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Abstract
The muddy sediments of the central South Yellow Sea (SYS) are not only an important depocenter, but also an important 
area for early diagenesis. A systematic study of the interlinked sulfur (S), iron (Fe), and phosphorus (P) in sediments of the 
sea could provide important information on the diagenetic cycle of these elements; however, their interactions have not been 
well documented. In this study, an in situ, high-resolution diffusive gradient in thin films (DGT) technique, together with 
solid-phase speciation was used to reveal the diagenesis of S, Fe, and P in muddy sediments, and to quantify the benthic flux 
of dissolved inorganic phosphate (DIP). Solid-phase and porewater chemistry indicate that ferruginous conditions prevail 
in the sediments, dissimilatory iron reduction (DIR) dominated Fe reduction, and the sulfate reduction rate is generally low 
due to the low lability of sedimentary organic carbon. Two-dimensional porewater distributions provide direct evidence 
of high spatial heterogeneity of sulfide and DIP on a microscale, and spatial coexistence of DIR and sulfate reduction. A 
positive linear correlation (R2 > 0.75) between porewater Fe and DIP measured by the DGT over the depth interval of rapid 
increase in DGT-labile Fe suggests that DIP release is primarily driven by DIR. Overall, the muddy sediments are a weak 
source of DIP, with an average benthic flux of 0.422 ± 1.004 ×  10−3 mmol/m2/day, which accounts for only 0.02−0.04% of 
DIP required for the primary production of the SYS, and thus has only minor impact on P budget in the sea.

Keywords DGT technique · Porewater · Phosphorus mobilization · Sulfate reduction · Dissimilatory iron reduction · 
Marine sediments

Introduction

In marine sediments, microbially mediated mineralization 
of organic carbon (OC) is the driving force of early diagen-
esis (Berner 1980), which governs the cycling of almost all 
redox-sensitive elements. Thermodynamically, microbi-
ally mediated OC mineralization preferentially utilizes the 
electron acceptor with which the reaction yields the largest 
Gibbs free energy change (ΔrG). When the electron accep-
tor becomes depleted, the electron acceptors with the next 
highest ΔrG are utilized sequentially (Burdige 2006; Froe-
lich et al. 1979). Typically, oxygen is firstly used for OC 

mineralization, followed by nitrate, manganese oxides, iron 
(Fe) oxides, and sulfate, with increasing depth of the sedi-
ments. The rates and relative contributions of the individual 
mineralization pathways vary widely, depending on specific 
depositional environments. Due to its high availability, sul-
fate is usually the dominant electron acceptor for OC miner-
alization in OC-rich sediments of marginal seas (Jørgensen 
1982), despite the low ΔrG of this pathway. Dissolved sulfide 
produced by sulfate reduction readily reacts with reactive 
iron oxides, forming various Fe sulfides, among which pyrite 
 (FeS2) is the most dominant form of reduced Fe and sul-
fur (S) permanently buried (Berner 1985). In such sulfidic 
sediment conditions, dissolved inorganic phosphorus (DIP) 
released from the regeneration of organic P, as well as mobi-
lization of Fe oxide-bound P due to reductive dissolution of 
Fe oxides, can accumulate in porewater to high concentra-
tions, to diffuse upward to the overlying water (Lehtoranta 
et al. 2009) due to low sorption capacity of Fe sulfides for 
DIP (Bebie et al. 1998).
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In sediments rich in reactive Fe oxides but poor in labile 
OC, Fe oxides also serve as an important electron accep-
tor coupled to OC mineralization (i.e., dissimilatory iron 
reduction, DIR) (Thamdrup 2000). Under this circumstance, 
sulfate reduction is largely inhibited, the majority of  Fe2+ 
generated by the DIR is not precipitated as Fe sulfides, but 
diffuses upward and then reoxidized to Fe (hydr)oxides near 
the sediment surface. The accumulation of the newly formed 
Fe (hydr)oxides can serve as a “geochemical barrier” for the 
upward diffusing DIP, and also as an important sink for DIP 
in the overlying water (Lehtoranta et al. 2009; Rozan et al. 
2002). Thus, the diagenetic cycle and fates of C–S–Fe–P in 
marine sediments are intricately interwoven and are regu-
lated by different pathways of OC mineralization. Therefore, 
simultaneous characterization of porewater sulfide, Fe, and 
DIP, together with detailed speciation of solid-phase S, Fe, 
and P can provide insightful information on diagenetic inter-
actions of C–S–Fe–P and the factors governing the benthic 
fluxes of DIP.

