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Abstract

As a case study, refined iron (Fe) speciation and quantitative characterization of the reductive reactivity of Fe (III)
oxides are combined to investigate Fe diagenetic processes in a core sediment from the eutrophic Jiaozhou Bay.
The results show that a combination of the two methods can trace Fe transformation in more detail and offer
nuanced information on Fe diagenesis from multiple perspectives. This methodology may be used to enhance our
understanding of the complex biogeochemical cycling of Fe and sulfur in other studies. Microbial iron reduction
(MIR) plays an important role in Fe(III) reduction over the upper sediments, while a chemical reduction by
reaction with dissolved sulfide is the main process at a deeper (> 12 cm) layer. The most bioavailable amorphous
Fe(III) oxides [Fe(III)am] are the main source of the MIR, followed by poorly crystalline Fe(III) oxides [Fe(III)pc)]
and  magnetite.  Well  crystalline  Fe(III)  oxides  [Fe  (III)wc]  have  barely  participated  in  Fe  diagenesis.  The
importance of the MIR over the upper layer may be a combined result of the high availability of highly reactive Fe
oxides and low availability of labile organic matter,  and the latter is also the ultimate factor limiting sulfate
reduction  and  sulfide  accumulation  in  the  sediments.  Microbially  reducible  Fe(III)  [MR-Fe(III)],  which  is
quantified by kinetics of Fe(II)-oxide reduction, mainly consists of the most reactive Fe(III)am and less reactive
Fe(III)pc.  The bulk reactivity of the MR-Fe(III) pool is equivalent to aged ferrihydrite, and shows down-core
decrease due to preferential reduction of highly reactive phases of Fe oxides.
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1  Introduction
Iron (Fe) is one of the four elements (along with sulfur, oxy-

gen, and organic carbon) dominating diagenetic reactions and
redox conditions in coastal sediments. As a result, Fe redox cyc-
ling exerts profound influences on fate of carbon, sulfur (S),
phosphorus, and a multitude of trace elements (Raiswell and
Canfield, 2012). In anoxic marine settings, Fe(III) oxides are re-
duced by two competitive pathways: microbial iron(III) reduc-
tion (MIR) coupled to organic matter (OM) oxidation and chem-
ical iron(III) reduction (CIR) by mainly dissolved sulfide pro-
duced by sulfate reduction (i.e., abiotic reduction) (Canfield et
al., 2005; Lovley, 1991). The CIR generally dominates over the
MIR in OM-rich marine settings due to quick reduction of Fe(III)
oxides by dissolved sulfide (Jacobson, 1994; Koretsky et al., 2003),
and consequently the MIR is prevalent only in marine sediments
where porewater sulfide is limited in the conditions of a low
sulfate reduction rate and/or quick sulfide consumption by reac-
tion with reactive Fe(III) oxides (Wang and van Cappellen, 1996;
Wijsman et al., 2002). However, mounting evidence indicates
that the MIR plays a much more important role than previously
recognized in sediments of many marine settings (Beckler et al.,
2016; Devereux et al., 2015; Jensen et al., 2003; Kristensen et al.,

2011; Rysgaard et al., 2001).
The relative importance of the CIR vs the MIR in a given sedi-

ments depends on a number of interwoven factors, particularly
the reactivity of Fe(III) oxides and the availability of labile OM.
Amorphous and poorly crystalline Fe(III) oxides are usually re-
garded as highly reactive Fe (FeOHR) pool, and they are always
preferentially involved in both CIR and MIR. Thus the reactivity
and availability of Fe oxides are critical in controlling the intens-
ity and pathways of Fe redox cycling. The availability of labile OM
is also critical in regulating Fe redox cycling. The high availability
of labile OM generally stimulates sulfate reduction. In this case,
sufficient supply of dissolved sulfide favors the CIR but im-
presses the MIR. It follows that the CIR predominates over the
MIR in sediments underlying eutrophicated waters because of
enhanced supply of OM to the sea floor. This feature has been
confirmed in several studies (Zimmerman and Canuel, 2000;
Kraal et al., 2013), furthermore, the MIR has still been observed
to play some role in Fe reduction in some eutrophicated marine
settings (Hyun et al., 2013). Further work is needed to tease out
the key factors regulating the pathways of the CIR vs the MIR and
their relative importance.

