure for measuring bSi of various sediment types is necessary.

The goals of the present study are to evaluate the methodological biases of the bSi burial flux
in the world ocean and to develop a method of broad applicability which can be used to quantify
opal content in sediments of various depositional environments. To achieve the objectives, we
evaluated multiple methods (XRD, wet alkaline method and IR) by determining the bSi content
of different types of sediments (opal-depleted coastal sediments vs. opal-depleted deep-sea
sediments, opal-rich deep-sea sediments and sediment contains different types of bSi). The clay
mineral interferences and effect of different extraction procedures on bSi measurements were
examined. Based on our results and previously published data, we re-estimated the bSi burial

flux of the modern ocean.
5.2. Materials and methods
5.2.1. Surface sediments

Figure 5.1 shows the surface sediments (17 samples) collected from various depositional
environments of the world ocean. The international calibration sediments (Still Pond and R-64)
were collected from Chesapeake Bay (Conley, 1998). D226 is a surface sediment containing
mainly calcium carbonate and detrital material (Ragueneau et al., 2001; Gallinari et al., 2002)
and was collected from the North Atlantic during the BENGAL research project. ST4 was
obtained from Baffin Bay (the Arctic) during the Green Edge Project (Lafond et al., 2019). The
sources of clay minerals of Baffin Bay sediments are mainly from the West Greenland shelf and

Baffin Island shelves (Andrews, 2019). In addition, diatoms (Lafond et al., 2019) and siliceous
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sponges (Baker et al., 2018; Murillo et al., 2018) are dominant bio-siliceous structures in Baffin
Bay sediments. Sample MTB-2 was collected by multicores from the Congo deep-sea fan (>
4000 m water depth) in 2011 during the WACS cruise (Rabouille et al., 2016). The Congo deep-
sea fan sediments contain high Aluminum (Al) content (van Bennekom et al., 1989) and most
of the sediment materials (70%) are delivered by the Congo River (Garzanti et al., 2021).
Sample Eq is taken from the central Pacific Ocean during the JGOFS cruise (McManus et al.,
1995). Previous studies found abundant radiolarian tests in Equatorial Pacific (Hurd, 1973).
Sample B10 was collected from the Bohai Sea where tremendous amounts of sediments were
delivered from the Yellow River. Sample A1, F8, DC and C12 were collected from the East
China Sea (ECS) which is under the influence of Yangtze River discharge. Information on the
samples from the Chinese marginal seas is given in Zhu et al. (2023). Sample H555, F104,
2368G, 2714CQ, MC8B and 3585CQ are surface sediments collected from the Southern Ocean.
The C age of H555 (surface sediment: < 2 ¢cm core depth) is ca. 8000 yr BP (Cortese and
Prebble, 2015). The location (latitude, longitude) and sampling water depth were shown in
Table 4.2. The bSi0,% of sample A1, F8, DC and C12 were determined using XRD method,
the bSi0,% of sample B10, C12, ST4, Still Pond, R-64, D226, MTB2, H555, F104, Eq, MC8B,
2368G, 2714CQ and 3585CQ were determined by the Si/Al methods (one-hour continuous
alkaline extractions, Koning et al. (2002); twenty-four-hour manual extractions, Kamatani and
Oku (2000)). Further, kaolinite (chemical formula: Al4Si4010(OH)s) and bentonite (mainly
composed of montmorillonite, chemical formula: H2Al2OsSi, Sigma-Aldrich) were used to
determine the influence of pretreatment (grinding and 1.0 M HCI and 10% H20:) on clay

mineral dissolution and bSi determination.
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Figure 5.1. Location of surface sediment samples. Figure plotted using the program Ocean Data

View (Schlitzer, 2012). The symbol “e” represent samples (A1, F8, DC and C12) determined
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using XRD technique, the symbol “®” represent sample determined using wet chemical method.
Sample C12 was determined using both methods. The coordinates and water depth of the

samples were also present in Table 5.1.
5.2.2. X-ray diffraction measurements

We determined the bSi content (bSi02%) using the X-ray diffraction method (XRD)
following the procedure described by Goldberg (1958) and Leinen (1985). The standard
addition method was applied for measuring the bSi02% in sediments (A1, F8, C12, DC) of the
East China Sea, where the opal content is low. The aims of the experiment are to (1) evaluate
whether the XRD method can be used for measuring opal-depleted sediment and (2) to test
precision of this method. The XRD analysis was carried out at Unité Géosciences Marines,
IFREMER, Centre de Brest.

Generally, ~25 g of freeze-dried sediments was pretreated using 1.0 M HCI to remove
calcium carbonate (CaCO3), residual sediments were centrifugated at 4000 rpm for 5 min, and
the upper clear solution was removed through pipetting carefully. Then residual sediments were
washed three times using Mili-Q water (18 MQ) in order to fully remove HCI from the sediment
liquid mixture. Afterwards, the sediments were dried (60 °C) in an oven overnight. The dried
sediments were ground into fine powers (< 2 pm) mechanically. Later, the weighted sediments
were mixed with a known amount of decarbonated diatomite (0%, 0.5%, 1.0% and 1.5%Si0>
dry weight) before combustion (1050 °C, 4 hours). The area of the resultant 4.04 A diffraction
peak of cristobalite was determined on an X-ray Diffraction Spectrometer (Brucker AXS D8
Advance and Brucker AXS D2 Phaser) at 40 KV and 35 MA, using Cu—Ka radiation over 20
ranging from 2° to 70° (Goldberg, 1958). The bSi02% was calculated based on the added bSi02%
(X axis) vs. cristobalite area (Y axis) plot, and the bSi0,% equals to absolute value on X axis

where Y is zero.
5.2.3. Wet alkaline extractions

Two Si/Al wet chemical methods, including a one-hour continuous analysis method (Koning
et al., 2002; Bardo et al., 2015) and a modified twenty-four-hour manual alkaline extraction
method (Kamatani and Oku, 2000), were performed. Both digestions were displayed using hot
(85°C) 0.5M NaOH solution. The procedures of the continuous analysis method were described
in Bardo et al. (2015) and Zhu et al. (2023). In general, homogenized sediments were weighed
and placed into a preheated stainless-steel vessel filled with 180 mL of 0.5M NaOH solution. A
rotating blade connected with a metallic cover was placed in the vessel for homogenizing the

sediment-solution mixture and keeping a constant sample to solution ratio (S/L). The S/L is
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0.41 (g/L) in average (Table S5.1) and the sampling resolution is 1 second (s). The manual
extractions were displayed within a fluorinated ethylene propylene (FEP) centrifuge tube.
Homogenized sediments were placed in the tube, then 40 mL of alkaline solution was added
and well mixed with the samples. The S/L for the manual extraction is 1.26 (g/L) on average
(Table S5.1). Sub-samples were obtained at 1,2, 3,4, 5, 6, 7, 8, 20, 24 h. The dissolved Si (dSi)
was determined following the molybdate-blue method (Grasshoff et al., 1983) using a
spectrophotometer as described in Zhu et al. (2023). The dissolved Aluminum (dAl) was
determined following the fluorometric method (Hydes and Liss, 1976). The determination of
regent blanks corresponds to the baseline of the measurements. Detailed explanation of dSi and
dAl measurements were described previously (Bardo et al., 2015; Zhu et al., 2023). To examine
the influence of pretreatment procedure (using 1.0 M HCL, 10% H20:) on bSi determination,
controlled experiments of pretreated and non-pretreated clay (kaolinite and bentonite) and
marine sediments (C12 and B10) were performed. In addition, gently mixed sediment and finely
ground sediment (C12) were digested for studying the influence of grinding procedure on Si

dissolution.
5.2.4. Analytical procedures for Si and Al data

The alkaline extractions in the continuous analysis procedure and the manual extraction
procedure provide dSi and dAl concentrations through time at one-second (s) resolution and
one hour (h) resolution, respectively. The unit of parameter t in the model (Eq.4.1) was
normalized into minutes (min). The bSi0,% was calculated following the models (model 1: 1=
1, model 2: 1 = 2, model 3: 1 = 3) as shown in Eq.4.1 using the Origin 2021b software. For
comparison, the bSi0,% was also calculated using Si02%:A1>03% ratio (Eq. 5.1) according to
Kamatani and Oku (2000).

Here, Sis, and Al,, are the concentrations of dSi and dAl in mg L', in the reaction vessel at
time t (min). ExtrSi; is the initial extractable silica present in the vessel in mg L}, k; is the
reactivity constant (min’') of no-linear dissolving phases and f; is the atomic ratio of Si and Al
released during the dissolution of extractable silica fraction. b (mg-Si g! min™") represents the
constant dissolution rate of Si from clay minerals and S, is the Si/Al ratio in the lithogenic
fraction. Normally, several alkaline extractable Si (Ex#rSi;) phases exist, the biogenic Si phases
are distinguished with high Si:Al ratio (Si uM: Al uM > 5) (Koning et al., 2002; Bardo et al.,
2015). Further, the total amount of alkaline extracted Si (TAIkExSi, mg-Si g') and Al
(TAIKExAI, mg-Al g') equal to the average value determined during the last minute. An
optimum model was selected by applying a likelihood statistical analysis (see Eq.2.4)
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(Armstrong et al., 2002; Moriceau et al., 2009; Zhu et al., 2023).

The extracted Si02% and Al2O3% at each one-hour digestion interval was calculated
following the equations: Eq.5.1. Where Si02% and Al2O3% represents extracted silica and
aluminum oxide content through time (1 to 24 h), A is the constant value which represents bSi02%
(Eq.5.1) and a represents the slope of SiO» vs. Al,O3 plot (Kamatani and Oku, 2000).

Si0,% = a x Al,03% + A (5.1)

5.2.5. Scanning electron microscope (SEM) and optical microscopy

The siliceous organisms in the sediment samples were imaged using Scanning Electron
Microscopy (SEM; JCM-7000 NeoScope™ Benchtop SEM and Hitachi TM4000). Typically,
the bio-siliceous tests were handpicked under a stereomicroscope and mounted on an adhesive
carbon tab (Leit) using a brush. The carbon tab was pasted on pin stubs and coated with gold
(Cheize et al., 2019). Then samples were placed in the equipment and imaged under high
vacuum mode. Microscopy observations were applied for determining the bSi types in
sediments. In this study, an inverted microscope (Zeiss Axio Observer Al) at 10X

magnification was applied (Zhu et al., 2023).
5.2.6. Biogenic silica burial flux

Calculations of the burial flux of bSi is expressed as F,, = C * w, where Fy represents the
burial flux of bSi, C represents the bSi content (mol g?t), w represent sediment mass
accumulation rate (g cm yrt). Sediment mass accumulation rate (SMA, g cm ky*) data were
from Hayes et al, (2021) which is based on global data set of 2°Th-normalized fluxes, the unit
of SMA was normalized as g cm™ yr? later. The sediment mass accumulation rate of the
Chinese marginal seas was based on previously published 21°Pb results. To better evaluate the
bSi burial flux in the global ocean, we adopted the burial flux calculation approach proposed
by Hayes et al, (2021). In general, the bSiO2% data collected from previously published
research and the data analyzed in this study were grouped into different marine regions
according to biogeochemical provinces (56 provinces) proposed by Longhurst et al. (1995).
These biogeochemical provinces were specified from regional oceanography and by
examination of the chlorophyll fields. The bSi burial flux (Tmol-Si yr?) at each province was
calculated as: area (km?) * opal flux (mol-Si km yr?). In order to evaluate the methodological
bias of the global bSi burial flux, a new estimate of the bSi burial using the corrected bSiO2%

was compared with the recent estimate by Hayes et al. (2021).
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5.3. Results
5.3.1. Major types of biogenic silica

The main types of bSi varied among sediments (Table 5.1). Sample B10, D226 and 3585CQ
contain mainly diatoms. Sample MC8B, 2714CQ contain mainly diatoms and radiolarians, and
the numbers of radiolarian tests are more abundant than diatoms in 2714CQ. Sample ST4, Still
Pond, R-64, MTB-2 and 2368G contain mainly diatoms and sponge spicules, and sample C12,
HS555, F104 and Eq contain diatoms, radiolarians and sponge spicules. As shown in Figure 5.2,
the shapes, sizes and numbers of bio-silicious individuals varied among the sample C12, Eq,
3585CQ and R-64. The numbers of bSi structures in sample C12 (from ECS) is rare. The
numbers of bSi tests in sample 3585CQ (from Southern Ocean) were abundant and numbers of
diatom frustules outweigh the numbers of radiolarians (Figure 5.2). Further, according to the
types of bSi observed in sediment, the samples used in this study were grouped as (1) diatom
type sediments and (2) other type (diatom and radiolarian; diatom and sponge spicules; diatom,

radiolarian and sponge spicules) sediments.

i 2 ﬂ - ;9"‘%
N\ . Ao W

Figure 5.2. SEM images show the bio-siliceous structures in sediments. (A): C12, (B): Eq, (C):
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3585CQ and (D): R-64. Red circle: sponge spicules, white circle: radiolarians. Note that
phytolith tests were observed in R-64 but they were not marked with the image.

5.3.2. Evaluating the bSiO2% by X-ray diffraction

The bSi02% (< 3%) of the East China Sea sediments are close to the lower limit of detection
for XRD method (Goldberg, 1958) and are lower than the determination limit (< 10%) reported
by Eisma and van der Gaast (1971) and Hurd (1983). As shown in Figure 5.3, the area of
cristobalite spectra of the sample is small but increases slightly due to the addition of purified
diatomite. After calculation, the cristobalite area of the samples used in this study were < 0.1
(Figure 5.4). Triplicate analysis results of sample DC, C12 and Al has shown large standard
deviations (large error bars as shown in Figure 5.4). The bSi0>% was 1.89%, 2.09%, 4.66%
and 6.84% of DC, A1, C12 and F8, specifically.
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Figure 5.3. Example (sample F8 from the East China Sea) of X-ray diffraction measurement.
The area of the cristobalite was calculated for determining the quantity of bSi02% in sediments.

The area of cristobalite is small due to the sediments used in this study.
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Figure 5.4. Biogenic silica content (bSi02%) of East China Sea sediments that were determined
using XRD method. Error bars represent one standard deviation based on measurement of

triplicate samples.

