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Thirteen Short sediment cores (30-50 cm) were collected from Bohai Sea, Yellow
Sea and Changjiang Estuary in China, and the early diagenesis of several redox
sensitive metals (Fe, Mn, Mo, U and V, referring to as RSMs) in sediment were
studied. The recycling process of Mo and Mn was closely correlated with each
other, generating benthic fluxes diffusing upward from sediment to overlying water
column, and the flux rates are related to the organic carbon oxidation rates. The
recycling of U and V were more tightly coupled with Fe oxides, generating benthic
fluxes going downward into the sediment in most cores. Significant authigenic
accumulation of U, in contrary to little to no accumulation of Mo and V, were found
in the study region, even in Changjiang Estuary where hypoxic condition was often
found during summer. Benthic diffusive fluxes were compared with authigenic
mass accumulate rates (MAR), which indicated that, besides the benthic diffusion
process, there are other processes controlling the authigenic accumulation of the
RSMs. The close relationships between authigenic accumulation of RSMs with
OChpuriat and OCpyiat With Spyrial indicating the authigenic accumulation of RSMs is a
consequence of redox environment in shelf sediment, which directly influencing
the organic carbon degradation process. Compared with other continental margin,
moderate enrichment of U was found in China continental sediment. The
authigenic U accumulation in BS and NYS sediments accounted for 20 - 68% of
the Yellow River input, whilst in SYS sediments accounted for ~ 64% of the Yellow
River and Changjiang River input, which acting as important U sinks that cannot
be ignored.

KEYWORDS

early diagenesis, redox sensitive metals, benthic flux, authigenic accumulation, eastern
China marginal seas

1 Introduction

Redox sensitive metals (RSMs) such as iron (Fe), manganese (Mn), molybdenum (Mo),
uranium (U), and vanadium (V) have been well-established as redox proxies in a wide
range of coastal marine sediments (Mcmanus et al., 2005; Morford et al., 2005; McManus
et al., 2006; Morford et al., 2009a; Abshire et al., 2020a; Abshire et al., 2020b). It is generally
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accepted that RSMs are sensitive to redox conditions due to the
different solubility of various species. The microbial-mediated
remineralization of organic matter forms a major process that
controls the redox conditions and the recycling of RSMs, often
oxygen, NOj, Fe/Mn oxides, SOj and CO, acting as electron
acceptors, following certain thermodynamic order (Froelich et al.,
1979; Emerson and Hedges, 2003). As a result of these early
diagenetic reactions, RSMs that previously adsorbed with those
biogenic/oxidized particles are released as dissolved phase, either
diffused back to overlying water or accumulated into sediments by
reduction (Shaw et al., 1990; Scholz et al., 2011; Li et al., 2021).

The eastern China seas are some of the most extensive shelf seas
in the world, with shallow water depth and rapid sedimentation rates
(Su and Yuan, 2005). Recently, studies have shown that hypoxia
occurs in the bottom of the Bohai sea (BS) in summer, which is the
result of stratification and the decomposition of organic matter (Zhao
etal, 2017; Wei et al., 2019). The Changjiang Estuary (CJE) is one of
the continental shelf areas with high primary productivity in the
world. Regional and seasonal hypoxia often occurs oft the Changjiang
Estuary, usually begins in early June and may persist as late as
October. Due to anthropogenic disturbance, excess riverine nutrient
supply along with terrestrial materials has stimulated frequent coastal
bottom-waters hypoxia events during summer (Chen et al., 2007; Chi
et al,, 2017). In recent decades, the minimum oxygen levels in the
hypoxia zone did not show any decline, and the affected area has an
enlarging trend (Wang, 2009; Zhu et al., 2011).

The eastern China continental shelf is reported to be an
important sink for organic carbon (11- 43%), while limited
studies exist on early diagenesis and reservation processes of the
RSMs (Zhao et al.,, 2021). Previous studies in northern Okinawa
Trough, where oxic and suboxic sediment environment were found,
has distinct enrichment of U but little accumulation for Mo,
indicating that suboxic sediments act as an important sink for U,
whilst anoxic environment is needed for the accumulation of Mo in
sediments (Yamada et al., 2006; Wang et al., 2019). Xu (2007) and
Wu et al. (2020) presented RSMs data of the Changjiang Estuary,
and highlight the impact of seasonally hypoxic settings on the
enrichment of Mo and V. However, for the vast majority areas of
China continental shelves, the role of sediments as sinks or sources
for RSMs has not been thoroughly investigated.

In this study, we collected 13 short (30-50 cm) sediment cores along
the eastern China marginal seas, including Bohai and Yellow Seas and
Changjiang estuary, which are characterized by rapid sedimentation rates
and intense biological activities. Dissolved concentrations in porewater,
overlying seawater and bulk contents in sediments (Fe, Mn, S, Mo, U, V)
were measured to systematically understand the early diagenesis
processes of RSMs. Benthic fluxes were estimated from one-
dimensional diagenetic transport-reaction model, and compared with
the authigenic RSMs accumulation rates, to qualitative and quantitative
evaluate the processes that control the RSMs’ recycling at sediment-water
interface. The authigenic accumulation rates are compared with other
marginal areas to establish a more synthetic view of RSMs behaviors
along the eastern China margin.
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2 Study area

