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Abstract

Sulfur biogeochemical cycling and associated Fe–S mineralization processes exert a major influence over acidity dynamics,
electron flow and contaminant mobility in wetlands, benthic sediments and groundwater systems. While S biogeochemical
cycling has been studied intensively in many environmental settings, relatively little direct information exists on S cycling in for-
merly drained wetlands that have been remediated via tidal re-flooding. This study focuses on a tidal wetland that was drained in
the 1970s (causing severe soil and water acidification), and subsequently remediated by controlled re-flooding in 2002. We exam-
ine SO2�

4 reduction rates and Fe–S mineralization at the tidal fringe, 7 years after the commencement of re-flooding. The initial
drainage of the wetland examined here caused in-situ pyrite (FeS2) oxidation, resulting in the drained soil layers being highly
acidic and rich in SO2�

4 -bearing Fe(III) minerals, including jarosite (KFe3(SO4)2(OH)6). Tidal re-flooding has neutralized much
of the previous acidity, with the pore-water pH now mostly spanning pH 5–7. The fastest rates of in-situ SO2�

4 reduction (up to
�300 nmol cm�3 day�1) occur within the inter-tidal zone in the near-surface soil layers (to �60 cm below ground surface). The
SO2�

4 reduction rates correlate with pore-water dissolved organic C concentrations, thereby suggesting that electron donor sup-
ply was the predominant rate determining factor. Elemental S was a major short-term product of SO2�

4 reduction, comprising up
to 69% of reduced inorganic S in the near-surface soil layers. This enrichment in elemental S can be partly attributed to interac-
tions between biogenic H2S and jarosite – a process that also contributed to enrichment in pore-water Fe2+ (up to 55 mM) and
SO2�

4 (up to 50 mM). The iron sulfide thiospinel, greigite (Fe3S4), was abundant in near-surface soil layers within the inter- to sub-
tidal zone where tidal water level fluctuations created oscillatory redox conditions. There was evidence for relatively rapid pyrite
re-formation within the re-flooded soil layers. However, the results indicate that pyrite re-formation has occurred mainly in the
lower formerly drained soil layers, whereas the accumulation of elemental S and greigite has been confined towards the soil sur-
face. The discovery that pyrite formation was spatially decoupled from that of elemental S and greigite challenges the concept
that greigite is an essential precursor required for sedimentary pyrite formation. In fact, the results suggest that greigite and pyrite
may represent distinct end-points of divergent Fe–S mineralization pathways. Overall, this study highlights novel aspects of Fe–S
mineralization within tidal wetlands that have been drained and re-flooded, in contrast to normal, undisturbed tidal wetlands. As
such, the long-term biogeochemical trajectory of drained and acidified wetlands that are remediated by tidal re-flooding cannot
be predicted from the well-studied behaviour of normal tidal wetlands.
� 2011 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The anthropogenic development of low-lying coastal
landscapes is often initiated by the deliberate drainage of
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tidal wetlands. Drainage allows oxygen to penetrate the
previously anoxic soils, thereby oxidizing in-situ iron sulfide
minerals (e.g. pyrite, FeS2) and in many cases causing
severe soil acidification (van Breemen, 1975; Dent and
Pons, 1995; Anisfeld and Benoit, 1997; Boman et al.,
2009, 2010). The subsequent leaching of acidity and metals
from these soils, herein referred to as coastal lowland acid-
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sulfate soils (CLASS), adversely affects large areas of land
around the world (Andriesse and van Mensvoort, 2006).

Discharge of acidic, metal-rich waters from CLASS can
have severe and long lasting consequences for the environ-
mental quality of affected systems (Åström and Spiro, 2000;
Macdonald et al., 2004, 2007; Österholm and Åström, 2008;
Hicks et al., 2009; Åström et al., 2010). Remediation ap-
proaches have traditionally focused on treatment of exist-
ing soil and water acidity by amendment with neutralizing
agents, such as lime (Tulau, 2002; Green et al., 2006; Ås-
tröm et al., 2007). However, this approach typically re-
quires ongoing financial inputs. Furthermore, logistical
difficulties can render amendment with traditional neutral-
izing agents infeasible for large-scale CLASS sites.

An alternative CLASS remediation approach is to re-
turn previously drained wetlands to their original status
as tidal wetlands (Powell and Martens, 2005). Tidal re-
flooding has the advantage of introducing seawater-derived
alkalinity, which can help to neutralize existing acidity
(Johnston et al., 2005, 2009a). Re-flooding may also facili-
tate the subsurface re-establishment of reducing conditions,
leading to dissimilatory sulfate-reduction (DSR) and the
subsequent formation of iron sulfide minerals (Portnoy
and Giblin, 1997; Burton et al., 2007, 2008a; Johnston
et al., 2009b). Iron sulfide formation has the additional
advantage of aiding the immobilization of Fe2+ and a suite
of potentially-toxic trace elements (Burton et al., 2007,
2008a; Kirk et al., 2010; Johnston et al., 2010a,b).

Nanocrystalline mackinawite (FeS) is thought to be the
initial iron sulfide to form via reaction between Fe2+ and
the sulfide produced by DSR (Rickard and Morse, 2005).
Under slightly oxidizing conditions, the Fe(II) in macki-
nawite can partially oxidize leading to a solid-state trans-
formation to greigite (Fe3S4) (Boursiquot et al., 2001).
This appears to occur mainly in freshwater wetland soils,
as greigite has been rarely identified in normal tidal wet-
lands (Rickard and Luther, 2007). Both mackinawite and
greigite are metastable, and widely regarded as precursors
to thermodynamically-favoured pyrite (Schoonen and
Barnes, 1991b; Wilkin and Barnes, 1996; Benning et al.,
2000; Hunger and Benning, 2007). However, under some
conditions, pyrite may also form directly without the need
for iron monosulfide precursors (Howarth, 1979; Perry
and Pedersen, 1993; Rickard et al., 2007). This could poten-
tially lead to spatial decoupling between the accumulation
of mackinawite/greigite and more stable pyrite.

In addition to forming iron sulfide minerals, the sulfide
produced by DSR may also be oxidized to S(0) via interac-
tions with ferric (hydr)oxides (Rickard, 1974; Pyzik and
Sommer, 1981; Peiffer et al., 1992; Yao and Millero, 1996;
Burton et al., 2006a). This pathway of Fe–S mineralization
causes reductive dissolution of the ferric (hydr)oxide phase.
This is particularly significant because it mobilizes Fe2+ and
may also release trace elements that were bound to the ini-
tial ferric (hydr)oxide (e.g. Kocar et al., 2010; Burton et al.,
2011).

From the preceding points, it is evident that Fe–S min-
eralization pathways associated with DSR play a key role
in CLASS remediation via tidal re-flooding. However, little
information currently exists on Fe–S mineralization in tid-
ally re-flooded CLASS wetlands, with the bulk of current
understanding being extrapolated from research on normal,
undisturbed tidal wetlands (Johnston et al., 2009b; Keene
et al., 2011). To our knowledge, no studies have previously
examined in-situ DSR rates in tidally-re-flooded CLASS
wetlands. Furthermore, the effect of tidal zonation as a con-
trolling factor on the distribution of Fe–S mineralization
products in such wetlands has not been systematically eval-
uated. As a consequence, there is considerable uncertainty
regarding the effects of tidal re-flooding on DSR and subse-
quent Fe–S mineralization pathways.

