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Deep ocean regeneration of dissolved silica (DSi) is an essential part of the ocean silica
cycle and is driven by a complex series of biogeochemical processes. Here we compare
the distributions of DSi and other environmental parameters in several western Pacific
marginal seas to explore the role of marginal seas in deep ocean DSi regeneration. Results
show that in oligotrophic marginal seas (such as the South China Sea), the DSi content in
deep waters is similar to that of the adjacent Pacific waters. However, in productive
marginal seas (such as the Bering Sea), the DSi content in deep waters is markedly higher
than that in adjacent Pacific waters at the same depths. This is mainly due to deep ocean
DSiregeneration in the marginal sea basin, which is fueled by the high biogenic particle flux
from the productive surface waters. On a global scale, deep ocean DSi regeneration is
accelerated in productive marginal seas, causing marginal seas such as the Bering Sea to
have the highest DSi concentrations of all global waters.

Keywords: marine Si cycle, deep waters, Bering Sea, South China Sea, marginal seas

INTRODUCTION

The present marine silica cycle appears to be near internal equilibrium, but has the dynamic
interconversion of dissolved silica (DSi; also known as silicic acid) and biogenic silica (BSi; also
known as opal) (Nelson et al., 1995; Ragueneau et al., 2006; Treguer et al., 2021). BSi is produced
mainly by pelagic siliceous organisms (mainly diatoms), which absorb DSi from the surface ocean to
build their skeletons. They are then exported to the subsurface and deep waters under the action of
the biological carbon pump (Moriceau et al., 2019). Benthic siliceous organisms (e.g., sponges) also
contribute to oceanic BSi production (Maldonado et al., 2019). Global annual BSi production has
recently been estimated at nearly 260 Tmol Si yr™' (Tréguer et al., 2021). Approximately two-thirds
of newly synthesized BSi are redissolved in the upper 2000 m of water column, and only ~5% is
permanently buried in sediment (Tréguer and de la Rocha, 2013). The remaining BSi is redissolved
to form DSi in deep waters and in surface sediment, and this contributes to deep ocean DSi
regeneration in the ocean interior (Heinze et al., 2003). Large amounts of deep-water DSi reach the
upper ocean by upwelling and vertical mixing in certain regions, such as the Southern and North
Pacific oceans (Sarmiento et al., 2004).
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Marginal seas lie between the continental margin and the
open ocean, are separated from the open ocean by islands or
archipelagos, and are influenced by both land and open ocean
(Wang, 1999). Certain marginal seas may have high diatom
productivity and thus high rates of BSi formation due to the
input of nutrients and biogenic matter from coastal waters (e.g.,
the Bering Sea; Waga et al., 2022). Conversely, some marginal
seas may be as oligotrophic as the open ocean, with
phytoplankton biomass dominated by picophytoplankton
rather than diatoms (e.g., the South China Sea; Li et al,
2022a). These differences are closely related to differences in
the oceanic CO, flux (Dai et al,, 2013), BSi export (Cao et al.,
2020), and the biological carbon pump (Li et al, 2022b) in
marginal seas. A mechanistic understanding of the role of
marginal seas in deep ocean DSi regeneration is critical if we
are to fully understand the functioning of the marine silica cycle.

The oceanic silica flux and budget, silica balance, and major
redistribution pathways are well established for the global oceans
and marginal seas (DeMaster, 1981; Nelson et al., 1995; Treguer
et al., 1995; Sarmiento et al., 2004; Wu and Liu, 2020; Ma et al,,
2022). However, the role of marginal seas in deep ocean DSi
regeneration has not yet been discussed in detail. Here, we use
available data on nutrient distributions, salinity, apparent oxygen
utilization (AOU), and nutrient tracers to explore differences in
DSi distributions and their controlling factors in deep waters of
the western Pacific marginal sea basins. We discuss the distinct
role of marginal seas in deep ocean DSi regeneration using the
South China Sea, Japan Sea, Okhotsk Sea, and Bering Sea
as examples.

MATERIALS AND METHODS

Nutrient, dissolved oxygen, and hydrographic data were
obtained from the World Ocean Database (WOD; https://
www.ncei.noaa.gov/access/world-ocean-database/datawodgeo.
html). The study area includes the North Atlantic, Southern,
Indian, and North Pacific oceans, which are open ocean waters,
and the Bering Sea, Okhotsk Sea, Japan Sea, and South China
Sea, which are marginal seas (Supplementary Table 1).
Although the data acquisition time in this study was from
1981 to 2016, the deep-water DSi data are still comparable,
mainly because deep-water DSi does not change over long
periods of time (at least hundreds of years) (Bethoux et al,
1998; Hendry et al., 2010). For spatial visualization and analysis
of the nutrient and hydrographic data, we used Ocean Data View
(ODV) version 4.4.1 (Schlitzer, 2018).

