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Abstract
Dissolved sulfide, iron (Fe), and phosphorus (P) in a mudflat (Jiaozhou Bay, China) impacted by shellfish aquaculture were
measured in situ by the diffusive gradients in thin films (DGT) technique. A combination of porewater and solid-phase chemistry
was used to characterize the interplays of Fe and S, and their control on P mobilization. Below the subsurface layer, two times
higher fluxes (FDGT) of dissolved Fe2+ from porewater to the DGT device than those of dissolved sulfide indicate that dissim-
ilatory iron reduction (DIR) dominates over sulfate reduction (SR). Spatial coupling of dissolved Fe2+ and P points to P release
driven mainly by reductive dissolution of Fe. Much higher FDGT values of dissolved Fe2+ relative to dissolved P imply that
oxidative regeneration of Fe oxides at the sediment–water interfaces (SWIs) of the transitional mudflat serves as an effective Biron
curtain^ of upward diffusing P. In the mudflat sediments of DIR prevalence, the accumulation of total reduced inorganic sulfur
(TRIS) is dampened, which can largely ascribed to enhanced oxidative loss of sulfide and/or limited availability of degradable
organic carbon in the dynamic regimes. Low dissolved sulfide concentrations in the sediments leave the majority of reactive Fe
unsulfidized and thus abundantly available to buffer newly produced sulfide.

Keywords DGT technique . Buffering capacity . Sulfide toxicity . Iron reduction . Phosphorus mobilization . Biogeochemical
cycling

Introduction

Intertidal mudflats are a transitional zone of the land–sea con-
tinuum and play an important role in trapping nutrients and
pollutants from the land (Taillefert et al. 2007). Physical and
chemical properties of intertidal mudflats such as temperature,
light, salinity, and concentrations of dissolved oxygen and
nutrients strongly vary during a tidal cycle (Taillefert et al.
2007; Al-Raei et al. 2009; Jansen et al. 2009; Rigaud et al.
2018). Therefore, dynamic regimes of the intertidal mudflats
exert profound impacts on the geochemical processes of oxy-
gen, carbon, sulfur (S), and iron (Fe), which are the four key
elements dominating the behavior and fates of numerous other

elements including phosphorus (P) (Rozan et al. 2002;
Burdige 2006; Raiswell and Canfield 2012).

Intertidal mudflats are important locations for shellfish
aquaculture worldwide. Aquaculture usually produces a great
amount of biological deposits enriched in organic matter
(OM) (Carlsson et al. 2009). For example, labile OM concen-
trations could be up to 25 times higher in aquaculture areas
than in similar areas not impacted by aquaculture (Otero et al.
2006). The enrichment of OM usually stimulates benthic min-
eralization and quick depletion of oxygen and consequently
promotes sulfate reduction (SR). For example, integrated SR
rates within the upper 10 cm of sediments in an aquaculture
area (Hardangerfjord, Denmark) are 39 times as high as those
found at a reference site (Valdemarsen et al. 2012). Under
these circumstances, abundant sulfide generated by SR may
not be quickly buffered by reaction with reactive Fe oxides,
leading to an accumulation of highly toxic sulfide in
porewater and even in the overlying water to the levels detri-
mental to the benthic organisms (Valdemarsen et al. 2009). In
addition, abundant dissolved sulfide in anoxic condition can
result in depletion of reactive Fe oxides and, consequently, an
increase in P flux from sediments towards the overlying water
(Rozan et al. 2002; Lehtoranta et al. 2009).

Responsible editor: Philippe Garrigues

* Mao-Xu Zhu
zhumaoxu@ouc.edu.cn

1 Key Laboratory of Marine Chemistry Theory and Technology,
Ministry of Education, College of Chemistry and Chemical
Engineering, Ocean University of China, Qingdao 266100, China

Environmental Science and Pollution Research (2019) 26:6460–6471
https://doi.org/10.1007/s11356-018-04114-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-04114-w&domain=pdf
http://orcid.org/0000-0002-3838-8501
mailto:zhumaoxu@ouc.edu.cn


In intertidal mudflats, however, the impacts of aquaculture
on the benthic biogeochemistry may be mitigated due to (i)
strong sediment resuspension and rapid transport away of dis-
solved components by dynamic tidal currents during flooding
and ebbing (Taillefert et al. 2007; Rigaud et al. 2018), (ii)
periodic exposure of the sediments to the atmosphere (Al-
Raei et al. 2009; Jansen et al. 2009), and (iii) an increase in
bioturbation and bioirrigation by shellfish (Aller 1994).
Therefore, we hypothesize that aquaculture in intertidal mud-
flats exerts different influences on diagenetic cycling of S, Fe,
and P, and thus their spatial heterogeneity than what is gener-
ally expected in typical coastal marine sediments impacted by
aquaculture, due to highly redox-sensitive nature of dissolved
Fe2+ and sulfide (Robertson et al. 2008; Pagès et al. 2014).

