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Abstract

We examined the transformations of Fe and S associated with schwertmannite (FegOg(OH)sSO,4) reduction in acidified
coastal lowlands. This was achieved by conducting a 91 day diffusive-flux column experiment, which involved waterlogging
of natural schwertmannite- and organic-rich soil material. This experiment was complemented by short-term batch experi-
ments utilizing synthetic schwertmannite. Waterlogging readily induced bacterial reduction of schwertmannite-derived
Fe(I1I), producing abundant pore-water Fe'', SO, and alkalinity. Production of alkalinity increased pH from pH 3.4 to
pH ~6.5 within the initial 14 days, facilitating the precipitation of siderite (FeCOs). Interactions between schwertmannite
and Fe' at pH ~6.5 were found, for the first time, to catalyse the transformation of schwertmannite to goethite (aFeOOH).
Thermodynamic calculations indicate that this Fe™-catalysed transformation shifted the biogeochemical regime from an ini-
tial dominance of Fe(III)-reduction to a subsequent co-occurrence of both Fe(IIl)- and SOy4-reduction. This lead firstly to the
formation of elemental S via H,S oxidation by goethite, and later also to formation of nanoparticulate mackinawite (FeS) via
H.S precipitation with Fe™™. Pyrite (FeS,) was a quantitatively insignificant product of reductive Fe and S mineralization. This
study provides important new insights into Fe and S geochemistry in settings where schwertmannite is subjected to reducing
conditions.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION mannite has also been recently identified in iron-precipitate

accumulations associated with acidified coastal lowlands

Schwertmannite (FegOg(OH)sSO4) is an Fe(III)-oxy-
hydroxysulfate that forms in acidic, Fe- and SOjy-rich
waters (Bigham et al., 1990, 1996a,b; Murad and Rojik,
2003). As a consequence, schwertmannite is a common sec-
ondary mineral resulting from sulfide oxidation in rocks,
soils and sediments (Bigham and Nordstrom, 2000; Bigham
et al., 2002; Fanning et al., 2002; Blodau, 2006). It has been
widely recognized in environments impacted by acid-mine
drainage (AMD) (Bigham et al., 1996a; Murad and Rojik,
2003; Regenspurg et al., 2004; Acero et al., 2006). Schwert-
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(Sullivan and Bush, 2004; Burton et al., 2006a; Sullivan
et al., 2006). Such landscapes are acidified as a result of
drainage-induced oxidation of sulfides (mostly pyrite,
FeS,) in formerly waterlogged, sulfidic soils (i.e. acid sulfate
soils; Fanning et al., 2002).

Schwertmannite is metastable and transforms under oxic
conditions to goethite (aFeOOH). This transformation pro-
cess has been found to proceed over timescales of several
months to years. Bigham et al. (1996a) found that synthetic
schwertmannite transformed to goethite over a period of
543 days, thereby lowering pH from 3.9 to 2.4 and releasing
SO, and Fe to solution. Using natural schwertmannite,
Acero et al. (2006) observed the formation of trace quanti-
ties of goethite within 105 days at pH 2-3. Recent studies
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show that this transformation is accelerated at higher pH.
For example, Jonsson et al. (2005) found complete transfor-
mation of natural schwertmannite to goethite within 187
days at pH 9, yet the transformation was incomplete after
a period of 514 days at pH 6. Regenspurg et al. (2004) ob-
served significant, yet incomplete, transformation of syn-
thetic schwertmannite over 362 days at pH 7.

Several studies have examined the transformation of
schwertmannite to goethite in oxidizing systems (Bigham
et al., 1996a; Jonsson et al., 2005; Acero et al., 2006). How-
ever, schwertmannite transformations under reducing con-
ditions have received little attention (Blodau, 2006).
Under such conditions, schwertmannite-derived Fe(III)
and SO4 may be used as terminal electron acceptors by bac-
teria during degradation of organic matter (Blodau and
Gatzek, 2006). The balance between Fe(III)- and SOg-
reduction is thought to control internal generation of alka-
linity and acidity in schwertmannite-rich sediments (Blo-
dau, 2006; Blodau and Knorr, 2006; Blodau and Gatzek,
2006; Knorr and Blodau, 2006). This, in turn, strongly
influences water quality and the diagenetic Fe—S mineraliza-
tion pathways (Peine et al., 2000; Burton et al., 2006b,c).

Studies of in-situ sediment profiles show that over time
schwertmannite tends to be replaced by goethite and even-
tually by a suite of reduced Fe and S phases. Gagliano et al.
(2004) observed replacement of schwertmannite by goethite
with increasing depth in sediment profiles of an engineered
AMD-treatment wetland. Peine et al. (2000) reported a rel-
atively abrupt boundary between acidic schwertmannite-
rich surface sediment and deeper goethite-rich, SO4-reduc-
ing, subsurface sediments in an acid mine lake. Burton
et al. (2006a) described similar behaviour in sediment pro-
files of waterways associated with acidified coastal low-
lands, but also found accumulation of siderite (FeCOj),
Fe(IT) monosulfides (FeS) and pyrite (FeS;). These observa-
tional studies reveal much information regarding in-situ
schwertmannite transformation products. However, the
time-scales and geochemical controls on the relevant reduc-
tive mineralization pathways remain unclear and in need of
further research (Blodau, 2006).

Sullivan and Bush (2004) demonstrated that schwert-
mannite accumulates in association with organic litter lay-
ers in acidified coastal lowlands of eastern Australia. The
re-establishment of seasonal to semi-permanent wetlands
in these degraded landscapes has been proposed as an envi-
ronmental remediation approach (Tulau, 2002). However,
the effect of this approach on reductive transformation
pathways of Fe and S in schwertmannite-rich accumula-
tions has not been examined. This is important as the rates
and products of such transformations have profound impli-
cations for water quality and cycling of potentially toxic
trace elements (Sullivan and Bush, 2004; Burton et al.,
2006a,b; Sullivan et al., 2006). The lack of research into
Fe-S behaviour associated with schwertmannite reduction
also presents a significant limitation in understanding the
fundamental geochemistry of acidified coastal lowlands.