Up to date, no direct geochemical methods are available to  
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quantify the MIR in marine sediments because the CIR and the
MIR cannot be clearly identified from the product of Fe(III) re-
duction, i .e.,  Fe(II).  Microbiological methods including
pure/slurry incubation and enumeration techniques have often
been used to infer relative changes of population sizes and activ-
ity of Fe reducing bacteria in situ. But those techniques provide
only a partial view because some groups of microorganisms res-
ist cultivation (Amann et al., 1997), and a microbial community
size does not necessarily correlate with its activity (Koretsky et al.,
2005; Luna et al., 2002). Studies have demonstrated that the
quantification of reactivity and availability of microbially redu-
cible Fe(III) (MR-Fe(III)) based on the kinetics of reductive dis-
solution can provide useful information on the MIR (Chen et al.,
2013; Hyacinthe et al., 2006; Hyacinthe and van Cappellen, 2004;
Zhu et al., 2014b). Most recently, a Fe speciation method refined
by Zhu et al. (2015) can also provide insights into processes of the
CIR and the MIR. However, a combination of the two techniques
has not been applied to investigating Fe diagenesis in sediments.
In this study, one sediment core from the eutrophic Jiaozhou Bay
was investigated as a case study by combining the two tech-
niques to: (1) trace diagenetic processes of reactive Fe pools, (2)
assess the importance of the CIR vs the MIR, and (3) quantitat-
ively characterize MR-Fe(III). The study aims at setting an ex-
ample for the application of the synthetic methodology for better
understanding Fe cycling and also providing a more detailed
context for further documenting Fe-related biogeochemical pro-
cesses in marine sediments.

2  Study area and methods

2.1  Study area and sampling
The Jiaozhou Bay is a semienclosed water body linked by a

narrow channel to the Yellow Sea (Fig. 1). High anthropogenic
nutrient loadings from the rivers, notably the Dagu River, the
Moshui River, and the Baisha River, have resulted in enhanced
primary productivity and frequent occurrences of algal blooms in
the bay since 1997 (Liu et al., 2005; Wu et al., 2005). Despite this,
an increase in OM burial, as usually expected, has not been ob-
served. Rather, a large-scale benthic shellfish mariculture in the
bay has resulted in lower OM burial over the upper 30 cm relat-
ive to the deeper layer (Liu et al., 2010). It remains unclear
whether the CIR is still the prevalent pathway in the bay as ob-
served in many other coastal sediments impacted by eutophica-

tion, given the fact that OM burial has not been increased des-
pite eutrophication of the water.

One sediment core (36.17°N, 120.33°E, water depth: 6 m) was
collected using a box corer on May 21, 2012 (Fig. 1). After the re-
trieval of the box-core, two PVC tubes (inner diameter 8 cm,
length 28 cm) were vertically inserted for tube coring, and then
two ends of the cores were immediately covered and clasped
with fitted tops. Upon transported to the laboratory within 4 h,
the sediment cores were immediately sectioned at 1.5 cm inter-
val over the upper 8 cm and at 4 cm interval below this depth in a
N2 glove box, and then sealed in zip-lock plastic bags and frozen
at –18°C until further handling within two months. According to
our previous studies in this study area (Zhu et al., 2012), the viol-
ent fluctuations of geochemical signatures generally occur with-
in the upper 5–10 cm. So the core was sectioned at a small inter-
val (1.5 cm) over the upper 8 cm to capture potential geochemic-
al fluctuations, while a larger interval (4 cm) was small enough to
capture the gradual variations of the geochemical signatures be-
low a depth of 8 cm. After thawing at the room temperature un-
der N2 atmosphere, subsamples were immediately subjected to
treatments as described below.