Here we examine Fe–S mineralization in a tidally re-
flooded wetland located in north-eastern Australia. The
study site is unique as it is the world’s first large scale exam-
ple of a formerly-drained CLASS wetland that has been re-
flooded by controlled tidal inundation. As such, it offers a
novel opportunity to advance our currently limited under-
standing of Fe–S mineralization in this environmentally-
important context. The specific objective of this study was
to quantify in-situ rates of DSR and the abundance of
resulting reduced inorganic S (RIS) species across a tidal-
fringe gradient imposed by tidal re-flooding. The purpose
was to develop an improved understanding of Fe–S miner-
alization pathways in re-flooded tidal wetlands, particularly
the accumulation of S(0) and iron sulfide minerals.

2. METHODS

2.1. Study site

The study site is an 8 km2 coastal wetland located in
north-eastern Australia (145�480E, 16�560S; Fig. 1). This re-
gion has a tropical climate, with a summer wet-season and
average daily maximum and minimum temperatures for all
months exceeding 25 �C and 17 �C, respectively (Hicks
et al., 2009). Prior to the 1970s, the study site was a tidal
swamp/marsh system. In the 1970s, a sea-wall with tide-
gates was constructed in order to drain the wetland system
and facilitate agricultural activities (primarily sugar-cane
cropping). The drainage scheme maintained water levels
at approx. �0.6 to �0.8 m relative to mean sea level (John-
ston et al., 2009a). This caused pyrite oxidation in more ele-
vated soil layers, and severe acidification of surface-waters
and groundwater (Powell and Martens, 2005; Hicks et al.,
2009; Johnston et al., 2009a).

In 2002, a program of lime-assisted tidal exchange was
initiated in order to remediate the acidified soil layers (Pow-
ell and Martens, 2005). The tidal exchange component of
this approach has involved incremental tidal inundation
across the formerly drained site (Johnston et al., 2009a).
Previous studies have shown that the remediation approach
has been relatively successful in terms of neutralizing the
pre-existing surface-water and groundwater acidity (Powell
and Martens, 2005; Johnston et al., 2009a).

Drainage of the study site from the 1970s to 2001 caused
close to complete oxidative loss of RIS from soil layers
above �0.6 to �0.8 m relative to mean sea level. For exam-
ple, Johnston et al. (2009b) showed that, prior to tidal re-
flooding, the drained near-surface soil layers contained
RIS concentrations of <6 lmol g�1. This site history means
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that the current presence of RIS in the upper depth inter-
vals at >6 lmol g�1 can be attributed to RIS formation fol-
lowing tidal re-flooding in 2002. As such, the study site
provides a unique opportunity to quantitatively evaluate
the formation of RIS species in the near-surface, for-
merly-drained soil layers since the commencement of tidal
re-flooding.

2.2. Sample collection and hydrological monitoring

This study examines Fe–S mineralization across a tran-
sect spanning the current supra-, inter- and sub-tidal zones
(Figs. 1 and 2). Groundwater levels along the transect were
measured using Odyssey (ODYPS05) pressure transducers,
housed in 50 mm diameter PVC piezometers. Herein the
elevation of groundwater levels and soil layers is expressed
relative to mean sea level, according to the Australian
Height Datum.

Soil samples (0.1 m intervals, to 1.5 m below the soil sur-
face) were collected from intact 1.7 m cores during May 2009.
The intact cores were extracted from 5 positions along the
transect, denoted as Profiles A to E (Fig. 2), with the use of
a gouge-auger. Individual soil samples from each core were
immediately transferred into 50 mL screw-cap centrifuge
vials and stored at 4 �C until return to our laboratory within
2–3 days. These gas-tight vials were completely filled with
water-saturated sediment with no headspace, in order to
minimize any potential oxidation of redox sensitive species.
No visible oxidation was apparent within the 2–3 day delay
between soil sampling and laboratory processing. As shown
below, the sample pore-waters were generally near-neutral
and very rich in pore-water Fe2+. Hence, any oxidation
would have been readily visible due to the rapid formation
of red/orange ferric (hydr)oxides. Since this was not ob-
served, we are confident that the sampling and preservation
approach was sufficient to maintain the sample redox
integrity.

2.3. Pore-water and solid-phase analyses

All laboratory glass- and plastic-ware was cleaned by
soaking in 5% (v/v) HNO3 for at least 24 h, followed by re-
Fig. 1. Map of the study area, showing the location of the tidal-fringe tra
panel). The grey shading in the right-side panel refers to ground surface ele
mean sea level.
peated rinsing with deionized water. All chemicals were
analytical reagent grade and all reagent solutions were pre-
pared with deionized water (milliQ). Results for solid-phase
analyses are presented on a dry weight basis, unless noted
otherwise.

The soil moisture content was determined by weight loss
upon drying at 105 �C. The syringe technique of Percival
and Lindsay (1997) was used for determination of soil den-
sity. The organic matter content was estimated as weight
loss-on-ignition at 450 �C as described by Marnette et al.
(1993).

Soil pore-water was extracted, immediately upon return
to the laboratory, by centrifugation of the water saturated
soil samples (2000g, 20 min) (Burton et al., 2006b,c). For
the unsaturated upper-most 0.2 m depth interval at Profile
A, the pore-waters were extracted from a saturated paste,
prepared by adding a minimum of deionised water to the
soil sample. Pore-water samples were filtered to <0.45 lm
using enclosed syringe-driven filter units (to minimize atmo-
spheric exposure). Pore-water pH and Eh were measured
using calibrated electrodes and a TPS WD90 meter. Pore-
water H2S was preserved with Zn acetate prior to determi-
nation by the methylene blue method (Cline, 1969). Ali-
quots of pore-water were added to 1,10-phenanthroline
solutions for Fe2+ determination (APHA, 1998). The con-
centration of total pore-water Fe was also determined using
this method, following pre-reduction of Fe3+ by hydroxyl-
amine hydrochloride. SO2�

4 was estimated via analysis of
total S by inductively coupled plasma – atomic emission
spectrometry (ICP-AES). This approach is consistent with
previous CLASS studies and is based on the assumption
that other intermediate aqueous S species are of minor
abundance relative to SO2�

4 (Macdonald et al., 2004; Smith
and Melville, 2004). Dissolved organic C (DOC) was ana-
lysed using an Aurora 1030 total carbon/total organic C
analyzer. For all aqueous parameters, triplicate determina-
tions on approx. 20% of samples revealed analytical preci-
sion within 6%.

Solid-phase Fe was extracted with deoxygenated 1 M
HCl by shaking for 1 h (Roychoudhury et al., 2003a). This
procedure extracts Fe(II) mainly from nanocrystalline
mackinawite and siderite as well as Fe(II)/Fe(III) from
nsect (with the position of Profiles A and E labeled in the right-side
vation relative to the Australian height datum; which approximates
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poorly-crystalline (hydr)oxides (Wallman et al., 1993). As
noted by Rickard and Morse (2005), 1 M HCl may also re-
cover a small fraction of iron associated with greigite and
pyrite. When performed under anoxic conditions, the 1 M
HCl extraction procedure does not alter the oxidation state
of the extracted Fe (Wallman et al., 1993). Crystalline
Fe(III) minerals, which are resistant to extraction with
1 M HCl, were extracted from the residual soil sample with
a citrate-buffered dithionite solution (Roychoudhury et al.,
2003a). The concentration of Fe(II) and total Fe in the 1 M
HCl extracts were quantified via the 1,10-phenanthroline
method, by either including or excluding pre-reduction with
hydroxylamine hydrochloride (APHA, 1998). The concen-
tration of Fe(II) in the dithionite extracts were also deter-
mined using this method.