In this contribution, we examine the reductive transfor-
mation of Fe and S in schwertmannite-rich soil material
associated with acidified coastal lowlands. The objectives
are to (1) identify the products formed from reductive

transformation of schwertmannite, and (2) characterise
the processes governing the formation and fate of the iden-
tified products. We conducted a long-term (91 days) diffu-
sive-flux column experiment, designed to replicate
waterlogging of natural schwertmannite-rich accumula-
tions. This was complemented with short-term abiotic
batch experiments involving synthetic schwertmannite.
The results provide important new insights into Fe-S geo-
chemistry in settings where schwertmannite is subjected to
reducing conditions.

2. METHODS
2.1. General methods and reagents

All laboratory glass- and plastic-ware were cleaned by
soaking in 5% (v/v) HNOj for at least 24 h, followed by re-
peated rinsing with deionised water. Reagents were analyt-
ical reagent grade (except where otherwise noted), and all
reagent solutions were prepared with deionised water (mil-
1iQ). Deoxygenated solutions were prepared by purging
with N, for at least 2 h (dissolved oxygen was routinely
measured using a calibrated Orion Clarke-type electrode
and meter and was consistently <0.01 mg/L). The mineral-
ogy of all synthetic mineral phases was verified by X-ray
diffraction (XRD). All solid-phase results are presented
on a dry weight basis.

In the present study, total aqueous concentrations are pre-
sented without valence (e.g. Fe and SQ,), individual aqueous
species are shown with a charge (e.g. Fe(OH)*" and CO,*)
and the sum of aqueous species for components with a spe-
cific redox state are indicated by superscripted Roman
numerals (e.g Fe'" and ™). The sum of solid-phase species
for components with a specific redox state are indicated by
upper-case Roman numerals (e.g. Fe(I11) and S(—II)).

2.2. Sample collection and manipulation

A sample of Fe(Ill)-rich ochreous material associated
with the upper-most organic litter layer was collected from
a Casuarina-dominated forest in eastern Australia
(29°26'29"S, 153°14'12"E). The sample site was typical of
low-lying (<2 m above sea-level) coastal landscapes, which
experience acidification of surface-waters due to sulfide oxi-
dation in acid-sulfate soils (Sullivan and Bush, 2004).
Ochreous material, like that collected for the present study,
is a common feature of acidified coastal lowlands. In these
landscapes, schwertmannite typically occurs as coatings on
organic leaf litter in low-lying areas prone to inundation by
water (Sullivan and Bush, 2004). The sample described here
was mainly comprised of very fine (~1 pm) spheroidal or
rod-shaped aggregates of nanoparticulate schwertmannite
encrusting Casuarina glauca leaf litter.

Within 24 h of collection, the sample was ground to
<2 mm and homogenized. The collected sample was rela-
tively dry (field moisture content = 6%) and it therefore
was not possible to recover pore-water for characterization.
Deionized water was added to the sample in order to
achieve saturation (72% water w/w). The water saturated
sample was stored at room temperature for 16 h (hereby
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termed the initial sample) prior to commencement of the
long-term column experiment.

2.3. Long-term column experiment

The long-term column experiment was designed to rep-
licate freshwater inundation of schwertmannite-rich mate-
rial in acidified coastal lowlands. In particular, the
experiment simulated freshwater ponding—a land manage-
ment strategy whereby artificially drained areas are essen-
tially reverted back to freshwater wetlands (Tulau, 2002).
The homogenized, saturated sample was added to a depth
of 20 cm in a series of upright Perspex columns (length
30 cm, internal diameter 6 cm, sealed at bottom end). A
5 cm depth of surface water, comprising synthetic acid-sul-
fate water (ASW) was then added to the columns. The syn-
thetic ASW was prepared as 1 mM KCl, 1 mM CaCl,,
1 mM MgCl, and 15 mM Na,SO,4 in 1 mM HCI. This com-
position was based on previous data for surface waters in
acidified coastal lowlands (Burton et al., 2006a). The col-
umns were incubated in the dark at 254 1°C using a
thermostated water-bath. Twice weekly (Mondays and Fri-
days), 100 mL of surface water was retrieved using a pipette
and replaced with fresh ASW.

Pore-water samples (5 mL) were retrieved from dupli-
cate columns (prior to surface water replacement) at 3, 7,
14, 28, 49, 70 and 91 days post-inundation. This was
achieved via sampling ports located at +1.5, —1.5, —4.5,
—7.5, —10.5, —13.5 and —16.5 cm above (+) or below (—)
the interface between the schwertmannite-rich material
and the overlying surface water. Replicate columns were
also sacrificed at 0, 7, 14, 28, 49, 70 and 91 days post-inun-
dation for collection of solid-phase material. This involved
removing the surface water, then incrementally extruding
and collecting samples from the 0-3, 3-6, 6-9, 9-12, 12—
15 and 15-18 cm depth intervals. Material from each depth
interval was directly transferred into 50 mL polypropylene
vials (this was completed in less than 1-2 min for each
depth interval). The vials were completely filled with sample
(no bubbles or headspace) and sealed with gas-tight screw-
caps. Possible oxidation of reduced species was minimized
by rapid sample retrieval and avoidance of unnecessary
atmospheric exposure or sample disturbance. The solid-
phase samples were stored frozen under N, until analysed.