The BS and Yellow Sea (YS) are two semi-enclosed continental
seas of the northwestern Pacific Ocean located in the northeast of
China, with a total area of 4.6x10° km* and average depths of about
18 m and 44 m, respectively. The BS is enclosed by Liaodong and
Shandong Peninsulas in northern China and connected to the YS
through the narrow Bohai Strait. The YS is divided into the
northern YS (NYS) and southern YS (SYS) by a boundary from
Chengshanjiao of the Shandong Peninsula and Changshanchuan of
the Korean Peninsula (Figure 1). Several rivers (Yellow River, Hai
He and Luan He etc.) discharge along the coastal area of BS and YS,
among which the Yellow River yields the largest sediment load
(~1.1x10° tons yr’l) (Wang et al.,, 2007; Zhang et al., 2013). As
shown in Figure 1, the hydrography of the study region is
dominated by several southward local coastal currents, Yellow Sea
Coastal Current (YSCC) and seasonally northward Yellow Sea
Warm Current (YSWC) (Su and Yuan, 2005). YSWC is strongest
in winter, and disappears or becomes weak in summer (Xu et al,
2009). With the onset of water stratification when the southwest
monsoon prevails in late spring, Yellow Sea Cold Water (YSCW)
forms, flourishing in summer and finally depressing in autumn (Hu,
1994; Zhang et al., 2008).
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FIGURE 1

Station locations in Bohai, Yellow Seas and Changjiang Estuary of
China. YSCC: Yellow Sea Coastal Current, YSWC: Yellow Sea Warm
Current. The red solid lines represent the boundaries of the Bohai Sea,
the North Yellow Sea and the South Yellow Sea. The blue solid lines
represent the YSWC, and the blue dashed lines represent the YSCC
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3 Methods

3.1 Sample collection

Thirteen sediment cores (~ 20 - 45 cm) from the Bohai, Yellow
Seas and Changjiang Estuary were collected onboard the R/V
Dongfanghong 2 (July, 2016), R/V Zhedingyuyun (August, 2017),
R/V Chuangxin 2 (July, 2018) and R/V Xiangyanghong 18 (August,
2019), respectively. The sampling locations are shown in Figure 1
and the information of the sites are reported in Table 1. These cores
were sampled using a box-corer at water depths of 15 to 77 m. Four
cores (BH1-BH4) were located in the BS, three cores (NY1-NY3) in
NYS, four cores (SY1- SY4) were in SYS and two cores (CJ1-CJ2) in
CJE (Figure 1).

10.3389/fmars.2023.1154248

Upon collection, porewater was collected in a N,-filled glove bag

® sampler (Rhizonsphere Inc.) that was inserted into the

using Rhizon
pre-drilled holes on the cores, and Teflon lines and peristaltic pump
(LongerParmer® Inc.) were coupled to form a trace-metal clean
sampling system. The first mL of extracted porewater was discarded
to prevent oxidation, collected samples were acidified to pH~2 with
HNO; (Optima grade, Thermo Fisher Scientific Inc.) and stored at 4°
C. Concurrently, parallel sediment cores were collected and sliced
onboard the ship. Sediment samples were sealed in plastic bags and
stored at 4°C until further processing. Sampling resolutions for
porewater and sediment samples were 1 ¢cm within the top 10 cm,
and 2 cm for the remainder depth.

Bottom seawater samples (~ 2-5 m above the seafloor) were
collected using Niskin bottles mounted on the CTD rosette. After

TABLE 1 Detailed information of the stations, and the measured TOC, CaCOs;, bottom water oxygen concentration ([O;],,), along with the
sedimentation rates, mass accumulation rates, organic carbon burial rate (OC ,,,i.) used or calculated in this study.

samplin Water Bottom water [05] CaCO3; Sedimentation Mass accumula- OC purial
Station date 9 depth temperature bw & Rates tion rate (mmol-m”
-1 2~ 2 -1
(m) 0 (cmy™) (gcm™y™) -d™)
047 + 3.57 +
BHI1 July, 2016 29 122 289 003 057 0.29° 0.33¢ 3.51 + 0.24
0.62 + 3.69 +
BH2 July, 2016 25 17.6 285 004 0.58 0.31¢ 0.30¢ 491+ 0.30
043 + 112 + . :
BH3 July, 2016 23 16.8 262 002 s 0.20 0.20 1.98 +0.11
031 + 11.8 + :
BH4 July, 2016 16 243 191 005 509 0.31° 0.26 1.86 +0.28
0.54 + 2.63 +
NYI July, 2016 58 73 339 004 042 0.09" 0.07" 0.86 + 0.06
0.38 + 3.82 +
NY2 July, 2016 53 6.4 296 004 043 0.09 0.07° 0.60 + 0.07
0.29 + 462 + . c
NY3 July, 2016 61 6.7 301 004 054 0.08 0.07 0.45 + 0.06
0.55 + 535+
SY1 June, 2016 52 74 234 003 o071 0.418 0.33¢ 414 +021
1.02 + 2.08 +
SY2 August, 2019 72 7.9 182 003 044 0.17% 0.14% 3.16 + 0.1
0.79 + 382+
SY3 June, 2016 77 73 249 004 077 0.118 0.09% 1.59 + 0.09
0.58 + 243 + .
SY4 August, 2019 76 8.3 198 oLl 0.69 0.06% 0.05 0.64 + 0.12
0.46 + 8.31 +
CJ1 July, 2018 21 27 111 0.06 0.45 0.34" 0.36' 3.82 +0.47
0.38 + 8.77 + . )
lop) August, 2017 27 21 174 003 043 2.40 2.57 224 + 201

a: TOC contents are calculated average values from sediment samples deeper than 15 cm.
b: CaCOj; contents are calculated average values of the whole sediment core.

¢: Data from station B73 and BP1 in Yang et al. (1993).

d: Data from station M4-3 in Li and Shi (1995).

e: Data from station M8-4 and M8-12 in Dong et al. (1995).

f: Data from station C2 and NYS-5 in Qi et al. (2004).

g: Data from Alexander et al. (1991).

h Data from station HN108 in Xia et al. (2004).

i: Data from station CJ08-689 in Shi (2014).

j: MAR are calculated based on the Eq. (5), the payy data are from station M8-4 and M6-3 in Li and Shi (1995), assumed to be 1.01 g-cm'3 and 0.85 g-cm'3 for BH3 and BH4.
k: MAR are calculated based on the Eq. (5), the pgry data is from Alexander et al. (1991), assumed to be 0.80 g~cm'3.
1: MAR are calculated based on the Eq. (5), the pqyy data is from station SC07 in Zhang et al. (2009), assumed to be 1.07 g»cm’a.
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collection, seawater samples were filtered immediately through 0.2
um AcroPak® filters (Pall Inc.) into LDPE bottles (NalgeneTM,
Thermo Fisher Scientific Inc.), and acidified to pH ~2 with HNOs.
Prior to the sampling, filters, bottles and other labware were
thoroughly cleaned as described by Li et al. (2015).