Reduced inorganic S speciation was determined by selec-
tive, sequential extraction of iron-monosulfides, elemental S
and pyrite (Burton et al., 2007, 2009). Iron-monosulfides,
defined operationally as acid-volatile sulfide (AVS), were
extracted by shaking (150 rpm) �0.5 g of sediment with
10 mL of 6 M HCl/0.1 M ascorbic acid in gas-tight
55 cm3 polypropylene reactors for 18 h (Burton et al.,
2007). The use of ascorbic acid during this extraction pre-
vents interferences from Fe(III) minerals, which can other-
wise lead to S(0) formation (Hsieh et al., 2002). The evolved
H2S(g) was trapped in 7 mL of 3% Zn acetate in 2 M NaOH,
and subsequently quantified via iodometric titration. Ele-
mental S (S(0)) was then extracted from the AVS-extracted
sample by shaking the sediment with 10 mL of toluene for
16 h. An aliquot of the toluene extract was analysed for S(0)
by high-performance liquid chromatography (HPLC) with
a Dionex UltiMate 3000 system (mobile phase = 95% meth-
anol; column = reverse-phase C18; flow rate = 2 mL min�1;
column temp = 40 �C; UV detection at 254 nm). Residual
S(0) was then removed from the sediment sample by three
rinses with 25 mL of acetone, and a final rinse with
20 mL ethanol. Each rinse involved 5–10 min of shaking,
with the sediment and acetone/ethanol phases separated be-
tween rinses by centrifugation at 4000 rpm for 10 min. Pyr-
ite-S in the residual AVS- and S(0)-extracted sediment was
then quantified as Cr(II)-reducible S (CRS) using the meth-
od of Burton et al. (2008b). The analytical recovery of RIS
species was evaluated in quadruplicate by subjecting ZnS(s),
S8(s) and finely-ground museum-grade pyrite to the selective
extractions described above. The recovery of AVS from
ZnS was 95 ± 2%, recovery of S(0) by toluene extraction
and HPLC detection was 99 ± 3%, and recovery of pyr-
ite-S by the CRS method was 94 ± 6%.

Solid-phase S speciation was also examined by S K-edge X-
ray absorption near-edge structure (XANES) spectroscopy.
The XANES data were collected on beam-line 16A at the Na-
tional Synchrotron Radiation Research Centre (NSRRC) in
Hsinchu, Taiwan (Dann et al., 1998). Mineral standards and
soil samples for XANES spectroscopy were transported from
Australia to Taiwan frozen within N2-purged glass vials. Soil
samples and air-sensitive mineral standards were stored in this
way until being mounted into 6 lm S-free Mylar film pouches
(to minimize atmospheric exposure) prior to subsequent
XANES data collection under an inert (He) atmosphere at
ambient temperature. Standards that were not sensitive to
atmospheric exposure were spread thinly as dry powders on
S-free Kapton tape. These standards were diluted 10- to
100-fold with graphite to minimise self-absorption effects
associated with high S loadings. The X-ray energy resolution
was maintained by a Si(1 1 1) double crystal monochromator,
with the energy calibrated to the maximum of the first feature
of NaS2O3�5H2O at 2472.02 eV. X-ray fluorescence data were
collected using a Lytle detector.

The Athena program was used for XANES background
subtraction and edge-height normalization (Ravel and
Newville, 2005). Quantitative S speciation was determined
by linear combination fitting of a sample XANES spectrum
with contributions from selected S reference standards (see
Burton et al., 2009 for a complete description). The choice
of standards for linear combination XANES fitting was
based on mineralogical examination as described below.
Linear combination fitting was performed with the Athena
software package (Ravel and Newville, 2005).

The magnetic fraction in selected samples was collected
from soil/methanol suspensions using a hand magnet. The
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magnetic fraction was then allowed to dry under an O2-free
atmosphere, which was maintained in a Coy anaerobic
chamber. The mineralogy of the magnetic fraction was
determined by X-ray diffraction (XRD) using a Bruker
D4 Endeavor fitted with a Co X-ray source and Lynx-Eye
detector. Samples were scanned from 10� to 80� 2h with a
0.05� 2h step-size and a 2 s count-time. The XRD patterns
were evaluated using EVA software (DIFFRAC-plus eval-
uation package, Bruker AXS, Karlsruhe, Germany).

The morphology and elemental composition of iron
sulfide minerals in selected samples was examined by scanning
electron microscopy (SEM). Samples for SEM examination
were mounted on aluminium stubs, coated with carbon, and
the elemental composition and morphology of selected speci-
mens determined using a Leica 440 SEM with an ISIS energy
dispersive X-ray (EDX) microanalysis system. A quantitative
peak-to-background EDX method for rough-surfaced speci-
mens was used (Sullivan and Bush, 1997).
2.4. In-situ DSR rates and short-term products

In-situ DSR rates and short-term products were deter-
mined using the 35SO2�

4 radiotracer incubation approach
(Fossing and Jørgensen, 1989). Four replicate soil sub-sam-
ples were collected at 0.1 m intervals to 1.5 m below the soil
surface at Profiles A to E. The sub-samples were collected
from intact 1.5 m soil cores held within a gouge-auger, with
the use of 3 mL polypropylene syringes (with the distal end
removed). After collection, the soil sample was immediately
sealed within the 3 mL syringe using Parafilm and was sub-
sequently injected with 175 kBq of carrier-free 35SO2�

4 .
Three of the 4 replicate samples from each depth interval
and transect position were incubated at ambient tempera-
ture for 24 h. These incubations were terminated by mixing
the soil with 10 mL of 20% Zn acetate. In addition to the
triplicate 24 h incubations, a single replicate for each soil
sample also served as a time zero blank (i.e. this sample
was mixed with the Zn acetate solution immediately after
injection of 35SO2�

4 ). The radiolabelled Zn acetate-preserved
samples were stored frozen at �80 �C.

The radiolabelled samples were subjected to the 3-step
RIS extraction procedure described above. The incorpora-
tion of 35S into each of the 3 RIS fractions was determined
by liquid-scintillation counting using a Perkin–Elmer
microbeta counter (with Perkin–Elmer UltimaGold scintil-
lation fluid). The SO2�

4 -reduction rate was determined by
the sum of 35S incorporated into AVS, S(0) and CRS
according to:

SRR ¼ a� b
A
½SO2�

4 �
1

d
� 1:06 nmol cm�3 day�1 ð1Þ

where a is the radioactivity of the individual RIS species per
volume of soil subjected to the incubation, b is the radioac-
tivity of the corresponding time zero blank, A is the radio-
activity of the added 35SO2�

4 per volume of soil, [SO2�
4 ] is the

sulfate concentration per volume of soil (nmol cm�3), d is
the incubation time in days, and 1.06 is the isotopic frac-
tionation factor.

Determination of the time zero blank yielded similar
values for the three RIS species of 61 ± 15 cpm
(mean ± standard deviation for all blank measurements,
n = 225). Therefore, the DSR rate was considered detect-
able only when (a � b) was greater than two times the stan-
dard deviation (i.e. 30 cpm) (Fossing et al., 2000).

It is important to note that using 35S incubations to quan-
tify the importance of short-term DSR biomineralisation
products is complicated by possible isotopic exchange of
35S amongst separate RIS species. More specifically, absolute
quantitative distinction between the in-situ formation rates
of S(0) and AVS may be unreliable due to partial isotopic ex-
change of 35S (Fossing et al., 1992). On the other hand, it is
well established that isotopic exchange of 35S does not occur
between pyrite and other RIS species over a 24 h period (Fos-
sing et al., 1992). Therefore, differential incorporation of 35S
into the AVS versus S(0) pools must be interpreted cau-
tiously, whereas 35S incorporation into CRS can be soundly
interpreted as real short-term pyrite formation.

3. RESULTS

3.1. Site hydrological setting

Ground surface-elevation across the transect ranged
from �0.25 m, at the base of a drainage ditch between Pro-
files D and E, to +0.6 m near Profile A (Fig. 2). The median
water levels, calculated over the 12 months preceding sam-
ple collection, ranged from approx. +0.1 to +0.2 m. How-
ever, the water levels displayed significant short-term
fluctuations due to tidal influence (see inset plots in Fig. 2).