2.4. Short-term batch experiments

The batch experiments were designed to examine poten-
tial short-term (24 h) interactions between schwertmannite
and aqueous Fe'" (produced in the long-term column exper-
iment via bacterial Fe(III) reduction). All experiments were
performed under anoxic conditions in a glove-bag filled
with high-purity N,. The experiments were performed with
analytical grade reagents, synthetic schwertmannite and
thoroughly clean plastic- and glass-ware (i.e. acid-cleaned)
and can therefore be assumed to reflect abiotic processes.
The basic experimental approach involved (1) adding aque-
ous Fe! (as various volumes of deoxygenated 1 M FeSO,)
to deoxygenated suspensions of synthetic schwertmannite
(8 g L1, (2) adjustment of pH by drop-wise addition of

deoxygenated 2 M NaOH and (3) allowing the system to
equilibrate for 24 h. This necessary period for equilibration
was based on research by Pedersen et al. (2005) into Fe'-
ferrihydrite interactions. Synthetic schwertmannite was pre-
pared via H,O, oxidation of a FeSO, solution (Regenspurg
et al., 2004). The majority of experiments utilized a 0.05 M
MES (2-morpholinopropanesulfonic acid)/0.05 M MOPS
(2-morpholinoethanesulfonic acid) matrix as a pH buffer,
with selected experiments using 0.05M HCO; as a pH
buffer.

2.5. Aqueous-phase properties

Surface- and pore-water samples were filtered to
<0.45 pm using enclosed syringe-driven filter units (to min-
imize atmospheric exposure). Pore-water pH and redox po-
tential were determined using probes calibrated against pH
4 and 7 buffers and Zoebel’s solution, respectively. The
pore-water pH was determined within a semi-enclosed sam-
ple cell designed to minimize COyy) degassing. Pore-water
S~ (which includes H,S, HS™, S™2 and aqueous sulfide
complexes) was preserved with ZnOAc prior to determina-
tion by the methylene blue method (APHA, 1998). Aliquots
of filtrate were added directly to 1,10-phenanthroline solu-
tions for total aqueous Fe and Fe'' determination (APHA,
1998). Aqueous Fe'! was determined by the difference be-
tween total Fe and Fe''. Alkalinity was determined by titra-
tion against 0.01 M HCI with the equivalence point
determined using the Gran approach (Gieskes and Rogers,
1973). Calcium, K, Mg and Na were determined by induc-
tively coupled plasma—atomic emission spectrometry (ICP-
AES). Sulfate was determined by turbidimetric analysis
(APHA, 1998). Chloride was determined by potentiometric
titration (APHA, 1998). Dissolved Organic Carbon (DOC)
was determined by the persulfate oxidation method
(APHA, 1998). Activity coefficients for aqueous species
were calculated by the Davies equation using MINTEQA2
(Allison et al., 1991; Allison and Purdue, 1994).

2.6. Solid-phase properties

Total C, N and S content was determined using an Ele-
mentar combustion analyzer. Total Fe concentrations were
determined by aqua-regia digestion (1:3 HNOs/HCI,
20 min, 1000 W microwave at 10% power) followed by
ICP-AES analysis. Dithionite-extractable Fe was deter-
mined according to Rayment and Higginson (1992). The
dithionite extraction procedure achieves quantitative recov-
ery of Fe associated with goethite, schwertmannite, mono-
sulfides and siderite. Reactive solid-phase Fe(II) and Fe(III)
were recovered by anoxic extraction (20 h in the dark) with
0.2 M NHy-oxalate/oxalic acid (adjusted to pH 3) (Phillips
and Lovley, 1987) and analysed by the 1,10-phenanthroline
method (APHA, 1998). When performed under anoxic con-
ditions, the oxalate extraction procedure does not alter the
oxidation state of the extracted Fe (Phillips and Lovley,
1987). The oxalate extraction quantitatively recovers all
Fe(II) from Fe-monosulfides and siderite, as well Fe(III)
from schwertmannite. The recovery of goethite (synthesized
following Cornell and Schwertmann, 2003) during the oxa-
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late extraction was examined in the presence and absence of
2mM Fe'! (added as FeSO,7H,0 to the oxalate solution).
Goethite recovery was minor (<3%) in the absence of Fe'',
yet substantial goethite recovery (63 4 4%) was observed in
the presence of Fe'! (due to the catalytic effect of Fe'l in
enhancing oxalate-extractability of Fe(IlI)-oxyhydroxides;
Kostka and Luther, 1994).

Solid-phase S fractionation was determined by sequen-
tially extracting: (1) acid-volatile sulfide and acid-extract-
able SOy, (2) elemental S and (3) pyrite-S (Burton et al.,
2006a). Acid-volatile sulfide (AVS) was extracted by the dif-
fusion method described by Hsieh et al. (2002) using a mod-
ified apparatus. Approximately 2 g of wet sample was
equilibrated (orbital shaking at 150 rpm for 18 h) with
10mL of 6 M HCI/0.1 M ascorbic acid in gas-tight
55cm® polypropylene reactors. The evolved H,S,) was
trapped in 7 mL of 3% Zn acetate in 2 M NaOH, and sub-
sequently quantified via iodometric titration. The quantita-
tive recovery of AVS was verified in the range 20-250 pmol
with the use of standardized S~ solutions (prepared from
Na,S-9H,0) and freshly prepared suspensions of nanopar-
ticulate mackinawite. The mackinawite was prepared di-
rectly within the AVS reactors by mixing equimolar
quantities of Fe'™ and S™™ (Wolthers et al., 2003). The
recovery of AVS from both S™ solutions and nanopartic-
ulate mackinawite was 96 + 4%. Pyrite-S is not extracted
by the AVS analytical method employed here (Hsieh
et al., 2002). This was confirmed with the use of micro-crys-
talline pyrite that was synthesized following Schippers and
Jorgensen (2001).