Nutrient tracer Si¥, with a formula of Si = [DSi] - [NO3]
(Brzezinski et al., 2002; Sarmiento et al., 2004), is calculated to
indicate an excess/deficit of silicate relative to nitrate. Another
widely used nutrient tracer (N (N = ([NO3]) — 16[PO; ] +
2.90 umol/kg) x 0.87) is calculated to determine the net
effect of nitrogen fixation and denitrification (Gruber and
Sarmiento, 1997). AOU is calculated as the O, solubility in
seawater minus the measured O, concentration (Garcia and
Gordon, 1992).

RESULTS

DSi Distribution in Global Waters

We compared the DSi distributions of deep waters (>2000 m) of
the North Atlantic, Southern, Indian, and North Pacific oceans
as examples of the global ocean (Figure 1). The North Atlantic
Ocean is the starting point of the global ocean conveyor belt
(Figure 1A) and has the lowest deep-water DSi concentration
(29.0 £ 12.1 pmol/kg) in the global ocean (Figure 1B). The
average concentration of DSi in deep waters of the Southern
Ocean is 111.0 + 12.5 pmol/kg. The average deep-water DSi
concentration in the Indian Ocean is 124.3 + 4.5 pmol/kg, which
is slightly higher than that in the Southern Ocean and nearly 95
pmol/kg higher than the average deep-water DSi concentration
in the North Atlantic. The North Pacific is located at the end of
the deep current in the global ocean conveyor belt (Figure 1A).
The average deep-water concentration of DSi in the North
Pacific is 157.7 + 5.7 wmol/kg, which is nearly 129 and 34
umol/kg higher than the average concentrations in the North
Atlantic and Southern oceans, respectively. These results suggest
that DSi accumulates during the transport of deep currents
through the global ocean conveyor belt.

Deep-water DSi concentrations in the North Atlantic increase
with increasing water depth (Figure 1B). The average DSi
concentration at 2000-m water depth is 11.7 + 0.8 pumol/kg,
which increases to 22.2 £ 1.9 umol/kg at 3000 m, and then to
43.9 £ 1.1 pmol/kg at 4000 m. Similarly, data from the Southern
Ocean, another major region of deep-water formation, show an
increase in DSi content with depth in deep waters. The average
DSi concentration at a depth of 2000 m in the Southern Ocean is
86.3 * 2.8 umol/kg, and this increases to 124.0 + 0.8 mol/kg at a
depth of 4000 m. In contrast, there are no increases in DSi
content with depth in deep waters of the Indian and North
Pacific oceans.

The regeneration of DSi (or dissolution of BSi) occurs
concurrently with respiration of organic matter. Vertical
profiles of nitrate concentrations typically show their highest
values at depths of 500-1000 m (Figure 1C), coinciding with the
depths at which rates of respiration are also at their highest (as
indicated by AOU maxima, Supplementary Figure S1A) in the
open oceans. Deep-water nitrate concentrations may decrease
with increasing water depth owing to the removal of nitrogen
during denitrification (as indicated by negative N* values,
Supplementary Figure S1B). However, nitrate concentrations
increase with depth in the deep-water layers (>2000 m) of the
North Atlantic and Southern Ocean (Figure 1C). These results
suggest high rates of organic matter remineralization and DSi
regeneration in deep waters of the North Atlantic and Southern
oceans, which may be associated with sinking biogenic particles
during the formation of deep waters.

Deep-Water DSi Distribution in

Marginal Seas

We compared deep-water DSi concentrations among the
marginal seas of the western Pacific (the Bering Sea, Okhotsk
Sea, Japan Sea, and South China Sea) and with the DSi
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FIGURE 1 | Distribution of DSi and nitrate concentrations (umol/kg) in the open oceans at different stages of the global ocean conveyor belt. (A) Schematic map of
the global ocean conveyor belt (after Lozier, 2010); blue and red arrows indicate deep and shallow currents, respectively. Vertical distributions of (B) DSi and (C)
nitrate concentrations in the study areas in the North Atlantic (NA), Southern (SO), Indian (I0), and North Pacific (NP) oceans.