3.2 Sample analysis

3.2.1 Seawater and porewater analysis

The seawater O, concentrations were determined onboard
following the Winkler titration method (Grasshoff et al., 1999),
the uncertainty was estimated to be + 1 umol-L™. Total dissolved
sulfide (XHS") in porewater samples were determined on board
inside a N,-filled glove bag following the methylene-blue
colorimetric method (Cline, 1969) with a UV spectrophotometer
(7200 series, Shanghai Unico Inc., China). Sulfide standard solution
and its dilution stabilizing solution (Beijing Aoke biotechnology
Inc., China) were used to generate the calibration curves. The
detection limit of the analytical method for sulfide was 1.9
pmol L.

Porewater and seawater samples were diluted 20-fold with 2%
HNO; for analysis, only dissolved Mn in seawater samples were
pre-concentrated using Nobias PA1® resin with a manually
controlled manifold (Biller and Bruland, 2012). All samples were
analyzed using ICP-MS under collision cell-mode (XII series,
Thermo Fisher Scientific Inc.). Indium, Sc and Rh were added to
all samples as internal standards. A random selection of 10%
samples were spiked with metal standards to two increments
concentrations to correct the sample matrix effects. The results
showed that the recoveries for Fe, Mn, Mo, U and V were generally
within 80 - 113%, and the porewater data of RSMs have been
corrected by the recovery. Precision and accuracy of the method
were tracked by analyzing certified reference materials (CASS-5 and
NASS-6, National Research Council, Canada), and the results are
shown in Table S1. The measured values were in good agreement
with certified values.

3.2.2 Sediment analysis

Sediment samples (~50 mg) were freeze-dried and digested with
3 mL mixed concentration acid (HNOj: HF =1:1) at 190°C for 48 h,
then diluted to 50 ml with 2% HNOs;. Al, Fe, Mn and S were
analyzed by ICP-OES (iCAP 6300, Thermo Fisher Scientific Inc.)
and Mo, U and V by ICP-MS. The recoveries of all metals were
within 95-106% (n = 20) using sediment reference standards
(GBW07309 and GBW07305a, China). Replicate analyses showed
that the relative standard deviations (RSD) were< 1% for Al, Fe, Mn
and S, and< 5% for Mo, U and V.

Total carbon (TC) and total organic carbon (TOC) were
measured with an Elemental Analyzer (Model EL-III, Vario), and
TOC samples were treated with 4 N HCI to remove inorganic
carbon (TIC) before analysis. The recovery of TOC was 95-102% (n
= 10) assessed by GBW07309, and the relative errors observed in
triplicate analyses were< 0.05%. Calcium carbonate content
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(CaCO;) was calculated from TIC according to molecular ratio of
CaCO;:C (100:12). Grain size were determined using a laser particle
size analyzer (Master sizer 2000, Malvern Instrument), and
categorized as clay (<4um), silt (4-63um) and sand (>63um).

3.3 Calculation of fluxes at the sediment-
water interface (SWI)

Diffusive benthic fluxes of the RSMs at SWI and mass
accumulation rates of authigenic metals (RSMar) in downcore
sediments of coastal China were both calculated for the purpose
of this study.

3.3.1 Diffusive benthic flux

The diffusive benthic fluxes across SWI were estimated using a
one-dimensional transport-reaction model (Boudreau, 1997),
which accounts for the effects of molecular diffusion, bioturbation
and irrigation. The model takes the form:

aC 9 aC
Py _ Jid _ —
( ot )x_ dx ((p(Ds +DB) dx ) + (pa(ca pr) +R=0 (1)

where C,,, is the porewater concentration, Cy is the bottom water
concentration, x is the depth, ¢ is the porosity, D; is the molecular
diffusion coefficient, Dy is the bioturbation coefficient, o is the
irrigation coefficient, and R is the net rate of production per unit of
sediment. No available irrigation coefficient (¢) was found in the
study area, therefore the irrigation process was not included.

The D; was calculated by the Stokes-Einstein diffusion
coefficient temperature dependence described by Li and Gregory
(1974), adjusted to the bottom water temperature of 6.4 - 27°C. As
there was no published Dy, (25°C) value for VO3, we adopted the
one of MoOﬁ'instead, because they exist in seawater as similar
oxyanions (similar as in Scholz et al., 2011). Based on Eq. (2), the
calculated Dy values ranged from 2.98 - 6.78x10° cm? s”! for Mn,
4.30-9.76x10°° cm® s for Mo and V, 1.85 - 4.20x10° cm® s™" for U,
respectively.

D, (25°C) T

D,=—""" "+ — x(D,,(25°C) -
s 219 a5 X Da(25°C)

D,,(25°C)

2.19 ) @

The Dy was calculated based on the formula from Tromp et al
(1995), as a function of the sedimentation rate (s), shown in Table 1:

log,o(Dg) = 1.63 —0.05 - log1ps  (3)

The benthic fluxes were calculated using the code PROFILE (Berg
et al, 1998). The dissolved RSMs concentrations used for the
bottom water (reported in Table 2) were positioned at 0.5 cm
above seafloor in order to obtain the best fit between observed and
modeled data. By definition, positive flux indicates difftusion upward
into the overlying water, while negative flux is directed into the
sediments. Strong advection flow could take place within sediments,
ensuring a rapid exchange of solutes between burrows and overlying
water. The calculated Peclet number are low (0.02-0.08), indicating
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TABLE 2 Dissolved redox sensitive metal concentrations (unit: nmol L™) measured in bottom seawater in this study.