5.3.3. Evaluating the bSiO2% using two Si/Al Methods

The bSi0,% were determined using two Si/Al methods, because the one-hour alkaline
extraction using 0.5 M NaOH does not allow complete extraction of silica, so that radiolarians,
sponge spicules and even diatoms were noticed in the sediment residuals. An eight-hour
digestion is capable of digesting most of the bi-siliceous tests and nearly all bSi were completely
digested after 24 h. Results of the extractions and optimal estimation of the bSiO2% are

presented below.
5.3.3.1.  One-hour continuous extractions

The continuous analysis method is an efficient wet chemical method which extract sediment
for short period of time (< 1.5 h, Figure 5.6) (Koning et al., 2002). A relative flat “plateau” of
extracted Si and Al dissolution curve was reached for sample MCS8B, Eq, R-64 and 3585CQ,
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whereas the extracted Si and Al continue to increase through time for other samples (C12, B10,
ST4, F104, H555, 2368G, D226, Still Pond, MTB2 and 2714CQ) (Figure 5.5). The extracted
Si02% was high in sample R-64 (9.87%), MTB2 (9.13%), 2714CQ (19.40%) and 3585CQ
(65.29%). Additionally, the extracted Al2O3% of sample C12 (0.66%), B10 (0.96%), D226
(0.81%), Eq (0.47%), Still Pond (0.90%), R-64 (1.50%), MTB2 (2.64%) and 3585CQ (0.57%)
were high, extremely low extracted A12O3% was found in sample F104 (0.03%), the extracted
AlO3% ranged from 0.10% to 0.30% in other samples (Figure 5.5). According to the first order
non-linear fit, sample B10, C12, Still Pond and R-64, ST4, MTB2, H555, 2368G were fitted
with Model 2. The optimum model for samples D226, F104, Eq, MCS, 2714CQ and 3585CQ
is Model 1 (Table 5.2). Non-linear fitting of sample F104, Eq, MC8B, 2714CQ and 3585CQ
was difficult due to relative low Al content (TAIKExAl = 0.18—2.91 mg-Al g'') compared with
Si (TAIKExSi = 1.48-314.64 mg-Si g!). Generally, the first fraction detected (ExtrSi;) was
consistently more reactive (k; = 0.15—2.24) than the second fraction (ExtrSiz, k2 = 0.05—0.18)
(Table 5.2). The Si:Al ratio (f;) of first Si fraction is higher than the second fraction and 1Si (5; >
2 >piin). In addition, the bSi contribution to the TAIKExSi is low (bSi: TAIKExSi < 31%) for
B10, C12 and F104, and is high (bSi: TAIKExSi > 50%) for other samples (Table 5.2). The
calculated bS102% was shown in table 5.2.

Further, sediment residuals were daubed evenly on a smear slide and observed under
microscope for determining whether the digestion of bSi was complete. For most samples,
sponge spicules and radiolarian tests were noticed, and diatoms were found in the residual of
sample 2714CQ and 3585CQ. Complete digestion of bSi was only noticed for sample B10 and
D226 which contain low bSi content and single type of bio-siliceous structure (i.e., diatom)

(Table 5.1).
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Figure 5.5. Extracted Si02% (lines in black color) and Al,03% (lines in grey color) using 0.5

M NaOH solution following the continuous alkaline extraction procedures. The duration of the

extraction was about one hour. Note the different scales on the Y axis.
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5.3.3.2.  Twenty-four-hour manual extractions

The twenty-four hours alkaline digestion aims to completely extract all bSi structures. The
extracted Si02% and Al2O3% continue to increase through time for most samples and only
sample 2368G, MC8B, 2714CQ, Eq and 3585CQ reached a relative constant concentration after
one-hour digestion (Figure 5.6). High extracted SiO2% (> 10%) were found for sample R-64,
MTB2, 2714CQ and 3585CQ, and high extracted A1203% (> 2%) were found for sample B10,
Still Pond, R-64 and MTB2 (Figure 5.6). According to the first order dissolution model, all
samples were fitted with Model 1, representing one non-linear dissolving Si fraction. The
reason why only model 1 was fitted successfully is due to the limited data (10 data points for
dSi and dAl). Radiolarians and sponge spicules were noticed in the sediment residuals after 8
hours digestion, then 24 hours digestions were applied for extract all bSi (Table 5.1). Therefore,
the calculation of the bSi102% was also based on the fact of whether the complete digestion of
bSi was reached. Note that a few pieces of radiolarian fragments were found in sample F104
and 2714CQ (Table 5.1), but quantity is negligible. Details of the dissolution of radiolarian were
shown in Figure 5.7.

The parameters of the non-linear fit of the dSi and dAl were shown in Table 5.3. In general,
the TAIKExSi (3.52 + 283.99 mg-Si g'!) content is higher than TAIKExAI (0.85 + 41.19 mg-Al
g™h). The reactivity (k; = 0.004—0.006 min™!, excluding sample 3585CQ) of bSi and dissolution
rate (b = 0.001—0.030 mg-Si g min™') of 1Si from the manual analysis (see Table 5.3) were one
to two orders of magnitude lower than the continuous analysis (see Table 5.2). Other parameters,
such as TAIkExSi1, TAIKExALI, g1 and bS10,%, were comparable to the continuous digestions.
The calculations of bS10,% (Eq. 5.2) following Kamatani and Oku (2000) showed that o values
are time dependent (Table 5.4) and should be used with caution, because negative bSi10,% were
obtained based on the calculations. For example, the bSi02% calculation is difficult for sample
F104, Eq and 3585CQ, because of the negative A or a values (Table 5.4). Therefore, calculations
of the bSi02% were adapted to different alkaline digestion time (5 h, 8 h and 24 h Table 5.4).
And the best estimate of the bSi yield (see Table 5.4) was achieved based on microscopic
observations. For a methodological comparison, the bSi0>% was also calculated based on a
linear regression of the S10,% vs. time plot (DeMaster, 1981) and a single measurement of the
bSi0,% at 5 h (Mortlock and Froelich, 1989) which are shown in Table 5.4. Generally, the bSi
yields determined following Mortlock and Froelich (1989) were higher than DeMaster (1981)
and the Si/Al method (as described by Kamatani and Oku (2000)).
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Figure 5.6. Extracted Si0,% (symbols in black color) and Al1,03% (symbols in red color) using
0.5 M NaOH solution following the manual alkaline extraction procedures. The duration of the

extraction was 24 h aiming to dissolve bSi completely. Note the different scales on the Y axis.
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Figure 5.7. Radiolarian tests extracted in 0.5M NaOH for 20 min (A, B), 5 h (C, D) and 10 h
(E, F). A and B are the same radiolarian individual showing a partly extraction of both silicious
structures and internal filler (diatom frustules); C and D are two radiolarian individuals, the
internal fillers were fully extracted after 5 h; E and F are the same radiolarian test, the SEM

image shows larger diameter for clay coated structure than the un-coated (F).
5.3.4. Alkaline extractions of pretreated sediments
5.3.4.1. Extracting the HCI and H20:2 pretreated samples

The pretreatment using HCl (1.0 M) and H2O> (10%) leached little amount of SiO2 (<
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0.1%Si02) and ALOs3 (< 0.15% ALOs) from sediments but this process can enhance the
solubility of silicate significantly. Alkaline extractions showed enhanced dissolution of Si02%
and AO3% from pretreated samples (kaolinite, bentonite and bulk sediments), and both linear
regression calculations and modeling parameters confirmed more important influence of
pretreatment on sediments than crystalized clays (kaolinite and bentonite).

As shown in Figure 5.8, alkaline extracted Si02% and A1,O3% of the pretreated kaolinite,
bentonite, C12 and B10 were higher than the non-pretreated samples. The increased alkaline
extracted Si02% and Al2O3% were more important for samples C12 and B10 than the clays
(bentonite and kaolinite). The slope of SiO2 vs. A1,O3 plot represents the relationship of the two
components in alkaline solution. The o value for kaolinite (P: 1.24, NP: 1.22), bentonite (P:
2.64, NP: 2.65) is constant, but the o value increased in the pretreated B10 (P: 3.15, NP: 1.96)
and C12 (P: 4.17, NP: 2.36). In addition, o values of non-pretreated B10 and C12 (< 3) are
similar to bentonite and kaolinite. Calculations based on SiO> vs Al,O3 plot showed negative
intercept values for kaolinite (P: -1.16%, NP: -0.53%) and the B10 (P: -0.49%), implicit excess
Al leached from the samples.

5.3.4.2. Extracting finely ground sediments

To evaluate the effect of grinding on bSi measurement, the pretreated and non-pretreated
sediments (both finely ground (FG) and non-ground (NG) sediments) were extracted in 0.5 M
NaOH. As shown in Figure 5.9A, the extracted SiO; and Al2O3 from FG sediment were higher
than the NG sediment, but the effect of grinding was less important when compared with the
HCI and H>O; pretreatment. In addition, the SiO: Al>O3 ratio (Figure 5.9 B and C) was not
affected by the grinding procedure. Based on the data showed in Figure 5.9 A, the bSi10,% was
calculated following Si/Al method (Kamatani and Oku, 2000) and Si/time method (DeMaster,
1981) (Figure 5.9 D). The bSi0,% yields were not affected by grinding. Further, the bSi yields
determined by Si/time method were about 100% higher than Si/Al method (Figure 5.9 D),

showing the selection of calculation methodology is at priority.
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Figure 5.8. Extraction of the pretreated (P: 1.0 M HCl, 10% H>O>) and non-pretreated (NP)
samples (kaolinite, bentonite, B10, C12). The abnormal data (B10) marked in red were not used
for linear regression calculation. Triplicate extractions for sample C12. The Si0,% and A1,03%
in HCI and H>O> solution was low (Kaolinite: 0.002%Si02, 0.022%Al1,03; Bentonite:
0.08%S102, 0.10%A1203; C12: 0.09 + 0.01%Si02, 0.14 £ 0.01%A1>03; B10: 0.09%Si02, 0.15%
Al203). The linear relationship of SiO; vs. ALO;s (right) agrees with offshore sediment from
Tokyo Bay determined by Kamatani and Oku (2000). Red symbols represent abnormal data and

they were not used for calculating the quadratic equation.
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Figure 5.9. Extraction of pretreated (P) and non-pretreated (NP) finely ground (FG) and not
ground (NG) sediment (C12). A: extracted S102% and Al2O3% through time, B: the Si02%
/A1,03% ratio through time, C: S102% vs. Al2O3% plot and D: bSi02% determined by Si/Al
(Kamatani and Oku, 2000) and Si/time method (DeMaster, 1981).
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5.4. Discussion
5.4.1. Question for wet alkaline digestions: pretreating or not pretreating?

The pretreatment of sediments can have an important effect on bSi determination, however,
whether a pretreatment should be used is still under dispute (Mortlock and Froelich, 1989;
Conley, 1998; Landen et al., 1996; DeMaster, 2002). Our results confirmed that pretreatment
can enhance the dissolution of Si from both bSi and silicate minerals, eventually, causing an
overestimation of bS102%. Therefore, the pretreatment of sediment using HCl and H>O as well
as powdering of sediments are not recommended. In addition, the Si/Al method is
recommended for measuring the bSi02% in silicate mineral rich sediments, such as sediments
of coastal and continental margin zones where are under the influence of terrestrial transported
materials.

The grinding of sediment was used in several studies (Muller and Schneider, 1993; Liu et al.,
2002). We found an increased dissolution of Si and Al after grinding (Figure 5.9 A), which
causes overestimation of bSi02%. In addition, the bSi02% determined by Si/time method is
about 100% higher than that of the Si/Al method. Since the Si02% : Al203% ratio of silicate
minerals was not influenced by grinding (Figure 5.10 B and C), thus, applying the Si/Al mineral
correction is more appropriate for minimizing mineral interference. Also, the Si/time correction
can overestimate the bS102%. Therefore, the Si/Al method is recommended for measuring the
bSi02% in silicate mineral rich sediments. Further, the grinding of sediments may have little
influence for measuring the bSi in sediment of opal rich samples, such as the Southern Ocean
and the Equatorial Pacific due to the high bSi0.% and low silicate mineral content.

Regarding the pretreatment procedure using HCl and H2O: prior to alkaline digestion
recommended by Mortlock and Froelich (1989), note that the effect of the process on bSi
determination was found to be negligible and thus was also recommended by Landen et al,
(1996). The aim of this procedure is to enhance the digesting efficiency without bringing out
mineral interference. However, the significantly enhanced bSi yields (2 to 3 times) after
pretreatment was noticed but not well explained (Mortlock and Froelich, 1989; Landen et al.,
1996; DeMaster, 2002; Michalopoulos and Aller, 2004; Rahman et al., 2016; Pickering et al.,
2020). Through a series of alkaline extractions of the pretreated and non-pretreated sediments
and microscopic observation, Zhu et al. (2023) concluded that HCI and H>O» pretreatment can
activate silicate minerals (authigenic aluminosilicate and clays) and cause an overestimation of
the bSi02%. However, Zhu et al. (2023) only measured Si concentrations in alkaline solutions

and did not measure the Al concentrations. Here, we determined both the alkaline extracted Si
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and Al concentrations of the pretreated and non-pretreated sediments and clay minerals (Figure
5.9). The increased amount of alkaline extracted Si02% and Al,03% from pretreated clays and
sediments (Figure 5.8) indicated that pretreatment can activate both bSi and silicate minerals,
therefore, enhancing their solubility. In addition, the modeling data (Table 5.3: kaolinite, B10,
C12) also showed an increase of bSi reactivity (k;) and the dissolution rate of silicate minerals
(b). The dissolution of Si from silicate minerals can cause significant bSiO2% overestimation
(2-3 times) when calculations of the bSi yields are based on Si/time method which described
by DeMaster (1981) and Mortlock and Froelich (1989). However, the overestimation of bSi02%
due to HCI and H»O; pretreatment can be corrected by applying the Si/Al method which
proposed by Kamatani and Oku (2000) and Koning et al. (2002).

5.4.2. Evaluating different wet chemical methods on bSi measurements

Here, we evaluated two Si/Al methods (e.g., Kamatani and Oku (2000) and Koning et al.
(2002)) and two Si/time methods (e.g., DeMaster (1981) and Mortlock and Froelich (1989))
and found methodological biases (Figure 5.10). These biases can be minimized by selecting an
optimal alkaline digestion procedure according to the different sediment types and the types of
bSi in sediments.