The lower end of the transect (i.e. near Profile E) was
sub-tidal (Fig. 2). In contrast, the upper end (i.e. near Pro-
file A) was supra-tidal, with the near-surface soil layers
experiencing only infrequent inundation. Nevertheless,
short-term tidal oscillations in groundwater levels were still
apparent in this supra-tidal zone. For example, a piezome-
ter situated near Profile A showed that groundwater levels
at the supra-tidal end of the transect varied by up to
0.1 m over a tidal cycle (Fig. 2).

3.2. Pore-water properties

Pore-water pH generally ranged from pH 5–7, except for
more acidic near-surface soil layers in Profiles A and B.
These acidic soil layers are above the median groundwater
level and therefore do not experience regular tidal inunda-
tion. As a consequence, they have retained the low pH con-
ditions, characteristic of the previously-drained soil layers
prior to tidal re-flooding (Johnston et al., 2009b).

The Eh data demonstrate the strongly oxidized nature of
the near-surface soil in the supra-tidal zone. For example,
at Profile A, Eh increased from +70 mV at 0.4 m below
the ground surface to +700 mV in the surface 0.1 m depth
interval (Fig. 3). Apart from the near-surface layers at Pro-
files A and B, the pore-water Eh values across most of the
transect ranged from approx. +10 to +200 mV. However,
there were sub-surface zones of relatively low pH and high
Eh. At Profile E, for example, the lowest pH (5.4) and high-
est Eh (+260 mV) were at 0.9–1.0 m below the ground sur-
face (Fig. 3). Similar (although not as prominent)
subsurface pH troughs and Eh peaks were also apparent
at Profiles B, C and D.
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The pore-water DOC concentrations ranged from
<1 mM up to 95 mM (Fig. 3). At Profiles A and B, the
highest DOC concentrations were present just below the
median groundwater level. At Profiles C, D and E, the
pore-water DOC concentrations were greatest near the soil
surface (Fig. 3), consistent with the near-surface enrichment
in soil organic matter as estimated by loss-on-ignition
(Fig. 4). In terms of tidal zonation, the near-surface pore-
water DOC concentrations were most elevated in the in-
ter-tidal zone (i.e. 0–0.4 m depth at Profiles C and D), with
lower concentrations towards the supra- and sub-tidal ends
of the transect (Fig. 3).

The pore-water H2S concentrations were below the
detection limit of methylene blue method (�2 lM). In
contrast, the pore-water SO2�

4 concentrations were gener-
ally high, ranging from 3.4 to 50.6 mM (Fig. 3). Pore-water
SO2�

4 was particularly abundant in Profiles A, B and C,
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spanning approx. 20–50 mM (Fig. 3). In these profiles,
pore-water SO2�

4 typically increased with depth over the
0–0.3 m depth interval, before attaining approx. 40–
50 mM at greater depth. In comparison, pore-water SO2�

4

was lower at the sub-tidal end of the transect, with
<15 mM in the surface 0–0.3 m depth interval at both Pro-
files D and E (Fig. 3).

The pore-water concentrations of Fe2+ and total Fe
agreed within ±5%, indicating that Fe3+ was negligible
compared with Fe2+. Extremely high pore-water Fe2+ con-
centrations (up to 55 mM) were present at Profiles B and
C in the +0.2 to �1.0 m depth intervals (Fig. 3). In com-
parison, pore-water Fe2+ was lower in the corresponding
depth intervals at Profiles D and E. However, pore-water
Fe2+ in these profiles was still high with all concentrations
>1 mM and maximum concentrations of 4.4–14.8 mM
(Fig. 3).
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3.3. Solid-phase iron speciation

Labile Fe(III) was most abundant in the surface depth
interval towards the inter- to supra-tidal end of the transect
(i.e. Profiles A, B and C), with lower concentrations existing
at depth and towards the sub-tidal end of the transect (i.e.
Profiles D and E) (Fig. 4). As observed for labile Fe(III),
some surface enrichment of crystalline Fe(III) was also
apparent in the supra- to inter-tidal zone (i.e. Profiles A,
B and C) (Fig. 4). However, the maximum concentrations
of crystalline Fe(III) were generally located in the subsur-
face �0.1 to �0.4 m depth interval. The subsurface enrich-
ment of crystalline Fe(III) corresponded to the presence of
straw-yellow mottles in the formerly drained soil layers.
XRD analysis (data not shown) showed that these mottles
were composed of jarosite, KFe3(SO4)2(OH)6; an Fe(III)-
bearing mineral that is commonly found in acid-sulfate
soils.

At the supra-tidal end of the transect (i.e. Profiles A and
B), labile Fe(II) was present at relatively low concentrations
in the upper-most depth interval (0–0.3 m below the ground
surface). The labile Fe(II) concentrations increased with
depth attaining 120 lmol g�1 in Profile A and 200 lmol g�1

in Profile B. Labile Fe(II) was more uniform as a function of
depth in Profile C, with a range of 50–150 lmol g�1. Towards
the sub-tidal end of transect (i.e. Profiles D and E), there was
a clear enrichment in labile Fe(II) within the near-surface soil
layers in comparison to the underlying layers.

3.4. Reduced inorganic sulfur speciation

Both AVS and S(0) were most abundant in the near-sur-
face depth intervals towards the sub-tidal end of the tran-
sect, with maximum concentrations of �40 lmol g�1 in
the surficial depth interval at Profile E (Fig 5). Progressively
lower AVS and S(0) concentrations occurred upslope along
the transect (i.e. towards Profile A), as well as with increas-
ing depth down each profile. The decrease towards the in-
ter- and supra-tidal ends of the transect was particularly
notable for AVS. For example, AVS was mostly undetect-
able in the inter- and supra-tidal zone profiles, with a max-
imum AVS concentration of only �5 lmol g�1 at Profile C.
In comparison, elemental S was present at up to
�20 lmol g�1 in near-surface depth intervals at Profile C
(Fig. 5).

The upper previously drained depth intervals were de-
pleted in CRS compared with deeper soil layers, which con-
tained CRS concentrations of 500–700 lmol g�1. (Fig. 5).
Nevertheless, the inset figures in the bottom panel of
Fig. 5 show that CRS was present in the near-surface
0.6 m depth intervals at Profiles D and E at approx 20–
80 lmol g�1. The CRS concentrations in these formerly-
drained soil layers decreased progressively from the sub-
to supra-tidal zone. For example, the CRS concentrations
in the 0–0.6 m depth interval at Profile B and C were mainly
<10 lmol g�1, while the corresponding depth interval at
Profile A contained CRS at mostly <4 lmol g�1.

The depth-dependent trends in CRS concentrations
within the formerly-drained soil layers differed considerably
from that of AVS and S(0) (Fig. 5). While AVS and S(0)
were enriched towards the soil surface, the CRS concentra-
tions in the re-flooded soil layers generally decreased
slightly towards the soil surface. For example, at Profile
D, CRS decreased from approx. 40 lmol g�1 in the 0.5–
0.6 m depth interval to approx. 20 lmol g�1 in the upper
most 0.1 m depth interval (Fig. 5).
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Fig. 6 shows an XRD pattern for magnetic material
recovered from the near-surface 0–0.1 m depth interval at
Profile E. This demonstrates the presence of greigite – a
magnetic iron thiospinel mineral. Although not presented,
XRD examination of magnetic material recovered from
near-surface depth intervals at Profiles C and D also dem-
onstrated the occurrence of greigite. SEM examination re-
vealed that greigite in these soil layers was present as
aggregates of �1 lm platy crystals (Fig. 7a and b). EDX
analysis indicated that these aggregates had an Fe:S ratio
of between 1:1.1 and 1:1.3, consistent with the composition
of a mixture of greigite (where Fe:S = 1:1.33; Skinner et al.,
1964) and mackinawite (where Fe: S = 1:1; Rickard et al.,
2006).