concentrations of the adjacent Pacific waters for reference. There
are three distinct patterns of deep-water DSi distribution in the
marginal seas, with DSi concentrations either being higher,
lower, or equal to the average of the adjacent Pacific waters
(Figure 2). The average DSi concentration in deep waters of the
Bering Sea is 212.6 + 11.8 pmol/kg, which is ~50 pmol/kg higher
than that in the adjacent deep Pacific Ocean (159.1 £ 6.5 pmol/
kg). The deep-water DSi concentration in the Okhotsk Sea is
slightly higher than that in the adjacent Pacific waters, with an
average of 170.4 + 2.6 pmol/kg. In contrast, the deep-water DSi
concentration in the Japan Sea is far lower than that in the
adjacent Pacific water, with an average value of only 80.1 + 3.3
pumol/kg. The average DSi concentration in deep waters of the
South China Sea is 151.4 + 4.6 umol/kg, which is close to the
average DSi concentration of the adjacent Pacific waters (142.9 +
2.0 pmol/kg).

The different patterns of deep-water DSi distribution in the
marginal seas may be related to the effects of intrusion of deep
currents from the Pacific Ocean on their deep waters. This is
important because deep currents in the Pacific Ocean have

accumulated large amounts of DSi along the global ocean
conveyor belt. For example, the Japan Sea, which is only
connected to the open ocean through a shallow waterway, does
not receive large amounts of DSi-rich Pacific deep waters;
therefore, the deep-water DSi reserve in the Japan Sea depends
mainly on its internal silica cycle. This is supported by deep-
water salinity distributions in the Japan Sea, which are markedly
different from those in adjacent Pacific waters, whereas the other
marginal seas show very similar salinity distributions to their
adjacent Pacific waters (Supplementary Figure S2). In marginal
seas where the main ocean current is derived directly from the
open ocean, such as in the Bering Sea, the Okhotsk Sea, and the
South China Sea, the deep-water DSi concentrations are equal to
or higher than those of the inflowing Pacific Ocean waters.

The mean deep-water DSi concentration in the Bering Sea is
50 pumol/kg higher than that in the adjacent Pacific waters. This
indicates that deep-water DSi distributions in the marginal seas
are closely linked to deep DSi regeneration. We calculated deep-
water DSi regeneration as the difference in DSi concentration
between the seafloor and 2000-m depth in the water column
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FIGURE 3 | ADSijsottom-2000m) (MMol/kg) and ANottom-2000m) (MMOI/Kg) in
the Bering Sea (BS), Okhotsk Sea (0S), Japan Sea (JS), and South China
Sea (SCS).

FIGURE 2 | Differences in deep-sea DSi concentration in different marginal seas (red dots) and their adjacent Pacific waters (blue dots). The marginal seas include
the Bering Sea (BS), Okhotsk Sea (OS), Japan Sea (JS), and South China Sea (SCS).

respectively. AN(ottom-2000m) 1S Negative or close to 0 in the
marginal seas, indicating nitrogen removal by denitrification.
The Bering Sea show similar deep-water salinity distributions to
the adjacent Pacific waters (Supplementary Figure S2),
suggesting the influence of deep currents intrusion from the
Pacific Ocean. However, no strong nitrate removal was observed
in the deep North Pacific. These results indicate strong DSi
regeneration in deep waters of the Bering Sea, accompanied by
active nitrate removal.

Deep-Water DSi Distribution in the
Bering Sea
As shown in Figure 4, the DSi distribution at shallow depths
(<1000 m) in the Bering Sea is similar to that in the North Pacific.
However, DSi concentrations in deep waters of the Bering Sea are
markedly higher than those in the North Pacific, indicating high
rates of DSi regeneration in the former (Figure 4A). DSi
concentrations in the Bering Sea increase with water depth,
and high silica concentrations (>225 pmol/kg) are observed in
the near-bottom waters of the northern basin. DSi
concentrations are as high as 241.4 pmol/kg, which means the
deep waters of the Bering Sea have the highest reported DSi
concentrations of the global ocean.