Traditional geochemical methods, including porewater ex-
traction techniques, have been used to investigate S, Fe, and P
biogeochemistry in coastal sediments impacted by aquacul-
ture (Otero et al. 2006, 2009; Hyun et al. 2013). However,
these techniques are incapable of in situ characterizing
porewater chemistry in high resolution to unravel a nuanced
picture of the distributions and interactions of S, Fe, and P. Up
to date, only limited efforts have been devoted to simultaneous
high-resolution characterization of the three constituents in
sediment porewater (Pagès et al. 2011, 2012; Cesbron et al.
2014;Ma et al. 2017). Because of the gap, a detailed picture of
S, Fe, and P interactions in dynamic intertidal mudflats has not
been well depicted. Simultaneous measurements of porewater
Fe2+ (dissolved ferrous Fe is denoted as Fe2+ and solid-phase
ferrous Fe as Fe(II) hereafter), sulfide, and P using an in situ
high-resolution diffusive gradients in thin films (DGT) tech-
nique, by combining solid-phase chemistry, promise to reveal
a more nuanced picture of their spatial heterogeneity and offer
an integrated understanding of their interplays.

A shellfish aquaculture area in an intertidal mudflat of
Jiaozhou Bay, China, was selected for this study (Fig. 1). In
situ simultaneous measurements of porewater Fe2+, sulfide,
and P were implemented using the DGT technique to provide
detailed distributions of the three constituents in the mudflat.
In addition, solid-phase S and Fe were speciated for further
insights into the linkages between solid-phase and porewater

chemistry. This study aims to (i) elucidate diagenetic interac-
tions of S and Fe, sulfide accumulation, and its potential
ecotoxicity in the mudflat sediments; (ii) reveal the mecha-
nisms of P mobilization and potential role of the intertidal
mudflat as a source/sink of P; (iii) quantitatively assess buff-
ering capacity of reactive Fe towards dissolved sulfide.

Sampling and analytical methods

Study area and sampling

Jiaozhou Bay is a semi-enclosed water body linked by a nar-
row channel to the Yellow Sea (Fig. 1). The bay has an area of
390 km2, and one fifth of which is an intertidal zone with an
average tidal range of 2.7–3.0 m. The intertidal mudflat se-
lected for this study is within a clam (Ruditapes
philippinarum) aquaculture area, which has been utilized for
aquaculture since the 1980s (Han et al. 2017). Sampling sites
(Fig. 1) were located at the center of the aquaculture area,
which is in the mid-tidal zone with an average water depth
of 2.6 m at high tide and 6-h exposure time to the atmosphere
in a tidal cycle. Thus, the sampling localities represent the
typical hydrogeochemical regimes of the aquaculture area.

Sample collection was carried out on June 9 to 11, 2017.
Shellfish aquaculture in this season is generally characterized
by rapid shellfish growth and high bioturbation intensity
(Soudant et al. 2004). Thus, the sampling was expected to
capture the typical geochemical features of the mariculture-
impacted mudflat. After 3-h exposure of the mudflat to the air,
sediments in triplicate (J1, J2, and J3) were collected manually
using PVC tubes (inner diameter 110 mm). The three sites
were linearly aligned and 35 m apart away from the neighbor-
ing site(s) (Fig. 1). Upon retrieval, the three cores were imme-
diately sealed, leaving almost no headspace (the sediment sur-
faces were not disturbed), and then transported to the labora-
tory within 1.5 h. DGT probes were vertically deployed in
sediments beside the three sampling sites and left for 24 h
before retrieval (see the section BApplication of the DGT
technique^ for detail). Upon in the laboratory, the cores were

Fig. 1 Map of triplicate sampling
sites (J1, J2, J3) in mudflat
sediments of Jiaozhou Bay
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immediately sectioned at 2–3-cm intervals in N2, and subsam-
ples were sealed in ziplock plastic bags and then frozen at −
20 °C for later handling.

Analysis of total organic carbon

Pre-weighed wet sediment subsamples in duplicate were dried
at 105 °C until constant weight for gravimetric analysis of
water contents. For total organic carbon (TOC) analysis, pre-
weighed dry sediments (ca. 0.5 g) were treated with 1 M HCl
overnight for decarbonation. After rinsing and redrying, the
samples were ground to ~ 100 meshes for TOC analysis using
a vario MACRO cube CHNS elemental analyzer (Elementar,
Germany). Relative deviations between duplicates were 1.6–
5.4%, except for an outlier of 10%.

Analyses of acid volatile sulfides and chromium(II)
reducible sulfides

Acid volatile sulfides (AVSs) and chromium(II) reducible sul-
fides (CRSs) were quantified in this study. Procedures for the
extractions and analyses have been detailed elsewhere
(Cornwell andMorse 1987; Burton et al. 2008), and thus, only
brief information was provided here. AVS in pre-weighed (~
1 g), frozen wet subsamples was released under N2 by the
addition of 6 M HCl together with 1 mL ascorbic acid
(0.1 M). Ascorbic acid was used to inhibit oxidation of re-
leased sulfide by concomitantly released Fe3+. Evolved H2S
gas was trapped as ZnS precipitate by alkaline ZnAc solution.
After 24 h, trapped sulfide was measured by colorimetry
(Cline 1969).