SEM examination also confirmed the occurrence of pyr-
ite as single crystals or framboids (Fig. 7b, c, d). In the dee-
per soil layers at Profile E, where pyrite formed under
estuarine conditions during the Holocene, pyrite was pres-
ent as a mixture of large framboids (>30 lm; Fig. 7c) and
�1 lm single octahedral crystals (Fig. 7d). In the re-flooded
soil layers, where pyrite has re-formed since tidal re-flood-
ing in 2002, pyrite was present mainly as submicron single
crystals (Fig. 7b) with rarer small framboids (<15 lm).
The spatial distribution of pyrite and greigite in the near-
surface samples did not seem to be tightly coupled. For
example, although Fig. 7b shows both pyrite and greigite
in relatively close spatial proximity, there was no evidence
for pseudomorphic replacement of greigite by pyrite or
for pyrite growth via oriented aggregation of greigite crys-
tals (e.g. Hunger and Benning, 2007).

Fig. 8 shows the distribution of AVS, S(0) and CRS as a
proportion of the sum of the three RIS species. As ex-
pected, pyrite was the dominant RIS species at depth, gen-
erally comprising >99% of RIS below an elevation of
approx. �0.7 m (Fig. 8). The proportional dominance of
pyrite decreased towards the soil surface, where AVS and
S(0) became more important (Fig. 8). In the re-flooded soil
layers (i.e. above an elevation of approx. �0.6 m), the max-
imum proportion of RIS which was present as AVS ranged
from 14% at Profile A to 36% at Profile E. In comparison,
the corresponding proportion of RIS which existed as S(0)
was generally greater, with S(0) comprising up to 69% of
RIS in the near-surface re-flooded soil layers. S(0) was a
particularly important RIS species in the +0.25 to
�0.25 m elevation at the inter- to supra-tidal end of the
transect (Fig. 8).

The proportional abundance of S species in selected
depth intervals at Profile E was further examined by S K-
edge XANES spectroscopy (Fig. 9). Linear combination
analysis indicated that S speciation in the 0–0.1 m depth
interval at Profile E was composed of 56% greigite and
44% elemental S. At the 0.2–0.3 m depth interval, pyrite



Fig. 6. X-ray diffractogram of magnetic material collected from the
0–10 cm depth interval at Profile E. The solid and dashed vertical
lines denote the diffraction lines for greigite and quartz,
respectively.
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comprised 30% of total S, with greigite and elemental S
making up 39% and 29%, respectively. Pyrite was the dom-
inant S species at depth (1.2–1.3 m below surface), with
86% of total S associated with pyrite and only 9% and
5% in sulfate and elemental S, respectively. In general, the
trends in S speciation based on XANES analysis support
the operationally-defined extraction results. Both ap-
proaches indicate near-surface formation of S(0) in addi-
tion to iron-monosulfides (mostly greigite), whilst pyrite
was more abundant at depth.

3.5. Dissimilatory sulfate reduction (DSR) rates and short-

term end-products

Detectable rates of DSR were mainly confined to the
upper soil layers (i.e. 0–1.0 m below the ground surface)
(Fig. 10). However, the upper-most depth intervals at Pro-
files A and B exhibited undetectably slow DSR rates, con-
sistent with their supra-tidal position. The DSR rates
were highest in the near-surface soil layers around the in-
ter-tidal zone (Profiles B, C and D) with DSR occurring
at up to �300 nmol cm�3 day�1. These samples also exhib-
ited the highest pore-water DOC concentrations (Fig. 3).
As such, the in-situ DSR rates were strongly correlated with
pore-water DOC concentrations (r = 0.90, P < 0.05;
Fig. 11).

The results show that S(0) comprised between 73% and
>99% of reduced 35S over the 24 h incubation period
(Fig. 10). In general, a relatively small proportion of the
35S that underwent DSR was accumulated as iron sulfides,
based on incorporation of the radiolabel into AVS and
CRS. AVS comprised a substantial fraction of reduced
35S only in the upper-most 0–0.3 m depth interval at Profile
D (Fig. 10). These particular soil samples were also among
the only samples to contain no HCl-extractable Fe(III).

The incorporation of 35S into the CRS pool exhibited a
generally bi-modal distribution, with a near-surface peak
and a pronounced subsurface peak between �0.5 to
�1.0 m (see inset plots in Fig. 10). Apart from the surficial
depth interval at Profiles C and D, the short-term incorpo-
ration of 35S into CRS did not necessarily correlate with
DSR rates or with 35S incorporation into AVS/S(0). For
example, the subsurface peaks in incorporation of 35S into
the CRS pool were at depths which exhibited slow rates of
DSR and negligible formation of radiolabelled AVS/S(0).
In these samples, the short-term formation of pyrite was
decoupled from AVS/S(0).

4. DISCUSSION

4.1. Enrichment of pore-water SO2�
4 and Fe2+

The pore-water SO2�
4 concentrations (up to approx.

50 mM) indicate substantial SO2�
4 enrichment compared

with marine tidal waters (which typically contain 27–
28 mM SO2�

4 ). Therefore, a substantial proportion of the
pore-water SO2�

4 must have been derived from a source
other than the contemporary tidal waters. This other source
of pore-water SO2�

4 may have been jarosite, which was
abundant within the re-flooded soil layers in the supra- to
inter-tidal zone. The abundance of jarosite was evident dur-
ing soil sampling for the present study, with Johnston et al.
(in press) providing additional data in support of this
observation.

Jarosite is a well known SO2�
4 -bearing crystalline Fe(III)

phase, which commonly forms following the drainage of
pyrite-rich coastal soils (e.g. Welch et al., 2007, 2008).
The precipitation of jarosite occurs in acidified CLASS set-
tings, which are rich in Fe3+ and SO2�

4 (released via the ini-
tial drainage-induced iron sulfide oxidation) as well as K+

(released via proton-promoted dissolution of K-bearing
clays). Jarosite is relatively stable under oxidizing condi-
tions in well-drained soil, yet undergoes reductive dissolu-
tion in flooded soils:

KFe3ðSO4Þ2ðOHÞ6 þ 3e� þ 6Hþ

! Kþ þ 3Fe2þ þ SO2�
4 þ 6H2O ð2Þ

This process releases both Fe2+ and SO2�
4 , thereby

potentially explaining the observed enrichment in pore-
water Fe2+ and SO2�

4 . By considering the soil water content
and wet density (Fig. 4), the accumulation of the maximum
pore-water Fe2+ and SO2�

4 concentrations observed in the
re-flooded inter- to supra-tidal soil layers would have con-
sumed approx. 50–75 lmol g�1 of jarosite-derived Fe and
SO2�

4 . In comparison, the 0 to �0.4 m depth-intervals with-
in the supra- and inter-tidal zone contained in excess of up
200 lmol g�1 of crystalline Fe(III) (Fig. 4). Jarosite would
have been recovered as crystalline Fe(III) using our extrac-
tion scheme (Claff et al., 2010). Hence, the dissolution of
only 50–75 lmol g�1 of jarosite is certainly a feasible source
for the elevated pore-water Fe2+ and SO2�

4 concentrations
observed here.