Since sulfide, Fe, and DIP concentrations in porewater of 
marine sediments can display steep gradients, on centimeter 
or even millimeter scales, the low resolution (larger than 
1−2 cm) of conventional porewater extraction techniques is 
not usually able to capture small-scale signals. More impor-
tantly, conventional sampling suffers from potential oxida-
tion of highly redox-sensitive components such as sulfide, 
 Fe2+, and  Mn2+, which is a big challenge for reliable meas-
urements of their concentrations. In addition, without in situ 
preconcentration, the conventional sampling techniques do 
not allow the detection of some redox-sensitive components 
of low concentrations. The application of in situ, high-reso-
lution diffusion gradients in thin films (DGT) technique can 
effectively overcome these shortcomings and allows more 
detailed depiction of porewater profiles on a millimeter scale 
(Davison and Zhang 1994; Ding et al. 2016; Ma et al. 2019; 
Meng et al. 2019).

The semi-enclosed South Yellow Sea (SYS) is an impor-
tant channel for the transport of land-derived materials from 
East Asia to the western Pacific Ocean. Sediments in this sea 
are important locations for OC deposition and mineraliza-
tion, and thus play a key role in the budget of carbon and 
nutrients of the water (Qi et al. 2021; Tao et al. 2016). In 
addition, the complex hydrodynamic conditions of the SYS, 
particularly the cold water mass, exert an important influ-
ence on the depositional and diagenetic regimes of the sea 
(Ma et al. 2018; Ren et al. 2022; Yang et al. 2003; Zhou et al. 
2014), and thus on the cycle and fates of biogeochemically 
important elements in the sediments. Porewater chemistry 
of nutrients (N, P, Si) and solid-phase chemistry of S, Fe, 
and P in the SYS sediments have been extensively studied 
(Liu et al. 2003; Wu et al. 2019; Zhou et al. 2022). However, 
the diagenetic interactions of S–Fe–P in the sediments have 
not been well documented, and a mechanistic understanding 

of P mobilization is still lacking. Furthermore, in all previ-
ous studies in the SYS, only low-resolution sampling was 
used to characterize porewater profiles of the sediments, 
which may miss some millimeter-scale details indicating 
the interactions of S–Fe–P (Zhou et al. 2022). In this study, 
we combined the in situ DGT technique with solid-phase 
chemistry to reveal S–Fe–P diagenesis, the mechanism of P 
mobilization, and benthic fluxes of P in the muddy area of 
the central SYS.

Sampling and analytical methods

Sediment sampling, porewater collection, and total 
organic carbon analysis

Sediments were collected at five sites (A3, A4, B3, B4, and 
C4) of the muddy area of the central SYS from 18 April to 
5 May 2021 (Fig. 1). Upon retrieval by a box corer, sedi-
ments were subcored by two polyvinyl chloride (PVC) tubes 
by vertical insertion into the box corer. The subcores were 
immediately sealed, leaving no headspace to avoid distur-
bance of the surface layer, and then stored at 4 °C. After 
being transported to the laboratory, one core from each site 
was sliced at 2 cm intervals in an  N2 atmosphere. After sec-
tioning, all subsamples were sealed in zip-lock plastic bags 
and frozen at −20 °C for later analyses of solid-phase chem-
istry. The other core was allowed to acclimatize at ambient 
temperature for 5 d after the addition of 500 mL of bottom 
water collected at the sampling site, then the DGT devices 
were inserted into the core to collect porewater sulfide, Fe, 
and DIP.

Fig. 1  Sampling sites and circulation currents in the South Yel-
low Sea. KC Kuroshio Current, YSWC Yellow Sea warm current, 
LCC  Liaodong coastal current, BCC  Bohai coastal current, JCC 
Jiangsu coastal current, YSCC  Yellow Sea coastal current. Oblique 
line area indicates muddy sediment in the central South Yellow Sea
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For analysis of total organic carbon (TOC), preweighed 
subsamples (about 0.5 g) were leached with 1 M HCl for 
24 h to remove carbonates. After washing three times with 
deionized water, the residues were freeze dried and ground 
again for TOC analysis by a Vario EA1112 Cube elemental 
analyzer, with relative deviations between 1% and 5%.