For CRS quantification, residual sediment pellets after
AVS extraction above were rinsed twice using deoxygenated
deionized water and then immediately treated with a mixed
solution of acidic chromium(II) solution plus acetone under
N2 at room temperature to reduce elemental S and pyrite
(FeS2) to H2S (Burton et al. 2008). After 48 h, evolved H2S
was measured by the Cline method (Cline 1969). Relative
deviations (RDs) of duplicates for AVS were 0.34–10.4%,
and the RDs for CRS were 0.5–8.9%, except for an outlier
of 31%.

Speciation of solid-phase Fe

The methods of Raiswell et al. (1994) and Poulton and
Canfield (2005) were used to determine two reactive Fe pools:
(i) buffered acetate-extractable Fe(II) [acetate-Fe(II)], which
consists mainly of Fe(II) sulfides (pyrite excluded) and
Fe(II) carbonates (siderite and ankerite), and (ii) bicarbon-
ate–citrate-buffered sodium dithionite (BCD)-extractable
Fe(III) oxides [BCD-Fe(III)]. Briefly, buffered acetate solu-
tion (pH 4.5) was used to extract diagenetic Fe(II) (pyrite
excluded) (Poulton and Canfield 2005). After the extraction,

residual sediment pellets were rinsed twice with deionized
water and then immediately subject to BCD extraction at
pH 4.8 to target all amorphous and well-crystalline Fe(III)
phases such as ferrihydrite, lepidocrocite goethite, and hema-
tite (Raiswell et al. 1994; Poulton and Canfield 2005).

All extracted Fe was measured by phenanthroline colorim-
etry with hydroxylamine reductant (Stookey 1970). RDs of
duplicates were 0.04–9.5% for the acetate extraction and
0.02–12% for the BCD extraction.

Sediment subsamples were also subject to 1-h extractions
with 1 M HCl to estimate labile Fe that is capable of quickly
buffering dissolved sulfide in the mudflat (Burton et al. 2011).
The extraction targets Fe(II) sulfides (pyrite-Fe excluded), the
most labile amorphous and poorly crystalline Fe(III) oxides
(ferrihydrite and lepidocrocite) with half-lives from hours to
days (Canfield et al. 1992; Raiswell and Canfield 1998;
Poulton et al. 2004), and Fe in authigenic clays without ex-
tended aging (collectively termed LFe hereafter) (Aller et al.
2004). Wet sediments of known weight (~ 5 g) were extracted
by 1 M HCl in N2 for 1 h. After centrifuge and filtration
(0.22 μm), resulting supernatants were used for analyses of
Fe(II) [i.e., LFe(II)] and Fe(III) [i.e., LFe(III)]. Total extracted
Fe was measured using the phenanthroline colorimetry with
hydroxylamine reductant (Stookey 1970), and Fe(II) was
measured using the same method but omitting hydroxylamine
reductant. LFe(III) was calculated by the difference between
total extracted LFe and LFe(II). RDs of duplicates for LFe and
LFe(II) were 0.15–15% and 0.25–14%, respectively.

Application of the DGT technique

A combination of ZrO-Chelex DGT probes (ZrO for P bind-
ing and Chelex for Fe binding) and AgI DGT probes (AgI for
sulfide binding) was applied for the in situ measurements of
dissolved sulfide, Fe, and P concentrations in the sediments.

At J1 and J2, an AgI DGT probe and two ZrO-Chelex
probes with different diffusion layer thicknesses (0.1 mm
and 0.9 mm) were deployed as a triangle. At J3, only a ZrO-
Chelex probe (diffusion layer thickness 0.9 mm) and an AgI
DGT probe were deployed back to back. Results from the 0.9-
mm diffusion layer were used to calculate time-averaged
fluxes (FDGT) of dissolved Fe2+ and P from porewater to the
DGT devices, while results from the 0.1-mm diffusion layer
were used only for characterization of resupply kinetics from
solid phases to porewater (see the section BPhosphor mobili-
zation and its relevance to Fe reduction^ for detail). After 24 h,
the probes were retrieved from the sediments and immediately
rinsed thoroughly with deionized water and then protected in
black plastic bags for transport to the laboratory (within 1.5 h).
Upon in the laboratory, the ZrO-Chelex binding gels were
immediately sliced into 5-mm intervals for the elution of Fe
in 1.0 M HNO3 solutions (1 mL). It was assumed that dis-
solved Fe measured by the DGT technique was Fe2+ because
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Fe(III) is almost insoluble at pH of seawater. After 24 h, elu-
ates were collected for Fe analysis, and then the binding gels
were subject to 24-h elution of P in 1.0 M NaOH solutions
(1 mL). Eluted P and Fe were analyzed by the molybdenum
blue method and phenanthroline colorimetric method (with
hydroxylamine reductant), respectively, on an Epoch
Microplate Spectrophotometer. Accumulated masses (M, μg)
of Fe and P in binding gels at given times were calculated
according to Eq. (1) (Ding et al. 2012):

M ¼ Ce V e þ Vg

� �
= f e ð1Þ

where Ce is the concentrations of Fe and P in the eluates; Vg

and Ve are the volumes of the gel and eluates, respectively; and
fe is the elution efficiency (0.88 for Fe and 0.98 for P) (Xu
et al. 2013). Time-averaged FDGT values of dissolved P and
Fe2+ from porewater to the DGT devices were calculated by
Eq. (2), and DGT concentrations (CDGT) were calculated via
Eq. (3). CDGT values were only used to estimate equilibrium
concentrations of porewater (Cpw) (see the BDiscussion^ sec-
tion for detail).