The slurry remaining after AVS extraction was diluted
to 50 mL with deionised water and centrifuged (4000g,
10 min). An aliquot of the supernatant solution was re-
moved for analysis of extracted SO, (hereby termed
“acid-extractable SO,”) and the remaining solution dis-
carded. As an aid in interpreting acid-extractable SO, data
we examined extractability of schwertmannite and goethite.
Schwertmannite and well-ordered goethite were synthesized
as described above. Poorly-ordered goethite was also syn-
thesized via a previously unidentified reaction between
40 mM Fe' and synthetic schwertmannite at pH 6.5 (see
Section 3). Schwertmannite completely dissolved during
the acid extraction procedure (i.e. 18 h shaking in 10 mL
of 6 M HCI/0.1 M ascorbic acid). In contrast, goethite
recovery was variable, ranging from 100% for nascent
poorly-ordered goethite formed from Fe''-catalysed trans-
formation of precursor schwertmannite to 64 + 8% for
well-ordered goethite.

Elemental S (S?S)) was extracted by shaking the residual
sample with 10 mL of chloroform for 16 h (Yao and Mille-
ro, 1996). An aliquot of the chloroform phase was analysed
for S® using cold cyanolysis in acetone (Bartlett and Skoog,
1954). Residual S?S) was then removed from the sample by
three rinses with 25 mL of acetone, and a final rinse with
20 mL ethanol. Each rinse involved 10 min of shaking, with
the sediment and acetone/ethanol phases separated between
rinses by centrifugation at 4000g for 10 min. This rinsing
protocol was performed to minimize the quantity of S?S)
that was carried over into the subsequent step (pyrite
extraction) of the fractionation procedure. The residual

AVS- and S?s)-extracted sediment was then transferred into
a 250 mL pyrex erlenmeyer flask. Pyrite-S was determined
in the residual material by Cr(II)-reduction analysis as de-
scribed by Sullivan et al. (2000).

Samples were dried at room temperature under a stream
of high purity N, and examined by XRD and scanning elec-
tron microscopy (SEM). The dried samples were exposed to
air for <2 min prior to commencement of XRD in order to
minimize potential oxidation-induced changes in mineral-
ogy. X-ray diffractograms were obtained for randomly ori-
ented powders using a Phillips PW 1050/70 diffractometer
with a Cu X-ray tube. Samples were step scanned from
10°20 to 65°20 using a 0.05°20 step and a 3 s count time.
Samples for SEM examination were mounted on alumin-
ium stubs, coated with carbon, and the elemental composi-
tion and morphology of selected specimens 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 specimens
was used (Sullivan and Bush, 1997). Samples for transmis-
sion electron microscopy (TEM) were prepared following
Ohfuji and Rickard (2006). The TEM observations were
obtained with a JEOL JEM-2010F operated at 200 kV
and fitted with a Gatan Imaging Filter. Selected area elec-
tron diffraction (SAED) patterns were collected using a
2.5 cm camera length.

3. RESULTS AND DISCUSSION
3.1. Properties of the initial schwertmannite-rich material

The initial sample was acidic (pH 3.4) and rich in organic
C (Table 1). The pore-water had an Eh of 520 mV, which

Table 1
Selected properties of the initial schwertmannite-rich soil material
examined in the present study

Solid-phase
Organic C 26.1 £0.6%
Total
N 1.12 +0.02%
S 478 + 18 pmol g !
Fe 4105 + 81 pmol g~
Dithionite-extract
Fe 3697 4 84 ymol g !
Oxalate-extract
Fe(ITI) 3107 4 66 pmol g~ !
Fe(II) 318 + 33 pmol g~!
Pore-water
pH 3.4
Eh (SHE) 520 +25mV
Fel 7.08 + 0.2 mM
SO, 31.1 +£0.9 mM
Cl 428 + 10 mM
Ca 14 + 0.3 mM
K 6.8 + 0.2 mM
Mg 47 £0.5mM
Na 353 +£25mM

The reduced S species (AVS, S?S), and pyrite) were undetectable
(<1 pmol g~1). The pore-water Fe'!" concentration was also unde-
tectable (i.e. Total Fe differed from Fe'™ by <3%).
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indicates oxic conditions (Langmuir, 1997). The pore-water
also contained relatively high concentrations of Fe and SOy,
with >97% of aqueous Fe being present as Fe'" (Table 1). X-
ray diffractometry shows that the sample was mineralogi-
cally dominated by schwertmannite (Fig. 1). The schwert-
mannite was present as spheroids (~0.5 um) or surface
coatings with the typical “hedge-hog” morphology (Fig. 2)
(Bigham et al., 1990; Regenspurg et al., 2004; Sullivan and
Bush, 2004). The ratio of oxalate- to dithionite-extractable
Fe was high (0.93), consistent with complete dissolution of
schwertmannite during the oxalate-extraction procedure
(Bigham et al., 1990; Dold, 2003). The sample contained
abundant oxalate-extractable Fe (3425 pmol g~ '), of which
91% was the Fe(III) species. The observed oxalate-extract-
able Fe(III) concentration (3107 pmol g~') indicates that
initial sample had a schwertmannite content of ~30%
(w/w). The ratio of oxalate-extractable Fe(III) to acid-
extractable SO, (after correcting for pore-water Fe and
SO4) was 6.9, which is comparable to a ratio of 8 for the ideal
schwertmannite stoichiometry. This divergence from the
ideal stoichiometry can be attributed to the presence of sur-
face-adsorbed SO, (Bigham et al., 1990; Jonsson et al., 2005).

0 - 3 cm depth interval
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3.2. Long-term column experiment

Inundation (by freshwater ponding) induced Eh de-
creases from +520mV to ~+100 mV and pH increases
from pH 3.4 to pH ~6.5 within the initial 28 day period
(Fig. 3). At these pH values, the Eh data indicate a shift
from oxic to anoxic conditions. The development of anoxic
conditions is attributable to bacterial metabolism involving
partial degradation of organic material. The importance of
this process is reflected in substantial increases in pore-
water DOC during the early stages of the experiment
(Fig. 3). Pore-water Fe'', SO, and alkalinity also increased
during the initial 14 day period (Fig. 3), which is consistent
with the reductive dissolution of schwertmannite:

CH;COOH + FesO5 (OH) (SO, ), + 12H*

— 2HCO,™ + 8Fe*" 4+ 50,%” + 10H,0 (1)
Reduction of schwertmannite-derived Fe(I1I) occurs readily
at low pH (Blodau and Gatzek, 2006), and would have
forced the increase in pH during the initial 14 day period.
Pore-water Fe™" was not detected, suggesting that Fe(III)-
reduction occurred at the schwertmannite surface.
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Fig. 1. X-ray diffractograms of material from two representative depth intervals showing temporal variations in mineralogy during
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Fig. 2. Electron photomicrographs of schwertmannite in the initial
sample, as spherical (a) or rod-shaped (b) aggregates. The bar
denotes 2 pm.