Extraction of solid‑phase Fe

After freeze drying and grinding, sediment samples were 
treated with 0.5 M HCl for 1 h to extract labile Fe, which 
includes amorphous and poor crystalline Fe oxides (such 
as ferrihydrite and lepidocrocite), acid soluble iron sulfides 
(such as FeS,  Fe3S4), and unsulfidized  Fe2+ initially adsorbed 
on sediment surfaces (Cornell and Giovanoli 1988; Burdige 
and Christensen 2022). After centrifugation (4800 rpm, 
15 min) and filtration (0.22 µm), total Fe and  Fe2+ were 
immediately determined by ferrozine colorimetry (Stookey 
1970). For the determination of total Fe, hydroxylamine 
was used to reduce  Fe3+ to  Fe2+, while hydroxylamine was 
omitted in the determination of  Fe2+. Labile Fe(III) was 
estimated by the difference between the total Fe and  Fe2+. 
The extracted total Fe,  Fe3+, and  Fe2+ were termed LFe, 
LFe(III), and LFe(II), respectively. Contents of LFe(III) and 
LFe(II) are expressed in µmol per gram dry sediment weight 
(µmol/g). Contents of solid-phase sulfide and phosphorus 
in the following subsections are also expressed in µmol/g.

Analyses of solid‑phase sulfides

Three solid-phase sulfur forms were qualified by sequen-
tial extraction: acid volatile sulfide (AVS), elemental sul-
fur  (S0), and pyrite-S  (Spy). Frozen sediments were directly 
used for extraction of AVS with a mixture of 6 M HCl and 
1 mL ascorbic acid (0.1 M) in a sealed reactor under an  N2 
atmosphere (Burton et al. 2008). Ascorbic acid was used to 
inhibit the oxidation of extracted sulfide by concomitantly 
extracted  Fe3+ (Burton et al. 2008). Evolved  H2S gas was 
precipitated as ZnS by alkaline ZnAc solution in a sepa-
rate vial mounted in the reactor. After 24 h, trapped sulfide 
content was immediately determined by the methylene blue 
method (Cline 1969).

Residual sediments after AVS extraction were washed 
twice with deoxygenated deionized water and then used to 
extract  S0 with acetone under an  N2 atmosphere (Kallmeyer 
2004). After centrifugation and filtration, separated ace-
tone extracts were left in the fume hood for evaporation 
of acetone to near dryness. Extracted  S0 was reduced to 
 H2S by an acid chromium(II) reductant and then precipi-
tated as ZnS following the procedure of AVS extraction. 
Residual sediments after  S0 extraction were washed twice 
with deoxygenated deionized water, and then extracted 
with acid chromium(II) reductant to reduce  Spy to  H2S and 

precipitated as ZnS following the procedure of AVS extrac-
tion (Burton et al. 2008; Zhu et al. 2013). The method for 
measurements of extracted  S0 and  Spy was the same as that 
for the AVS determination. Total reduced inorganic sulfide 
(TRIS) is defined as the sum of AVS,  S0, and  Spy (i.e., 
TRIS = AVS +  S0 +  Spy).

Analyses of solid‑phase P

A three-step sequential extraction was used for solid-phase 
P speciation (Zhang et al. 2010): (1) exchange and loosely 
adsorbed P (Ex–P) was extracted with 1 M  MgCl2 (pH 8); 
(2) Fe bound P (Fe–P) was extracted with a mixture of 
0.11 M  NaHCO3 and 0.11 M  Na2S2O4 (pH 7); (3) authigenic 
P (Au–P) was extracted with 1 M NaAc–HAc mixture (pH 
4). Note that sediment residues after the previous extraction 
step were rinsed with 1 M  MgCl2 solution to purge remain-
ing dissolved P before we moved on to the next extraction 
step. Extracted P was determined by the molybdenum blue 
method. Also note that prior to the determination of Fe–P, 
the extracts were exposed to air for more than 20 h to ensure 
complete oxidization of residual  Na2S2O4. The sum of Ex–P, 
Fe–P, and Au–P is defined as total reactive inorganic P (i.e., 
TRIP = Ex−P + Fe−P + Au−P).

Application of the DGT technique

The DGT probe is a device for in situ, high-resolution pas-
sive porewater sampling based on the Fick’s law, which con-
sists of an inert diffusive layer and a binding gel for fixation 
of given porewater components (Davison and Zhang 1994). 
The DGT devices used in this study were purchased from 
Nanjing Zhigan Environmental Technology Co. Ltd. When 
the DGT device is inserted into sediment, target components 
are fixed on the binding gel after diffusion through the dif-
fusive layer of a certain thickness. The accumulation on the 
binding gel represents the time-averaged contents during the 
sampling period. In this study, a zirconia (ZrO) probe was 
used as the binding gel for DIP collection, and a composite 
ZrO-Chelex-100-AgI (ZrO−CA) probe was used as the bind-
ing gel for sulfide and Fe collection (Wang et al. 2019). Prior 
to employment, the DGT devices were immersed in 0.03 M 
 NaNO3 solution and purged with  N2 for 16 h for deoxygena-
tion. Upon retrieval from sediment, the DGT devices were 
immediately disassembled in the dark for analyses of accu-
mulated sulfide, Fe, and DIP.