FDGT ¼ M= Atð Þ ð2Þ

CDGT ¼ MΔg
DAt

ð3Þ

where Δg (cm) is the thickness of the diffusion layer, t (s) is
the deployment time, A (cm2) is the exposure area of the gel,
and D (cm2/s) is the diffusion coefficient of the analyte in the
diffusion layer at in situ sediment temperature. Temperature-
dependent D data for Fe2+, P, and sulfide were measured by
Wang et al. (2016) (available at www.easysensor.net).

For sulfide measurement, AgI binding gels were immedi-
ately scanned using a flat-bed scanner (600 dpi), and the im-
ages were then converted to grayscale density using a
computer-imaging densitometry technique (Ding et al.
2012). Sulfide mass accumulation (x) (μg/cm2) was calculated
via the calibration curve (Eq. (4)) of grayscale density (y)
versus sulfide accumulation (x) (Ding et al. 2012), and then
two-dimensional (2-D) FDGT and CDGT of dissolved sulfide
were obtained via Eqs. (2) and (3), respectively.

y ¼ 171e−x=7:23 þ 220 ð4Þ

Results

TOC

All data reported hereafter are averages of triplicate samplings
at J1, J2, and J3, unless otherwise stated.

Range of TOC contents of the sediments was 0.69–0.94%
(Fig. 2). The TOC contents displayed a gradual downcore
increase, which is opposite to a commonly observed
downcore decrease with prolonged burial in coastal marine
sediments (Burdige 2006). The atypical TOC profile in the
mudflat may have been resulted from unsteady-state sedimen-
tation caused by several possible factors, including increased
dilution by terrestrial inputs due to an increase in anthropo-
genic perturbations (Yang et al. 2016), decreased density of
aquaculture in recent years (Liu et al. 2010), and more strin-
gent environmental measures for wastewater discharge to the
bay since the 2000s (Dai et al. 2007; Yang et al. 2011).
Because of the complexity, we will not quantitatively link
OM mineralization and diagenesis of S, Fe, and P to the
TOC profile in later discussion.

AVS and CRS

AVS contents in the mudflat were 2.70–19.7 μmol/g (Fig. 3a).
The contents were very low (< 5.0 μmol/g) in the uppermost
layer (1–2 cm) but increased gradually with depth to a maxi-
mum of 19.7 μmol/g at 19 cm depth and then decreased
downcore. CRS contents were 20.1–42.8 μmol/g (Fig. 3b)
and displayed a downcore increase.

Solid-phase Fe speciation

Acetate-Fe(II) contents were 23.5–43.3 μmol/g (Fig. 4a). The
contents increased from the surface to a maximum of
43.3 μmol/g at 15 cm depth and then decreased gradually to
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Fig. 2 Vertical profiles of total organic carbon (TOC) in mudflat sedi-
ments of Jiaozhou Bay. Error bars indicate standard deviations of tripli-
cate samplings (J1, J2, J3)
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the bottom of the cores. The depth pattern is similar to that of
the AVS. BCD-Fe(III) contents were almost invariable over all
the depths, with an average of 75.1 ± 4.07 μmol/g (Fig. 4b).

LFe(II) contents were in the range of 24.8–35.5 μmol/g
(Fig. 5a) and displayed a slight downcore increase; LFe(III)
contents were in the range of 19.2–28.8 μmol/g with no clear
depth variability (Fig. 5b). LFe(II) contents were somewhat
lower than those of LFe(III) at similar depths, indicating that a
large portion of reactive Fe(III) remained unreduced. LFe(II)
contents (24.8–35.5 μmol/g) were roughly comparable to
those of acetate-Fe(II) (23.5–43.3 μmol/g) at corresponding
depths.

Two-dimensional images of dissolved sulfide FDGT
and vertical FDGT of dissolved Fe2+ and P

Two-dimensional FDGT values of dissolved sulfide at the
three sites (J1, J2, J3) were in the range of 0.37–

0.87 μmol/cm2/s (Fig. 6a–c). Note that FDGT results in
the uppermost 1 cm were excluded because of possible
coloration of the sulfide binding gel during the ebbing
period of the deployment. The 2-D FDGT images indicated
that dissolved sulfide was omnipresent but spatially
heterogeneous.