2.2  Total organic carbon analysis
Preweighed wet sediment samples in duplicate were dried at

105°C in oven until constant weight for the gravimetric analysis of
water contents. The contents of Fe and S in all extractions below
were expressed in micromole per gram dry weight of sediments
(μmol/g). Dry sediment subsamples of known mass (≈1 g) were
treated with 1 mol/dm3 HCl overnight and washed twice with de-
ionized water to remove carbonates. The samples were then re-
dried at approximately 60°C for 12 h and ground to approxim-
ately 100 mesh for total organic carbon (TOC) analysis using a
PE2400II CN element analyzer, with relative deviations of duplic-
ates better than 7.0%.

2.3  Sulfur speciation
Three S forms, that is, acid volatile sulfide (AVS), elemental

sulfur (S0), and pyrite-S, were quantified by chemical extractions.
Operational procedures for the extractions have been detailed
elsewhere (Zhu et al., 2012, 2013), and thus were only briefly
presented here.

A mixed solution of 20 mL HCl (6 mol/dm3) and 1 mL ascor-
bic acid (0.1 mol/dm3) was employed to preweighed frozen wet
sediments (≈1 g) in triplicate to release AVS in a closed reactor
prepurged with N2. Ascorbic acid was used to inhibit oxidization
of AVS by simultaneously extracted Fe3+. Evolved H2S gas was
precipitated as ZnS using the cool diffusion method (Burton et
al., 2008), and was determined by a methylene blue method
(Cline, 1969).

Residual sediment pellets after AVS removal above were
rinsed twice using deionized water and then immediately treated
with 20 mL acetone to extract S0 under magnetic stirring for 24 h.
After centrifugation (4 800 r/min) for 10 min and filtration (0.22
μm) the filtrates were left in fume hood for acetone vaporization.
The S0 was then reduced to H2S gas by a cold acidic chromium(II)
solution (48 h) in a closed reactor prepurged with N2 (Burton et
al., 2008; Kallmeyer et al., 2004; Zhu et al., 2013), and determined
by the same method for the above AVS.

Pyrite-S in water-washed residual sediments after S0 extrac-
tion was reduced to H2S (48 h, with occasional magnetic stirring)
with the cold acidic chromium(II) solution (Burton et al., 2008;
Kallmeyer et al., 2004) and determined by the same method
for S0.

 

Fig. 1.   Map of sampling Site E6 in the Jiaozhou Bay, China.
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2.4  Iron speciation
A combination of several extraction techniques was used to

achieve a refined speciation of five operational Fe phases: (1)
buffered acetate-extractable Fe(II), (2) amorphous Fe(III) oxides
(Fe(III)am), (3) poorly crystalline Fe(III) oxides (Fe(III)pc), (4) well
crystalline Fe(III) oxides (Fe(III)wc), and (5) magnetite (Femag). All
procedures for the refined extractions have been detailed in a
companion paper (Zhu et al., 2015), and thus were only briefly
described here (Fig. 2).

2.4.1  Acidic hydroxylamine extraction
Under N2, mixing solution of HCl (0.25 mol/dm3) and hy-

droxylamine (0.25 mol/dm3) was added to preweighed (≈1 g)
frozen wet sediments in triplicate for 1 h extraction while shak-
ing. In the acidic condition, this brief extraction targeted mainly
Fe(III)am through reductive dissolution, while H+ presented in the
solution also dissolved solid-phase Fe(II) (pyrite excluded) (Lov-
ley and Phillips, 1987). Hence another subsample was extracted
with 0.25 mol/dm3 HCl solution by the same procedure de-
scribed above to correct for H+-promoted Fe dissolution in the
acidic hydroxylamine extraction. Hydroxylamine extraction after
correction represented an estimate of Fe(III)am (Lovley and Phil-
lips, 1987).