As shown in Figure 5.10 and Table 5.5, the uncertainties of the bSiO2% determined by
Si/time and Si/Al methods ranged from 4% to 116%, the largest uncertainties were found for
low bSi02% sample (B10). A two-way analysis of variance (ANOVA) test (see Table 5.5)
showed no significant difference among all methods (Table S5.2). However, after removing the
high bS10,% samples (2714CQ and 3585CQ), the two-way ANOVA test (Table S5.3) indicated
a significant difference (p < 0.05) of the Koning et al, (2002) vs. the method of Kamatani and
Oku (2000), the Mortlock and Froelich (1989), Kamatani and Oku (2000) and DeMaster (1981)
method. Note that there is no significant (p > 0.05) difference between Koning et al, (2002) and
DeMaster (1981) method. The bSi0,% calculated following Kamatani and Oku (2000) were
lower than the bSi yields calculated following the models as described by Koning et al, (2002).
The reason for this low bS10,% is due to an underestimation caused by clay minerals, since
negative bSi0,% values were found when measuring the clay minerals (Table 5.4). Thus,
calculation of the bSi0>% using the first order dissolution models (Eq 5.1) is recommended
when using the Si/Al method. It should be noted that the period of extraction time needs to be
adjusted according to the types of bSi in sediments (see above), because a complete digestion
of radiolarians and sponge spicules requires a strong digestion (i.e., strong alkaline solution or

extended period of extraction). For example, more than 18% of the bSi0,% (mainly radiolarian
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tests) were not digested from sample 2714CQ when applying a one-hour 0.5 M NaOH digestion,
however, all bSi were completely dissolved after the twenty-four-hour extraction in 0.5 M
NaOH solution (Table S5.3). In addition, the bSi0,% determined by Si/time method as
described by Mortlock and Froelich (1989) was significantly (p > 0.05) higher than the bS10,%
method described by DeMaster (1981). Additionally, no significant difference was found in the
bSi0,% as measured using the DeMaster (1981) method and the Si/Al methods (Table S5.3).
Note that no significant difference was found between the Koning et al. (2002) and DeMaster
(1981) methods.

[ IKoningetal, (2002) (1 h) [FZ77 Koning et al, (2002) (24 h)
[ Kamatani and Oku (2000) [ DeMaster (1981)

Mortlock and Froelich (1989)
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Figure 5.10. The bS10,% determined by Si/time (Mortlock and Froelich, 1989; DeMaster, 1981)
and Si/Al methods (Kamatani and Oku, 2000; Koning et al., 2002) and the uncertainties of the
bSi102%.
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By combining our results with the research previously done by DeMaster. (1981), Landen et
al. (1996), Mortlock and Froelich (1989), Muller and Schneider. (1993), Gehlen and van
Raaphorst (1993), Kamatani and Oku (2000), Koning et al. (2002), Liu et al. (2002), Barao et
al. (2015) and Zhu et al. (2023), we recommend to use the Si/Al method to measure bSi in
sediment of opal-poor sediments, i.e., the Chinese marginal seas (Bahai Sea, Yellow Sea, East
China Sea and Northern South China Sea), Amazon shelf zone, the Congo shelf zone and North
Atlantic. DeMaster (1981)’s method is convenient for measuring sediment with > 3%bSi0>
whereas the Mortlock and Froelich (1989) is only appliable for measuring opal-rich sediment

that contain little silicate minerals, such as sediment of the Southern Ocean.
5.4.3. Evaluating X-ray diffraction on bSi measurements

XRD analysis is widely used for measuring bSi02% of sediment cores for understanding the
past climatology (Goldberg, 1958; Lippold et al., 2012). We found that the XRD method
overestimates the bSi0,%, especially for samples containing low opal content. As shown in
Figure 5.11, except data from Leinen (1985), most of the bSi02% determined by XRD method
outweighs that of the wet chemical method. We determined the bSi02% of East China Sea
sediments using XRD method following the protocol described by Leinen (1985). Our results
clearly showed that the bSi10,% determined by XRD method were larger than that of wet
chemical method. In addition, the methodological difference is more important for samples that
contain < 10%bSi02 (bS102%xrp = 5.5 bSi02%wet chemical method) as compared to the samples
contain > 30%bSiO2 (bSiO2%xrp = 1.5 bSiO2%wet chemical method). Therefore, XRD method
overestimates the bSi0,%, especially for the samples contain < 10%bSi0,.

XRD method is considered as a reasonable empirical approach of measuring the sediments
of > 5%bSi0; (Goldberg, 1958) or > 10%bSiO> (Eisma and Van Der Gaast, 1971) when the
non-biogenic amorphous silica does not react to the temperature treatment (Hurd, 1983).
However, determining bSi using XRD method is challenging due to (1) the variation of
transformation efficiency of different types of bSi and (2) the interference of non-biogenic
amorphous silica in sediments (Hurd and Theyer, 1977; Hurd, 1983). Eisma and Van Der Gaast
(1971) determined bSi by measuring the opal “bulge” directly without heating the sediment.
However, their measurements have shown large variability on synthetic samples containing
clays and quartz, and the detailed description of the corrections of original data was not
available in Eisma and Van Der Gaast (1971). The reason why XRD outweighs the bSi yield is
probable due to silicate mineral effect. The silicate mineral interference limits the application

of XRD method for measuring bSi02% in sediment of low bSi and high clay mineral contents.
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Figure 5.11. Comparation of bS10,% determined by wet chemical method (x axis) and X-ray
diffraction (XRD, y axis) method. The dashed line represents y equals x.

5.4.4. Evaluating infrared method on bSi measurements

The infrared method, including IR analysis and FTIR analysis, is a rapid and efficient
technique of determining the bS10,% in marine sediments (Frohlich, 1989; Meyer-Jacob et al.,
2014; Vogel et al., 2016). It is also considered as a promising approach for measuring the bS10,%
in sediments because of the strong correlation (R = 0.87) of the IR determined opal content as
compared with the wet chemical methods (Vogel et al., 2016). Note that the determined opal
content by Vogel et al, (2016) was expressed as Si02-0.4H>0%, therefore, their bSi yields
determined by IR were at least 10% larger than the bS10,% (expressed as S10,%) determined
by wet chemical methods. Through comparing the previously published works reported by
Vogel et al, (2016) and Melucci et al, (2019), we found the bSi02% determined by IR method
were lower (35% in average) than the bSi02% determined by wet chemical methods (Figure

5.12). The two-way ANOVA test analysis showed the bSi10,% measured by IR was significantly
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(p < 0.05) lower than wet chemical method. In addition, the differences were more important
for samples contain < 30%bSiO; (the bSi02% determined by IR method is about 40% smaller
than that determined by wet chemical method) as compared to the samples contain > 30%bSiO>
(the bSi02% determined by IR method is 10% smaller than that determined by wet chemical
method) (Figure 5.12).

The larger offset at lower concentrations (Figure 5.12) is explained by a lack of sensitivity of
both methods (IR and wet chemical method). For example, the bSi0.% determined by the
DeMaster (1981) and Muller and Schneider (1993) methods (both methods are wet chemical
methods) were close to the x =y line as shown in Figure 5.12. However, the bSi0,% determined
by the Mortlock and Froelich (1989) method were larger than the bSi0,% determined by IR
method. The reason why the bSi02% measured by the Mortlock and Froelich (1989) method
was larger than that of IR method is due to a lack of mineral correction. Further, water molecules
can be absorbed by dry samples during the IR analysis, which cause an enhanced Si-OH spectra
signal and therefore cause a bSi0>% overestimation (Vogel et al., 2016). IR measurement is
also influenced by sediment matrix (Melucci et al., 2019). Silica polymorphs absorb at the
wavelength of about 800 cm™', which represents an Si-O-Si stretching mode (Hurd, 1983), the
S1-O-S1 stretching bond not only present in biogenic silica, but also present in other silicates,
such as quartz, opal-CT and opal-A (bSi). The different types of silicates are extremely difficult
to separate analytically. Moreover, there are usually several types of bSi (diatoms, radiolarians,
sponge spicules, silico-flagellates) in sediments, and their physical properties are not uniform
(different water content and degree of silicification), it is not sure how much of the total bSi
present in sediments is actually being measured by the IR method (Hurd, 1983).

In conclusion, although the IR method is found to be an efficient and cost-effective technique
of determining the bSi0,% in marine sediments (Vogel et al, 2016; Melucci et al., 2019), three
challenges still hinder the application of this technique, e.g., (1) water absorption by samples
during the analysis (2) silicate mineral interference and (3) the various IR spectra characteristics
of different types of bSi. These challenges potentially affect the accurate measurement of bSi
and cause methodological biases. The bSi02% measured by the IR method is about 35% smaller
than the conventional wet chemical methods. In order to minimize the methodological biases
and to improve the IR analysis method, further research is needed to (1) improve and develop
the analytical procedure, (2) quantitatively measure the Si-O-Si stretching bond of different
silicate (including different types of bSi and clays) that present in marine sediments for
understanding the sediment matrix effect (3) and determined different types of bSi as well as

artificial sediments for knowing the actual and the determined bSi content.
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Figure 5.12. Comparation of bSi0,% determined by wet chemical methods (x axis) and
Infrared method (IR/FTIR, y axis) method. The wet chemical methods: MF89, MS93 and
DMBSI1 represent Mortlock and Froelich (1989), Muller and Schneider (1993) and DeMaster
(1981), respectively. The dashed line represents y equals x. Data were obtained from Vogel et

al., (2016).
5.4.5. Evaluating the global bSi burial flux

There is a wide range of variability in the measurement of bSi across the community of
aquatic scientists (Conley, 1998). As discussed in previous sections, we studied the
methodological biases among the wet chemical methods, IR and XRD methods. Compared with
IR and XRD method, so far, wet chemical method is more robust in determining the bSiO>%
of marine sediments. Therefore, based on the previous published data and our results, we
corrected the bSiO2% following the relationship below: bSiO2%wet chemical method = 0.5
bSi02%xrD, bSi02%owet chemical method = 1.35 bSi02%ir. In addition, the bSi02% determined by
the Mortlock and Froelich (1989) method was reduced by 10% for a mineral correction (based
on data of Figure S5.5). Our evaluation of the bSi0>% determined by different methods
represents a moderate correction, and may have different influences on the evaluation of the
burial flux of CCMZs and open ocean. For example, the bSi02% determined by XRD method
is about 5.5 times larger than that determined by wet chemical method for low bSi (> 10%)
sediments, and is 50% larger for high bSi (> 30%) sediments. We divided all bSi02% measured
by XRD method by 2. This correction is moderate for CCMZs samples but may under-evaluate

the open ocean samples. Further, an overestimation of silicate mineral rich samples also exists
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for sediments of CCMZs which determined by Mortlock and Froelich (1989) method, because
our correction maybe not be adequate to remove all mineral interferences. Considering the area
of CCMZs and open oceans, our data presented here represents a lower limit of the bSi02%.
The ranges of the bSi10,% of raw data is 0 — 100% and is 0 — 80% after our correction. As
shown in Figure 5.13, the bSi02% in surface sediments of global ocean plotted based on the
raw data from Hayes et al, (2021) (Figure 5.13A) and our normalized data (Figure 5.13B)
showed similar patterns, of which high bSi02% in sediments of the Southern Ocean, Equatorial
Pacific, Central Indian Ocean and North Pacific, and other regions were characterized by low
bSi02%.

After correcting the previously published bSiO2% data set, we recalculated the bSi mass
accumulation rate (g cm™ kyr™!) in different marine regions of the global ocean (see Figure 5.14).
Most of the data were based on 2*°Th normalized mass accumulation rate, except for the CHIN
(*1°Pb data from Qiao et al. (2017)) and REDS (*'°Pb and '“C, Seeberg-Elverfeldt et al. (2004)).
As shown in Figure 5.14, high bSi mass accumulation rate was found at the Southern Ocean
(SANT, ANTA, ISSG), Western Pacific (BERS, CHIN) and Western African Coast (GUIN).
High bSi mass accumulation rate at the Southern Ocean is mainly due to the high bSi02% in
sediments, whereas the high bSi mass accumulation rate at the coastal regions is due to the high
sediment mass accumulation rate. The bSi mass accumulation rate determined using the raw
data and corrected data and their differences were shown in Figure 5.14. After multiplying the
bSi mass accumulation rate by the surface area of each marine region, the annual bSi burial flux
of each marine region as well as the global bSi burial flux were re-evaluated. As shown in
Figure 5.15, our calculated bSi burial flux at coastal and continental margin zones were higher
than previous estimate, because Hayes et al, (2021) only calculated the bSi burial flux in open
ocean. Further, our calculated bSi burial flux in the marine regions of the Southern Hemisphere
(see Figure 5.15) was lower than the estimate reported by Hayes et al (2021) which is due to
methodological biases. Based on the data set arranged by Hayes et al., (2021), the bSi burial
flux in the global ocean is 7.1 = 3.2 Tmol-Si yr'!, after correcting the methodological biases,
our calculated bSi burial flux is 6.2 £ 2.7 Tmol-Si yr'!. Our estimate is close to the bSi burial
flux reported by Tréguer and De La Rocha, (2013) (6.3 + 3.6 Tmol-Si yr'!), but were lower than
the recent annual flux evaluated by DeMaster (2019) (7.6 = 1.8 Tmol-Si yr'!) and Tréguer et al,
(2021) (9.2 £ 1.6 Tmol-Si yr'!"). Therefore, our estimated global bSi burial flux is about 11%,
18% and 32% lower than the estimate based on raw data, the estimate done by DeMaster (2019)
and Tréguer et al., (2021), respectively. In addition, our estimated bSi burial flux at the coastal

region and open ocean are 2.5 + 0.6 Tmol-Si yr!' and 3.7 + 1.1 Tmol-Si yr'!, respectively. The
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lower value of the bSi burial flux at CCMZs (3.7 Tmol-Si yr™!, Tréguer et al., 2021) and open
ocean (5.5 Tmol-Si yr'!, Hayes et al., 2021) in this thesis are possibly due to 1) underestimate
of bSi burial flux at certain CCMZs, i.e., the Ganges-Brahmaputra system, the Indo-Pacific
Archipelago shelves, the mobile mud deposits of the Amazon shelf and the Gulf of Mexico, due
to lack of both bSi data and sediment accumulation rate data and 2) underestimate of bSi due
to over-corrected bSi data set determined by XRD method. Considering one-third of bSi were
buried on seabed and two-thirds of bSi were buried as authigenic clays (1.0 Tmol-Si yr'!) at the
proximal zones (Rahman et al., 2017), there is about 0.5 Tmol-Si yr'of bSi added into our bSi
burial flux of CCMZs (3.0 Tmol-Si yr'!). Therefore, the burial flux of bSi at the global ocean is
6.7 +2.7 Tmol-Si yr''. The bSi burial flux in the CCMZs represents 45% of the global bSi burial
flux, further studies are needed to quantify the bSi burial flux in the CCMZs, especially the
proximal zones where sediment mass accumulation rate is high.