Station 1D Mn Mo u \Y
BH1 220 112.7 12.6 4.1
BH2 27.1 110.8 12.7 432
BH3 21.1 110.8 12.7 432
BH4 233 113.1 13.8 438
NY3* 205 108.4 123 426
SY1 5.90 106.4 12.9 417
SY3 445 113.0 12.6 46.7
n 115 105.8 11.9 382
CJ2 16.9 94.9 12,5 44.7
a. The concentrations of dissolved RSM in NY3 are applied for the NY1 and NY2.
that the advection flux can be neglected relative to diffusion OChurial = Corg X MAR (7)
(Boudreau, 1997).
Where C,,is the average TOC content below 15cm in sediment

3.3.2 Mass accumulation rate (MAR) of authigenic
metals

MAR of authigenic metals ([Me] ,z)were calculated based on Eq.
(4):

[Me]AR = MARsed X [Me]auth (4)

where MAR,,,is the sediment mass accumulation rate, and [Me],,,,
refers to the average authigenic metals concentration, which was
calculated as follows Eq. (5):

[M 6] detrital
[Al] detrital

where [Me],pi:and [Al] g, are average bulk contents below 15 cm

[Me]uuth = [Me}sample - [Al]:ample (5)

in each sediment core. The [Me]esrirar/ [Al] gerrisairepresents the ratio
between detrital metal and detrital Al contents. The average metal
contents of the local regional upper continental crust (UCC) values
were used as the detrital values. Specifically, the UCC values of the
northern margin of North China were used for BS and YS, and the
UCC values of Changjiang for CJE (Gao et al., 1998). The S/Al
detrital ratio in the northern margin of North China was not
reported, the value in the Changjiang was adopted (7.79x107 g-g°
"), which is closer to the UCC value reported by Rudick and
Gao (2014).

For station BH1, BH2, NYS cores, SY1 and SY3, the MAR data
are chosen from the reported MAR data from nearest locations.
While for other cores, only sedimentation rates were found from the
nearest locations in previous studies, therefore the MAR are
calculated based on Eq. (6).

MARsed =sX pdry (6)

where s is sedimentation rate and pg,refers to the dry sediment
density. All detailed information is reported in Table 1. Organic
carbon burial rates (OCy,,;,;) are calculated based on Eq. 7

Frontiers in Marine Science

core (Table 1), and the OCy,,;, results are shown in Table 1.

4 Results and discussion
4.1 Bottom water oxygen content

The bottom water oxygen concentrations ([O,]) of the BS
ranged from 191 uM to 289 pM (Table 1), comparable to the
values previously reported in June to July in BS (average being 235 +
30 uM; Wang et al,, 2015). The bottom water [O,] in SYS (182-249
uM) were lower than that of the NYS (296-339 uM), and
comparable to those reported in 35-36°N of China continental
shelf during May to August (229-313 uM, averaged being 250 uM)
(Sohrin et al., 1999; Chi et al., 2017). Although primary production
consumed oxygen in surface water during spring to summer,
seasonally northward flowing YSWC kept the bottom water
oxygen concentrations still at a relatively high level in SYS (Hu,
1994; Wang, 1997).

4.2 Dissolved RSMs in porewater

4.2.1 Fe, Mn and S in porewater

The vertical distributions of Mn and Fe in porewater are shown
in Figure 2. In SYS, dissolved Mn and Fe were negligible at the depth
of 1-2 cm and increase to peak values by 3-10 cm, followed by a
decrease downcore to constant values. Both Mn and Fe are known
to be easily mobilized in reducing environment, and Fe peaks
typically appear at a relatively deeper depth than Mn peaks
(Figure 2), which is consistent with the expected thermodynamic
order reported by Froelich et al. (1979). Similar dissolved Mn and
Fe profiles were found in BH3 and NY3 cores (Figure 2). These
cores indicate typical redox sequences of hemipelagic sediments,
where a relatively oxidative sedimentary environment was found

frontiersin.org
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FIGURE 2

Porewater profiles for Fe, Mn, Mo, U and V for all cores. The dashed lines denote the sediment-water interface.

across the SWI (Shaw et al., 1990; Morford et al., 2005; Canfield and
Thamdrup, 2009).

For other cores in the study area, dissolved Mn or Fe was
measurable in surficial samples (Figure 2). Especially in cores near
the coast, such as BH1, BH4 and NY2, dissolved Mn and Fe
reached higher contents in the surface layer (28 - 205 uM for Mn,
18 - 46 uM for Fe). Higher dissolved Mn and Fe appear at or near-
SWI, exhibiting a relatively reducing environment, especially in
core BH4, consistent with the higher organic supply to the
sediment and associated lower oxygen (191 uM) in the
bottom waters.

According to the first appearance depth of dissolved Mn and Fe,
sediments farther away from the coast were less reducible.
Porewater profiles indicate that early diagenesis occurred mainly
through the reduction of oxygen, Mn/Fe oxides, and no significant
sulfate reduction was observed. Although no dissolved sulfide was
measured (<1.9 uM) in any of the sediment cores, the formation of
microsulfide environment cannot be excluded. For example, at the
bottom of SY2 and SY4 cores, dissolved Fe contents is significantly

Frontiers in Marine Science

reduced (1-2 uM and 5-7 puM, respectively) (Figures 2K, L), which
may be affected by sulfide reduction.