High-resolution two-dimensional distributions of sulfide 
and DIP accumulated on the binding gel were determined. 
For sulfide,  Ag2S accumulated on the binding gel was directly 
scanned using a flat-bed scanner (dpi 600), and resultant 
images were converted to grayscale density using a com-
puter-imaging densitometry technique. Sulfide content (x) per 
unit area (µg/cm2) was calculated according to the corrected 
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grayscale standard curve (Eq. 1). DIP accumulated on the ZrO 
binding gel was colored by the molybdenum blue method, and 
the colors were converted to grayscale for the quantification 
of DIP content (µg/cm2) with the grayscale standard curve 
(Eq. 2).

 where x is the accumulated amount per unit area on the 
binding gel (µg/cm2) and y is the grayscale. The total accu-
mulation of sulfide and DIP on the binding gel M (µg) is the 
product of x and area A  (cm2) of the binding gel (M = xA).

After scanning, the composite ZrO–CA binding gels were 
cut at 3 mm intervals along the depth. The cut pieces were 
placed in centrifuge tubes containing 1.0 M  HNO3 for Fe 
extraction (24 h). Extracted Fe was determined with an Epoch 
microporous plate spectrophotometer. Total Fe accumulated 
on the binding gel was calculated with Eq. (3).

 where Ce is the Fe concentration in the eluates, Ve and  Vg 
are the volume of eluates and gels, respectively, and fe is the 
elution efficiency of Fe (0.88). The time-averaged concen-
trations of P (CDGT–P) and Fe (CDGT–Fe) are calculated by 
Eq. (4).

 where M (µg) is the total cumulative amount of DIP and 
Fe in the binding gels, Δg (cm) is the thickness of the diffu-
sion layer, D  (cm2/s) is the diffusion coefficient of Fe in the 
DGT diffusion layer, A  (cm2) is the area of the binding gel, 
and t (s) is sampling time. Note that DGT measures only 
DGT-labile species and will exclude kinetically inert organic 
species and large colloids (Davison and Zhang  1994). 
Therefore, it is expected that the measured concentrations 
of sulfide, Fe, and DIP are somewhat lower than the concen-
trations of operationally defined dissolved components in the 
porewater. Because of the difference, we denoted hereafter 
the DGT-labile concentration as CDGT (CDGT–S, CDGT–Fe, 
CDGT–P). In addition, we assumed that all DGT-labile Fe 
was  Fe2+, considering that Fe(III) hydroxides are almost 
insoluble in the pH condition of seawater.

Calculation of apparent benthic fluxes of DIP

The CDGT–P gradient can be used to estimate apparent benthic 
flux of DIP according to Fick’s first law (Eq. 5) (Ma et al. 
2019),

(1)y = −171e−x∕7.23 + 220

(2)y = −177e−x∕4.46 + 220

(3)M = Ce (Ve + Vg)∕fe

(4)CDGT = MΔg∕(DAt)

(5)J = −� ⋅ Ds ⋅ (dCDGT∕dZ)0

 where J is apparent benthic flux, (dCDGT/dz)0 is solute gra-
dient from the sediment–water interface to depth z (cm), φ 
is the average porosity over the depth interval. Ds is  H2PO4

‒ 
diffusion coefficient in sediments, estimated from Ds = Dw/
(1 ‒ lnφ2) (Boudreau 1997), where DW is  H2PO4

− diffusion 
coefficient in seawater (8.46 ×  10−6  cm2/s) (Li and Gregory 
1974). A positive value of J indicates upward diffusion from 
the sediment–water interface, and a negative value down-
ward diffusion. The high-resolution CDGT‒P profiles allow 
more accurate determination of the gradient and flux than 
the profiles from the conventional porewater sampling. Due 
to its low resolution, the conventional porewater sampling 
could only roughly depict the porewater profiles, which may 
give rise to a large uncertainty in determination of DIP gra-
dients and flux.

Results

TOC contents and speciation of S and reactive Fe

Contents of TOC (wt%) at A3, A4, B3, B4, and C4 were 
in the ranges of 1.03–1.47%, 1.04–1.32%, 0.75–0.89%, 
0.85–1.16%, and 0.52–0.77%, respectively (Fig. 2). The con-
tents displayed either a slight decrease or no decrease with 
depth, except a rapid decrease at B4 over the surficial 3 cm.