2.4.2  Buffered acetate extraction followed by acidic oxalate extrac-
tion

Buffered acetate (pH 4.5) is capable of extracting AVS-bound
Fe(II) [Fe(II)AVS] and Fe(II) carbonates [Fe(II)carb], for example,
siderite and ankerite, but leaves most Fe (oxyhydr)oxides relat-
ively unaffected (Poulton and Canfield, 2005). The acetate-ex-
tractable Fe(II) is thereafter denoted as acetate-Fe(II). Acidic ox-
alate is capable of extracting acetate-Fe(II), Fe(III)am, Fe(III)pc,
and Femag (Kostka and Luther III, 1994; Poulton and Canfield,
2005). Under N2, preweighed frozen wet sediments in triplicate
were subjected to buffered acetate (1 mol/dm3) extraction to es-
timate the amount of acetate-Fe(II). Water-washed sediment
residues after removal of the above acetate-Fe(II) were immedi-
ately subjected to a 6 h extraction by 0.2 mol/dm3 oxalate (pH
3.2). In this case, oxalate-extractable Fe (oxalate-Fe) represented
an estimate of the total amount of Σ[Fe(III)am+Fe(III)pc+Femag].

2.4.3  Bicarbonate-citrate buffered sodium dithionite (BCD) ex-
traction followed by acidic oxalate extraction

BCD is capable of extracting acetate-Fe(II), Fe(III)a m,
Fe(III)pc, and Fe(III)wc, but only minor Femag (6%–7%) (Poulton
and Canfield, 2005; Raiswell et al., 1994). Preweighed frozen wet
sediments in triplicate were sequentially extracted by BCD (2 h)

at 75°C and then by acidic oxalate (6 h). In this extraction, BCD-
extractable Fe (BCD-Fe) represented the total amount of Σ[acet-
ate-Fe(II)+Fe(III)am+Fe(III)pc+Fe(III)wc], and the oxalate extrac-
tion represented Femag.

All extracted Fe above was measured by colorimetry (Stookey,
1970). The above extraction protocol allows a further estimation
of the amounts of Fe(III)pc and Fe(III)wc:

Fe(III)pc=oxalate-Fe–Σ[Fe(III)am+Femag],
Fe(III)wc=BCD-Fe–Σ[acetate-Fe(II)+Fe(III)am+Fe(III)pc].

2.5  Kinetic dissolution of sedimentary iron oxides
Natural Fe(III)-oxide assemblages with variable crystallinity

and surface properties can be regarded as a continuum. Their re-
ductive reactivity can be described by a gamma function, and the
rate law of their reductive dissolution (Larsen and Postma, 2001;
Postma, 1993) can be expressed as

J
m0

= k0
µ

m
m0

¶
; (1) 

k0where J is the reduction rate (μmol/s);  is the apparent rate con-
stant (s–1) and hence is a measure of reductive reactivity; m0

(μmol/g) is the theoretical initial mass of the reactive Fe(III) ox-
ides studied; m is the remaining mass at a given time t; and γ is
the apparent reaction order.

Integrated form of Eq. (1) for γ≠1 is

m
m0

= [¡k0(1¡ )t + 1]
1

1¡ : (2) 

For the convenience of data processing, Eq. (2) is converted
to as follows:

mt = m0f1¡ [1¡ k0(1¡ )t]
1

1¡ g; (3) 

where mt is dissolved amounts at time t, that is, mt=m0–m.