Microbial respiration of sinking biogenic detritus leads to the
formation of AOU maxima (>300 pmol/kg) at depths between
300 and 1200 m in the North Pacific (Figure 4B). The layer
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where AOU > 300 umol/kg deepens to 1600 m in the Bering Sea
(Figure 4B). As is the case with DSi, the deep-water
concentrations of AOU in the Bering Sea are markedly higher
than those in the North Pacific (Figure 4B), indicating high rates
of organic matter remineralization in deep waters of the Bering
Sea. However, nitrate concentrations in the deep waters of the
Bering Sea are comparable to those in the Pacific Ocean
(Supplementary Figure S3A); this may be due to nitrogen loss
through intensive denitrification, as evidenced by the negative
deep-water N* values in the Bering Sea (Figure 4C). Conversely,
Si* values in the Bering Sea are extremely high, with an average
Si* value of 174.8 + 12.8 pmol/kg (Supplementary Figure S3B).
These results suggest an active biogeochemical cycle and the
rapid accumulation of DSi in deep waters of the Bering Sea.

DISCUSSION

The results indicate that deep-water (>2000 m) DSi reserves in
the marginal seas of the western Pacific Ocean are first related to
the extent to which they connect and exchange with the open
ocean. When the main current of the marginal sea is derived
from the open ocean (Figures 5A, B), such as in the Bering Sea,

the Okhotsk Sea, and the South China Sea, the deep water
receives a high DSi input from the open ocean, and the DSi
concentrations are equal to or higher than those of the adjacent
Pacific deep waters. The deep-water DSi concentration in the
Bering Sea (average of 212.6 = 11.8 umol/kg) is ~50 pumol/kg
higher than that in the adjacent deep Pacific Ocean. When there
is limited connectivity between the marginal sea and the open
ocean (e.g., the waterway is shallower than 100 m), deep waters
in the marginal sea are not markedly affected by inputs from the
adjacent ocean deep water and deep-water DSi concentrations
are lower than those in the adjacent open ocean (Figure 5C), as
observed for the Japan Sea. The deep-water DSi concentration in
the Japan Sea (average of 80.1 + 3.3 umol/kg) is ~70 umol/kg
lower than that in the adjacent Pacific water. The deep-water DSi
reserves of marginal seas are also strongly influenced by internal
DSi regeneration. Higher rates of deep ocean DSi regeneration
will lead to higher DSi concentrations in the deep waters of
marginal seas than in the adjacent Pacific Ocean, as is the case in
the Okhotsk Sea and the Bering Sea (Figure 5B).

The role of marginal seas in deep ocean DSi regeneration is
tightly coupled with the formation of BSi via diatom production
in the surface waters. The South China Sea, the largest marginal
sea in the Pacific Ocean, has a very active biogeochemical cycle in
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FIGURE 4 | Cross-sectional distribution of (A) DSi (umol/kg), (B) apparent oxygen utilization (AOU; umol/kg), and (C) N* (umol/kg) in the North Pacific Ocean and
Bering Sea. The nutrient tracer N* represents the net effect of nitrogen fixation and denitrification.
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its adjacent coastal waters (e.g., Cao et al,, 2012; Lu et al., 2022).
However, it is nutrient-poor in the mid-ocean, especially in
anticyclonic eddies (Du et al., 2013; Zhuang et al., 2018; Sun
et al,, 2022), where persistent stratification limits the vertical
influx of nutrients (Wong et al., 2007; Zhuang et al., 2021a).
Here, the supply of nutrients to surface layers (and the
subsequent increase in particles sinking to depth) depends on
episodic events such as typhoons (Zhang et al., 2019; Chen et al.,
2021). The monthly mean BSi flux in the central South China Sea
ranges from 14.8 to 34.9 mg m > d ", with a high BSi flux during
the northeastern monsoon period (Li et al.,, 2017). When the
surface waters of marginal seas are oligotrophic, as in the South
China Sea, the rates of formation and export of BSi are low (Yang
et al., 2015), which leads to low rates of DSi regeneration of in
deep waters (Figure 5A). It has been indicated that oligotrophic
areas have low rates of BSi dissolution and benthic diffusion of
DSi (Treguer et al., 1995). Deep ocean DSi regeneration is more
intense when the surface waters of marginal seas are productive

(Figure 5B), such as in the Bering Sea and the Okhotsk Sea. The
monthly mean BSi flux in the southern Bering Sea ranges from
48.4t0 805.0 mgm™>d™" (Akagi et al., 2011), which is an order of
magnitude higher than that in the South China Sea (14.8 to 34.9
mg m~>d ' Li et al, 2017). The strong particle flux through the
water column in the productive marginal seas promotes the
sinking of BSi to deep waters and sediment.