Fig. 7. Scanning electron micrographs and energy-dispersive X-ray spectra for (a and b) magnetic material collected from the 0–0.1 m depth
interval at Profile E, and (c and d) pyrite in the 1.2–1.3 m depth interval at Profile E. The EDX spectrum to the right of (a) is representative of
the central aggregate shown in the SEM image. Likewise, the EDX spectrum shown to the right of c is representative of the pyrite framboids
and single crystals shown in both (c and d).

Fe–S geochemistry in tidally re-flooded wetlands 3443
4.2. Extremely low H2S solubility in the presence of excess

Fe2+

The pore-water SO2�
4 concentrations in the near-surface

sub-tidal soil layers were lower than the corresponding con-
centrations in the inter- to supra-tidal zone. This is consis-
tent with the consumption of pore-water SO2�

4 by DSR,
which can be expressed as:
CH3COOHþ SO2�
4 þ ! 2HCO�3 þH2S ð3Þ

where acetic acid represents a range of possible organic
electron donors. Although pore-water H2S is an initial
DSR product, it was undetectable (<2 lM) in the pore-
waters examined here, consistent with other observations
from the study site (Johnston et al., 2011). This indicates
that the relative rate of H2S formation via DSR was slower
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than its rate of removal from the pore-water. This situation
may have been caused by the rapid precipitation of nano-
crystalline mackinawite in the presence of an excess of
pore-water Fe2+:
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Fe2þ þH2S! FeSþ 2Hþ ð4Þ

In order to evaluate this hypothesis we must consider the
pH- and Fe2+-dependent solubility of H2S in rapid equilib-
rium with nanocrystalline mackinawite (Rickard et al.,
2006):

logðH2SÞ ¼ log KFeS � logðFe2þÞ � 2pH ð5Þ

where log KFeS = 3.5 (Rickard et al., 2006). By incorporat-
ing the pore-water pH and Fe2+ conditions (i.e. approx. pH
6.5; Fe2+ > 10�3 M) in the re-flooded sub-tidal soil layers,
the expected solubility of pore-water H2S can be calculated.
This calculation reveals that the presence of >1 mM of Fe2+

at pH 6.5 would buffer pore-water H2S to below approx.
0.3 lM; which is much less than the detection limit of the
sulfide analysis method employed in this study. Further-
more, since nanocrystalline mackinawite is the most soluble
iron sulfide mineral under ambient conditions, the pore-
water H2S concentrations would be even lower if other iron
sulfide minerals (e.g. crystalline mackinawite, greigite or
pyrite) controlled H2S solubility. Overall, this calculation
indicates that the extremely low pore-water H2S solubility
observed here is a consequence of the extremely Fe2+-rich
nature of the pore-waters at the study site.
4.3. Tidal zonation of sulfate reduction rates coupled to pore-

water DOC

The DSR rates were higher in the inter-tidal zone com-
pared to the sub-tidal end of the transect (Fig. 10). This result
is surprising given that the near-surface soil layers in the in-
ter-tidal zone are regularly exposed to the atmosphere due
to tidal fluctuations (Fig. 2). As a result, these inter-tidal soil
layers are likely to experience oscillatory redox conditions. In
contrast, the soil surface at the sub-tidal end of the transect is
mostly tidally-inundated, and thus characterized by more
consistently reducing conditions. Although we expected that
such conditions would favour higher DSR rates in the sub-ti-
dal zone, the results clearly show that the highest rates were
located within the inter-tidal zone (Fig. 10).

The correlation between the in-situ DSR rates and pore-
water DOC suggests that the DSR rates were controlled by
organic substrate supply, rather than SO2�

4 availability.
This is consistent with the pore-water SO2�

4 concentrations
(i.e 3.4–50.6 mM) being well above the reported half-satu-
ration concentrations for DSR kinetics in estuarine sedi-
ments (i.e. <1 mM; Roychoudhury et al., 2003b; Pallud
and van Cappellen, 2006). Overall, the results indicate that
processes which regulate the tidal zonation of bioavailable
pore-water DOC species also play a key role in regulating
DSR rates.

The inter-tidal zone is characterized by dynamic tidal
fluctuations in water level, and the associated advective
movement of pore-waters. The observed near-surface
enrichment of pore-water DOC is consistent with a surficial
source of organic matter. Although terrestrially-derived or-
ganic material is often more recalcitrant than marine-de-
rived material, the strong correlation between the DSR
rates and DOC suggests that some fraction of the pore-
water DOC was certainly bioavailable. Further work is re-
quired to conclusively determine whether the DOC was de-
rived from mainly terrestrial or marine sources.
Nevertheless, it is feasible that tidal water level oscillations
could have enhanced the penetration of DOC (derived from
either source) into the near-surface depth intervals within
the inter-tidal zone, relative to the hydrologically less dy-
namic sub- and supra-tidal zones. The importance of
pore-water advection in the inter-tidal zone is supported
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by the near-surface pore-water Fe2+ and SO2�
4 concentra-

tions at Profiles B and C, which suggest a loss of these spe-
cies due to exchange with tidal surface-water.
4.4. Elemental S as a dominant product of sulfate reduction

In many samples, S(0) was the most abundant RIS spe-
cies in the re-flooded soil layers within the inter- to supra-
tidal zone (Fig. 8). The enrichment of S(0) in these samples
is a significant finding, as there has been a widespread ten-
dency in CLASS research to either ignore S(0) or assume
that it is negligible compared to other forms of RIS (e.g.
Macdonald et al., 2004; Smith and Melville, 2004; Rosicky
et al., 2004; Johnston et al., 2009b, 2011). This assumption
has been based on observations of RIS speciation from nor-
mal tidal wetlands and marine sediments, in which S(0) is
indeed usually a very minor RIS component. The present
results demonstrate that this assumption is not valid for
CLASS settings experiencing active DSR.

The abundance of S(0) can be attributed to formation
pathways involving the oxidation of either pore-water
H2S or solid-phase S(–II) (Rickard, 1974; Pyzik and Som-
mer, 1981; Peiffer et al., 1992; Yao and Millero, 1996; Bur-
ton et al., 2006a, 2006d, 2009). One pathway of S(0)
formation involves reaction of H2S with Fe(III) minerals,
which are known to be abundant in drained CLASS envi-
ronments (Sullivan and Bush, 2004; Burton et al., 2006b,
2008c; Welch et al., 2007, 2008, 2009; Collins et al., 2010;
Johnston et al., 2010a). In the case of jarosite, reaction with
microbially-produced H2S would proceed according to:

KFe3ðSO4Þ2ðOHÞ6 þ 1:5H2Sþ 3Hþ

! Kþ þ 3Fe2þ þ SO2�
4 þ 1:5S0 þ 6H2O ð6Þ

This pathway is likely to have been particularly
significant in the inter- and supra-tidal zones, where the
near-surface soil layers supported considerable DSR rates
and contained abundant jarosite. Eq. (6) shows that reac-
tion between H2S and jarosite yields pore-water Fe2+ and
SO2�

4 , in addition to S(0). Therefore, this reaction repre-
sents an internally-consistent mechanism which helps to ex-
plain the observed enrichment of all three species within the
re-flooded soil layers.