In general, LFe(II) contents increased rapidly with 
increasing depth over the upper 2−4 cm of the cores (except 
B4) (Fig. 3), whereas LFe(III) contents decreased with 
depth, indicating its reductive consumption and correspond-
ing accumulation of LFe(II). LFe(III) contents at C4 were 
significantly higher than those at the other sites, which may 
suggest that sediments at this site have been superimposed 
by reactive iron-rich sediments delivered from the Yangtze 
River (Zhu et al. 2012). Below the depth of 8−10 cm, both 
LFe(III) and LFe(II) contents had no significant down-core 
changes, which indicates no further reduction of LFe(III).

AVS and S0 contents at five sites were extremely low, with 
the sum of the two in the range of 0−1.2 µmol/g (Fig. 4). Spy 
contents at each site displayed a down-core increase, but var-
ied in a wide range among the five sites, with the maximum 
value only 5.41 µmol/g at B4 and 21.9−24.8 µmol/g at A3 
and B3, but up to 117 µmol/g at A4. The maximum TRIS 
contents (118 µmol/g) at A4 was much higher than those at 
A3, B3, B4 and C4 (5.5−25 µmol/g), which are at the lower 
end for sediments of global continental margins (Goldhaber 
2004; Rickard and Morse 2005). Regardless of its contents, 
TRIS was always dominated by Spy (85.4−99.7%).

Speciation of inorganic phosphorus

Ex–P contents at five sites were in a narrow range of 
0.47−1.25 µmol/g (Fig. 5), and displayed no clear depth 
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Fig. 2  Vertical profiles of TOC contents

Fig. 3  Vertical profiles of labile Fe(III) (LFe(III) and Fe(II) (LFe(II))

Fig. 4  Vertical profiles of acid volatile sulfide (AVS), elemental sulfur (S0), and pyrite–S (Spy)
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trend. This P pool accounts for 7.4−21.7% (14.6 ± 3.6%) of 
the TRIP. Au−P contents at the sites were 2.10−6.56 µmol/g, 
with the contents at C4 (3.40−6.56 µmol/g) much higher than 
at the other sites, and this pool accounted for 32.5−82.9% 
(57.9 ± 11.4%) of the TRIP and thus was the major P pool. 
Fe–P contents were in the range of 0.65−3.82  µmol/g, 
accounting for 9.7−53.3% (27.8 ± 10.3%) of the TRIP. In 
general, Fe−P contents displayed a significant down-core 
decrease over the upper 8 cm depth, corresponding to the 
down-core decrease in LFe(III) (Fig. 3), which implies that 
Fe−P release might be largely from reductive dissolution 
of Fe oxides.

CDGT–S, CDGT–Fe, and CDGT–P concentrations 
and apparent benthic fluxes of DIP

As shown in Fig. 6, the 2-D distributions of CDGT–S and 
CDGT–P in porewater at the five sites were obviously spatially 
heterogeneous. CDGT–S concentrations at the five sites were 
constantly very low. For example, CDGT–S at B3 was lower 
than the detection limit of the DGT device, and was only spo-
radically detectable at A4 and B4, with CDGT–S concentra-
tions less than 0.27 µmol/L. CDGT–S at A3 and C4 occurred 
mainly below 4−6 cm depth, at a concentration of less than 
2.11 µmol/L. There were obvious differences in concentrations 

and spatial distributions of CDGT–P among the five sites. At 
A4, CDGT–P concentration in bottom water immediately above 
the sediment was relatively high and uniform, while the bot-
tom-water concentrations at the other sites were low.

The vertical profiles of CDGT–S and CDGT–P obtained from 
lateral averaging of their 2-D distributions can be used for 
comparison with the vertical profiles of CDGT–Fe (Fig. 7) to 
reveal the interplay of the three components. CDGT–Fe con-
centrations were close to 0 in the uppermost layer (2−3 cm) 
(except for a peak value at the sediment-water interface at A4), 
below which all the concentrations increased rapidly with var-
ying gradients. For example, CDGT–Fe concentrations at A3, 
B4, and C4 reached their maxima within the 2 cm depth inter-
val; at A4 and B3, however, the concentrations increased to 
their maxima within the 4 cm depth interval. Generally, there 
was a rapid increase in CDGT–P concentrations in tandem with 
the rapid increase in CDGT–Fe concentrations (Fig. 7). A rapid 
increase in CDGT–S generally started below the depths where 
the CDGT–Fe reached its maximum (except for B3), but the two 
components coexisted within a certain depth interval (Fig. 7).

Figure 8 shows the apparent benthic fluxes of DIP at 
five sites. The fluxes were positive at A3, B3, B4, and C4, 
but negative at A4. The average flux of the five sites was 
0.422 ± 1.004 ×  10−3 mmol/m2/day.