4.2.2 Mo, U and V in porewater

Vertical distributions of dissolved Mo, U and V in porewater are
shown in Figure 2. In most cores, dissolved Mo and V generally
decrease with depth and approach constant concentrations at
certain depths. Dissolved Mo and V showed one or two peaks in
the Fe/Mn reduction zones (Figure 2), indicating that the recycling
processes of Mo and V were coupled with Fe/Mn oxides (Morford
and Emerson, 1999; Morford et al., 2005; Whitmore et al., 2019).
Below the Fe/Mn oxides reduction zone, V(V) is progressively
reduced to V(IV) and, if H,S is present, to V(III) (Wehrli and
Stumm, 1989; Wanty and Goldhaber, 1992). Reduced V is removed
from porewater by surface adsorption of organic V(IV) complexes,
formation of insoluble V(III) oxides and incorporation of V(III)
into insoluble organic compounds (Wanty and Goldhaber, 1992).
Reduction of Mo (VI) to Mo (IV) occurs under sulfidic conditions
(H,S > 0.1 uM), molybdate is subsequently transformed into
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thiomolybdates (M04Sﬁ:x, x=0 to 3) (Helz et al., 1996; Zheng et al.,
2000) and finally scavenged as particle-reactive thiomolybdate
(MoS%") by Fe sulfides and/or sulfur-rich organic materials
(Tribovillard et al., 2004; Vorlicek et al., 2004).

Dissolved U showed significant removal from porewater, from
10-13 nM at the top to 2-6 nM below 15 cm in most cores. The
prominent curvature of porewater U was coincident with the depth
of the dissolved Fe peaks (Figure 2). Dissolved U exists as carbonate
complex that does not adsorb to Mn/Fe oxides or any other
inorganic particles in the water column. Reduction of U(VI) to U
(IV), a process that usually occurs at or below the depth of Fe
remobilization. Mediated by Fe and sulfate-reducing bacteria,
reduced U is removed from porewater by adsorption or
precipitation of U oxides (Lovley et al., 1991; Zheng et al., 2002).

For some cores, besides the subsurface peaks in Mn/Fe
reduction zone, deeper peaks of dissolved Mo, U and V in BH3,
NY3, SY2 and SY4 were also found (Figure 2), which may be related
to the regeneration of authigenic metals caused by bioturbation or
bioirrigation oxidative dissolution (Aller, 1980; Morford et al.,
2009a). This is supported by the findings of shell fragments at 10
- 14 cm depths in NY3 and SY4 cores and biological burrows at the
surface layer of core BH3. In BH1, BH4 and CJ1 cores, with broader
Fe peaks below the Mn peaks, dissolved Mo decreased to ~ 40 nM
from 2 to ~15 cm, then increased to ~120 nM by the cores bottom
(Figures 2C, R). The removal of Mo from porewater in the Mn
reduction zone most likely occurs when Fe (II) is oxidized by Mn
(IV) (Burdige, 1993; Postma and Appelo, 2000), causing dissolved
Mo released from the Mn oxides may immediately be re-adsorbed
to the fresh Fe hydroxides surfaces (Gustafsson, 2003; Goldberg
et al., 2009). Upon burial deeper into the Fe reduction zone, Mo is
released back into the porewater as Mo-rich Fe hydroxides dissolves
(Herbert et al.,, 2020), resulting in the porewater Mo
increases gradually.

4.3 Elemental distribution in sediments

4.3.1 TOC, grain size

The sediment types varied from silty sand to clayey silt (Figure
S1). Most core sediments fell into the clayey silt domain, while BH1,
NY1 and NY3 were sandy silt and silty sand. The average TOC
contents ranged from 0.22% to 1.08%, higher TOC contents (0.65 -
1.08%) were found in SYS (Table 1). Vertically, the TOC content
decreased within the top few cm, then remained constant (Figure
S2). For most cores, averaged TOC contents were correlated well
with mean grain size (Mz) (P< 0.01), but not for BH3, BH4 and CJ2
(Figure S3). These cores have higher CaCO; contents (8 -11%)
(Table 1), and the insignificant linear correlation may be caused by
the source-dependent control (e.g., Yellow River and Changjiang
River input) (Bigot et al., 1989; Qiao et al., 2010).

4.3.2 Solid phase RSMs

Vertical distributions of Mn, Fe, S, Mo U and V are shown in
Figure 3. All data were normalized by Al to minimize the grain size
effect (Roussiez et al., 2005; Hu et al, 2013). To elucidate the
relationships among the RSMs, TOC, S and Mz in sediments,
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Spearman correlation analysis was performed, and the results are
shown in Table S3. Again, all data are normalized to Al to minimize
the grain size effect for the correlation analysis.

First of all, Fe exhibited a nearly invariant distribution with
depth for all cores. Fe/Al in sediments were correlated well with Mz
and TOC (n = 256, p< 0.01), indicating the recycling processes of Fe
was associated with Mz and TOC. Unlike Fe, Mn has obvious
enrichment in surface sediment in all study regions except CJE sites.
The enrichment is most obvious at the sites near the Shandong
Peninsula (Figure 3M), which was similar to previous reported data
here (Yuan et al,, 2012). Except for BH1 and BH2 cores, averaged
Mn/Al for whole cores were correlated well with CaCO; (+* = 0.68,
p< 0.01). The mechanism is probably due to the sediments
dominated by high content of CaCO; originated from riverine
input and biogenic CaCO3, such as shell fragments (Yang et al.,
2003), while dissolved Mn can be adsorbed on, or incorporated into,
freshly precipitated CaCOj; in seawater and settled in sediment
(Aller and Rude, 1988; Kim et al., 1998). Other studies have also
found that high contents of Mn in surficial sediments were related
to up-diffusion Mn (II) reoxidation by the reduction of Mn oxides
in deeper sediments (Nolting et al., 1996; Mouret et al., 2009; Volz
et al., 2020), which is in agreement with the observation that the
cores with higher surface Mn corresponding to higher dissolved Mn
peaks in porewater (Figures 2, 3), indicating the influence of
diagenetic process.