Our estimated bSi burial flux (6.7 £ 2.7 Tmol-Si yr'!) revised the total marine Si output flux
into 13.1 £ 2.7 Tmol-Si yr! (bSi burial flux: 6.7 + 2.7 Tmol-Si yr'!, sponge spicules: 1.7 £ 1.6
Tmol-Si yr'!, reverse weathering: 4.7 + 2.3 Tmol-Si yr'!), which is higher than the total Si input
flux (11.8 + 2.1 Tmol-Si yr'!) determined by DeMaster (2019) but less than the total Si input
flux (14.8 + 2.6 Tmol-Si yr') proposed by Tréguer et al. (2021). We conclude that the
contemporary marine Si cycle is at steady state because the Si output flux is not significantly
different from the Si input flux. However, further study is still necessary for understanding
whether there is a missing Si sink (2.5 Tmol-Si yr'") or previous study over-evaluated the bSi

burial flux, which further verify this research.
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Figure 5.13. The biogenic silica content in surface sediments of the global ocean. A: biogenic
silica distribution plotted using raw data from Hayes et al, (2021); B: biogenic silica distribution
plotted using corrected biogenic silica data set. White color represents areas that lack data. The
corrected data (B) has smaller ranges (0 — 80%) than the ranges (0 — 100%) of raw data set (A).
Note that black symbols are sample locations. Certain regions, i.e., the Ganges-Brahmaputra
system, the Indo-Pacific Archipelago shelves, the mobile mud deposits of the Amazon shelf and

the Gulf of Mexico, are areas which lack of data (both bSi data and sediment accumulation rate
data).
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Figure 5.14. Biogenic silica mass accumulation rate (g cm™ kyr!) at different marine regions
of the global ocean. A: biogenic silica mass accumulation rate plotted using the raw data from
Hayes et al, (2021), B: biogenic silica mass accumulation rate plotted using normalized data of
this study. The symbols in red color represent biogenic silica mass accumulation rate that was

not included in the raw data set by Hayes et al, (2021).
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Figure 5.15. Differences of the biogenic silica annual burial flux between Hayes et al, (2021)
and this study (bSi burial flux calculated using the raw data from Hayes et al, (2021) — corrected
bSi burial flux). Note that Hayes et al, (2021) calculated the bSi burial flux of open ocean (>
1000 m), thus, the bSi burial flux at coastal and continental margin zones of CHIN, NECS,
GUIN, REDS, INDE, ALSK, AUSE, GFST, NPSE and OCAL were lower than the burial flux

calculated based on corrected data (warm color in this study).

5.4.6. Optimized protocol for determining the bSiO2% in sediments of various

depositional environments

In order to minimize the large variability of the determined bSiO2% by different methods,
we proposed an optimized wet chemical protocol for determining the bSi02% in sediments of
various depositional environments of the world ocean. This protocol was based on the
generalized wet chemical procedure for measuring the bSi in sediment of coastal and
continental margin zones (see Chapter 3 and Zhu et al. (2023)) and data from this study. Thus,
it can be applied for measuring bSi in sediment of both coastal and open oceans. The wet
chemical procedures were listed below:

(1) Check the coordinates/sample location for understanding the depositional environment.

(2) Microscopic observation: check the major types of bSi in sediments.

(3) Select the alkaline extraction technique according to the information of sample location
and types of bSi following the decision chart shown in Figure 5.16.

(4) Sample preparation. Gently mix the freeze-dried sediment using agate pestle and mortar.
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Weighing the sediments in a plastic tube (sediment of coastal ocean: 40 to 200 mg, solid to
liquid ratio: 1 to 5 g/L; sediment of open oceans: 15 to 30 mg, solid to liquid ratio: 0.375 to
0.75 g/L).

(5) Fill in the plastic tube with 40 mL of alkaline solution and mix the sediments with alkaline
solution using a vortex mixer. Soak the plastic tubes into a shaking water bath pre-heated to
85°C. Take the alkaline solution samples for dSi and/or dAl analysis.

(6) After the extraction, check the residual sediments using a microscope. Continuing to
digest the sediments when bSi was observed.

In this protocol, the extraction solution, period of digestion and method of bSi calculation
are adjusted based on the types of bSi and types of sediments, thus, the interference of silicate
minerals on bSi determination and the issue of incomplete digestion are resolved. In addition,
the pretreatment proceude (grinding, HCI and H>O» pretreatment) are avioded for minimizing

the influence of silicate minerals ddissolution.

Coastal and continental margin zones

Wet chemical method

Types
of
bSi 1) Si/time method (DeMaster, 1981: 0.1 M Na,COs, 5 h)
2) Si/Al method (Koning et al., 2002: 0.5 M NaOH, 1 h)
3) Si/time method (DeMaster, 1981: 0.5 M NaOH, 5 h)
Open oceans 4) Si/time method (DeMaster, 1981: 0.5 M NaOH, > 12 h)
5) Si/Al method (Koning et al., 2002: 0.5 M NaOH, >12 h,
manual extraction)
Types
of
bSi

Figure 5.16. A decision chart for selecting an appropriate wet chemical method of measuring
the bS102% in different marine sediments (sediments of coastal and continental margin zones

and open oceans).
5.4.7. Importance of redefining the bSi burial flux for understanding the global marine

silicon cycle

The contemporary marine silicon cycle is found to be at a relative steady state, e.g., the

147



Redefining the burial flux of biogenic silica and its role in the global marine silicon cycle

marine Si input flux equals to the output flux (DeMaster, 2019; Tréguer et al, 2021). However,
from the marine Si output perspective, this study found large methodological biases caused
large uncertainties in the determined bSi burial flux. Therefore, bringing out the concerns of
whether the modern marine Si budget is at balance. The results showed that previous studies
over-estimated the global bSi burial flux by 10% to 30%, this overestimation is even larger
(200%) for CCMZs where opal content is low and terrestrial lithogenic material content is high.
Reasons for the overestimation are due to 1) an extraction of lithogenic silica (i.e., clays,
authigenic aluminosilicates) in CCMZs sediments which include the lithogenic silica into the
bSi pool and 2) minerals interferences on XRD analysis of the open ocean sediments. Although,
previous studies also utilized IR method to determine the bSi content, due to the selection of
samples (open ocean sediments which contain little amount of clay minerals), the
methodological difference is not significant (30%) compared to the conventional wet alkaline
method (Vogel et al., 2016).

The re-evaluated bSi burial flux implies a Si residence time of the modern ocean at the range
of 8 ka to 10 ka, which is not significantly different as compared to the previous calculation
(7.7 ka) reported by Tréguer et al, (2021). However, the new estimate of the bSi burial flux of
CCMZs indicated 1) the burial rate of the bSi in sediment was overestimated and 2) the Si input
(from rivers, submarine ground water, atmosphere deposition) may overweight the bSi burial
unless there is an un-defined and/or underestimated pool (such as radiolarian and sponge
spicules pool, and the reverse weathering of bSi). Through the measurement of Si and Al
concentrations of the alkaline extracted sediments (pretreated and un-pretreated), it is more
likely that the previous studies defined the authigenic aluminosilicates as bSi, thus
overestimated the bSi burial flux/bSi burial rate. Therefore, further research utilizing the
different geochemical tools (Ge/Al, Si/Al and Si isotopes) to quantify the Si burial due to
reverse weathering is needed.

The optimum method for determining bSi content in marine sediments is the wet chemical
method which utilize alkaline solution to extract bio-siliceous structures. Through applying the
general wet chemical procedures proposed in this study, the methodological biases of the
determined bSi content can be minimized, which subsequently minimize the uncertainties of
the estimated bSi burial flux. This is particularly important for understanding the Si cycle of the
modern ocean, because biases of the determined bSi content can lead to misunderstanding of
marine Si cycle, especially considering that natural climate change (i.e., global warming, ocean
acidification and sea-level rise) would cause a decreased Si input from rivers (Phillipps, 2020)

and enhanced Si exportation from seawater (Taucher et al., 2022).
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5.5. Conclusion

Based on a thorough measurement of bSi in sediments of various depositional environments
using multiple methods, we found the XRD method overestimates the bSi02% and the IR
method underestimates the bSi0,%. Therefore, although there is variability in the determined
bSi02% among different wet chemical methods, the wet chemical methods are more
appropriate for measuring the bSi in marine sediments so far. Among the several alkaline
extraction techniques, e.g., the Si/time method and the Si/Al method, the Si/Al method is
recommended for measuring the bSi02% in sediment of coastal and continental margin zones
where silicate mineral content is high, whereas the Si/time method is recommended for
measuring the bSi02% in sediments of open oceans where silicate mineral contents are low. To
minimize the large uncertainties of the determined bSi0,%, the pretreatment procedures (i.e.,
grinding, HCI and H>O> pretreatment) are not recommended since they enhance the dissolution
of silicate minerals and subsequently cause an over-estimation. In addition, we proposed a
general wet alkaline extraction procedure for determining the bSi0>% in sediments of different
types of bSi. Based on our results and the previously published data, we re-calculated the global
bSi burial flux. We found bSi burial flux at the coastal regions is 3.0 + 0.6 Tmol-Si yr'!, which
represents about 45% of the global bSi burial flux (6.7 = 2.7 Tmol-Si yr'!). Our estimation of
the global bSi burial flux was about 30% lower than previous studies, showing the needs of a
better understanding the bSi burial flux determinations in order to know either there is an

overestimation by previous study or there is a missing Si sink.
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Table 5.1 Sample name, latitude, longitude, water depth and main types of bSi in sediments before and after alkaline digestions. “D”, “S” and “R”

represent diatoms, sponge spicules and radiolarians respectively. “Y” and “-” represent items were present and absent in sediment/ residual.

_ _ Depth  No-extraction 0.5 M NaOH (~1h) 0.5 M NaOH (8h) 0.5 M NaOH (24h)
Sample Latitude Longitude
[mMl D S R D S R D S R D S R
C12 28.07 127.02 1027 Y Y Y - Y - - Y - - - -
B10 38.45 118.41 16 Y - - - - - - - - - - -
ST4 68.98 -59.60 309 Y Y - - Y - - Y - - - -
Still Pond  39.35 -76.18 10 Y Y - - Y - - - - - - -
R-64 38.56 -76.43 17 Y Y - - Y - - Y - - - -
D226 48.82 -16.50 4850 Y - - - - - - - - - - -
MTB-2 -6.46 6.03 479 Y Y - - Y - - - - - - -
H555 -45.92 178.98 2738 Y Y Y - Y Y - Y Y - - -
Few
F104 -48.67 170.81 801 Y Y Y - Y Y - Y Y - - )
pieces
Eq 0.20 -14023 4358 Y Y Y - Y Y - Y Y - - -
MC8B -47.33 7.19 1878 Y - Y - - Y - - Y - - -
2368G -45.96 130.01 4506 Y Y - - Y - - Y - - - -
Few
2714CQ -43.40 49.89 2290 Y - Y Y - Y - - Y - - )
pieces
3585CQ -51.83 4.81 37146 Y - Y Y - Y - - - - - -
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Table 5.2 Parameters from the Si and Al continuous dissolution with one-hour 0.5 M NaOH digestion. The unit for ExzrSi, TAIkSi, TAIKAL k is
mg-Si g, mg-Si g! , mg-Al g!' and min’!, respectively.

Sample  Model ExtrSii1  ExtrSi> TAIKExSi TAIKEXAl ki ka2 p1 B2 b Biin oSt . bSiO2%
TAIKEXSi [%]

C12 2 5.29 5.67 17.10 3.54 1.17 0.06 7.86 4.79 0.10 3.8 30.9 1.13
B10 2 1.26 3.73 12.25 5.14 1.45 0.07 3.16 2.53 012 1.95 10.3 0.27
ST4 2 2.44 1.73 6.47 1.12 224 0.07 9.98 8.66 0.04 3.63 64.4 0.89
Still Pond 2 7.44 5.18 17.11 4.81 05 0.05 5.88 5.18 0.09 1.79 73.8 2.70
R-64 2 15.16  17.76 43.65 11.26 1.26 0.18 22.06 11 0.18 2.96 75.4 7.05
D226 1 8.89 15.70 4.05 0.69 5.49 0.08 291 56.6 1.91
MTB2 2 10.08 16.21 42.65 14.02 145 014 761 8.62 0.27 154 61.7 5.63
H555 2 2.80 0.73 6.44 1.30 1.02 010 6.11 5.34 0.05 3.93 54.8 0.76
F104 1 0.44 1.48 0.18 0.26 10.50 0.01 4.00 29.7 0.09
Eq 1 33.04 38.99 2.39 0.44 29.06 0.10 2.49 84.7 7.08
MC8B 1 20.93 24.54 0.57 0.15 37.97 0.06 259 85.3 4.48
2368G 2 5.29 3.29 11.29 1.50 1.10 009 851 1311 0.04 415 75.9 1.84
2714CQ 1 49.80 89.76 141 0.11 >1000 0.68 2.30 55.5 10.67
3585CQ 1 308.40 314.64 291 0.12 112.54 <0.001 2.07 98.0 66.09
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Table 5.3 Parameters from the Si and Al dissolution with 24-hour 0.5 M NaOH digestion. NP and P represent non-pretreated and pretreated
(using 1.0M HCI and 10% H>0:) sediments, FG represents finely ground sediments, NG represents non-ground sediments. The units for ExtrSi;,
TAIKSi, TAIKAL k and b are mg-Si g!, mg-Si g! , mg-Al g! and min™' , mg-Si g”! min’!, respectively.

bSi:
Sample Model ExtrSiy TAIKExSi TAIKExAI k1 1 b Blin TAIKEXSi bSiO»%
[%0]
Kaolinite
1 57.82 08.25 93.30 0.003 0.96 0.029 1.22 0 0
(NP)
Kaolinite (P) 1 58.78 107.61 102.91 0.008 1.02 0.034 1.02 0 0
Bentonite
1 48.18 109.68 43.63 0.004 3.84 0.043 1.97 0 0
(NP)
Bentonite (P) 1 52.56 119.75 46.82 0.004 3.50 0.047 2.08 0 0
C12 (NG-
NP) 1 11.5240.09 20.6540.31 7.9940.20 0.010#0.001 4.1940.06 0.00740.001 1.7440.03 55.8 2.4740.02
C12 (NG-P) 1 20.7740.31 41.9840.01 10.1740.21 0.01640.001 4.4440H.02 0.01540.001 3.754D.12 49.5 4.45+).07
C12 (FG-
NP) 1 12.33 21.66 8.19 0.012 4.27 0.007 1.77 56.9 2.64
C12 (FG-P) 1 22.79 45.29 11.17 0.015 4.35 0.016 3.68 50.3 4.88
B10 (NP) 1 14.20 22.12 5.93 0.004 2.01 0.006 1.50 0 0.00
B10 (P) 1 18.83 42.28 15.55 0.009 2.27 0.016 3.11 0 0.00
ST4 1 5.94 15.18 451 0.013 472 0.007 2.86 39.2 1.27
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Still Pond 1 15.74 32.40 11.18 0.012 3.31 0.012 2.46 48.6 3.37
R-64 1 32.97 54.90 13.71 0.024 6.93 0.016 2.32 60.1 7.07
D226 1 8.32 13.75 6.56 0.012 3.10 0.004 1.42 60.5 1.78

MTB2 1 26.98 65.62 41.19 0.015 4.56 0.028 1.10 41.1 5.78
H555 1 6.01 10.92 3.73 0.010 3.92 0.004 2.20 55.1 1.29
F104 1 1.64 3.92 0.85 0.005 4.54 0.001 3.89 46.4 0.35

Eq 1 19.83 22.39 2.02 0.058 10.71 0.002 10.71 100 4.80
MC8B 1 15.02 15.79 1.03 0.034 30.44 0.001 1.52 95.1 3.22
2368G 1 7.52 9.94 3.55 0.018 4.92 0.002 1.17 75.7 1.61
2714CQ 1 97.90 136.94 3.27 0.016 94.50 0.030 18.45 100 29.34
3585CQ 1 282.25 283.99 3.93 39445.60 132.24 0.002 1.10 99.4 60.48
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Table 5.4 The A (bS102%) and a (slope) calculated from the Si and Al dissolution with 0.5M NaOH (see Eq.5.2, modified after Kamatani and Oku.