Other physical and biogeochemical factors also contribute to
the high rates of deep ocean DSi regeneration in the Bering Sea.
First, a summertime high-productivity zone, also known as the
“green belt”, exists along the shelf break of the Bering Sea and is
maintained by upward influx of nutrients and iron from the
subsurface (Springer et al, 1996; Tanaka et al, 2012). The
phytoplankton community in the region is dominated by
diatoms, which contribute to high biological production and
thus high rates of BSi formation (Zhuang et al., 2020). Second,
there are mechanisms that lead to the rapid sinking of biogenic
particles in this area. For example, oceanic deep-water formation
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in the Atlantic and Southern oceans leads to the rapid removal of
additional particles from the surface by water mass subduction
(Lohmann et al., 2006). Low surface temperatures in the subpolar
Bering Sea favor BSi preservation, which results in reduced rates
of respiration and silica dissolution in the upper ocean (Nelson
et al., 1995; Iversen and Ploug, 2013). In contrast, high surface
temperatures often promote the dissolution of BSi in the low-
latitude oceans, such as the Japan Sea and the South China Sea.
In addition, diatom-derived particles typically have lower decay
rates (Cabrera-Brufau et al., 2021), which allows more biogenic
particles to reach deep waters and sediment. AOU
concentrations and ADSi(pottom-2000m) Values in deep waters of
the Bering Sea (Figure 3) indicate concurrent organic matter
remineralization and BSi dissolution as biogenic particles sink
through deep waters. The amount of DSi regeneration varies
throughout the global oceans, mostly because of differences in
the rates of organic matter remineralization (Guidi et al., 2015).
Hu et al. (2014) showed that the Bering Sea has an extremely
high particle removal rate, which may be one of the main reasons
for the high rates of DSi release in deep waters of the Bering Sea.
The Bering Sea experienced high rates of BSi export
production, equal to those in the Southern and eastern
equatorial Pacific oceans, but BSi concentrations in Bering Sea
sediments are relatively low (Heinze et al., 2003). This strongly
suggests that deep ocean DSi regeneration in the Bering Sea is
accelerated relative to that in the open ocean. Earlier works have
alluded to higher BSi recycling fluxes under low oxygen
conditions (Berelson et al., 1987) and a decrease in BSi
preservation under anoxic waters (Dale et al., 2021), suggesting
a dependence of BSi preservation on oxygen levels. The deep
waters of the Bering Sea have high rates of organic matter
respiration and thus oxygen consumption, leading to low
oxygen concentrations. These low oxygen conditions may also
promote DSi regeneration. In addition, the high DSi
concentrations (>225 umol/kg) observed in the near-bottom
waters of the Bering Sea basin (Figure 4) were most likely
generated locally through dissolution of BSi in surface
sediments. An average sedimentary denitrification rate of
nearly 230 umol N m™ d™' has been reported in the deep
Bering Sea (>2000 m); this value is three times higher than the
global average for the same depth (Lehmann et al., 2005). DSi is
released into deep waters at the sediment-water interface, which
increases the deep-water DSi reserves. Active benthic
biogeochemical processes may also contribute to deep ocean
DSi regeneration in the Bering Sea. The high regeneration rate of
deep ocean DSi and upwelling water will eventually affect the
regional nutrient budget and cycle (Zhuang et al., 2021b).

CONCLUSIONS

The role of marginal seas in deep ocean DSi regeneration is tightly
coupled to the production and export of BSi in surface waters. In the
nutrient-poor South China Sea, the deep-water DSi concentration is
close to that of the adjacent Pacific waters, and deep ocean DSi
regeneration is weak. Conversely, in the productive Bering Sea, deep-
water DSi concentrations are much higher than those in the adjacent

Pacific waters, and the capacity for deep DSi regeneration is strong; as
a result, the Bering Sea has the highest reported deep-water DSi
concentrations (>240 pmol/kg) in the global ocean. A combination of
physical and biochemical factors, including low temperatures,
diatom-dominance in the phytoplankton community, high particle
export rate, and dissolution of opal in surface sediments, contribute to
active DSi regeneration in deep waters of the Bering Sea.

Although marginal seas represent only a small fraction of the
global ocean area, and the rapid accumulation of DSi in the deep
waters of marginal seas may not seem globally significant, they
may have important regional implications. Deep ocean DSi
regeneration and organic matter respiration are accelerated in
productive marginal seas, suggesting active deep ocean
biogeochemical cycles in these regions and may support
unexpectedly active ecosystem (e.g., bacteria) in the deep water
and sediments. Besides, the upwelling water of the Bering Sea
and its northward flow have important effects on the nutrient
budget and ecosystem of the adjacent Arctic Ocean.
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