Freshwater ponding and twice-weekly surface water
replacements produced a strong depth-dependent gradient
in the concentrations of major ions (Figs. 3 and 4). For
example, the pore-water Cl concentration at 3 days post-
inundation was 106 mM in the 0-3 cm depth interval com-
pared to 406 mM in the 15-18 cm depth interval (Fig. 4).
The relatively rapid decreases in pore-water Cl, Ca, K,
Mg and Na concentrations in the near-surface depth inter-
vals are attributable to diffusive flux of these components to
the overlying surface water. The pore-water Fe'' and SO,
concentrations were also substantially lower in the near-
surface depth intervals (Fig. 3), which is consistent with dif-
fusive losses to the surface water. It is important to note
that diffusive losses of Fe and SO, (via twice-weekly sur-
face-water replacement) accounted for decreases of <1%
in the total Fe and S content of the columns.

The rate of initial pH increase, due to reductive-dissolu-
tion of schwertmannite, also varied with depth in the col-
umns. In the near surface depth intervals (0-9 cm), pH
increased to pH ~6.5 within the initial 14 days (Fig. 3).
In contrast, pH >6 was attained more slowly (within 28
days) at greater depths in the columns. Pore-water in the
near surface depth intervals experienced diffusive losses of
Fe' to the surface water within the initial 7 days (Fig. 3).
During this period, diffusive flux caused lower aqueous Fe'!
concentrations near the interface with the overlying water,
compared with higher Fe! in deeper material (Fig. 3).
Accumulation of aqueous Fe'l is known to slow the reduc-
tion of Fe(IlI), due to passivation of Fe(Ill)-oxide surfaces

by adsorbed Fe' (Roden and Urrutia, 1999). This suggests
that the higher pore-water Fe'' concentrations towards the
column base may have somewhat slowed schwertmannite
reduction, and consequently also slowed the associated
pH increase.

The relatively high aqueous Fe and alkalinity concen-
trations (Fig. 3), resulting from schwertmannite reduction,
suggest the possible precipitation of siderite (FeCOjy)):

Fe’* + HCO, = FeCOs,) + H" (2)

Geochemical modeling, using MINTEQAZ2, showed that all
depth intervals were supersaturated with regard to siderite
by 1-3 orders of magnitude by day 14. This degree of super-
saturation persisted over the 91 day column experiment,
which reflects kinetic constraints on siderite precipitation.
Slow siderite precipitation kinetics were also observed by
Jensen et al. (2002), who found similar degrees of supersat-
uration within the initial 100 days of siderite precipitation
from supersaturated solutions. The XRD data provide di-
rect evidence for siderite from day 28 onwards (Fig. 1), with
siderite existing as relatively large (5-10 pm) spherical par-
ticles (Fig. 5). The increase in oxalate-extractable Fe(II)
from 318 ymol g~! to ~1000 pmol g~! over the duration
of the 91 day experiment can be largely attributed to accu-
mulation of siderite (Fig. 6).

In addition to Fe(III)-reduction, the bacterial reduction
of schwertmannite-derived SO4 may also be an important
terminal electron accepting process. Bacterial dissimilatory
SOy4-reduction can be expressed as (where acetic acid repre-
sents a variety of utilizable organic electron donating
substances):

CH;COOH + SO, — 2HCO,~ + H,S 3)

Pore-water S is a major product of SO-reduction, yet
was undetectable (<1 pM) throughout the column experi-
ment. The relative rate of S™ formation was therefore
slower than its loss from the pore-water. This is consistent
with rapid precipitation of the Fe(Il)-monosulfide mineral,
nanoparticulate mackinawite (tetragonal FeS) (Rickard,
1995). This mineral (which was often termed “amorphous
FeS” in earlier literature; Rickard and Morse, 2005) forms
within seconds at near-neutral pH when solutions of Fe'l
and S~ are mixed according to:

Fe’" + H,S — FeS( +2H" (4)

The pH- and Fe?"-dependent solubility of H5S(4q) in rapid
equilibrium with nanoparticulate mackinawite is described
by (Rickard, 2006):

log(H,S) = log Kges — log(Fe**) — 2pH (5)

where log Kr.s = 3.5 (Rickard, 2006). Under the observed
pore-water conditions (i.e. pH 6.5 and activity of
Fe* > 1073, the solubility of H2S,q) is <0.5 uM in equilib-
rium with nanoparticulate mackinawite. The concentration
of H,S(,q) would be even lower if other Fe-sulfide minerals
(e.g. crystalline mackinawite (FeS), greigite (Fe;S,) or pyr-
ite) controlled H,S,q) solubility.