(2000). For comparation, the calculated bSi02% following DeMaster (1981) is also presented. Both methods show variations of bSi02% due to

different calculations.

Kamatani and Oku (2000) DeMaster Mortlock and

Sample 5h 8 h 24 h Best estimate (1981) Froelich (1989)

o A o A o A a A bSiO2% bSiO»%
Kaolinite

-0.27 1.17 1.20 0.39 1.22 0.53 1.23 -0.56 3.58 8.71
(NP)
Kaolinite
) -0.94 1.22 1.21 -0.86 1.24 -1.16 1.20 -0.21 9.32 13.11
Bentonite

1.61 2.79 2.85 1.52 2.64 1.97 2.97 -0.58 3.81 11.03
(NP)
Bentonite
) 1.77 2.88 2.58 2.28 2.65 2.11 2.97 -0.67 4.35 9.50
C12
(NP) 0.6140.05 3.0240.12 2.86#.08 0.6840.04 2.3630.03 0.9840.03 2.2940.24 0.9740.31 1.94+40.06 2.7340.03
C12
) 1.2340.05 3.6940.07 3.6740.09 1.24+40.07 4.1740.11 0.7740.08 3.6040.19 2.08#.36 3.9630.14 5.3440.06
C12

0.68 3.08 2.93 0.76 2.37 1.11 2.37 0.97 2.05 2.97

(NP-FG)
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C12

1.20 3.74 3.68 1.26 4.10 0.82 3.63 2.03 4.34 5.95
(P-FG)
B10

0.07 2.19 1.87 0.33 1.92 0.27 1.83 0.51 1.33 2.50
(NP)
B10 (P) 0.49 2.31 2.71 0.05 3.17 -0.6 3.56 3.00 4.65
ST4 0.40 3.43 3.39 0.41 3.38 0.41 2.79 0.88 0.93 1.65
Still

1.24 241 2.22 1.38 2.73 0.90 3.02 0.56 2.87 3.94
Pond
R-64 4,75 2.46 2.29 4,90 2.73 4.42 3.35 3.09 6.47 8.12
D226 0.52 2.19 2.22 0.50 1.87 0.70 1.71 0.83 1.47 1.93
MTB2 3.36 1.59 1.47 3.53 1.35 3.80 1.28 4.10 451 7.43
H555 0.18 3.49 3.27 0.23 2.86 0.35 2.82 0.35 0.81 1.40
F104 -0.02 5.26 5.28 -0.02 4.74 0.01 4.19 0.08 0.19 0.36
Eq -6.34 29.24 19.35 -2.65 22.99 -3.97 2.30 3.92 3.83 4.39
MC8B 2.44 7.11 5.21 2.63 2.84 2.88 1.71 3.05 3.15 3.26
2368G 0.84 2.30 2.10 0.90 1.68 1.04 1.42 1.18 1.56 1.69
2714CQ 7.45 53.16 47.68 8.55 28.77 12.34 2.68 27.69 19.07 22.71
3585CQ 60.29 0.75 -0.45 60.76 1.06 60.08 2.00 59.37 59.74 60.55
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Table 5.5 Comparation of the bSi02% determined and/or calculated by different methods. The values in the brackets represent: 100%*(standard

deviation/average bSi02%).

Sample Modeling - Modeling Kamatani and Oku (2000) DeMaster (1981) Mortlock and Froelich (1989) Average
(1h) (24 h)

C12 1.13 2.47 +£0.02 1.63 +0.03 1.40 +£0.14 2.73 +0.03 1.87 +0.69 (37%)
B10 0.27 0 0.51 0.97 2.50 0.85 +0.99 (116%)
ST4 0.89 1.27 0.88 0.87 1.65 1.11 £0.35 (31%)
Still Pond 2.70 3.37 0.56 2.51 3.94 2.62 +1.28 (49%)
R-64 7.05 7.07 3.09 6.15 8.12 6.30 £1.92 (31%)
D226 1.91 1.78 0.83 1.30 1.93 1.55 +0.48 (31%)
MTB2 5.63 5.78 4.10 4.25 7.43 5.44 £1.35 (25%)
H555 0.76 1.29 0.35 0.77 1.40 0.91 +0.43 (47%)
F104 0.09 0.35 0.08 0.11 0.36 0.20 £0.14 (73%)
Eq 7.08 4.8 3.92 4.15 4.39 4.87 +1.28 (26%)
MC8B 4.48 3.22 3.05 3.18 3.26 3.44 £0.59 (17%)
2368G 1.84 1.61 1.18 1.37 1.69 1.54 £0.26 (17%)
2714CQ 10.67 29.34 27.69 15.41 22.71 21.16 +£7.98 (38%)

3585CQ 66.09 60.48 59.37 60.62 60.55 61.42 +2.66 (4%)
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Table 5.6 List of biogenic silica accumulation rate (g cm™ ky™') and annual biogenic silica burial flux (Tmol-Si yr'!) of different marine regions.
The 56 different marine regions were grouped following the biogeochemical provinces defined by Longhurst et al, (1995). The area of each province

is referred to Longhurst et al, (1995).

) Annual burial
Accumulation rate
Flux
: : (g cm™ky™) _
Code  Marion regions Area (108 km?) (Tmol-Si-yr?)
This Raw This
Raw data
study  data study
BPLR  Polar - Boreal Polar Province (POLR) 1.66 0.014 0.013 0.004 0.004
ARCT  Polar - Atlantic Arctic Province 2.10 0.124 0.087 0.043 0.030
SARC  Polar - Atlantic Subarctic Province 2.33 0.060 0.031 0.023 0.012
NADR  Westerlies - N. Atlantic Drift Province (WWDR) 3.50 0.119 0.074  0.069 0.043
Westerlies - N. Atlantic Subtropical Gyral Province 2.80
NASW 0.035 0.031 0.034 0.030
(West) (STGW)
Trades - N. Atlantic Tropical Gyral Province 8.27
NATR 0.055 0.043 0.076 0.059
(TRPG)
WTRA  Trades - Western Tropical Atlantic Province 5.36 0.071 0.048 0.064 0.043
ETRA  Trades - Eastern Tropical Atlantic Province 2.34 0.081 0.057 0.072 0.051
SATL  Trades - South Atlantic Gyral Province (SATG) 17.77 0.052 0.027  0.153 0.081
CNRY  Coastal - Canary Coastal Province (EACB) 0.81 0.087 0.056 0.012 0.008

GUIA  Coastal - Guianas Coastal Province 1.23 0.043 0.043 0.009 0.009
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NWCS Coastal - NW Atlantic Shelves Province 2.00 0.105 0.105 0.035 0.035
Westerlies - Mediterranean Sea, Black Sea 3.08

MEDI _ 0.004 0.004 0.002 0.002
Province

CARB  Trades - Caribbean Province 4.48 0.118 0.062 0.088 0.046
Westerlies - N. Atlantic Subtropical Gyral Province 4.45

NASE 0.077 0.048 0.057 0.036
(East) (STGE)

BRAZ  Coastal - Brazil Current Coastal Province 1.20 0.082 0.082 0.016 0.016

FKLD  Coastal - SW Atlantic Shelves Province 1.42 0.231 0.151 0.055 0.036

BENG Coastal - Benguela Current Coastal Province 1.13 0.043 0.038 0.008 0.007

MONS  Trades - Indian Monsoon Gyres Province 14.21 0.092 0.058 0.219 0.138

ISSG Trades - Indian S. Subtropical Gyre Province 19.25 0.301 0.225 0.964 0.723

EAFR  Coastal - E. Africa Coastal Province 3.72 0.036 0.018 0.022 0.011

ARAB  Coastal - NW Arabian Upwelling Province 2.93 0.108 0.093 0.053 0.046

INDW  Coastal - W. India Coastal Province 0.80 0.249 0.236  0.033 0.031

AUSW  Coastal - Australia-Indonesia Coastal Province 2.94 0.111 0.086 0.054 0.042

BERS  Polar - N. Pacific Epicontinental Province 3.89 1.111 1.091 0.720 0.707
Westerlies - Pacific Subarctic Gyres Province 3.20

PSAE 0.106 0.096 0.057 0.051
(East)
Westerlies - Pacific Subarctic Gyres Province 2.90

PSAW 0.254 0.230 0.123 0.111
(West)

KURO  Westerlies - Kuroshio Current Province 3.70 0.311 0.323 0.192 0.199
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NPPF  Westerlies - N. Pacific Polar Front Province 3.02 0.028 0.022 0.014 0.011
NPSW Westerlies - N. Pacific Subtropical Gyre Province 3.93 0.026 0013  0.017 0.009
(West)
TASW  Westerlies - Tasman Sea Province 1.65 0.013 0.007 0.013 0.007
SPSG  Westerlies - S. Pacific Subtropical Gyre Province 37.29 0.037 0.026 0.232 0.161
NPTG  Trades - N. Pacific Tropical Gyre Province 21.09 0.006 0.003 0.020 0.012
PNEC Trad-es - N. Pacific Equatorial Countercurrent 8.17 0.101 0095  0.137 0.129
Province
PEQD  Trades - Pacific Equatorial Divergence Province 10.34 0.149 0.127 0.258 0.218
WARM  Trades - W. Pacific Warm Pool Province 16.78 0.072 0.041 0.201 0.114
ARCH  Trades - Archipelagic Deep Basins Province 8.84 0.121 0.195 0.178 0.287
CCAL  Coastal - California Upwelling Coastal Province 0.96 0.045 0.028 0.007 0.004
CAMR Coastal - Central American Coastal Province 1.26 0.247 0.247  0.052 0.052
CHIL  Coastal - Chile-Peru Current Coastal Province 2.61 0.236 0.133 0.103 0.058
CHIN  Coastal - China Sea Coastal Province 0.97 - 1.357 - 0.219
SUND  Coastal - Sunda-Arafura Shelves Province 6.33 0.250 0.303 0.264 0.319
NEWZ Coastal - New Zealand Coastal Province 1.04 0.078 0.042 0.013 0.007
SSTC  Westerlies - S. Subtropical Convergence Province 16.84 0.102 0.061 0.287 0.170
SANT  Westerlies - Subantarctic Province 30.25 0.267 0.187 1.344 0.941
ANTA  Polar - Antarctic Province 8.87 0.407 0.326  0.601 0.482

APLR Polar - Austral Polar Province 1.93 0.190 0.160 0.061 0.052
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NECS  Coastal - NE Atlantic Shelves Province 1.36 - 0.075 - 0.017
GUIN  Coastal - Guinea Current Coastal Province 1.42 - 0.800 - 0.189
REDS  Coastal - Red Sea, Persian Gulf Province 0.56 - 0.003 - 0.000.560
INDE  Coastal - E. India Coastal Province 0.97 - 0.236 - 0.0380.97
ALSK  Coastal - Alaska Downwelling Coastal Province 0.59 - 0.028 - 0.0030.59
AUSE  Coastal-Pacific 1.14 - 0.087 - 0.017
GFST  Westerlies - Gulf Stream Province 1.10 - 0.031 - 0.006
NPSE  Westerlies-Pacific 6.83 - 0.022 - 0.025
OCAL  Westerlies-Pacific 2.39 - 0.028 - 0.011
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6. Summary and general conclusions

This thesis aims to redefine the burial flux of bSi in the world ocean and its role in the global
marine silicon cycle. To achieve the research aims, a thorough evaluation of the physical and
chemical properties of sediments obtained from different marine depositional environments
(CCMZs: the Chinese marginal seas, Congo deep-sea fan, Baffin Bay; open ocean: the Atlantic,
Pacific and Indian Ocean sector of the Southern Ocean, Equatorial Pacific, North Atlantic) were
examined using multiple methods (e.g., different wet chemical methods, XRD and IR).
Knowing the sediment physical (grain size, specific surface area) and chemical (organic carbon,
inorganic carbon, total nitrogen, clay mineral content) properties assisted a better understanding
the factors that influence the measurement of bSi in sediments. Through this thesis, a
comprehensive understanding of the bSi determinations and the methodological biases of the
bSi burial flux at both CCMZs (Chinese marginal seas as a case study) and open oceans has
been achieved. Further, detailed descriptions of the Si vs. Al modeling parameters and their
relationships with silicate mineral contents were established. The main conclusions are
presented below:

(1) Based on the extraction of sediments of CCMZs of the East China Seas using different
concentrations of alkaline solutions (0.1 M, 0.2 M, 2.0 M of NaxCO3 and 0.5 M NaOH),
pretreatment procedures and different wet chemical methods (Si/time and Si/Al method), we
found that alkaline extractions using 2.0 M Na>COs solution resulted in an overestimation of
the bS102% owing to silica being digested from clay minerals. Applying a 0.1 M Na>COs
digestion (20 h) can minimize the silicate minerals interference on bSi determination but can
cause at least 20% underestimation of the bSi0,% owing to incomplete digestion of sponge
spicules. Ensuring a complete extraction of sponge spicules remains a challenge and
microscopic observation is recommended when determining the bS10,% since spicules are
widely spread on seafloor.

(2) Measurement of alkaline extracted Si and Al of pretreated sediments (i.e., grinding, HCI and
H>O> pretreatment) showed enhanced dissolution of both bSi and silicate minerals. Based on
the first order non-linear dissolution models, we conclude that the increased bS10,% after
pretreatment is due to the digestion of the authigenic silicate phases and clays, and
subsequently overestimate the bSi burial flux. Thus, we argue that the pre-treatment process
applied in previous estimates is the main reason that bSi burial flux was previously over-

estimated, and pretreatment procedure is not suggested for studies aiming to measure bSi in
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sediments. For studies aiming to quantify authigenic alumino-silicates, combination of both
Si and Al as well as Si isotopes in sequential alkaline extractions are necessary.