FDGT profiles of dissolved Fe2+ and P are shown in
Fig. 6d–f, and FDGT profiles of dissolved sulfide obtained
by lateral averaging of the 2-D FDGT for the triplicate are
also shown for the purpose of later comparison. FDGT

values of dissolved Fe2+ were 0.011–2.04 μmol/cm2/s
and showed a quick increase from the surface to a depth
of 5 cm. Deeper than this depth, FDGT values of dissolved
Fe2+ remained roughly invariable. FDGT values of dis-
solved P were 0.012–0.505 μmol/cm2/s and showed a
gradual downcore increase. FDGT values of both dissolved
sulfide and P were much lower than those of dissolved
Fe2+ at similar depths.
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Fig. 4 Vertical profiles acetate-
extractable Fe(II) [acetate-Fe(II)]
(a) and bicarbonate–citrate-
buffered sodium dithionite
(BCD)-extractable Fe(III) oxides
[BCD-Fe(III)] (b) in mudflat
sediments of Jiaozhou Bay. Error
bars indicate standard deviations
of triplicate samplings (J1, J2, J3)
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Fig. 3 Vertical profiles of acid volatile sulfide (AVS) (a), chromium(II) reducible sulfide (CRS) (b), and degree of sulfidization (DOS) (c) in mudflat
sediments of Jiaozhou Bay. Error bars indicate standard deviations of triplicate samplings (J1, J2, J3)
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Discussion

Sulfate and Fe reductions recorded by in situ DGT
measurement

As shown in Fig. 6a–c, the omnipresence of dissolved sulfide
from the subsurface to the bottom of the cores, despite high
spatial heterogeneity, indicates that SR was not restricted to
the deep zone, but it also occurred close to the surface layer,
though the uppermost layer is subject to bioturbation/
bioirrigation and periodical exposure to the atmosphere,
which tend to dampen sulfate reduction and sulfide
accumulation.

A quick downcore increase in FDGT of Fe
2+ from the sur-

face to a depth of 5 cm (Fig. 6d) indicates a rapid increase in
Fe(III) reduction rates. We note that FDGT values of dissolved
Fe2+ are more than two factors higher than those of dissolved
sulfide below a depth of 3 cm. This difference implies that
dissimilatory iron reduction (DIR)–coupled OM oxidation
prevails in the mudflat, and as a result, the DIR may have
competitively dampened SR to some extent. Fe reduction by
dissolved sulfide (i.e., chemical reduction) as the dominant
process could be excluded because precipitation of dissolved
sulfide with dissolved Fe2+ is kinetically more favored than
reaction of dissolved sulfide with solid-phase Fe(III) oxides,
and thus, porewater Fe2+ is not allowed to outnumber dis-
solved sulfide as long as Fe chemical reduction prevails in
sulfidic porewaters (Canfield 1989; Thamdrup et al. 1994).
This DIR-dominated feature in the mudflat sediments is con-
trast to SR-dominated feature usually observed in many other
aquaculture-impacted marine sediments (Otero et al. 2006,
2009; Álvarez-Iglesias and Rubio 2012; Hyun et al. 2013).
The omnipresence of dissolved sulfide, despite much lower
FDGT values relative to dissolve Fe

2+, testifies to a widespread

concurrence of SR in the DIR-dominated mudflat sediments,
as inferred in other sediments (Postma and Jakobsen 1996).

Phosphor mobilization and its relevance to Fe
reduction

Either reductive dissolution of Fe (Slomp et al. 1996; Ding
et al. 2016) or OM decomposition (Ruttenberg and Berner
1993; Mucci et al. 2000) is the source of P mobilization in
marine sediments. In the mudflat sediments, the FDGT values
of dissolved P and Fe2+ were highly coupled to each other
over the upper 8 cm (Figs. 6 and 7). This suggests that P
release is closely associated with reductive dissolution of Fe
oxides. Below the depth of 8 cm, decoupling of dissolved P
from Fe2+ could not invalidate the statement above because
the decoupling is not caused by their release processes but by
different processes of their removal from the porewaters.
Specifically, a small downcore decrease in FDGT of Fe2+,
while a gradual increase in P FDGT (Fig. 6d), could be ascribed
to the titration of dissolved Fe2+ by dissolved sulfide, while
the process has no a significant influence on P in porewaters
because Fe(II) sulfide phases have low sorptive affinity for P
(Bebie et al. 1998; Rozan et al. 2002).

The mechanism of Fe reduction-driven P release is further
confirmed by resupply dynamics of dissolved Fe2+ and P from
sediment solid phases to the porewaters. The dynamics can be
quantitatively characterized by parameter R (Eq. (5)) (Harper
et al. 1998), which reflects the extent of solid-phase resupply
to sustain equilibrium concentrations of the porewater during
DGT uptake.