In addition to H>S(q), pore-water s may also in-
clude contributions from HS™ as well as aqueous

FeS?aq) species. Below pH 6.5, the abundance of HS™
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Fig. 3. Variations in pH, Eh, Fe', SO,, alkalinity and DOC during waterlogging of schwertmannite-rich material. Data points are the means
of duplicate analyses (the deviation between duplicate analyses was <10%).

becomes negligible compared to H,S(,q). In contrast, the
FeS((),dq) species may contribute significantly to pore-water
S~ between approximately pH 6-6.5. Rickard (2006)
estimated the intrinsic solubility of nanoparticulate mack-
inawite as:

FeS() — FeS?aq) (logK = -5.7) (6)

This implies that, at equilibrium with nanoparticulate
mackinawite, FeS?uq) should be present at ~2 uM. The
observation that pore-water S concentrations were
<1 uM indicates that formation of FeS?aq) was inhibited
or that FeS((),dq) was consumed by subsequent reactions.
Elemental S was the initial reduced inorganic S phase to
accumulate at all depths in the columns (Fig. 7). This is
consistent with oxidation of H,S by Fe(Ill)-oxides (Ric-
kard, 1974; Yao and Millero, 1996), such as goethite:

20FeOOH ;) + HyS + 4H" — 2Fe’* + S +4H,0 (7)

Observation of in-situ sediment geochemistry in waterways
associated with acid sulfate soils indicates that S?S) may also
form via H,S oxidation by schwertmannite (Burton et al.,
2006a.d):

FegOg(OH)(S04) ) + 4H,S + 14H"
— 8Fe™ +4S)) +S0,”” + 14H,0 (8)

Fig. 7 shows that S?s) was a major reductive mineralization
product formed during the column experiment. However,
the nature of S?S) formed via Egs. (7) and (8) is poorly
understood. Of the elements, S(()S) exhibits the largest num-
ber of solid-phase allotropes, with most consisting of un-
branched cyclic molecules with ring sizes ranging from 6
to 20 atoms (Steudel and Eckert, 2004). Polymeric S?S) allo-
tropes, comprising chains in a random coil or helical con-
formation, are also known to occur (Steudel and Eckert,
2004).
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Accumulation of AVS commenced at 28-49 days
depending on depth within the columns (Fig. 7). By 91
days, AVS had increased to a maximum of 237 pmol g~
in the 0-3 cm depth interval (Fig. 7). Similar AVS concen-
trations have been reported in accumulations of “monos-
ulfidic black ooze” in waterways and floodplains of
acidified coastal lowlands (Sullivan et al., 2002; Bush
et al., 2004; Burton et al., 2006a,c). Sedimentary AVS has
also been reported as a product of schwertmannite-reduc-
tion in acidic, coal-mine pit lakes (Peine et al., 2000; Blodau
and Knorr, 2006). It should be noted that although AVS
has been frequently observed, the mineralogical compo-
nents of AVS (which include a wide range of potential
phases) have been rarely identified (Rickard and Morse,
2005).

The accumulation of AVS was accompanied by develop-
ment of a broad XRD peak at ~17°20 Cu Ka (i.e. a d-value
of ~0.5 nm) (Fig. 1). This XRD peak is consistent with the

Fig. 5. Electron photomicrographs for material sampled at 91 days
(0-3 cm depth) in the long-term column experiment (a), with EDX
spectra for siderite (b) and nanoparticulate mackinawite (c).

spacing between Fe-sheets (001 Bragg reflection) in the
structure of mackinawite (Rickard and Morse, 2005).
Mackinawite is a tetragonal Fe(II) monosulfide that is
quantitatively recovered by the AVS extraction procedure
employed in the present study. In order to verify that mack-
inawite was the cause of the peak at ~0.5 nm, an AVS-rich
sample (0-3 cm, 91 days inundation) was aerated for 24 h in
deionised water. Aeration caused complete oxidative loss of
AVS (and therefore loss of any mackinawite), with differen-
tial XRD demonstrating disappearance of the ~0.5nm
peak. The presence of a single broad XRD peak at
~0.5 nm is characteristic of nanoparticulate mackinawite,
which typically lacks the other XRD peaks of bulk macki-
nawite (Wolthers et al., 2003; Rickard and Morse, 2005).
Material meeting the mackinawite composition (i.e. stoichi-
ometric FeS(); Rickard et al., 2006) was identified by
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SEM-EDX analysis as aggregates of sub-micron size crys-
tals (Fig. 5). This material was further examined by TEM,
with SAED confirming the presence of nanoparticulate
mackinawite (Fig. 8). Overall, the results demonstrate that
nanoparticulate mackinawite was the principal Fe(II)-
monosulfide mineral resulting from reductive transforma-
tion of the schwertmannite- and organic-rich soil material
described here.

Nanoparticulate mackinawite is metastable and tends to
be replaced by pyrite (Rickard and Morse, 2005). Pyrite was
detectable from day 28 onwards in the long-term column
experiment, with the final 91-day pyrite-S contents span-
ning 23+ 2 pmol g~} (0-3 cm depth) to 14+ 2 pmol g~*
(15-18 cm depth). The pyrite-S contents increased from
days 28-91 at rates of approximately 0.2-0.3 pmol
g ! day! (determined by linear regression for each depth
interval; all /> values >0.9). These observed rates of pyrite
formation can be compared to theoretical rates using rate
laws determined from abiotic experiments. The rate of

abiotic pyrite formation can be expressed as (Rickard and
Morse, 2005):

AEBa) (s P (,)(5 )+ x(Fes ) (HS)
©)
where k3 =350L>mol3s™! and k,=10"*Lmol 's7!;
{H"} is the H' activity; (FeSs)), (S?s)), (S and
(H3S(aq)) are the molar concentrations (mol L™") of FeS),
S?s), S and H5S(aq), respectively (Rickard and Morse,
2005). By using the sample water content and sample den-
sity to convert from volumetric units (L™!) to gravimetric
units (g~!) and using conditions relevant to the onset of
pyrite formation in the column experiment (i.e. pH 6.5;
(FeSy) = (S(y) = 20 pmol g™'; (H,S) = 107" M), the cal-
culated abiotic  pyrite-S formation rate s
~0.00002 pmol g~! day~!. This abiotic rate is ~4 orders
of magnitude less than the observed rates (i.e. 0.2—
0.3 pmol g~ day™!). Canfield et al. (1998) and Carey and
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Taillefert (2005) also found that measured pyrite formation
rates exceeded calculated rates by several orders of magni-
tude. Canfield et al. (1998) suggested that the presence of
bacterial surfaces greatly accelerated the rates of pyrite for-
mation beyond that observed in abiotic experiments. This
hypothesis is supported by Donald and Southam (1999)
who observed bacterially catalysed nucleation of pyrite at
the surface of sulfate-reducing bacteria.