Fig. 5  Vertical profiles of adsorbed inorganic and exchangeable organic P (Ex−P), Fe-bound inorganic P (Fe−P), and authigenic phosphate 
(Au−P)
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Fig. 6  Two-dimensional distributions of porewater concentrations of CDGT–S and CDGT–P

Fig. 7  Vertical profiles of porewater concentrations of CDGT–S, CDGT–P, and CDGT–Fe
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Discussion

Diagenetic geochemistry of S and Fe

The profiles of porewater chemistry in marine sediments 
are a combined result of multiple diagenetic processes and 
usually display high spatial heterogeneity (Berg et al. 2003). 
High-resolution CDGT–S and CDGT–Fe profiles can provide 
more detailed information on S and Fe diagenetic cycles 
than the porewater profiles from the conventional sampling, 
though the DGT-labile concentrations do not represent the 
total porewater concentrations (Ma et al. 2017, 2019). A 
rapid increase in CDGT–Fe concentrations below 2−3 cm 
depth (Fig. 7) indicates a rapid reductive dissolution of Fe 
oxides, which is confirmed by a concomitant decrease in 
LFe(III) content and a corresponding increase in LFe(II) 
content over the same depth interval (Fig. 3). The reduced Fe 
occurs mainly as pyrite  (FeS2) (Fig. 4) and acid-extractable 
solid-phase LFe(II) (Fig. 3), leaving only a minor fraction 
in the porewater. Very low AVS contents at all sites suggest 
that the contents of metastable Fe sulfides (FeS,  Fe3S4) are 
negligible. Thus, we can assume that almost all the LFe(II) 
remains unsulfidized. In addition,  Fepy  (Fepy = 0.5  Spy) con-
tent accounts for only 14%, on average, of the total Fe(II) 
(i.e., Fe(II)T = LFe(II) +  Fepy), which means that the major-
ity of Fe(II)T occurs as HCl-extractable unsulfidized LFe(II).

In labile OC-rich sediments, microbially mediated oxida-
tion of OC can result in a quick depletion of oxygen, nitrate, 
manganese oxides, and Fe oxides, such that sulfate is usu-
ally left as the solely important electron acceptor for OC 
oxidation. This usually results in highly sulfidic porewater 
conditions (Jørgensen 1977), in which Fe oxides are reduced 

dominantly by dissolved sulfide (i.e., abiotic reduction) and, 
as a result, Fe(II) occurs mainly as Fe(II) sulfides. This is 
because abiotic reduction is thermodynamically and kineti-
cally more favored than DIR (Koretsky et al. 2003). Further-
more, biotoxicity of abundant dissolved sulfide to Fe-reduc-
ing bacteria also inhibits the prevalence of DIR (Canfield 
et al. 2005). However, the abundant presence of unsulfidized 
LFe(II) and overall low TRIS contents in the present study 
strongly suggest that DIR is prevailing in the sediments, 
and the sulfate reduction rate is generally low, such that the 
majority of dissolved sulfide is efficiently buffered by reac-
tion with Fe oxides. Below the depth of its maximum, the 
CDGT–Fe concentrations were at least one order of magni-
tude higher than those of the CDGT–S (Fig. 7), which further 
supports the ferruginous porewater environment. This diage-
netic regime suggests that OC in the sediments is overall low 
in lability, and thus its degradation could not maintain high 
rates of sulfate reduction, but favor DIR (Thamdrup 2000). 
This speculation is supported by only a slight down-core 
decrease in TOC contents at the five sites (Fig. 2) and also 
by our diagenetic modeling (Ren et al. 2022), which sug-
gests that labile OC pool (with degradation rate constants of 
0.6−1.65  year−1) in the muddy sediments of the central SYS 
is small (< 0.2 wt%), and quickly becomes depleted within 
the upmost 4 cm, while the remaining OC pool is barely 
degradable over the upper 40 cm depth interval.