k0

k0

In this study, the time-dependent dissolution of Fe(III) ox-
ides in the Jiaozhou Bay sediments was conducted using bicar-
bonate-citrate (BC) buffered ascorbate (pH 7.5) as a reductant.
Experimental procedures have been detailed previously (Chen et
al., 2013; Zhu et al., 2014b). Briefly, a freshly thawed sediment of
the known mass (7.5–8.5 g) was loaded into a reactor containing
950 mL buffered ascorbate solution (20 g/L). After immediate
sealing, the suspension was kept purged with N2 and magnetic-
ally stirred during 24-h experiments. The suspensions were
sampled periodically using 2 mL syringes and filtrated (0.2 μm) to
glass vials containing sodium-acetate-buffered ferrozine solu-
tion for later determination of Fe2+ by colorimetry (Stookey,
1970). The relative deviations of duplicates were less than 6%.
The optimized values of m0,  and γ can be simultaneously de-
termined by fitting kinetic data to Eq. (3), using nonlinear least
squares procedure. According to Hyacinthe et al. (2006), the kin-
etic parameters derived from the chemical reduction (pH 7.5)
bear specific microbial implications:  can be used as a forecast
proxy of microbial reactivity of Fe(III) oxides and m0 as a maxim-
um estimate of MR-Fe(III) present in the sediments.

3  Results

3.1  TOC, sulfur and iron
TOC content in the core was within a narrow range of

0.70%–0.81% with no clear depth variability (Fig. 3a). AVS con-

 

Fig. 2.   Flow diagram for Fe extractions.
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centration in the uppermost 4 cm was low (<3 μmol/g), but in-
creased down-core to 20.4 μmol/g at 16 cm (Fig. 3b), below
which the AVS concentrations remained almost invariable. S0

concentration was relatively low (<7.6 μmol/g) but measurable
over the entire core. Pyrite-S concentration was 27–45 μmol/g,
much higher than those of AVS and S0 in the uppermost layer.

Acetate-Fe(II) concentration displayed a gradual down-core
increase from 12 to 23 μmol/g (Fig. 3c). Fe(III)am concentration
displayed a quick down-core decrease from 9 to 3 μmol/g within
the upper 6 cm, and then a gradual decrease to low values at
depth (Fig. 4a). Magnetite concentration exhibited a clear down-
core decrease over 14 cm depth (Fig. 4b), and then a small de-

 

Fig. 3.   Content profiles of TOC (a), AVS (b), elemental S (b), pyrite-S (b), and a comparison of AVS and acetate-Fe(II) (c) in Core E6.
Error bars represent one standard deviation.

 

Fig. 4.     Concentration profiles of various Fe species. a. amorphous Fe(III) oxides [Fe(III)am],  b. magnetite-Fe (Femag),  c. poorly
crystalline Fe(III) oxides [Fe(III)pc], d. well crystalline Fe(III) oxides [Fe(III)wc], and e. the sum of Σ[Fe(III)am+Femag+Fe(III)pc] in Core
E6. Error bars represent one standard deviation.
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crease below the depth. Except for a minimum of 14.3 μmol/g at
4 cm depth (Fig. 4c), Fe(III)pc concentration was in a narrow
range of 20.5–23.7 μmol/g. Fe(III)wc concentration was almost in-
variable over the entire core depth, with an average of (115±4.0)
μmol/g (Fig. 4d).

3.2  Kinetic characterization of Fe(III)-oxide reactivity

k0

k0

As an example, Fig. 5a shows a representative curve of time-
dependent reductive dissolution of Fe(III) oxides in the core sedi-
ments. The optimized values of m0 and  were 9.5–14.5 μmol/g
and 2×10–4–5.2×10–4 s–1, respectively (Figs 5b and c). m0 does not
exhibit a clear depth variability except a quick decrease from the
uppermost layer to a depth of 5 cm.  remains stable over the
upper 5 cm, but displays down-core decrease below this depth.

4  Discussion

4.1  Sulfur diagenesis and the importance of MIR
Despite enhanced primary production due to eutrophication

of the bay, the TOC content in the core was not markedly differ-
ent from TOC average (0.75 %) for world shelf sediments (Berner,
1982). Almost constant TOC contents over the core (Fig. 3a) may
be indicative of low degradability of the OM. AVS and pyrite-S
contents in the core were similar to those in the East China Sea
(ECS) (Zhu et al., 2013), but were at the lower end for normal

marine sediments (Goldhaber, 2003) and much lower than in
some marine sediments impacted by eutrophication (Zimmer-
man and Canuel, 2000; Kraal et al., 2013). Both TOC and reduced
S in the core seemingly indicate that eutrophication has not en-
hanced burial of labile OM and reduced S in the sediment due to
excessive consumption of labile OM by large-scale shellfish mari-
culture (Liu et al., 2010), in consistent with previous observation
at other sites of the bay (Zhu et al., 2014a).