In surface sediments, Mo peaks often resonate with Mn peaks
(Figure 3), confirming that Mo recycling process is associated with Mn
in oxic layer (Morford and Emerson, 1999; Sundby et al,, 2004; Li et al,,
2020). The average Mo/Mn ratio is ~ 0.001 + 0.0002 (n = 29) in Mn-
enriched layer (< 5cm), comparable to the ratio for oxic sediments in
North American Arctic margin (~ 0.001) (Kuzyk et al, 2017), slightly
lower than the ratio observed worldwide (~ 0.002) (Shimmield and Price,
1986; Chaillou et al., 2002). While below the Mn-enriched layer (> 5cm),
significant correlations were found between Mo/Al - S within most cores
(” = 040 - 092, p< 0.01- 0.05). It is generally accepted that Mo
precipitation in reducing sediments is related to the balance between Fe
and sulfate reduction (Zheng et al,, 2000; Morford et al., 2009a). Kang
et al. (2014) observed that Sy and Sequced gradually increased with depth
in YS and CJE sediments, and pyrite -S was the predominant reduced
inorganic sulfur phase. Probably, dissolved Mo removed from porewater
was directly trapped by reduced S and subsequently accumulates as a Mo-
Fe-S phase (Zheng et al.,, 2000; Helz and Vorlicek, 2019).

Solid U remains roughly detrital level (~1.23 pg/g for BH and YS, ~
1.40 pg/g for CJE) within top 5-10 cm in most cores, with enrichment
occurring at deeper depth (Figure 3). Previous studies have reported that
U accumulation is sensitive to OC delivery to the seabed (Anderson
etal, 1989; Zheng et al., 2002). A weak correlation between U/Al - TOC
was found, while U/Al and S/Al showed a good correlation (72 =043, n
=256, p<0.01) (Table S3). Normally U does not form stable sulfides, but
free sulfide may promote reduction/fixation of U (Emerson and
Huested, 1991). However, no vertical variation of solid U was found
in CJE cores (Figure 3W), which is consistent with the results reported
by Scholz et al. (2011) and Wu et al. (2020), possibly related to seasonal
oxygen fluctuations in bottom water. In such settings, authigenic U
precipitated during reducing periods undergoes transient re-oxidation,
and correspondingly leads to the erasure of the accumulated signal.
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FIGURE 3
Solid phase profiles of trace metal in sediment cores.

In most cores, solid V parallel the vertical distribution of Fe
(Figure 3). Various studies have well-described the scavenging of V
(V) is associated with particulate Fe and Mn by either adsorbed or
incorporated, and particulate Fe may have more control over V
cycling than Mn in shelf sediments (Scholz et al.,, 2011; Whitmore
et al, 2019; Li et al., 2020). Significant correlations between V/AI -
Fe/Al (r2 ~0.87, p< 0.01, Table S3) was observed, which confirmed
the co-cycling of V with Fe. The close correlations were also found
between V/Al, mean grain size (Mz) and TOC (n =256, p< 0.01,
Table S3), which has been observed in various marine environments
(Wangetal,, 2019; Li et al., 2020; Wu et al., 2020). This suggests that
the accumulation of V in sediments is also related to TOC and grain
size, and Li et al. (2020) found that TOC may only play a role at low
levels (< 1%), which is consistent with our low TOC content
sediments (0.10 -1.29%).

4.4 Benthic fluxes and authigenic
accumulation of RSMs

Based on the method described in section 3.3, the benthic
fluxes of RSMs were calculated and compared with calculated
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[RSM] sr in sediments, and the results are shown in Figure 4 and
Table S4.

441U

As shown in Figure 4, U had benthic fluxes going into the
sediments, the estimated fluxes were 0.83 - 6.36 nmol-m2d!, with
an average of 3.02 + 1.74 nmol-m>d™". The diffusive fluxes were
comparable to that reported from the Changjiang estuary (1.10 -
2.19 nmol-m™2-d!), continental shelf of central California (2.30 -
9.90 nmol-m2d™) and central China (5.21 + 2.74 nmol-m>d™)
(Zheng et al., 2002; Zou et al., 2010; Wang et al,, 2019). Uag in
sediments were 8.68 - 331.7 nmol-m>-d’}, with an average of 53.0
nmol-m™ -d™. NYS is the only region where benthic fluxes were in
agreement with Uag. In other regions, Usr were 1-2 orders of
magnitude higher than diffusive fluxes (Table S4).

The fraction of U,y in sediment reflects not only the input from
diffusion across the SWI (Ugs) and particulate non-lithogenic
uranium (Upy), but also the loss caused by U remobilization
(Uremob) (Zheng et al., 2002). A mass budget for U is calculated as:

Uar = Udzﬂ' + Upn = Uremop

Upy is preserved at O,< 25 UM (Zheng et al., 2002), therefore
Upn was thought to be negligible for Uag. The discrepancy between
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represent BS to CJE.

Ugig and Uar may be related to the bioturbation or bioirrigation,
which can significantly influence the transport of solutes in sediments
2007; Morford et al.,
2009b). Previously accumulated U can be released to bottom water

and enhance benthic flux (Morford et al,

or porewater by oxidation of reduced U in sediments (Zheng et al.,
2002; Morford et al., 2009b), resulting in the loss of authigenic U,
such as BH1 and BH2 cores with lower authigenic U (0.62 ug-g"' and
0.89 ug-g™, respectively). For some cores, partial remobilized U may
diffuse downward into deeper and more reducing sediment, causing
secondary precipitation and increasing accumulation in sediments
(Morford et al., 2007; Costa et al., 2018).