(3) Based on a thorough measurement of types of bSi and the bSi10,% in sediments of various
depositional environments using multiple methods, we found the XRD method overestimates
the bSi02% by 50% to 550% and the IR method underestimates the bSi02% by 10% to 35%.
Therefore, the wet chemical methods are more appropriate of measuring the bSi in marine
sediments so far, although there is variability in the determined bSi02% among different wet
chemical techniques. Among the several alkaline extraction techniques (e.g., the Si/time
method and the Si/Al method), the Si/Al method is recommended for measuring the bSi02%
in sediment of CCMZs where silicate mineral content is high, whereas the Si/time method is
recommended for measuring the bSi02% in sediments of open oceans where silicate mineral
content is low. Further, the proposed general procedure for determining bSi in sediment of
CCMZs and open oceans is recommended for future studies that measure the bSi0,%. In
order to ensure the accurate determination of bSi from different depositional settings in the
future, we strongly suggest the development of an international intercalibration exercise.

(4) Based on the application of the Si/Al method in order to produce accurate bSi02% results,
the bSi burial flux of the east China seas was revised to 253 + 286 Gmol-SiO> yr!, which is
one third of the previously reported (924 + 693 Gmol-SiO> yr!). This estimate still
underestimates bSi burial flux of the east China seas, and further works on examining the
resistant bSi (i.e., phytolith, radiolarian and sponge spicule) content are still required.

(5) Through evaluating the methodological biases of bSi, the global bSi burial flux was re-
evaluated. The bSi burial flux at the coastal regions is 3.0 + 0.6 Tmol-Si yr'!, which represents
about 45% of the global bSi burial flux (6.7 + 2.7 Tmol-Si yr'!). The global bSi burial flux
determined by this thesis is about 30% lower than the previous studies, which addressed the
importance of selecting an appropriate bSi determining method, and the needs of a better
understanding the bSi burial flux determinations in order to know either there is an
overestimation by previous study or there is a missing Si sink.

(6) The simultaneous alkaline extractions of Si and Al in sediments of Chinese marginal Seas
and the determined physical as well as the chemical properties of sediments indicated an
incongruent dissolution of Si from different types of sediments of CCMZs. Our results
demonstrated that more Si (sourced from bSi and silicate minerals) and Al dissolve from
muddy sediments than sandy sediments. Although the dissolution rate of silicate minerals is
slower than bSi, the contribution of silicate mineral to the reactive Si pool overweighs the

bSi due to their large quantities, highlighting muddy sediments as an important potential Si
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source for the CCMZs of Chinese marginal Seas. We found decreased bSi reactivity corelate
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 enhances bSi preservation. The preservation
efficiency may vary among different types of bSi, applying continuous alkaline extraction
can help to understand the differences due to its advantage of differentiating Si phases with
different rates of dissolution. Further, high-resolution simultaneous extraction of Si and Al
combined with non-linear first order dissolution models uncover major clay minerals exists
in sediments because of the different chemical characteristics (Si:Al ratios) of various types
of clays and will require dedicated studies.

The main innovative points of the thesis: (1) This thesis evaluated the methodological biases
of bSi through measuring opal content in different regions of the world oceans using wet
chemical methods, XRD and IR method. Through a thorough evaluation of factors (i.e.,
pretreatment of sediment, sediment matrices) that affect the bSi measurements, this thesis
proposed a general wet alkaline extraction procedure that is suitable for measuring bSi in
sediments of marginal seas and open oceans. The new general wet chemical procedure will
minimize the uncertainty of the determined bSi content which is important for marine Si
research. (2) This thesis re-evaluated the bSi burial flux of the east China seas CCMZs and the
global ocean. The new estimates showed previous estimations over-assessed the bSi burial flux.
The results addressed the importance of appropriate determination of bSi content in sediments
and the development of an international intercalibration exercise in further studies (3) Through
the measurement of sediment mineral compositions, grain-size analysis, chemical composition
of sediment (IC, OC, bSi and TN) and the simultaneous measurement of Si and Al from wet
alkaline extraction experiments, this study provides a theoretical basis for the first-order

dissolution kinetic models of Si.
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Figure S3.1. Schematic diagram showing the dissolution of Si and Al during the wet alkaline
digestion in 0.5 M NaOH (85 °C). (A) shows the actual measure Si and Al concentration (mg
L) and fitted data using Model 1 (Eq. 3.1) and Model 2 (Eq. 3.2), the figure is plotted following
Bardo et al, (2015). After the likelihood statistical analysis (B), Model 2 is recognized as a
better-fitted model. Different Si and Al fractions (right) were isolated based on the parameters
fitted by using Model 2. AlkExSi; and AlkExSi> are two nonlinearly alkaline extracted Si
fractions and b is the Si minerals interfering with the continuous wet chemical analysis.
ExtrSii/(B1), ExtrSi2/(2), and b/(Bin) are the corresponding Al content of diffraction fractions.
The plot is based on the analysis of sample C12 (randomly chosen), Model 3 and Model 4

cannot successfully fit the measured dSi and dAl concentration of this sample.
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Figure S3.2. Digestion of sediment (Still Pond, R-64) using 0.1 M Na,CO3 (NP). The errors
are based on triplicate digestions. The redline (fitted Y of sample R-64) and greyline (fitted Y
of sample Still Pond) represent nonlinear model fitted data using Model 1 (Eq.1). Subsamples
were taken at 1, 2, 3,4, 5,6, 7, 8, 12, 16 and 20 h. The asymptotic Si vs. time line reached a

“flat plateau” after 8 h-alkaline extraction indicating a complete digestion of bSi.
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Figure S3.3. Extracted Si (mg/g) and Al (mg/g) in 0.5 M NaOH solution following the Si/Al
alkaline digestion method (Koning et al., 2002, Bardo et al., 2015). Both the raw data (actual
measured) and the best-fitted model data are presented. Model 2 (Eq. 2) was the best-fitted
model for most of the samples (27/30). Interlaboratory comparison samples (Still Pond, R-64)

were also displayed. Note that the values on the scale bar (X axis and Y axis) can be different.
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Figure S3.3. Continued.
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Figure S3.4. The alkaline extracted S10,% during each 1 h digestion in NaxCO3 (0.1 M, 0.2 M,
2.0 M; P vs. NP). The alkaline extracted Si02% at each 1-h digestion interval was calculated
from the results presented in Figure 3. The Si0,% at time 1 to 8 (h) equals to Si02%m)n — S102%
@-1)h, the S102% (o) n was not measured and assumed to be 0%. The figure shows more Si02%
were extracted (meaning relatively rapid extraction of Si) during the first 3 h digestion and less
S10,% (meaning relatively slow extraction of Si) were extracted afterward. The amount of S10,%
extracted by different concentrations of Na,COs3 (0.1 M, 0.2 M, 2.0 M; P vs. NP) after 4 h was

approximately the same.
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Figure S3.5. The amount of S102% extracted during the 1 h to 4 h digestion (AlkExSi(i-4)) and
5 h to 8 h digestion (AlkExSi(s.g)). Through 8 h alkaline digestion (AIKExSitotal; AIKEXSitotal =
AlKExSi(1-4) + AIKExSi(s-g)), ca. 66% — 86 % of the Si02% was extracted during the first 4 h (1
h — 4 h) alkaline digestion and 15% - 34% of the Si0,% was extracted during the last4 h (5 h
— 8 h) alkaline digestion, the percentage of the Si0,% extracted at the two time intervals
((AIKkExSi(1-4)), (AlkExSi(s.g))) are showed within the plot. P represents the pretreatment of
sediments using HCI (1.0 M) and H>O2 (10%), and NP represents the non-pretreatment process.

The numbers (0.1, 0.2, 2.0) on x-axis represent the concentration of NaxCOs (0.1 M, 0.2 M, 2.0
M).
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Figure S3.6. The bSi0,% of sample C4, C7, C12, F2, F8 and DC determined using different
concentrations of Na,COs3 (0.1 M, 0.2 M, 2.0 M; P vs. NP). The duration of the alkaline
extraction was 8 h. The dash line for sample C4 (0.31 + 0.01%), C7 (0.18 £0.01%), C12 (1.49
+0.09%) and F2 (0.58 = 0.05%) represent total bSi02% determined using 0.1 M Na,CO3 (NP)
after 20 h digestion.
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Figure S3.7. Extraction of Si0,% in 0.1 M Na>COs solution (NP) at 85 °C for 20 h. Subsamples

were removed at 1, 2, 3,4, 5,6, 7, 8, 12, 16 and 20 h for the analysis of alkaline extracted silicic

acid (dSi). The Si vs. time plot showed an asymptotic increase of alkaline extracted Si02%

through time, but no plateau was reached during the 20 h alkaline digestion (and even 60 h-

digestion in 0.1 M NaxCOs3, Figure S11). The error bars were averaged from triplicate alkaline

digestion. The extraction aims to determine the diatom bSi, radiolarian and sponge bSi content

in sediments.
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Figure S3.8. The diatom bSi0,%, radiolarian and sponge bSi0,% were determined by a 20 h
alkaline digestion using 0.1 M Na,COs (NP). The values in percentage are the proportions of

diatom bSi and radiolarian and sponge bSi.
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Figure S3.9. SEM images show sponge spicules observed in the residual sediment of sample

C12 after 1 h digestion in 0.5 M NaOH (Si/Al method). Diatoms and radiolarian tests were not

observed.

194



Redéfinir le flux d'enfouissement de la silice biogéne et son role dans le cycle global du silicium marin

Figure S3.10. Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
Spectrometer (SEM-EDS) analysis shows the cation (K, Al, Mg) and Fe — rich neoformed
aluminosilicate phase on the surface of biogenic siliceous tests. The detected C (carbon) signals
are mainly from the Leit adhesive carbon tab. Note that sample A1 was pretreated using HCI
(1.0 M) and H>O> (10%) following the method described by Mortlock and Froelich (1989),
sample C4, C7, and C12 were not pretreated using HCl and H»O; nor digested in alkaline
solution. Altered diatoms (C4, C7, C12, A1) and radiolarians (C12) were displayed in the SEM
photo.
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Figure S3.10. Continued.
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Figure S3.11. The alkaline extracted Si02% and the calculated bSi02% of sample GBW07314
(A, B) and sample Al (C, D). Samples were extracted in 0.1 M NaCO3 for 60 h with a
subsampling at 1, 2, 3,4, 5, 6, 7, 8, 12, 24, 36, 48 and 60 h. Sample GBW07314 is national
offshore reference sediment with bulk SiO2% of 61.91 £ 0.54%wt. The redline represents
nonlinear model fitted data using Model 1 (Eq.1). The bSi10,% contents of sample GBW(07314
are 0.75 £ 0.01% (60 h digestion) and 0.56 £+ 0.04% (8 h digestion; showed in thumbnail plot),
the bSi02% of sample A1 are 0.72 £ 0.04% (60 h digestion) and 0.36 + 0.03% (8 h digestion;
showed in thumbnail plot), the errors are based on triplicate alkaline digestions. The asymptotic
Si vs. time line showed that the alkaline extracted Si0,% continues to increase slowly without

reaching a “flat plateau” as shown in Figure S2.
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Table S3.1. The non-parametric Aligned Ranks Transformation (ART) Analysis of Variance
(ANOVA) was determined using the bSi02% of samples C4, C7, C12, F2, F8, and DC (see
Figure 3 for each alkaline digestion) determined using different methods. A p. value lower than
0.001 is considered a significant difference between the two methods. The different alkaline
methods (concentration of alkaline solution, P vs. NP, or different alkaline solution): M1, M2,
M3, M4, M5, M6, M7, M8 represents bSi02% determined using the 0.1 M Na,COs (NP, 8 h),
0.1 M NaxCOs (P, 8 h), 0.2 M NaCOs (NP, 8 h), 0.2 M Na,COs (P, 8 h), 2.0 M Na,COs3 (NP, 8
h), 2.0 M Na;COs (P, 8 h), 0.5 M NaOH (NP, 1 h) and 2.0 M NaxCOs (P, 5 h).

Method
M2 M3 M4 M5 M6 M7 M8
S
<0.000 <0.000 <0.000 <0.000 <0.000 <0.000
M1 0.0527
1 1 1 1 1 1
<0.000 <0.000 <0.000 <0.000 <0.000 <0.000
M2 0.4823
1 1 1 1 1 1
M3 <0.000 <0.000 <0.000 <0.000 <0.000 <0.000 <0.000
1 1 1 1 1 1 1
<0.000 <0.000 <0.000 <0.000 <0.000 <0.000
M4 0.0726
1 1 1 1 1 1
<0.000 <0.000 <0.000 <0.000 <0.000 <0.000
M5 0.4823
1 1 1 1 1 1
<0.000 <0.000 <0.000 <0.000 <0.000 <0.000
M6 0.0726
1 1 1 1 1 1
<0.000 <0.000 <0.000 <0.000 <0.000
M7 0.0527 <.0001
1 1 1 1 1
<0.000 <0.000 <0.000 <0.000 <0.000 <0.000
M8 <.0001

1 1 1 1 1 1
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Table S3.2. The percentage (%) of non-linear Si fractions (ExrSi;, ExtrSi;), linear fraction, bSi
and ISi to the total alkaline extracted Si (TAlkExSi) according to Si/Al method. The calculation
of different fractions was based on the results shown in Table 5. Note that the TAIKExSi is the

amount of Si leached in alkaline.