Low concentrations of AVS and S0 over the upper core (Fig.
3b) may be a net result of low sulfate reduction rates, conversion
of AVS and S0 to pyrite, and reoxidation of AVS and S0 (Rickard
and Morse, 2005). The depth profile of pyrite-S generally exhibits
no significant variability, though a peak of pyrite-S was observed
at 18 cm depth, which could be ascribed to a local heterogeneity
of labile OM. This implies that pyrite formation has occurred
mainly over the uppermost layer, below which its formation has
not proceeded to a great extent. Pyrite formation may go through
several possible pathways (Rickard, 2014). The coexistence of
AVS and S0 in the sediments may have favored the polysulfide
pathway (Eqs (4) and (5)) (e.g., Luther III, 1991; Rickard, 1975).

FeS + S0 = FeS2; (4) 

FeS + S2¡
n = FeS2+ S2¡

n¡1: (5) 

Acetate-Fe(II) concentrations were much higher than those

 

Fig. 5.   Representative curve of time-dependent dissolution of sedimentary Fe(III) oxides by buffered ascorbate (pH 7.5) at the depth
of 6 cm (a), profiles of m0 (b) and k′ (c) in Core E6.

52 TAO Jing et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 7, P. 48–55  



of AVS over the upper 12 cm (Fig. 3c), whereas they were com-
parable below 14 cm depth. Given that Fe(II) sulfides (pyrite ex-
cluded) occur mainly as FeS (namely, Fe to S molar ratio is 1:1),
the AVS and the above acetate-Fe(II) profiles suggest that a por-
tion of acetate-Fe(II) remained non-sulfidized in the upper layer,
while acetate-Fe(II) has been almost quantitatively sulfidized in
the deeper layer. The dominance of non-sulfidized Fe(II) over
the upper layer unequivocally suggests that the porewater was
sulfide-starved, otherwise the acetate-Fe(II) would be compar-
able to, or lower than, the AVS contents as a result of quantitative
sulfidization of reduced Fe. The result is in consistent with our
previous observation that porewater sulfide at a nearby site (J1)
was below the detection limit (<1 μmol/dm3) (Zhu et al., 2012). In
addition, though highly heterogeneous dissolved sulfide distribu-
tions are generally expected in marine sediments, circumstance
evidence (Pu et al., 2009; Chen et al., 2014, Zhu et al., 2015) con-
sistently suggests that detectable dissolved sulfide is restricted to
the mouths of the Licun River and the Haibo River at the eastern
Jiaozhou Bay, which have been impacted by inputs of domestic
and industrial sewages, while dissolved sulfide is generally un-
detectable beyond the mouths. The dominance of non-sulfid-
ized Fe(II) also implies that MIR may have prevailed and been
mainly responsible for the production of non-sulfidized Fe(II) in
the upper sulfide-starved layer. This is quite different from the
cases of many other eutrophic coastal settings, where enriched
labile OM in the sediments usually renders sulfate reduction
solely important in OM oxidation (Álvarez-Iglesias and Rubio,
2012; Kraal et al., 2013; Lehtoranta et al., 2009). The above differ-
ence may be due to low degradability of OM and/or high availab-
ility of FeOHR (see below). With increasing depth, sulfate reduc-
tion was expected to be more active and eventually to outcom-
pete MIR. As a result, Fe(III) oxides were mainly reduced by dis-
solved sulfide, and the consequential Fe2+ was quantitatively pre-
cipitated as Fe(II) sulfides (Fig. 3c).