Studies have found that U,y is sensitive to the organic carbon
flux (rain, oxidation or burial) (Zheng et al., 2002; Mcmanus et al.,
2005; Kuzyk et al,
observed between the average Uxr with OCpyyia and Sar (p< 0.01)

2017). Significant positive correlations were
(Figures 5A, B), indicating the coastal sediment is not only an
effective sink for organic carbon but also for U. Meanwhile, OCpyial
was correlated well with Syr (Figure 5C), indicating that the
coupling of TS and TOC controls the accumulation of U in
downcore sediments. Overall, these relationships highlight the
potential utility for authigenic U as a rough proxy to reconstruct
the sedimentary redox condition in marine systems.

4.4.2 Mo

At most sites, benthic Mo fluxes (-2.26 - -171.3 nmol-m>d™")
leave the sediments and enter the overlying water (Figure 4), with
an average of -55.8 + 53.2 nmol-m™>.d"". The estimated average Mo
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benthic flux was 1-2 orders of magnitude lower than those reported
in other coastal sediments overlying oxic bottom water, such as
Buzzards Bay (-301 + 225 nmol-m>-d!) and central Baltic Sea (-200
- -2000 nmol-m'z-d'l), with water depths less than 60 m (Morford
et al., 2009a; van de Velde et al., 2020).

Previous studies have indicated the close relationship between Mo
and Mn, not only in surface sediment enrichment, but also in benthic
fluxes (Morford and Emerson, 1999; Sundby et al., 2004; Scholz et al.,
2011). A significant correlation was found between the benthic fluxes
of Mo and Mn (r = 0.86, p< 0.01, n = 10), which provides
supplementary evidence to support coupled recycling relationship
between Mo and Mn in oxic sediments. In addition, since Mn is
scavenged by organic matter in seawater and settled on surface
sediments (Johnson et al., 1996), organic carbon respiration exerts
some primary control over the Mn flux at SWI (McManus et al., 2012;
Hyun et al,, 2017). Speculation thus exits that Mo fluxes may have
similar behavior. Significant linear relationships between benthic
fluxes of Mn and Mo and the respiration rates were found (p< 0.01,
n = 10) (Figures 6A, B), indicating benthic Mn and Mo fluxes are
associated with the organic carbon oxidation rate in coastal areas.

Few or no authigenic Mo,y was found in this study (Figure 4).
Authigenic Mo accumulation seems to depend on the presence of
organic matter flux and sulfate reduction (Chaillou et al., 2002; Dale
et al,, 2012). As described by Morford et al. (2005) and Helz and
Vorlicek (2019), the increase in organic carbon flux promotes the
accumulation of Mo due to the coupling between organic carbon
and sulfur burial. Authigenic Mo accumulation was found in core
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Relationship between U accumulation rates (A) with organic carbon burial rates; (B) with sulfur accumulation rates. (C) Sulfur accumulation rates
with organic carbon burial rates. The imbedded figures are enlarged dataset without the data of station CJ2.

BHI, BH2, SY2 and SY4, accompanied by relatively high TOC
burial and authigenic S (Table S4). Previous studies have reported
that the amounts and reactivity of TOC were the major limiting
factors for sulfate reduction in YS and CJE sites (Panutrakul et al.,

2001; Kang et al., 2014), which may further limit the accumulation
of authigenic Mo.

443V

As shown in Figure 4, V diffused downward into the sediments
in most cores, ranged from 2.28 to 74.2 nmol-m2d!, with an

average of 23.7 nmol-m™>d™". The downward fluxes of V were
relatively low compared to those reported along the Peruvian
continental sediments covered by suboxic - anoxic bottom water
(169 - 256 nmol-m™2d™") (Scholz et al., 2011).

In most cores, solid V exhibited significant depletion (~ 10 -
30%) of the detrital content, which were comparable to that found in
coastal-reducing sediment (Morford and Emerson, 1999). While for
the cores near the estuary (BH3, CJ1 and CJ2), authigenic V
accumulation were found in sediments (162 - 23977 nmol'm™ -d!),
and the calculated V,r were significantly higher than the benthic
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which are subject to strong hydrodynamic.
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fluxes (Table S4), which should be caused by other processes
suppling V to the sediments. As discussed in section 4.3, V
adsorption onto Fe oxides may be the dominant mechanism for
authigenic V accumulation in sediments, (Morford and Emerson,
1999; Whitmore et al., 2019; Li et al., 2020). Meanwhile, in reductive
environment, authigenic V accumulation is primarily sensitive to the
delivery and burial of organic matters (Wang and Wilhelmy, 2009; Li
et al., 2020). However, most cores have no V authigenic
accumulation (Figure 4), possibly due to the low TOC burial.

10.3389/fmars.2023.1154248

Significant Vg depletion and higher upward diffusive flux (-47.9
nmolm™? -d! - -92.9 nmolm>d™) were found in NY3 and SY2
cores (Table S4), corresponding to high V concentrations above
10 cm in porewater (51.3 - 109 nM) (Figures 2], O). Under moderate
reducing conditions, V(V) is reduced and present as particle-reactive
V(IV), preferentially retained in porewater and diffused upward,
likely due to forming dissolved metal-organic complexes (Wehrli
and Stumm, 1989; Olson et al.,, 2017), indicating the influence of
DOC on mobilization of V from sediments.

TABLE 3 Bottom water oxygen concentration ([O;],), oxygen penetration depth ([O;lpen), organic carbon burial rate (OC pyria) and authigenic
accumulation rates of RSMs in this study, compared with those data reported from other coastal sediments worldwide.