R ¼ CDGT

Cpw
¼ FDGT

Cpw
⋅
Δg
D
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Fig. 5 Vertical profiles of ferrous LFe [LFe(II)] (a), ferric LFe [LFe(III)] (b), and quick sulfide’s buffering capacity (βL) (c) in mudflat sediments of
Jiaozhou Bay. Error bars indicate standard deviations of triplicate samplings (J1, J2, J3)
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CDGT of dissolved Fe2+ and P measured by a thin diffu-
sive layer (0.1 mm) can be used to characterize dynamic
resupply from solid phases to the porewater due to a quick
depletion of porewater solutes through the thin diffusive
layer (Harper et al. 1998; Ding et al. 2016). High-
resolution measurement of Cpw was not made in this study.
Instead, here, CDGT obtained from the thick diffusive layer
(0.9 mm) was used as an estimate of Cpw, by assuming that
equilibrium porewater concentrations have been sustained
by resupply from solid phases given that a long time is
needed to deplete the porewater through the thick diffusive
layer. With this assumption, an apparent ratio (R′) (Eq. (6))

can be calculated to characterize the resupply dynamics
(Ding et al. 2016).

R
0 ¼ 0:1

0:9
� FDGT 0:1ð Þ

FDGT 0:9ð Þ
ð6Þ

where FDGT(0.1) and FDGT(0.9) are the FDGT of P or Fe2+

obtained from the measurements using 0.1-mm and 0.9-
mm diffusive layers, respectively. The calculated averages
of R′ for J1 and J2 (Fig. 8) indicate that the resupply
dynamics of dissolved Fe2+ and P is broadly similar to
each other over the sampling depths, with the exception
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Fig. 6 Two-dimensional images
of dissolved sulfide FDGT

measured by DGT at sites J1 (a),
J2 (b), and J3 (c) and vertical
distributions of dissolved Fe2+ (c),
P (d), and sulfide (e) FDGT
measured by DGT. Dissolved
sulfide FDGT data in the upper
1 cm were excluded due to
possible coloration of the sulfide
binding gel during the period of
the deployment. Error bars for
FDGT-Fe and FDGT-P and gray
area for FDGT-S indicate standard
deviations of triplicate samplings
(J1, J2, J3)
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of two points in the uppermost layer. This confirms a
synchronous release of dissolved Fe2+ and P from solid
phases, and thus the mechanism of P mobilization driven
by reductive dissolution of Fe oxides.

Given that Fe(III) reduction is mainly driven by DIR
coupled to OM mineralization, P release from OM miner-
alization is logically dependent of Fe oxide reduction. Its
importance can be assessed via Eq. (7) by assuming that

OM composition follows the Redfield ratio, and Fe oxides
occur as FeOOH.

424 FeOOHþ CH2Oð Þ106 NH3ð Þ16H3PO4 þ 756 Hþ

¼ 106 HCO3
− þ 16 NH4

þ þ 424 Fe2þ þ HPO4
2−

þ 636 H2O ð7Þ

The stoichiometric ratio of Fe2+/P (424) in Eq. (7) is much
higher than the FDGT ratios of dissolve Fe2+ to dissolved P
(11.8 ± 4.30) in the upper 8 cm of the sediments. This means
that P release from OMmineralization coupled to DIR is only
a minor contribution to the total P release, which further lends
credence to the importance of Fe reduction-driven P release.

At the sediment–water interface (SWI), Fe2+ can be rapidly
oxidized to Fe(III) oxides. Regenerated Fe oxides serve as an
effective adsorbent of P (Lehtoranta et al. 2008, 2009). The
effective sequestration of porewater P by the Fe(III) oxides is
largely dependent on the number of adsorption sites available
on the oxides, and thus on Fe2+ concentration. Thus, the con-
centration ratios of dissolved Fe2+ to dissolved P in porewaters
are a good proxy to infer the sequestration efficiency of up-
ward diffusing P by newly regenerated Fe(III) oxides at the
SWI. It has been demonstrated that the concentration ratios of
at least larger than 2 are required for an efficient sequestration
of porewater P by newly formed Fe oxides from Fe2+ oxida-
tion at the SWI (Sundby et al. 1986; Gunnars et al. 2002;
Blomqvist et al. 2004; Lehtoranta et al. 2008). Actually, ratios
of in situ FDGT values of the two constituents are more
straightforward than their concentration ratios for this assess-
ment. FDGT ratios of dissolved Fe

2+ to P (11.8 ± 4.30) over the
upper 8 cm of the mudflat sediments are much larger than 2.
This suggests that upon oxidation of upward diffusing Fe2+,
newly formed Fe oxides at the SWI can function as an effi-
cient Biron curtain^ of upward diffusing P, and thus the mud-
flat sediments are unlikely to be an important P source of the
bay water. We note that FDGT ratios in the mudflat sediments
are much higher than those at the center of the bay (2.44 ±
1.62, unpublished) and in the inner shelf of the East China Sea
(5.31 ± 3.65) (Ma et al. 2017). This implies that, relative to
typical marine sediments, the SWI of the intertidal mudflat has
higher capacity to sequestrate upward diffusing P and thus has
larger resilience to pulsed nutrient supplies. The transitional
mudflat zone may also serve as an effective sink of terrestri-
ally delivered P as well as seawater P due to the presence of
iron curtain at the SWI.