Station ExtrSiz ExtrSi2 Linear fraction bSi ISi
BO1 13.4 38.2 48.4 13.4 86.6
B10 10.3 30.4 59.3 10.3 89.7
B19 15.6 32.0 52.5 15.6 84.4
B23 11.0 33.0 56.0 11.0 89.0
B18 18.0 25.8 56.2 18.0 82.0
B43 9.7 39.3 50.9 9.7 90.3
H20 17.3 37.0 45.6 17.3 82.7
B09 41.9 0.0 58.1 41.9 58.1
B02 12.9 35.1 52.0 48.0 52.0
HO6 12.0 36.9 51.2 12.0 88.0
H32 18.9 29.0 52.1 18.9 81.1
Cco7 14.9 35.5 49.7 14.9 85.1
A09 21.0 31.1 47.9 21.0 79.0
F10 11.7 23.2 65.1 34.9 65.1
A3 22.6 21.9 554 44.6 554
D1 8.4 38.5 53.1 8.4 91.6
D12 10.6 11.3 78.1 21.9 78.1
E6 28.0 33.0 39.0 61.0 39.0
B8 41.3 16.5 42.2 57.8 42.2
C4 19.3 19.3 61.4 38.6 61.4
C7 38.3 0.0 61.7 38.3 61.7
C12 11.1 17.4 71.5 11.1 88.9
F2 30.9 33.2 35.9 30.9 69.1
F5 9.8 38.5 51.7 9.8 90.2
F8 23.2 26.1 50.7 23.2 76.8
Al 23.4 43.2 33.4 23.4 76.6
A4 12.8 42.8 44 4 12.8 87.2

Ave 19.3 27.4 53.3 25.0 75.0
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Std 9.9 12.6 10.1 15.3 15.3.
SP-1 34.9 34.4 30.7 69.3 30.7
SP-2 43.5 30.3 26.2 73.8 26.2
R-64-1 41.7 33.2 25.1 74.9 25.1
R-64-2 34.7 40.7 24.6 75.4 24.6
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S2. Supplementary material of chapter 4
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Figure S4.1. Relationsip of A): reactivity (ki) of non-linear dissolving Si fraction and Si:Al

ratios (#;) and B) the Si:Al ratio of 1Si (fi») and non-linear dissolving Si fractions (f;). The

symbols in organe represents samples of SCS which contain one non-linear dissolving Si

fraction.
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mean.
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Figure S4.4. Total amount of alkaline extracted Si (TAIkSi, mg-Si g'")and Al (TAIkAI, mg-Al

g!). The lines in black, yellow, green color are linear fitted data of samples from BH, YS and
ECS. The dash line represent fitted data of samples from ECS slope. Filled symbles represent
NSCS samples. Distinct difference of the slope of fitted data.
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S3. Supplementary material of chapter 5
S3.1. Insights of the different wet alkaline digestion techniques

As described in “chapter 1- Introduction and research background”, wet alkaline digestion
techniques can be grouped into Si/time methods (DeMaster, 1981; Mortlock and Froelich, 1989;
Muller and Schneider, 1993; Landen et al., 1996; Liu et al., 2002; Lyle and Lyle, 2002;) and
Si/Al methods (Kamatani and Oku, 2000; Koning et al., 2002). These techniques utilize
different alkaline solutions, e.g., NaxCO3z (DeMaster, 1981; Mortlock and Froelich, 1989;
Landen et al., 1996; Liu et al., 2002), NaOH (Muller and Schneider, 1993; Kamatani and Oku,
2000; Koning et al., 2002; Schluter and Rickert, 1998;) and KOH (Lyle and Lyle, 2002). Strong
alkaline digests the radiolarians and sponge spicules more efficiently. Schluter and Rickert
(1998) considered that extraction of bSi is pH dependent. We found that the buffer effect of
alkaline is even more important than alkaline pH.

As shown in Table S5.4, the pH of alkaline solution decreases when the temperature increases.
At 70 °C, the pH of NaxCO3 (0.1 M to 2.0 M) and NaOH (0.032 M to 0.5 M) are not significantly
different (+ 0.5), however, high alkaline concentrations are capable of extracting more Si from
silicates (bSi and silicate minerals) than less concentrated alkaline. Although, Na>xCO3 and
NaOH are the mostly used regents, Lyle and Lyle (2002) choose to 2.0 M KOH to extract
Eocene and Miocene samples (enriched with radiolarian tests) instead of 2.0 M Na,COs, they
found 2.0 M KOH can completely digest radiolarians whereas 2.0 M Na,CO; was not. This
thesis utilized 0.5 M NaOH to digest radiolarian ooze sediment (2714CQ) and found all
radiolarians were completely dissolved after 24 hours. Thus, it is likely that there is no
difference in extraction capability between the same concentration of NaOH and KOH.

Two methods were used to calculate the bSi content using Si and Al data, (1) calculate the
intercept value of the Si vs Al plot as shown by Kamatani and Oku (2000) and (2) run the first
order dissolution models as shown by Koning et al. (2000). Based on results presented in
chapter 5, the calculation using the intercept on Y axis mostly underestimate bSiO2% of coastal
sediments because of silicate mineral interference (due to negative bSi02% values of the clay
minerals). Thus, first order dissolution models proposed by Koning et al. (2002) are
recommended for processing the Si and Al data.

The Si/time method calculates the bS10,% based on dissolution kinetics of bSi and silicate
minerals (DeMaster, 1981). The complexity of dissolution rate of diatoms, radiolarians, sponge
spicules as well as different clays were not considered (see Figure 1.7). Under a hot alkaline

extraction, 1% to 50% clay mineral and 20% to 100% of bSi dissolve within 5 h. Therefore, the
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differences in dissolution rate of the various types of bSi and clays should be taken into account
in bSi determination. Thus, information of the types and distributions (see Chapter 1) of bSi in
sediments is important prior to alkaline extraction. Generally, diatoms are distributed in all
sediment types of world ocean and are enriched in the Southern Ocean; radiolarians are enriched
in sediment of Equatorial Pacific, some regions of the Southern Ocean, Central South China
Sea; sponge spicules are likely to be found in all types of sediments that contain different
abundances of spicules. By re-analyzing the data of mass (mg-Si/g) and abundances (10* g) of
sponge spicules reported by Maldonado et al. (2019). We found the mass of spicules in
sediments is positively related to the length of spicules (Figure S5.1) for low abundance samples,
but not for high spicule content samples (Figure S5.2). Thus, further research aims to quantify

sponge bSi of low spicule content (< 10 x 10* g) sediments can determine the abundance of

spicules.
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Figure S5.1. Relationship of spicules abundance and spicules mass in sediments of low spicules
content samples. The data and core numbers are referred to Maldonado et al. (2019). A positive

relationship between spicules and their mass was observed.
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Figure S5.2. Relationship of spicules abundance and spicules mass in sediments of high

spicules content samples. The data and core numbers are referred to Maldonado et al. (2019).
S3.2. Flow-Cam: A rapid method to determine types and abundance of bSi

To examine the types and abundance of bSi in sediments, this thesis applied a Flow-Cam
technique which can efficiently record particles (image and measure the size of solid material)
in sediments. We found that the use of Flow-Cam to measure bSi abundances in sediments is
difficult, mainly due to the broad size distributions of different types of bSi and other particles
(i.e., sand, clays). Therefore, an optimum protocol to homogenize the sediment sizes (such as
sieving) is necessary in future studies. The procedures, results and discussions are presented
below:

Procedures: (1) Weighing about 1 mg of homogenized dry sediments, remove organic matter
and carbonates using HCI and H>O». (2) Remove the liquid after centrifugate the solution and
add 10 mL of Mili-Q water. (3) Add flow-cell and adjust the Flow-Cam system using standard
samples. (4) add the solution into the tube connected with flow-cell (width: 100 M) to measure
the particles.

Results: The abundances of diatoms, sponge spicules and radiolarians determined by Flow-

Cam method were 6.0 x 10* g, 13.8 x 10* g and 2.3 x 10* g, respectively. The abundances of
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diatoms, sponge spicules and radiolarians determined by microscope were 1.5 x 10* g, 23.2 x
10* gand 1.2 x 10* g respectively. Although, the abundance of bSi measured were at the same
by two methods (optically and by Flow-Cam) were at the same order of magnitude. There are
still large variabilities in the determined bSi abundances.

Discussions: Comparing with the microscope method, Flow-Cam technique is capable of
measuring the bSi abundances within 20 min. However, the large variability (= 100%) of the
determined bSi abundances between two methods indicated poor accuracy of Flow-Cam
method. To improve reliability of Flow-Cam method, the following procedures are
recommended to be used: (1) remove the large grains (such as sand and wood fractions),
carbonates (such as foraminifera), organic matters, (2) sieve the sediments into several size
fractions (such as: >150 uM, 45 — 150 uM, 45 — 5 uM, <5 uM) and select an appropriate flow-

cell, (3) build a representative bSi library to select different bSi structures automatically.
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Figure S5.3. Flow-Cam images of particles observed in sample C12. Diatoms, sponge spicules,
silico-flagellate and other structures (sand grains, clay and foraminifera fractions) were
observed within the figure. Note that a sediment flotation method was not applied prior to the

Flow-Cam analysis.
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S3.3. Application of benchtop micro-XRF to define bSi

The benchtop micro-XRF produces micrometer to centimeter scale measurement of major
and trace-element analysis with minimal sample preparation. Therefore, micro-XRF can be
applied to define bSi structures (based on the characteristics of bSi structures and the element
content) in sediment, theoretically. To curry out the measurements, one layer of freeze-dried
sediments were gently mixed and put on a plastic film surface. Then the samples were put into
the benchtop micro-XRF at vacuum mode, the major and trace elements were determined based
on machine settings (one hour analysis for sample area: 3 x 3 mm). Figure S5.4 shows the Si,
Al, Fe, Mn and Ca distributions in sediments. At the millimeter scale, the distributions of
elements and enriched elements (Si, Fe Ca) surrounding larger grains were distinguished
(Figure S5.4). However, bio-siliceous structures were not observed due to their relatively small
sizes (20 pum to 200 pum). Thus, micro-XRF analysis is not applicable of finding bSi in

sediments (e.g., semi-quantification of bSi or examine bSi diagenesis).
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Figure S5.4. Micro-XRF image shows the elements (Si, Al, Fe, Mn, Ca) distributions on the

surface of sediments. The sample (A1) was obtained from the Yangtze River estuary.
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Figure S5.5. Comparison of the bSi02% determined by wet chemical methods. The DeMaster
(1981) refers to calculation of bSi with mineral corrections, and Mortlock and Froelich (1989)
refers to calculation of bSi without mineral corrections. (A) bSi02% < 90%; (B) bSi02% < 10%.
The differences between the two calculations are more important for low bSi samples as
compared to all data plotted. Averaged Note that all data listed in the graph does not include
measurements which applied pretreatment using HCI and H>O», experiments described in
chapter 3 discussed methodological differences of the bSi02% determined by DeMaster (1981),
Mortlock and Froelich (1989) and Koning et al. (2002) of coastal sediments. The samples used

in this figure were shown in Figure 2.1.
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Table S5.1. Parameters of wet alkaline extraction: mass of sediment (mg), volume of alkaline

solution (mL) and sediment to liquid ratio (S/L, unit: g/L).

Manual extraction (24 h) Continuous digestion(~1 h)
Sample Weight Vosmnaon  S/L ratio Weight ~ Vosmnaon  S/L ratio
[ma] [mL] [9/L] [mg] [mL] [9/L]
Kaolinite-NP 19.7 40 0.49 - - -
Kaolinite-P 19.9 40 0.50 - - -
Bentonte-NP 21.0 40 0.54 - - -
Bentonte-P 21.4 40 0.53 - - -
C12-NP-NG 65.0 40 1.63 109.9 180 0.61
C12-NP-NG 62.5 40 1.56 81.4 180 0.45
C12-NP-NG 64.8 40 1.62 79.8 180 0.44
C12-P-NG 65.1 40 1.63 - 180 -
C12-P-NG 61.8 40 1.55 - 180 -
C12-P-NG 64.0 40 1.60 - 180 -
C12-NP-FG 54.3 40 1.36 - 180 -
C12-P-FG 54.0 40 1.35 - 180 -
B10-NP 59.2 40 1.48 100.8 180 0.56
B10-P 59.9 40 1.50 - 180 -
ST4 62.6 40 1.57 94.5 180 0.53
Still Pond 59.3 40 1.48 66.4 180 0.37
R-64 55.7 40 1.39 66.2 180 0.37
D226 55.2 40 1.38 55.8 180 0.31
MTB-2 50.0 40 1.25 70.3 180 0.39
H555 63.2 40 1.58 94.4 180 0.52
F104 71.5 40 1.79 99.4 180 0.55
Eq 41.8 40 1.05 56.5 180 0.31
MC8B 47.2 40 1.18 81 180 0.45
2368G 61.6 40 1.54 92.3 180 0.51
2714CQ 33.2 40 0.83 30.5 180 0.17

3585CQ 20.3 40 0.51 15.2 180 0.08
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Table S5.2. Probability (p) value determined by two-way analysis of variance (ANOVA) test
using the Holm-Bonferroni method. A significant p-value (p < 0.05) suggests that at least one

group mean is significantly different from the others. Data from table 5.5.

Koning et ) Kamatani Mortlock and
Koning et al. DeMaster )
al. (2002) and Oku Froelich
(2002) (24h) (1981)
(1h) (2000) (1989)
Koning et al.
- 0.344 0.795 0.559 0.351
(2002) (1h)
Koning et al.
0.344 - 0.229 0.129 0.989
(2002) (24h)
Kamatani and
0.795 0.229 - 0.746 0.234
Oku (2000)
DeMaster
0.559 0.129 0.746 - 0.132
(1981)
Mortlock and
Froelich 0.351 0.989 0.234 0.132 -

(1989)
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Table S5.3. Probability (p) value determined by two-way analysis of variance (ANOVA) test
using the Holm-Bonferroni method. Data from table 5.5 which does not include sample

2714CQ and 3585CQ.

Koning et Koning et ) Mortlock and
Kamatani and  DeMaster )
al. (2002) (1  al. (2002) Froelich
Oku (2000) (1981)
h) (24 h) (1989)
Koning et al.
- 0.832 <0.001 0.083 0.154
(2002) (1 h)
Koning et al.
0.832 - 0.002 0.126 0.103
(2002) (24 h)
Kamatani and
<0.001 0.002 - 0.081 <0.001
Oku (2000)
DeMaster
0.083 0.126 0.081 - 0.002
(1981)
Mortlock and
Froelich 0.154 0.103 <0.001 0.002 -
(1989)
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Table S5.4. The pH of alkaline solutions at room temperature (~20°C) and high temperature

(70°C). The pH value decreases when the temperature of alkaline solution increases.

Alkaline solution pH (room temperature) pH (70°C)
0.1M Na2CO3 11.21 10.60
0.2M Na2CO3 11.35 10.86
0.5M Na2CO3 11.5¢ 10.96
1.0M Na2COs 11.35 10.95
2.0M Na2CO3 11.62 10.89
0.032M NaOH 12.58 11.01
0.1M NaOH 12.81 11.50
0.2M NaOH 13.11 11.49
0.5M NaOH 13.74 11.73

1: Kamatani and Oku (2000); 2: Eggimann et al. (1980); 3: Schluter and Rickert (1998); 4:
Koning et al. (2002).
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Table S5.5. Sample code, station name, coordinates and water depth.