Although pyrite formed much faster than expected for
purely abiotic reactions, pyrite comprised only a very min-
or proportion (<1% of total Fe, <3% of total S) of the
mineralisation products observed at day 91. This result
contrasts with the typical dominance of pyrite, formed
as a result of Fe(Ill)- and SOy-reduction, in estuarine
and marine sediments (Rickard and Morse, 2005; Burton
et al., 2006¢). However, the low levels of pyrite formation
during the present study concur with field observations
regarding the persistence of Fe(II)-monosulfides in Fe-rich
sediments (Sullivan et al., 2002; Bush et al., 2004; Burton
et al., 2006a.c). It is also consistent with the kinetics of

pyrite formation, which show a direct dependence of the
pyrite formation rate on the H,S(,q) concentration (Eq.
(9)). The high pore-water Fe'' concentrations produced
by schwertmannite reduction prevent the accumulation
of pore-water H,S(,q) (via nanoparticulate mackinawite
precipitation) and thereby kinetically retard pyrite forma-
tion. This explains the relative dominance of meta-stable
nanoparticulate mackinawite over thermodynamically-fa-
voured pyrite.

The XRD data demonstrate formation of substantial
amounts of goethite within the initial 28 day period
(Fig. 1). The importance of goethite formation is evident
from significant increases with time in the intensity of the
(110) Bragg reflection for goethite (i.e. ~21°20 Cu Ka)
(and the appearance towards the end of the experiment of
the less intense (130), (021) and (111) goethite reflections
at 33.3°20, 34.7°20 and 36.6°20 Cu Ko, respectively)
(Fig. 1). Schwertmannite is known to transform to goethite
via a dissolution/precipitation process according to (Big-
ham et al., 1996a):
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Fig. 8. Selected area electron diffraction pattern (a) and transmis-
sion electron photomicrograph (b) for clusters of mackinawite
crystals formed in the column experiment (specimen from the 0 to
3 cm depth; 91 days post inundation). The d-spacings shown in (a)
correspond to mackinawite with slight expansion along the c-axis.
This feature is typical for nanoparticulate mackinawite and is
discussed in detail by Wolthers et al. (2003). The circle shown in (b)
denotes the area from which the electron diffraction data shown in
(a) was collected.

FCgOg(OH)ésO4(S) + 2H20
— 8aFeOOHy + SO,* +2H" (10)

The formation of goethite within the initial 28 days is signif-
icant, as previous research has shown that transformation
of schwertmannite to goethite at pH 6-7 occurs much
slower than observed here. For example, Regenspurg
et al. (2004) and Jonsson et al. (2005) found comparable
XRD results only after aging periods of hundreds of days
under oxic conditions.

Oxalate extractions have been used to quantify the rela-
tive abundance of schwertmannite versus goethite (Bigham
et al., 1996a; Dold, 2003; Gagliano et al., 2004). This is va-
lid for samples containing negligible Fe(II), in which oxa-
late-extractions yield only very minor goethite recovery

yet complete extraction of schwertmannite (Dold, 2003).
However, goethite is partially extractable by oxalate in
the presence of appreciable Fe(Il), and therefore in the
present study oxalate-extractable Fe(III) is not a quantita-
tive measure of schwertmannite versus goethite abundance.
Taking this into consideration, the “other Fe” fraction (cal-
culated as dithionite-extractable Fe minus oxalate-extract-
able Fe) shown in Fig. 6 can be interpreted as reflecting
goethite alone. This interpretation is justified as goethite
was the only Fe mineral present that would have been par-
tially recovered by oxalate-extraction, yet completely recov-
ered by dithionite-extraction (i.e. present as “other Fe”;
Fig. 6). The increasing proportion of “other Fe” through-
out the experiment qualitatively reflects the transformation
of schwertmannite to goethite (Fig. 6). It is important to
note, however, that this “other Fe” fraction underestimates
actual goethite abundance, as a significant proportion of
goethite would also be included in the oxalate-extractable
Fe(III) fraction of these materials. The implication is that
schwertmannite transformed to goethite even more rapidly
and extensively than suggested by the “other Fe” data
(Fig. 6).

The “other S fraction increased during the column
experiment from 0% of total S initially to between 30%
and 68% of total S at 91 days (Fig. 7). The XRD and Fe
fractionation data show that goethite was the major diage-
netic Fe phase to form during the column experiment (Figs.
1 and 6). In SOy4-rich environments, goethite can contain
significant (10-15%) amounts of incorporated SO, (Web-
ster et al., 1998; Kumpulainen et al., 2007). As described
previously (see Section 2), a considerable proportion of
well-ordered goethite is not recovered by the acid extraction
procedure (i.e. 6 M HCI/0.1 M ascorbic acid) employed in
the present study. Accordingly, any SO, bound within such
goethite would also not be recovered as acid-extractable
SOy, and would instead be included as “other S”’. The ob-
served increases in “other S’ during the column experiment
may therefore largely reflect the increasing importance of
SO, incorporation within non-acid-extractable goethite
(Fig. 7).