Sulfide accumulation

The net accumulation of AVS at any given depth in a sediment
represents the balance of the relative rates of AVS formation
and its loss (conversion to pyrite, oxidation to sulfate by O2 at
the uppermost layer or to intermediate S bymanganese and Fe
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oxides at depth) taking place at the depth. AVS profile in this
study (Fig. 3a) is similar to the classic maximum distribution
pattern (i.e., a maximum appears at a subsurface layer), as
observed in typical marine sediments (Rickard and Morse
2005). Very low but detectable contents of AVS (average
2.7 μmol/g) in the uppermost layer (0–2 cm) of the sediments
are a combined result of rapid oxidation of sulfide, conversion
to pyrite through polysulfides, and more importantly, low ac-
tivity of sulfate-reducing bacteria in the suboxic conditions
(Jørgensen 1977; Rickard and Morse 2005). The downcore
buildup of AVS could be attributed to a combined result of
the decreased rate of AVS oxidation below the oxic zone and
the downward migration of previously accumulated AVSwith
prolonged burial, though SR rates usually decrease with depth
(Jørgensen et al. 1990; Burdige 2006). Below the depth of the
AVS maximum, a downcore decline of AVS contents is as-
cribable to two factors: (i) low rate of sulfide production due to
further decreased degradability of OM with prolonged burial
and (ii) AVS consumption through pyrite formation. AVS-
associated Fe (AVS-Fe) contents (roughly equal to AVS con-
tents) in the mudflat account for only 32.4 ± 9.6% (11.5–
52.9%) of acetate-Fe(II). This indicates that, on average, most
of the acetate-Fe(II) remains unsulfidized, which confirms the
DIR-dominated regime of the sediments inferred from the
DGT measurements. The results are much different from the
observations in many other aquaculture-impacted marine sed-
iments, in which reactive Fe(III) oxides have usually been
highly sulfidized and thus become depleted (Otero et al.
2006, 2009; Álvarez-Iglesias and Rubio 2012).

Here, we assume that pyrite is the dominant constituent of
CRS in the mudflat because usually elemental S is only a
minor faction of CRS (Rickard and Morse 2005). The pres-
ence of CRS (20.1–20.8 μmol/g) in the uppermost layer (1–
3 cm) (Fig. 3b) indicates that AVS is capable of rapid conver-
sion to pyrite, and that periodic exposure of pyrite to oxygen
has not resulted in its substantial oxidative loss, consistent
with the observation that pyrite is oxidized slowly in oxic
seawater (Morse 1991). Actually, AVS oxidation and elemen-
tal S formation may facilitate pyrite formation via the polysul-
fide pathways (Rickard 1974; Luther 1991). A gradual in-
crease in CRS with increasing depth suggests continuous py-
rite formation at the expense of AVS with prolonged burial, as
indicated by a rapid AVS decrease below the depth of AVS
maximum (Fig. 3a vs. b).

A study of Yokoyama (2003) indicates that a substantial
decrease of macro benthic biota occurs only when AVS con-
centration is up to 53 μmol/g. AVS concentrations in the mud-
flat sediments (2.70–19.7 μmol/g) are far below the critical
value. In addition, a study shows that a 24-h exposure of the
Manila clam (Ruditapes philippinarum) juveniles to
1000 μmol/L of dissolved sulfide has no impact on their sur-
vival (Kodama et al. 2018). As a first approximation, here, we
used CDGT values of dissolved sulfide from the 0.9-mm

diffusive layer (Eq. (3)) as estimates of its Cpw. Calculated
CDGT concentrations of dissolved sulfide are in the range of
1.53–9.53 μmol/L, more than 2 orders of magnitude lower
than the concentration of 1000 μmol/L. Actually, shellfishes
are not always exposed to dissolved sulfide in sediments be-
cause they frequently introduce oxygen around their borrows
via bioirrigation. Thus, shellfish aquaculture in the mudflat
will not have the risk of sulfide ecotoxicity.

In typical marine sediments, the availability of degradable
OC is usually the limiting factor of TRIS (TRIS = AVS +
CRS) formation/accumulation, which renders TRIS linearly
dependent of TOC with a TOC/TRIS weight ratio around
2.8 after early diagenesis (Berner and Raiswell 1984). As a
first approximation, here, we assume that sediments below
20 cm depth represent the zone of eventual burial of TOC
and TRIS, and thus, only the TOC/TRIS ratios below this
depth are included in the following discussion. The average
TOC/TRIS in the mudflat is 6.3 ± 2.1 (Fig. 9), much higher
than the value in typical marine sediments, but close to the
average value of 7 for marine sediments with intense physical
reworking (Aller 2014). This suggests that TRIS accumula-
tion in the mudflat sediments has been greatly dampened rel-
ative to typical marine sediments, which is starkly in contrast
to TRIS enrichment often observed in aquaculture-impacted
marine sediments (Otero et al. 2006, 2009; Álvarez-Iglesias
and Rubio 2012). The lower TRIS burial in the mudflat can be
ascribed to enhanced oxidative loss of sulfide and low avail-
ability of OC due to strong sediment resuspension and
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bioturbation, which favors aerobic respiration and metal re-
duction (e.g., iron oxide reduction) at the expense of SR (Aller
et al. 2004).