4.2  Partitioning and diagenetic variations of Fe(III) oxides
Fe(III)am, Fe(III)pc, Femag, and Fe(III)c are considered as

FeOHR (März et al., 2012; Poulton and Canfield, 2005). Among the
four FeOHR phases, Fe(III)am is the most reactive pool and thus is
always preferentially reduced in anoxic settings, which is suppor-
ted by its quick down-core decrease and depletion at 14 cm
depth (Fig. 4a). As earlier demonstrated, the dominance of non-
sulfidized acetate-Fe(II) over the upper centimeters suggests that
MIR may be mainly responsible for Fe(III)am reduction in the in-
terval. Note that low contents of AVS and pyrite in the same
depth interval indicate that sulfate reduction has also occurred.
That is understandable given the fact that although MIR is ther-
modynamically more favored, it usually does not completely in-
hibit sulfate reduction because MIR is limited to microniches
around Fe oxide particulates, while sulfate reducers can cluster
around any other organic-rich hotspots and reduce sulfate
without risking depletion of their electron acceptor due to high
diffusivity of sulfate ions (Hoehler et al., 1998; Thamdrup, 2000).

Fe(III)pc is also readily reduced by both CIR and MIR in anox-
ic settings (März et al., 2012; Poulton and Canfield, 2005), but the
minimum of Fe(III)pc (Fig. 4c) may indicate that intensive reduct-
ive loss of Fe(III)pc has been restricted to a thin layer beneath the
redox interface. Given the high reactivity of Fe(III)pc, no deple-
tion of this pool at depth implies that FeOHR availability is not a
limiting factor of Fe(III) reduction.

In marine sediments, magnetite is found as a detrital phase
from rock weathering and/or as biogenic mineral (Canfield and
Berner, 1987; Konhauser, 2006). Regardless of the sources of

magnetite in the core, a down-core decrease in Femag concentra-
tion (Fig. 4b) indicates the occurrence of its diagenetic dissolu-
tion. Similar observations have been reported in other marine
sediments (Canfield and Berner, 1987; Rowan et al., 2009). As
compared with the depth of magnetite dissolution (≈1 m) in the
ECS fluidized mud (Ge et al., 2015), the depth in the bay sedi-
ments is much shallower due probably to more reducing condi-
tion.

Fe(III)wc concentrations are much higher than the other
FeOHR pools. Invariable concentrations of this phase over the en-
tire core indicate that it is barely involved in Fe reduction. This is
understandable because, as earlier demonstrated, much more
reactive Fe(III)pc has not yet become depleted over the whole
depths studied, it is highly impossible for Fe(III)wc to be reduced
to a great extent.

As demonstrated above, only three Fe(III)-bearing pools, that
is, Fe(III)am, Fe(III)pc, and Femag, have been involved in diagenet-
ic reduction. A marked down-core decrease of the sum of three
pools appeared only within the upper 4 cm (Fig. 4e), suggesting
that the significant diagenetic reduction has been restricted to
the uppermost layer.

Combination of the evidence of above AVS, Fe(II), and
Fe(III)am highlights the importance of MIR in the upper sedi-
ment layer. It has been established that low to intermediate avail-
ability of labile OM but high availability of FeOHR are required for
the prevalence of MIR in marine settings (Jensen et al., 2003;
Nickel et al., 2008; Thamdrup, 2000). In the case of this study, the
importance of MIR over the upper layer may be a combined res-
ult of high availability of FeOHR and low availability of labile OM.
First, previous results have shown that FeOHR is enriched to some
extent in the semienclosed bay relative to average marine sedi-
ment (Zhu et al., 2015), which may have favored MIR in the site.
Second, large-scale shellfish mariculture near the site may have
prevented enrichment of labile OM in the sediments despite eu-
trophication of the water. As a result, low to intermediate availab-
ility of labile OM may also have encouraged the MIR. Thus the
low to intermediate availability of labile OM is the ultimate factor
limiting the rate of sulfate reduction and low accumulation of re-
duced sulfur (AVS, S0, and pyrite).