At a certain depth (except at B3), a rapid increase in 
CDGT–S concentrations (Fig.  7) indicates a significant 
enhancement in sulfate reduction rate. These depths are 
greater than those of the rapid increase in CDGT–Fe con-
centrations, which is consistent with the thermodynamic 
prediction that sulfate reduction occurs following DIR (Bur-
dige 2006). However, the coexistence of dissolved sulfide 
and  Fe2+ over a wide depth interval suggests that DIR and 
sulfate reduction are not completely mutually exclusive, 
which implies that the classic geochemical zonation of early 
diagenesis is only an ideal paradigm, while the real situation 
is actually much more complicated. It is noted that the two-
dimensional distributions of CDGT–S are highly spatially het-
erogeneous, probably reflecting millimeter-scale hotspots of 
sulfate reduction. Such spatial heterogeneities could only be 
revealed by in situ, high-resolution sampling such as DGT, 
but not easily captured by the conventional porewater sam-
pling (Ding et al. 2016; Ma et al. 2017, 2019). In addition, 
low-concentration sulfide and its spatial heterogeneity are 
undetectable with the method of the conventional porewater 
sampling because of the high detection limit (1 µmol/L) of 
the traditional methylene blue method of dissolved sulfide 
determination (Cline 1969), but could be characterized by 
the DGT technique with in situ preconcentration.

In labile OC-rich sediments, rapid sulfate reduction, and 
thus the formation of highly sulfidic porewater conditions, 
usually result in rapid depletion of either sulfate or reactive 

Fig. 8  Benthic fluxes of DIP across sediment-water interfaces
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Fe oxides within the upper sediment layer. By corollary, the 
rapid accumulation of  Spy is restricted to the shallow sedi-
ment layer (Goldhaber 2003). AVS and  S0 levels (Fig. 4) and 
CDGT–S concentrations (Fig. 7) at five sites are generally 
low, and CDGT–S concentrations at B3 are even undetect-
able with the DGT technique, while  Spy content progres-
sively increases with depth, especially in the deep layer, 
which strongly suggests that sulfide is rapidly consumed by 
reactive Fe and is efficiently converted to  FeS2. This fea-
ture is just the reflection of the low content of labile OC, 
together with the slow but continuous sulfate reduction, 
which once again confirms the overall low lability of the 
sedimentary OC. It is worth pointing out that the maximum 
CDGT–S concentration at A4 is only slightly higher than that 
at B3 (Fig. 7), but the maximum  Spy content at the former is 
4.7−21.6 times those at the other sites (Fig. 4). In contrast, 
CDGT–S concentrations at C4 are relatively high and uni-
form at depth, while  Spy contents are low (< 11.4 µmol/g), 
which suggests that porewater and solid-phase chemistry are 
not necessarily coupled. This is not unexpected consider-
ing that porewater chemistry is a combined result of ongo-
ing diagenetic processes, while solid-phase chemistry is a 
time-integrated result of prolonged diagenesis. Therefore, 
porewater and solid-phase chemistry should be combined 

to well understand the intensity of prolonged diagenesis and 
the fate of involved elements.

Coupling of Fe and P diagenesis and benthic flux 
of DIP

The two-dimensional distributions of CDGT–P concentrations 
at five sites (Fig. 6) indicate high spatial heterogeneity of 
DGT-labile DIP in the porewater. Compared with the upper 
layer, the higher CDGT–P concentrations in the deep part of 
the sites (except A4) can be ascribed to be a result of a net 
accumulation of DIP. At A4, both bottom water and porewa-
ter close to the sediment–water interface (< 2 cm) have high 
CDGT–P concentrations (Fig. 6). In addition, CDGT–Fe peaks 
(Fig. 7) and high AVS and  Spy contents over the thin layer of 
the site (Fig. 4) indicate the concurrence of active Fe reduc-
tion and sulfate reduction. As a result, effective mobilization 
of Fe–P together with regeneration of organophosphorus 
may have resulted in high CDGT–P concentrations at the site.

As shown in Fig. 9, CDGT–Fe concentrations at five sites 
are well linearly correlated with CDGT–P concentrations over 
the depth intervals of rapid down-core increase in CDGT–Fe, 
which strongly suggests that DIP release is mainly driven 
by DIR. This is because under ferruginous conditions 

Fig. 9  Correlations between porewater CDGT–Fe and CDGT–P
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maintained by prevailing DIR, reductively dissolved  Fe2+ 
and concomitantly released DIP from Fe−P are accumulated 
mainly in the porewater, resulting in coupling of the two 
components (Lehtoranta et al. 2009). Under highly sulfidic 
conditions, however, the majority of  Fe2+ produced mainly 
by reaction with abundant porewater sulfide is quickly pre-
cipitated as Fe sulfides, while released DIP remains in the 
porewater due to low sorption affinity of Fe sulfides for DIP 
(Bebie et al. 1998), rendering the two components spatially 
decoupled (Lehtoranta et al. 2009; Rozan et al. 2002). The 
decrease in Fe−P from the sediment surface to a depth of 
6−8 cm (Fig. 5) further confirms the notion of DIR-driven 
mobilization of Fe−P. It should be pointed out that OC 
mineralization coupled to DIR also regenerates DIP. If the 
chemical compositions of the sedimentary organic matter are 
assumed to follow the Redfield ratio of C/N/P, the resulting 
DIP/Fe2+ ratio would be 1/424 (Eq. 6), which is much lower 
than the determined CDGT–P/CDGT–Fe ratios (0.02−2.94). 
Thus, we can hypothesize that the relative contribution of 
organic matter mineralization to DIP release is very limited.