Fe oxide sulfidization and its quick buffering towards
dissolves sulfide

In anoxic marine sediments, reaction of Fe oxides with dis-
solved sulfide and formation of Fe(II) sulfides (i.e.,
sulfidization of Fe) are the key processes of sulfide buffering.
The degree of sulfidization (DOS) of Fe estimated by Eq. (8)
(Boesen and Postma 1988) can be used to quantitatively as-
sess the availability of reactive Fe for further buffering of
dissolved sulfide.

DOS ¼ AVS�Feþ Fepy
� �

=FeHR ð8Þ

where AVS-Fe is the AVS-associated Fe estimated by AVS
according to the 1:1 stoichiometry of FeS, Fepy is the pyrite-
Fe estimated by CRS/2 according to the 1:2 stoichiometry of
FeS2, and FeHR is the total highly reactive Fe estimated by
Σ[acetate-Fe(II) + BCD-Fe(III) + Fepy] (Morse et al. 2007).
Calculated DOS values range from 0.12 to 0.30 (Fig. 3c). This
suggests that most of reactive Fe in the sediments remains
unsulfidized over the whole depths of the cores and thus is
poised to buffer newly formed sulfide.

In the case of rapid production of dissolved sulfide induced
by pulsed inputs of OC, quick buffering of dissolved sulfide is
essential to prevent the accumulation of the toxic compound
to high levels. Quick buffering capacity (βL), as defined by
Eq. (9), can be quantitatively assessed on the basis of sulfide
buffering reaction (Eq. (10)) (Azzoni et al. 2005; Giordani
et al. 2008).

βL ¼ LFe IIð Þ −AVS½ � þ 1:5 LFe IIIð Þ ð9Þ

3 S2− þ 2 Fe IIIð Þ ¼ S0 þ 2 FeS ð10Þ

where [LFe(II) − AVS] is the buffering capacity of Fe(II)
that has not yet been sulfidized and 1.5 LFe(III) is the
buffering capacity of reactive Fe(III) oxides that are capa-
ble of quick reaction with dissolved sulfide. Here,
LFe(III) is operationally defined as 1 M HCl-extractable
Fe(III) in 1 h (Burton et al. 2011). Calculated βL values
for the mudflat sediments are 48.2–67.1 μmol/g, with a
mean of 57.4 ± 5.6 μmol/g (Fig. 5c). The buffering capac-
ities together with very low AVS/LFe ratios (0.21 ± 0.10)
in the mudflat are characteristic of effective buffering of
episodic production of sulfide, according to our previous
studies (Zhu et al. 2012; Liu et al. 2014) and others
(Azzoni et al. 2005; Giordani et al. 2008). With the βL,
we can further estimate the duration for effective

buffering of labile Fe towards episodically increased dis-
solved sulfide due to high SR rates. Here, we use a max-
imum SR rate of 2000 nmol/cm3/day reported for a eutro-
phic estuary (the Peel-Harvey Estuary, Australia) (Kraal
et al. 2013), together with an average density of dry ma-
rine sediment (2.6 g/cm3) and measured porosity in this
study for the estimation. Estimated durations are 19.8–
45.6 days with a mean of 33.1 ± 5.3 days. It is worth
noting that these represent only conservative estimates
because an unusually high SR rate is used in the estima-
tion, and more importantly, oxidative regeneration of Fe
oxides caused by bioirrigation in the upper layer of the
sediments is not taken into account. The conservative es-
timates still indicate that the available βL can secure quick
buffering of dissolved sulfide induced by pulsed OC en-
richment at least on 1 month timescale.

Summary and conclusion

Much higher FDGT values of dissolved Fe2+ than those of
dissolved sulfide below the subsurface layer (3 cm) sug-
gest that DIR prevails in the mudflat, which is further
confirmed by the abundant presence of unsulfidized
Fe(II). Due to enhanced oxidative loss and/or low SR
rates, TRIS contents in the mudflat sediments are obvi-
ously lower than those in typical marine sediment. Low
dissolved sulfide concentrations in the sediments render
most of reactive Fe unsulfidized and thus abundantly
available to secure quick buffering of newly formed
sulfide.

Strong coupling between dissolved P and Fe2+ over the
upper 8 cm suggests Fe reduction-driven P release. High
FDGT ratios of dissolved Fe

2+ to P (11.8 ± 4.30) over the upper
8 cm of the mudflat suggest that Fe oxide regeneration by
oxidation at the SWI can serve as an iron curtain of upward
diffusing P. Given the high FDGT ratios of dissolved Fe

2+ to P
and effective oxidative regeneration of Fe oxides at the SWI of
the mudflat, it is inferred that the transitional zone may also
serve as an effective sink of seawater and terrestrially deliv-
ered P.

In comparison with many other marine sediments impacted
by aquaculture, the aquaculture-impactedmudflat has distinct-
ly different features: (i) DIR, rather than SR, is the dominant
pathway of anaerobic diagenesis; (ii) TRIS accumulation is
dampened rather than enhanced; and (iii) the sediments serve
as a sink of P rather than a source of P.
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