4.3  Pool size and reactivity of MR-Fe(III)
As indicated earlier, the size of MR-Fe(III) is a maximum es-

timate of MR-Fe(III) present in the sediments. The sizes were lar-
ger than Fe(III)am but smaller than Fe(III)pc contents. A marked
depletion of Fe(III)am below 10 cm depth has not resulted in a de-
crease in the MR-Fe(III) over the depth, implying that besides the
most bioavailable Fe(III)am, a portion of less reactive Fe(III)
phases such as Fe(III)pc is also an important contributor to the
MR-Fe(III). Note that abundant availability of MR-Fe(III) has not
supported continuous MIR below a depth larger than 15 cm, as
indicated by almost quantitative sulfidization of Fe(II) (Fig. 3c).
This supports the earlier speculation that MIR has been outcom-
pleted by CIR due to enhanced sulfate reduction in the deeper
layer.

k0

k0

k0

The  profile revealed an overall decrease in reactivity, par-
ticularly from the subsurface to the bottom of the core (Fig. 5c).
In anoxic settings, FeOHR, particularly Fe(III)am, is always prefer-
entially reduced, leaving less reactive Fe(III)-oxide phases largely
intact. As a result,  shows a down-core decrease as expected. A
comparison of the  with those for some synthetic minerals may
provide mineralogical information on MR-Fe(III) of the core. Up
to date, ferrihydrite and amorphous Fe(PO4)0.7 are the only syn-
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k0

k0

k0

thetic Fe(III)-bearing phases whose  at pH 7.5 has been de-
termined (Hyacinthe and van Cappellen, 2004; Raiswell et al.,
2010). The  values for the core were much lower than those
(10.3×10–4 s–1) for fresh ferrihydrite (Raiswell et al., 2010) and
amorphous Fe(PO4)0.7 (10×10–4 s–1) (Hyacinthe and van Cappel-
len, 2004), but comparable to that for ferrihydrite after aging for
11 d (4.1×10–4 s–1) (Raiswell et al., 2010). It may implies that the
overall reactivity of the MR-Fe(III) is mineralogically equivalent
to aged ferrihydrite. Note that the MR-Fe(III) is still a heterogen-
eous assemblage, covering a wide range of reactivity as indicated
by down-core decrease in .

A case study in Core E6 demonstrates that a combination of
refined Fe speciation and quantitative kinetic characterization of
reactivity can offer nuanced information on Fe(III) diagenesis
from multiple perspectives.

5  Summary and conclusions
The case study indicates that refined Fe speciation together

with S speciation in the sediment profile can help to enhance our
understanding of Fe and S diagenesis. A combination of refined
Fe speciation and quantitative kinetic characterization of reactiv-
ity can offer nuanced information on Fe(III) diagenesis from
multiple perspectives.

Among the four operational FeOH R  phases (Fe(III)a m ,
Fe(III)pc, Femag, and Fe(III)wc) in the core studied, Fe(III)wc had
the highest contents, followed by Fe(III)pc, Femag, and Fe(III)am.
The dominance of nonsulfidized Fe(II) over the upper 12 cm of
the core indicates the importance of MIR in the sulfide-starving
setting. In the deeper layers, however, almost all reduced Fe has
been sulfidized, indicative of the importance of CIR. Both
Fe(III)am and Fe(III)pc have been the sources of MIR over the up-
per layer. Fe(III)wc has almost not been involved in Fe reduction.
The profiles of MR-Fe(III), Fe(III)am, and Fe(III)pc indicate that
both the most reactive Fe(III)am and less reactive Fe(III)pc are an
important contributors to MR-Fe(III). The MR-Fe(III) in the site
is mineralogically analogous to aged ferrihydrite, but is still a het-
erogeneous assemblage with decreasing reactivity with depth.

Evidence from TOC, reduced S, FeOHR, and MR-Fe(III) to-
gether indicates that the importance of MIR over the upper layer
may be a combined result of high availability of FeOHR and low
availability of labile OM.
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