While some of the H2S released by DSR would have re-
acted with jarosite or other solid-phase Fe(III) species, a
portion would also have reacted directly with pore-water
Fe2+. As discussed above, this reaction initially yields nano-
crystalline mackinawite, according to Eq. (3) (Rickard and
Morse, 2005). Although persistent under strongly reducing
conditions (Benning et al., 2000; Boman et al., 2010), mack-
inawite undergoes rapid oxidation in O2-bearing solutions
(Burton et al., 2009). At near-neutral pH, S(0) forms as
an initial solid-phase product of mackinawite oxidation
(Schippers and Sand, 1999; Burton et al., 2006d, 2009):

FeSþ 0:75O2 þ 0:5H2O! S0 þ FeOOH ð7Þ

Hence, the introduction of O2 via tidal pumping and dif-
fusion in the near-surface soils could have facilitated rapid
oxidative turn-over of a transient mackinawite pool, there-
by further contributing to the observed enrichment in S(0).
4.5. Greigite formation via mackinawite oxidation

The results demonstrate that greigite was an important
Fe–S mineralization product within the near-surface re-
flooded soil layers. Greigite has been widely mentioned in
studies of sedimentary S biogeochemistry as a common
iron-monosulfide precursor to pyrite (Rickard and Morse,
2005). However, very few studies have presented conclusive
mineralogical evidence demonstrating the presence of greig-
ite in normal tidal wetlands. To our knowledge, only one
previous study has conclusively demonstrated the occur-
rence of greigite in a CLASS system (i.e. Bush and Sullivan,
1997). In this earlier study, greigite was found in a non-tidal
CLASS profile at the interface between upper drained soil
layers, and lower undrained layers (i.e. at the oxidation-
front).

This previously observed occurrence is consistent with
the fact that mackinawite can transform to greigite by reac-
tion with O2 (Boursiquot et al., 2001):

4FeSþ 0:5O2 þ 2Hþ ! Fe3S4 þ Fe2þ þH2O ð8Þ

In this process, which involves a solid-state transforma-
tion, two thirds of the Fe(II) in mackinawite is oxidized to
Fe(III). There is currently no experimental evidence demon-
strating that greigite can precipitate directly from solution
(Rickard and Luther, 2007). As such, the presence of greig-
ite in the soils examined here implicates the solid-state oxi-
dative transformation of mackinawite as an important Fe–
S mineralization pathway. This formation route points to
dynamic redox-cycling in the near-surface inter- to sub-tidal
soils, which allow both mackinawite formation as a result
of DSR and its subsequent oxidative transformation to gre-
igite. In general, when considered with the findings of Bush
and Sullivan (1997), it appears that greigite accumulation in
CLASS environments may be favoured near environmental
redox interfaces, where DSR occurs in close proximity to
O2-bearing pore-waters.

On the basis of laboratory experimentation, it appears
that the oxidative transformation of mackinawite to greig-
ite is promoted by acidic conditions. For example, experi-
mental routes for greigite synthesis involve acidic
solutions, often with pH as low as 3 (Rickard and Luther,
2007). The effect of low pH concurs with the fact that gre-
igite has been rarely documented in normal tidal wetlands
and has been instead mostly found in freshwater soils/sed-
iments, which are usually more acidic than tidal systems
(Bush and Sullivan, 1997; Wilkin and Ford, 2006). There-
fore, its unusual occurrence in the re-flooded tidal wetland
examined in this study may have been promoted by the
existence of mildly acidic pore-water conditions (Fig. 3).

4.6. Quantitative evaluation of pyrite re-formation since tidal

re-flooding

In accord with the site history, the near-surface for-
merly-drained depth intervals were depleted in CRS com-
pared with deeper soil layers (Fig. 5). The depth of this
transition, which reflects the previous penetration of the
drainage-induced oxidation front, was at an elevation of be-
tween approx. �0.6 and �0.9 m (Fig. 5). This agrees very
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well with dry season water levels at the study site in 2001
(i.e. prior to re-flooding), which averaged approx.
�0.75 m (Johnston et al., 2009b). Below this level, CRS
was present at concentrations of 500–700 lmol g�1, which
is typical of undisturbed fine-textured estuarine sediments
along the eastern Australian coastline (e.g. Burton et al.,
2008d; Keene et al., 2010b).

Data presented by Johnston et al. (2009b) shows that,
prior to the commencement of tidal re-flooding in 2002,
the drained near-surface soil layers only contained very
low RIS concentrations (i.e. <6 lmol g�1). Therefore, the
presence of pyrite in the upper depth intervals at
>6 lmol g�1 can be attributed to pyrite formation follow-
ing tidal re-flooding. An important proviso of this concept
is that pyrite has not been delivered into the re-flooded soil
layers by ongoing sedimentation or by sediment re-working
since the commencement of tidal re-flooding. We believe
that this proviso is met, since data presented in Johnston
et al. (2009b) shows that there had been negligible sedimen-
tation during the 2001 to late 2007 period. Furthermore,
significant re-working of pyritic sediment is very unlikely gi-
ven that the deeper Holocene-aged pyrite has been pro-
tected since tidal re-flooding by approx. 1 m of dense,
fine-textured overlying soil. As such, our knowledge of
the upper limit of RIS abundance within the near-surface
soil layers prior to re-flooding allows us to clearly differen-
tiation between the deeper Holocene-aged pyrite and the
near-surface recently-formed pyrite.

The results demonstrate that substantial pyrite re-for-
mation has indeed occurred within the sub-tidal zone soils
since the commencement of tidal re-flooding. Enrichment
of pyrite in the sub-tidal zone, is consistent with the low ele-
vation of the sub-tidal Profiles D and E, which has meant
that they have experienced the greatest duration of contin-
ued tidal influence as the wetland has been progressively re-
flooded. A quantitative estimate of the in-situ rate of pyrite
formation in the re-flooded soil layers in Profile E can be
derived from the data presented in Fig. 5. As mentioned
above, prior to tidal re-flooding (i.e. in 2001), the soil layers
situated above approx. �0.6 m contained <6 lmol g�1

CRS. Fig. 5 shows that, at the sub-tidal end of the transect
(i.e. where the soil has been re-flooded for approx. 7 years),
the re-flooded soil layers now contain CRS at concentra-
tions ranging from 20 to 80 lmol g�1. Integration of these
CRS concentrations over the 7 year duration of tidal re-
flooding reveals in-situ pyrite formation at net rates of ap-
prox. 3–12 lmol g�1 year�1.

4.7. Comparison between the observed and theoretical rates

of pyrite formation

Pyrite formation can arguably occur via a number of
pathways involving H2S, S(0), polysulfides, greigite, Fe2+

or even FeOOH. However, there are only two mechanisms
of sedimentary pyrite formation that are currently accepted,
and for which kinetic rate laws have been derived:

ð1Þ the polysulfide pathway : FeSþ S2�
n ! FeS2 þ S2�

ðn�1Þ

ð9Þ
ð2Þ the H2S pathway : FeSþH2S! FeS2 þH2 ð10Þ

Our current understanding of the kinetics of pyrite for-
mation via the polysulfide and H2S pathways have emerged
from the experimental results of Rickard (1975), Luther
(1991), Rickard (1997) and Rickard and Luther (1997).
On the basis of these landmark studies, the rate of pyrite
formation under well-constrained experimental conditions
can be expressed as (Rickard and Morse, 2005):

dðFeS2ðsÞÞ
dt

¼ k1ðFeSðsÞÞ2ðS0
ðsÞÞðH2SÞfHþg þ k2ðFeSðsÞÞðH2SÞ

ð11Þ

where k1 = 350 L3 mol�3 s�1 and k2 = 10�4 L mol�1 s�1;
{H+} is the H+ activity; (FeS(s)), (S0

(s)), and (H2S) are the
molar concentrations (mol L�1) of FeS, S(0) and H2S,
respectively (Rickard and Morse, 2005). Eq. (11) provides
a baseline against which to quantitatively evaluate the ob-
served in-situ rate of net pyrite formation since tidal re-
flooding. However, since Eq. (11) has been derived from
experimental systems that lack the complexity of natural
wetland environments, it is important to quantitatively
compare the observed in-situ rates with the theoretical rates
of pyrite formation.