Code Station Region Latitude Longitude Depth
N E [m]
BO1 BO1 Bohai Sea 40.42 121.51 14
B10 B10 Bohai Sea 38.45 118.41 16
B18 B18 Bohai Sea 38.43 120.78 38
B19 B19 Bohai Sea 37.94 119.67 18
B23 B23 Bohai Sea 38.75 119.50 25
B43 B43 Yellow Sea 38.10 121.98 52
H20 H20 Yellow Sea 34.51 120.62 14
B09 B09 Yellow Sea 38.47 123.47 62
B02 B02 Yellow Sea 36.83 122.58 34
HO6 HO6 Yellow Sea 35.97 122.65 63
H32 H32 Yellow Sea 33.01 123.50 39
co7 Cco7 Yellow Sea 35.00 124.52 90
A09 A09 East China Sea 32.86 125.53 95
F10 F10 East China Sea 31.75 126.11 76
Al Al East China Sea 31.61 122.40 22
A3 A3 East China Sea 31.69 122.98 38
Ad Ad East China Sea 31.82 123.60 37
A8 A8 East China Sea 32.40 127.02 120
C4 C4 East China Sea 30.41 123.18 60
C7 Cc7 East China Sea 29.40 124.93 79
C12 C12 East China Sea 28.07 127.02 1027
D1 D1 East China Sea 29.24 122.24 17
D12 D12 East China Sea 26.69 125.50 780
B8 B8 East China Sea 30.09 126.89 102
E6 E6 East China Sea 26.79 124.07 122
F2 F2 East China Sea 26.83 120.73 42
F4 F4 East China Sea 26.53 121.16 73
F5 F5 East China Sea 26.26 121.55 76
F8 F8 East China Sea 25.53 122.60 595
DC DC East China Sea 27.47 126.61 1588
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North South China

NSCS1 NSCS1 21.82 114.01 39
Sea
North South China
NSCS7 NSCS7 19.96 115.00 855
Sea
North South China
NSCS10 NSCS10 20.35 113.91 111
Sea
ST1 G115 Baffin Bay (Arctic) 68.38 -61.27 1720
ST2 G201 Baffin Bay (Arctic) 68.58 -59.92 1322
ST3 G300 Baffin Bay (Arctic) 69.00 -56.78 198.08
ST4 G306b Baffin Bay (Arctic) 68.98 -59.60 308.99
STS G312 Baffin Bay (Arctic) 69.33 -59.62 1452
ST6 G413 Baffin Bay (Arctic) 68.13 -59.00 276
ST7 G418 Baffin Bay (Arctic) 68.11 -57.76 385
ST8 G605 Baffin Bay (Arctic) 70.44 -62.49 2017
ST9 G615 Baffin Bay (Arctic) 70.49 -59.47 602.57
ST10 G707 Baffin Bay (Arctic) 69.51 -59.81 1428
ST11 G713 Baffin Bay (Arctic) 69.50 -61.58 1895
ST12 G719 Baffin Bay (Arctic) 69.50 -63.28 1950
Southern Ocean-
2100G EM1 MD97-2100G _ -35.974 80.937 2510
Indian Ocean Sector
Southern Ocean-
2101G EM2 MD97-2101G -43.501 79.843 3145
Indian Ocean Sector
Southern Ocean-
2115G EM3 MD97-2115G -43.193 -171.801 2160
Indian Ocean Sector
Southern Ocean-
2118G EM4 MD97-2118G -45.117 179.187 2690
Indian Ocean Sector
Southern Ocean-
2362G EM5 MD00-2362G ) -45.450 123.450 4750
Indian Ocean Sector
Southern Ocean-
2366G EM6 MDO00-2366G -44.950 125.433 4430
Indian Ocean Sector
Southern Ocean-
2368G EM7 MDO00-2368G _ -45.967 130.017 4506
Indian Ocean Sector
2370G EM8 MD00-2370G Southern Ocean- -45.383 119.867 4230
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Indian Ocean Sector

Southern Ocean-

2371G EM9 MD00-2371G _ -45.400 113.500 4103
Indian Ocean Sector
Southern Ocean-
2373G EM11 MD00-2373G _ -43.500 99.983 3764
Indian Ocean Sector
Southern Ocean-
2714CQ EM13 MDO04-2714CQ _ -43.400 49.890 2290
Indian Ocean Sector
Southern Ocean-
2716CQ EM14 MD04-2716CQ _ -46.160 52.930 3320
Indian Ocean Sector
Southern Ocean-
2719G EM15 MD04-2719G _ -49.740 72.180 640
Indian Ocean Sector
Southern Ocean-
3352CQ EM17 MD11-3352CQ _ -50.560 68.390 1560
Indian Ocean Sector
Southern Ocean-
3396CQ EM18 MD12-3396CQ _ -47.730 87.700 3615
Indian Ocean Sector
Southern Ocean-
3401CQ EM19 MD12-3401CQ _ -44.680 80.390 3400
Indian Ocean Sector
Southern Ocean-
3405CQ EM20 MD12-3405CQ _ -46.680 72.150 2600
Indian Ocean Sector
KL20 Southern Ocean-
MCS8 _ -47.33 7.19 1878
MD225 ACC2_MCS8 Atlantic Sector
KL14 Southern Ocean-
MC5 -51.83 481 3746
MD225 ACC2_MC5 Atlantic Sector
Southern Ocean-
3585Q KL15 MD30-3585Q _ -51.83 4.81 3746
Atlantic Sector
KL16 Southern Ocean-
MC7 -50.48 -5.94 2594
MD225 ACC2_MC7 Atlantic Sector
KL18 Southern Ocean-
MC4 -46.61 7.55 2594
MD225 ACC2_MC4 Atlantic Sector
Southern Ocean-
A466 NIWA 1 A466 - -78.433 185.167 NA
Pacific Sector
Southern Ocean-
A532 NIWA 2 A532 -77.742 166.335 452

Pacific Sector
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Southern Ocean-

A459 NIWA 3 A459 - -75.283 172.333 535
Pacific Sector
Southern Ocean-
B32 NIWA 4 B32 - -53.63 169.87 799
Pacific Sector
Southern Ocean-
D216 NIWA 5 D216 - -67.243 164.075 1837
Pacific Sector
Southern Ocean-
F104 NIWA 6 F104 - -48.67 170.81 801
Pacific Sector
Southern Ocean-
F150 NIWA 7 F150 - -49.47 174.47 501
Pacific Sector
Southern Ocean-
G820 NIWA 8 G820 - -33.15 162.6 793
Pacific Sector
Southern Ocean-
G837 NIWA 9 G837 - -67.7 175.333 3455
Pacific Sector
Southern Ocean-
G855 NIWA 10 G855 - -77.322 181.145 NA
Pacific Sector
Southern Ocean-
G863 NIWA 11 G863 - -77.517 164.7 254
Pacific Sector
Southern Ocean-
G944 NIWA 12 G944 -40.12 179.99 2890
Pacific Sector
Southern Ocean-
G977 NIWA 13 G977 - -33.86 185.93 5883
Pacific Sector
Southern Ocean-
H555 NIWA 14 H555 -45.92 178.98 2738
Pacific Sector
Southern Ocean-
1168 NIWA 15 1168 o -18.26 188.98 4833
Pacific Sector
Southern Ocean-
1171 NIWA 16 1171 -22.66 185.01 3496
Pacific Sector
Southern Ocean-
J1049 NIWA 17 J1049 o -44.5 178.73 1339
Pacific Sector
Southern Ocean-
J39 NIWA 18 J39 . -37.00 170.00 2096
Pacific Sector
J50 NIWA 19 J50 Southern Ocean- -36.67 170.65 2112
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Pacific Sector

Southern Ocean-

J51 NIWA 20 J51 - -36.39 170.7 2000
Pacific Sector
Southern Ocean-
P937 NIWA 21 P937 - -41.32 166.46 3253
Pacific Sector
Southern Ocean-
Q633 NIWA 22 Q633 - -38.46 148.89 2350
Pacific Sector
Southern Ocean-
Q636 NIWA 23 Q636 - -38.82 149.01 2450
Pacific Sector
Southern Ocean-
S631 NIWA 24 S631 - -45.33 172.11 1329
Pacific Sector
Southern Ocean-
X250 NIWA 25 X250 - -36.67 177.19 2835
Pacific Sector
D226 PAP(B) D226 North Attlantic 48.82 -16.50 4850
9N 9N Equatorial Pacific 9.53 -140.38 5100
0 0 Equatorial Pacific 0.20 -140.23 4358
12S 12S Equatorial Pacific -12.00 -135.58 4294
MTB2 Congo A MTB2 Congo deep-sea fan -6.46 6.03 4759
MTB3 Congo A MTB3 Congo deep-sea fan -6.47 6.04 4774
MTB6 Congo C MTB6 Congo deep-sea fan -6.67 5.47 4951
Southern Ocean -
WAP WAP-FB-I _ -65.13 -64.83 550
WAP Antarctic
5S 5S Equatorial Pacific -5.63 -140.23 4198
2S 2S Equatorial Pacific -3.48 -140.38 4293
2N 2N Equatorial Pacific 2.10 -140.23 4397
5N 5N Equatorial Pacific 511 -140.07 4493
K1 K1 East China Sea 32.87 122.37 25
MO MO East China Sea 32.65 122.11 21
M1 M1 East China Sea 32.72 122.35 28
M2 M2 East China Sea 32.76 122.50 26
M3 M3 East China Sea 32.86 122.80 33
M5 M5 East China Sea 32.95 123.12 34
M6 M6 East China Sea 33.10 123.56 36
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M7 M7 East China Sea 33.24 124.03 66
N1 N1 East China Sea 32.00 122.29 19
N2 N2 East China Sea 32.04 122.51 28
N3 N3 East China Sea 32.17 122.95 34
N4 N4 East China Sea 32.28 123.33 35
N5 N5 East China Sea 32.43 123.86 40
N6 N6 East China Sea 32.73 124.74 64
A2 A2 East China Sea 31.65 122.64 33
A5 A5 East China Sea 31.94 124.25 41
A6 A6 East China Sea 32.01 124.75 45
A7 A7 East China Sea 32.15 125.61 72
A8 A8 East China Sea 32.40 127.02 120
Bl Bl East China Sea 31.27 122.44 19
B3 B3 East China Sea 31.19 123.33 42
B5 B5 East China Sea 31.12 124.66 55
B6 B6 East China Sea 31.03 125.77 63
B7 B7 East China Sea 30.94 127.04 103
08 08 East China Sea 31.78 120.95 18
o7 o7 East China Sea 31.75 121.07 13
06 06 East China Sea 31.59 121.31 25
05 05 East China Sea 31.50 121.43 17
04 04 East China Sea 31.38 121.61 16
02 02 East China Sea 31.13 121.93 9

01 01 East China Sea 31.00 122.23 11
C1 C1 East China Sea 30.91 122.35 13
C2 C2 East China Sea 30.77 122.57 19
C3 C3 East China Sea 30.59 122.82 38
C6 C6 East China Sea 29.73 124.36 73
C8 C8 East China Sea 28.97 125.65 109
C9 C9 East China Sea 28.60 126.37 120
C10 C10 East China Sea 28.31 126.78 208
D2 D2 East China Sea 29.15 122.49 49
D3 D3 East China Sea 29.08 122.60 55
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D4 D4 East China Sea 28.67 123.31 65
D5 D5 East China Sea 28.36 123.87 80
D8 D8 East China Sea 27.21 125.83 190
El El East China Sea 28.20 121.77 22
E2 E2 East China Sea 28.05 122.08 58
E3 E3 East China Sea 27.80 122.46 80
E4 E4 East China Sea 27.57 122.92 97
F1 F1 East China Sea 26.95 120.57 26
F3 F3 East China Sea 26.73 120.86 55
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Ré&umeé L'enfouissement de la silice biogéne (bSi)
dans les se&liments est important pour éudier et
reconstruire la productivité actuelle et passé des
océ&ns et pour comprendre le cycle du silicium
marin (Si). Cependant, en raison de l'absence de
proc&lures normalisées et reconnues au niveau
international, les grandes variabilité& de la teneur en
bSi dé&erminée (bSi%) faussent I'é@aluation du flux
global d'enfouissement de bSi. Pour redéfinir le flux
global d'enfouissement du bSi, cette thése a &alué
les facteurs qui affectent la déermination prezise du
bSi en déerminant la teneur en opale de s&liments
provenant de diffé&ents environnements de dén& en
utilisant des méhodes variables (méhodes
chimiques par voie humide, diffraction des rayons X
et mé&hode infrarouge). Les réultats ont montréque
les types et I'abondance de bSi dans les s&liments et
les éapes de préraitement des sé&liments affectent
la mesure du bSi. Les ré&ultats de I'extraction
alcaline ont montréque I'utilisation de la mé&hode
Si/Al corrige avec pré&ision la fraction de silice

lithogenique dans les s&liments marins, et am@&iore
ainsi les dé&erminations de bSi% dans les sé&liments.
Pour souligner l'influence de ces diffé&ences
méhodologiques, la thése a ré&isé le flux
d'enfouissement du bSi dans les mers de Chine
orientale et a fourni une nouvelle estimation de 253
(%£286) Gmol-SiO? ant, ce qui représente un tiers des
estimations pré&é&lentes qui appliquaient une
proc&lure de préraitement avant les extractions
alcalines. Sur la base des ré&ultats et des donnés
publiées pr&élemment, le flux d'enfouissement du
Si marin global ré&valuéest de 6.7 +2.7 Tmol-Si par
an, ce qui est infé&ieur d'environ 10 &30 % aux éudes
pré&é&lentes. Cependant, le cycle marin moderne du
Si est toujours dans un éat relativement stable. En
outre, la dissolution des miné&aux silicat&s agit
comme une importante source potentielle de Si marin
et des recherches supplémentaires sont neeessaires
pour comprendre la cinéique de dissolution de la
silice dans les séliments marins.
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Abstract: The burial of biogenic silica (bSi) in
sediments is important for investigating and
reconstructing the present and past ocean
productivity and for understanding the marine silicon
(Si) cycle. However, due to the lack of internationally
recognized and standardized procedures, large
variabilities of the determined bSi content (bSi%)
bias the evaluation of the global bSi burial flux. To
redefine the global bSi burial flux, this thesis assessed
the factors that affect the accurate determination of
bSi by determining the opal content of sediments
from different depositional environments using
variable methods (wet chemical methods, X-ray
diffraction and Infrared method). The results showed
the types and abundance of bSi in sediments and
sediments' pretreatment steps affect the measurement
of bSi. Alkaline extraction results showed that the use
of the Si/Al method accurately corrects for the
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lithogenic silica fraction in marine sediments, and
thereby improves the determinations of bSi% in the
sediments. To emphasize the influence of these
methodological differences, the thesis revised the
bSi burial flux in the East China Seas and provided
a new estimate of 253 (% 286) Gmol-SiO, yr?,
which is one-third of the previous estimates that
applied a pretreatment procedure before alkaline
extractions. Based on the results and previously
published data, the re-evaluated global marine bSi
burial flux is 6.7 2.7 Tmol-Si yr* which is about
10% to 30% lower than previous studies. However,
the modern marine Si cycle is still in a relatively
steady state. In addition, silicate minerals
dissolution acts as an important potential marine Si
source and further research is required for
understanding the dissolution kinetics of silica of
marine sediments.
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