As shown in Fig. 8, the positive benthic fluxes of DIP at 
A3, B3, B4, and C4 suggest that these sites are the source of 
DIP to the overlying water. The negative flux of DIP at A4 
is largely due to the high DIP concentration in the bottom 
water (Fig. 6), the reason for which remains unclear, but may 
be ascribed to efficient regeneration of organophosphorus in 
the water column around the site. The average of the benthic 
fluxes at the five site (0.422 ± 1.004 ×  10−3 mmol/m2/day) is 
at the lower end of DIP fluxes reported in different areas of 
China’s marginal seas (Fig. 8, Table S1). This indicates that 
the muddy area of the central SYS is only a weak source of 
DIP to the overlying water. The low DIP flux could be attrib-
uted to the following two reasons: (1) the DIR-prevailing 
condition favors upward diffusion of both  Fe2+ and mobi-
lized DIP; on the other hand, the subsequent reoxidation of 
 Fe2+ close to the sediment surface can effectively sequestrate 
the upward diffusing DIP, resulting in the overall low DIP 
fluxes; (2) even though DIR is a prevailing pathway of Fe 
reduction, generally low DIR rates may have resulted in low 
release of Fe−P and thus low DIP flux. This speculation is 
inferred from the comparison with our previous study in 
Jiaozhou Bay (Ma et al. 2019). DIP release from Jiaozhou 
Bay sediments is also driven mainly by DIR, but CDGT–Fe 
concentrations and DIP fluxes in the bay sediments are much 
higher than those in the present study, which may suggest 
lower DIR rates in the muddy area of the central SYS.

Based on the area (3.09 ×  105  km2) of the muddy sedi-
ments of the central SYS (Ren et al. 2022) and the average 

(6)

424 FeOOH + (CH2O)106(NH3)16H3PO4 + 756 H + = 106 HCO−
3
+

16 NH +

4
+ 424 Fe2 + + HPO2−

4
+ 636 H2O

DIP flux in the area, the annual flux of DIP of the area 
is calculated to be 1.82 ± 3.92 ×  1010 mol. The average 
primary production of the whole SYS (8.08 ×  105  km2) 
is reported to be about 515−949  mg  C/m2/day (Ning 
et  al. 1995), which is equivalent to DIP demand of 
0.40−0.75 mmol/m2/day, in terms of the Redfield ratio of 
planktonic C/N/P. It is estimated that DIP released from 
the muddy sediments of the central SYS accounts for only 
0.02−0.04% of the total DIP required for the primary pro-
duction of the whole SYS, and thus the DIP release plays 
only a minor role in P budget of the sea.

Conclusions

The two-dimensional distributions of CDGT–S concentra-
tions reveal high spatial heterogeneity of dissolved sulfide 
in the sediments, suggesting highly varying sulfate reduc-
tion rates on millimeter scales, which usually could not 
be captured by the conventional low-resolution porewater 
sampling. CDGT–Fe concentrations are much higher than 
those of CDGT–S, and the majority of Fe(II) (86%) occurs 
as unsulfidized LFe(II), which strongly suggests that DIR 
is prevailing in ferruginous porewater conditions. Despite 
the prevalence of DIR, sulfate reduction can coexist with 
DIR over a wide depth interval.

The profiles of AVS,  S0, and  Spy suggest slow but pro-
gressive proceeding of sulfate reduction toward the depth 
of the sediments, which is a manifestation of low lability 
of the sedimentary OC. The spatial decoupling of CDGT–S 
and  Spy profiles in the sediments highlights the importance 
of the combination of porewater and solid-phase chemistry 
to better elucidate the fate and intensity of the diagenetic 
processes.

A good positive linear correlation between CDGT–Fe 
and CDGT–P (R2 > 0.75) over the depth intervals of rapid 
down-core increase in CDGT–Fe strongly suggests that DIP 
release is mainly driven by DIR. Overall, the muddy sedi-
ments are a weak source of DIP to the water column, with 
an averaged benthic flux of 0.422 ± 1.004 ×  10−3 mmol/
m2/day. The flux accounts for only 0.02−0.04% of DIP 
required for the primary production in the whole SYS, 
which is a minor contributor to P budget of the sea.
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