Mo ar U ar
nmol-m” Reference
2_d71
191 - 74
Bobai Sea o 292 +1.20 0.22 +0.13 307
289 5.29
296 - 9.76 +
North Yellow Sea 0.64 £ 0.21 0.07 + 0.03
339 1.23
182 - 423 = this stud;
South Yellow Sea 238+157 | 022+0.11 s study
249 15.2 Song et al., 2020
111 - 0.2 - 13084 =
Changjiang Estuarine 13.1 £13.2 1.13 +1.13 183 + 209
174 0.3 15404
529 + 1245 +
Calculated averages 3.80 £ 5.77 0.33 + 0.50
85.1 6964
1.10 + 112 +
Northern Okinawa Trough Wang et al,, 2019
5.48 6.84
40 - 0.3 -
55 05 0.3 0.58 - 0.62
NE Pacific margin off Washington/ . Stump and Emerson, 2001;
Oregon 81 - Morford et al., 2005
1.5 - .01 - 0.04
124 5-5 0.01 - 0.0: 0
0.2 -
3-27 12 -26 6.0 - 22 9-11
0.6
Pacific margin off California o " Memanus et al., 2005;
A 0.08 - 0.9 0-06 04-6 McManus et al., 2006
132 29
Mexican margin 0-02 1.7 -84 30 - 134 11-51
<LD 85 - 443 18 - 21 712 - 986
Peru margin 4 - Scholz et al., 2011
9.6 - 74 30 - 57 82 - 356
42
- 04~ 1.0 - 20 7.1-219 47 -36
Laurentian Trough, eastern Canadian 365 10 o o o Sundby et al, 2004
contineit:zl marein Morford et al., 2007; Morford
4 247 - 14- 07 55 41 et al., 2009b
271 4.0 ’ ’
40.0 691 +
Southern margin of the Arctic Kuzyk et al., 2011
248 4.43
58.3 +
0.87 + 0.28 202 £47.2
23.6
North American Arctic margin Kuzyk et al., 2017
007 + 0.12 23.8 + 18.6 +
R 36.3 14.8
58.5 242 = 3223 £
E iberian Arcti .50 £ 0.31 .29 £ 0.12 Li et al., 2020
ast Siberian Arctic Shelves 3.50 +0.3 029+ 0 202 326 760 ieta
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4.5 The budgetary implications of
authigenic RSMs

Changes in oxygen penetration depths, OCpyria and Sar
determine the accumulation rate of authigenic RSMs, however,
the extent for Chinese coastal sediments acts as a sink or source of
authigenic RSMs is unclear. What is needed is a comparison with
those reported in other margin sediments. As shown in Table 3,
except for CJE, moderate authigenic U accumulation rates were
found in sites from BS to SYS. Previous studies have found that
oxygen penetration depth is relatively less important for RSMs
accumulation compared to OCpyyia, and U sr can vary by over a
factor of 40 in sediments with oxygen penetration depth < 1 cm
(Mcmanus et al., 2005; Morford et al., 2009b). However, authigenic
Mo has little or no accumulation in study area, much lower than
that in anoxic sediments such as Peru and North American Arctic
margin. By contrast, significant authigenic accumulation of Mo and
V require sufficient reducing environment and high burial of TOC
and sulfur. The spatial variability of authigenic RSMs accumulation
rates was revealed, providing a reference for accurately estimating
the importance of the continental sediments of China in
global budgets.

The amount of U, were estimated, averaged to be 2.05 + 0.35,
0.60 +0.08 and 11.0 + 3.97 x10® gy in BS, NYS and SYS (given the
areas being 7.7x10* km?, 7.1x10* km? and 3.0x10° km?,
respectively) (Qin et al, 2011; Shi, 2014). Among the rivers
flowing to the coastal of eastern China, the Yellow River is the
primary sources of sediment for the BS and NYS, while the SYS is
mainly derived from the Yellow River and Changjiang River.
Riverine input of dissolved U from the Yellow River and
Changjiang River were 3.03x10° and 1.41x10° g-y™', respectively
(Qu et al, 1993; Dunk et al, 2002). Compared with the riverine
input, the U,y in BS and NYS shelf sediments accounts for ~ 67%
and ~20% of the Yellow River input, while the accumulation of Upr
in SYS shelf sediment accounts for ~ 64% of the Yellow River and
Changjiang River input combined.

In general, the results show that the costal sediments of China
are important sinks for U, which play a key role in balancing the
global U budget (Barnes and Cochran, 1990; Wang et al.,, 2019),
which has never been studied before. Notably, after the
impoundment of the Three Gorges reservoir and Xiaolangdi
reservoir in Changjiang and Yellow River, sediment loads from
rivers decreased dramatically (Wang et al., 2007), resulting in the
OC burial greatly reduced (64 - 68%) in East China coastal
sediments (Zhao et al,, 2021). This will alter the ability of the
China continental sediments to act as important sinks for OC, as
well as RSMs.

5 Conclusion

This study has collected short sediment cores in Bohai Sea,
Yellow Sea and Changjiang Estuary. The RSMs in porewater and
solid-phase were studied, and the benthic diffusive flux and
authigenic mass accumulation rate were calculated based on the
observed data. First of all, the environment at sediment-water
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interface was found to be oxic or suboxic. Statistical analysis
showed that the recycling process of Mo, U, and V was impacted
by the recycling process of Fe/Mn oxides. The benthic fluxes of Mn
and Mo were found to be going out of the sediments into overlying
water column, while the fluxes of U and V were the opposite, going
into sediments from overlying water column.

Comparison of benthic diffusive flux with MAR showed that
Mo and V fluxes are independent of the authigenic accumulation
rates, and U fluxes matched only in direction, indicating that there
are other processes, besides the benthic diffusion, control the
authigenic RSMs accumulation. Close relationship was found
between the authigenic accumulation of RSMs and OCyyiap
implying that the authigenic accumulations of RSMs is closely
related with the organic carbon degradation process. Compared
with other worldwide continental margins, moderate enrichment of
U was found in northern China continental sediments. The
estimated authigenic U fluxes in the study region accounted for
approximately 20 - 68% of the Yellow River input in BS and NYS
and ~ 64% of the Yellow River and Changjiang River in SYS, playing
an important role in balancing the global U budget. Due to limited
sampling stations, these 13 sediment cores may not be fully
representative of each region’s characteristic. However, they did
show regional differences, and it cannot be ignored that the coastal
sediments in China acts as an important sink for U globally.
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