The theoretical pyrite formation rate in the soils exam-
ined here can be estimated by using the soil water content
and density to convert from volumetric units (L�1) to gravi-
metric units (g�1) and by using conditions relevant to the
shallow, re-flooded soil layers at the sub-tidal end of the
transect (i.e. pH 6.5; FeS = S(0) = 40 lmol g�1;
H2S = �2 � 10�6 M). For the sake of this calculation, the
pore-water H2S concentration was fixed at 2 lM (i.e. the
detection limit for the analytical method employed in this
study). According to the kinetic rate law, the calculated
pyrite-S formation rate for in-situ soil conditions is approx.
0.003 lmol g�1 year�1.

The theoretic rate of pyrite formation under approxi-
mate in-situ soil conditions is at least 3–4 orders of magni-
tude less than the actual in-situ rates (i.e. 3–
12 lmol g�1 year�1). This discrepancy between the theoret-
ical rate, derived from experiments with limited compo-
nents (i.e. FeS and aqueous inorganic S species), and the
actual in-situ rates is consistent with several previous stud-
ies of pyrite formation in more complex systems. For exam-
ple, Canfield et al. (1998), Carey and Taillefert (2005) and
Burton et al. (2007) all found that pyrite formation in com-
plex systems (ferrihydrite/bacteria suspensions, estuarine
sediments, and Fe(III)-rich soils, respectively) exceeded the-
oretical rates by several orders of magnitude.

Conceptually, the accumulation of pyrite in the soils
examined here can be divided into two separate processes:
(1) pyrite nucleation and (2) the growth of pyrite crystals.
Homogeneous pyrite nucleation is a slow process (Schoo-
nen and Barnes, 1991a), yet research by Donald and Sou-
tham (1999) and Rickard et al. (2007) indicates that the
cellular surfaces of bacteria and plants, respectively, con-
tain active sites which can accelerate pyrite nucleation.
Once nucleation occurs, the subsequent growth of pyrite
crystals can drive relatively rapid pyrite accumulation (Har-
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mandas et al., 1998). Hence, it is possible that the discrep-
ancy between theoretical and actual pyrite formation rates
is due to the role of such organic surfaces in accelerating
the pyrite nucleation process. This highlights a need to de-
velop quantitative kinetic models that can account for the
role of natural nucleation-enhancing surfaces in accelerat-
ing the rates of pyrite formation.

4.8. Spatial decoupling between the formation of pyrite and

greigite

While greigite and S(0) were enriched towards the soil
surface, the CRS concentrations in the re-flooded soil layers
generally decreased slightly towards the soil surface. Given
the site history, this observation cannot be simply explained
by the classical concept of ongoing sedimentation, and the
conversion of buried AVS to CRS. The classical sedimenta-
tion, burial and slow conversion process provides an under-
standing of RIS speciation in intact benthic sediment
profiles, where the AVS at the top of the profile is much
younger than the deeper CRS (e.g. Burton et al., 2008d).
However, in the present study, the spatial decoupling of
pyrite and greigite/elemental S within the re-flooded soil
layers must have resulted from differences in contempora-
neous S biomineration pathways and/or rates. This is be-
cause long-term oxidation effectively stripped RIS from
the drained soil layers, with tidal re-flooding subsequently
allowing Fe–S mineralization to commence simultaneously
over the depth of former drainage.

Bearing the site history in mind, the results indicate that
pyrite re-formation since tidal re-flooding has occurred
mainly in a vertically upwards direction from the base of
the formerly-drained soil layers, whereas AVS and S(0) for-
mation have been confined towards the soil surface. Fur-
thermore, the radiotracer results also show that
contemporary pyrite formation was not tightly coupled to
35S incorporation into the AVS/S(0) pools. In fact, the dif-
ferential short-term incorporation of 35S into the separate
RIS pools suggest that, in many locations, pyrite formation
was spatially decoupled from greigite/S(0) formation.

Spatial decoupling between the formation of greigite
and pyrite is significant, as greigite has been widely touted
as an essential precursor to low-temperature pyrite forma-
tion. For example, Hunger and Benning (2007) proposed
that greigite was a necessary intermediate phase during pyr-
ite formation via the polysulfide pathway. Wang and Morse
(1996) and Benning et al. (2000) also found that greigite ap-
peared to act as a precursor to pyrite formation. However,
despite over four decades of research attention, the role of
greigite as a true precursor to pyrite remains contentious
(Rickard and Morse, 2005; Rickard and Luther, 2007). In-
deed, there is evidence to suggest that greigite and pyrite
may actually represent divergent end-points of competing
Fe–S mineralization pathways (Rickard et al., 2001). This
contrasts sharply with the traditional view of the sequential
transformation of mackinawite! greigite! pyrite. How-
ever, it is consistent with the spatial decoupling between
greigite and pyrite observed in the re-flooded soil layers.

Depth-wise variations in the pore-water saturation state
with regard to iron sulfides could have contributed to
decoupling between the formation of pyrite and greigite.
As first proposed by Howarth (1979), direct pyrite forma-
tion is favoured by pore-waters that are undersaturated
with regard to iron monosulfides (i.e. that have low H2S
and/or Fe2+ concentrations). The present results show that
greigite accumulation was confined to near-surface depth
intervals, which had the highest DSR rates (i.e. largest sup-
ply of pore-water H2S). In contrast, the subsurface depth
intervals which showed the most pronounced pyrite re-for-
mation since tidal re-flooding in 2002 (i.e. 0.2–0.6 m below
ground surface at Profile E) supported slow DSR rates (and
thus lower rates of H2S supply) combined with lower con-
centrations of pore-water Fe2+. Hence, high levels of
DOC near the soil surface appear to have facilitated fast
rates of DSR thereby encouraging greigite accumulation,
whereas a lesser supply of biogenic H2S and pore-water
Fe2+ at depth seems to have favoured pyrite formation.
5. CONCLUSIONS

Tidal re-flooding of the formerly acidic wetland exam-
ined here has not caused the re-flooded soil layers to revert
to the biogeochemical characteristics of normal tidal wet-
lands. In particular, the tidally re-flooded wetland exam-
ined in this study exhibited extreme enrichment in pore-
water Fe2+ and SO2�

4 , together with near-surface enrich-
ment in S(0). Our observations suggest that similar enrich-
ment in Fe2+, SO2�

4 and S(0) should be expected in
environments supporting fast rates of DSR in the presence
of SO2�

4 -bearing Fe(III) minerals. This includes other acid-
ified wetlands that may be subjected to controlled re-flood-
ing in the future, in addition to constructed wetlands
designed to treat acid mine drainage.

In contrast to normal tidal wetlands, this study demon-
strates that greigite was an important DSR product in the
tidally re-flooded wetland examined here. In this case, gre-
igite formation appeared to have been promoted by mildly
acidic pore-water conditions and dynamic tide-induced re-
dox oscillations near the soil surface. In contrast to the tra-
ditional view of greigite as a precursor to pyrite formation,
the results indicate spatial decoupling in the contemporane-
ous formation of greigite and pyrite. This supports the con-
cept that greigite and pyrite may represent distinct end-
points of divergent Fe–S mineralization pathways.

The existence of divergent Fe–S mineralization path-
ways is particularly important in the context of wetland
remediation, since pyrite and greigite differ greatly in their
respective geochemical stability and sorption affinities for
trace contaminants. For example, a great deal of informa-
tion is available on pyrite oxidation, which allows us to
make educated predictions about how any potential future
oxidation of pyrite will affect water quality. In contrast, the
kinetics and mechanisms of greigite oxidation, its long-term
stability in waterlogged wetland soils and associated impli-
cations for trace element mobility remain largely unex-
plored. The environmental stability of greigite in wetland
soils, and its interactions with trace elements under reduc-
ing and oxidizing conditions is an area requiring future
research.
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Åström M. E., Nystrand M., Gustafsson J. P., Österholm P.,
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