3.3. Short-term abiotic batch experiment

The data from the column experiment show that goe-
thite formation represented an important sink for both Fe
and S. This can be attributed to the relatively rapid and
extensive transformation of schwertmannite to goethite.
Previous research has shown that Fe'" catalyses transforma-
tion of ferrihydrite to more crystalline phases, such as goe-
thite and lepidocrocite (Hansel et al., 2005; Pedersen et al.,
2005). A similar Fe-catalysed transformation process may
also occur for schwertmannite; thereby potentially explain-
ing the rapidity and extent of goethite formation during the
column experiment. Schwertmannite, however, commonly
forms and persists in pH 3-4 waters that are relatively rich
in Fe'' (Bigham et al., 1996a,b; Yu et al., 1999; Regenspurg
et al., 2004; Acero et al., 2006). Transformation of schwert-
mannite by reaction with Fe!! may, therefore, seem incon-
sistent with the co-occurrence of schwertmannite and Fe'!
in acidic waters. Then again, at low pH there is little ten-
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dency for interactions between schwertmannite and Fe'', gi-
ven that schwertmannite has a pH 7.2 point of zero charge
(Jonsson et al., 2005). The results presented in Fig. 9 are
consistent with this assertion and demonstrate negligible
levels of Fe'" sorption to schwertmannite at pH <5.
Sorption of Fe'' to schwertmannite was increasingly
significant at pH >5 (Fig. 9). The corresponding XRD
data demonstrate that Fe' sorption catalysed the rapid
(within 24 h) transformation of schwertmannite to more
crystalline phases (Figs. 10 and 11). The degree of this
transformation, as evident from XRD peak intensity,

Initial Fe'' = 1 mM
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was more substantial with increasing pH (Fig. 10) and
with increasing Fe' concentration (Fig. 11). In experimen-
tal systems buffered at pH 6.5, the main products were
lepidocrocite and goethite when 0.05 M MES/MOPS was
used as the buffer and goethite alone when 0.05M
HCO; was used (Fig. 11). The absence of lepidocrocite
in the presence of HCOj; is expected as the HCO;~ anion
is known to inhibit lepidocrocite crystallization (Cornell
and Schwertmann, 2003; Hansel et al., 2005). Addition-
ally, goethite formation was somewhat retarded in the
presence of HCO; (Fig. 11), as has been observed for
Fe'l-catalysed transformation of ferrihydrite (Hansel
et al., 2005). Overall, the data show clearly that (at
near-neutral pH) Fe'! can rapidly catalyse the transforma-
tion of schwertmannite to more crystalline phases.

Aqueous Fe'' concentrations and other experimental
conditions used in the short-term batch experiments were
comparable to those observed in the long-term column
experiment. The dominance of goethite as a reductive min-
eralization product in the column experiment can therefore
be largely attributed to the Fe-catalysed schwertmannite
transformation pathway. Following research into ferrihy-
drite behaviour (Pedersen et al., 2005), we hypothesize that
this schwertmannite transformation pathway is related to
electron exchange between sorbed Fe(II) and Fe(IIl) at
the schwertmannite surface. The more labile nature of the
resulting Fe(II)-O bond at the schwertmannite surface
compared to the former Fe(III)-O bond would destabilize
the schwertmannite structure. This leads to schwertmannite
dissolution and subsequent precipitation of more stable
phases, such as goethite.
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3.4. A partial equilibrium interpretation of Fe(III)- versus
SOy-reduction

The suite of Fe and S phases formed during the long-
term column experiment are either direct (i.e. siderite, S?S),
mackinawite and pyrite) or indirect (i.e. goethite) products
of bacterial Fe(III)- and/or SO4-reduction. The spatial and
temporal distribution of Fe(III)- and SOy4-reduction is often
interpreted by comparing the standard state Gibbs free en-
ergy for the overall processes (Stumm and Morgan, 1996).
Accordingly, SO4-reduction is not expected to occur sub-
stantially until near-complete reduction of Fe(III). This is
inconsistent with the results described here, which show
that accumulation of SOg4-reduction products occurred in
the presence of abundant Fe(III) (Figs. 1, 6 and 7).

Postma and Jakonsen (1996) argue that the overall pro-
cess of reaction between organic matter and Fe(III) or SO,
as electron acceptors can be conceptualized as two steps.
Firstly, a slow, overall rate-determining fermentative step
where fermenting bacteria produce simple organic
molecules (e.g. acetate, lactate) for which Fe(Ill)- and
SO,4-reducing bacteria compete. Secondly, a fast electron
accepting step, such as Fe(IIl)- or SOy-reduction, that
approximates equilibrium. Postma and Jakonsen (1996)
therefore proposed a partial equilibrium approach to
understand the distribution of terminal electron accepting
processes in reducing environments. This approach has
subsequently been applied successfully to interpret redox
zonation in Fe(Ill)-rich sediments of coal mining lakes
(Blodau and Peiffer, 2003).

In the present study, we derive a modification of the par-
tial equilibrium approach presented by Blodau and Peiffer

(2003). The general approach involves modeling the differ-
ence in energy yields between reduction of Fe(IIl) and
SOy. This is then compared with the spatial and temporal
variations in accumulation of SOg-reduction products in
the long-term column experiment. It is acknowledged that
the presented model does not consider micro-niche effects
nor the intricacies of microbial physiology or ecology. Nev-
ertheless, microbial activities must be related to the energy
yield of microbially-mediated electron accepting processes
and therefore the model provides a useful theoretical foun-
dation for the prediction of the energetic favourability of
Fe(III)- versus SO4-reduction.

On an electron equivalent basis, the reduction of SOy
can be expressed as:

1 5 1 1
§SO42’+ZH++e’—>§H2$+§HZO (11)

The reduction of goethite-derived Fe(III) can be expressed
as:

oFeOOH ;) + e~ +3H" — Fe** + 2H,0 (12)
Likewise, reduction of schwertmannite-derived Fe(III) can
be expressed as:

11
H*
te g

— Fe’™ + §SO42* + %HZO (13)

FeO(OH)e/s (SOy) 1/8(s

The difference in the free energy change of reaction (AG,)
between reduction of goethite-derived Fe(III) versus reduc-
tion of SO, as terminal electron accepting processes can
therefore be expressed as:
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AG: (Eq.(12) — Ay (Eq.(11)
= AG?-(Eq-(D)) - AG?‘(Eq.(ll)) + RT2.3{log(Fe2+)

1

1
+510g(S0,7) — 5

g log(H,S) +sz} (14)

4

This equation was applied by Blodau and Peiffer (2003) to
also describe the relative advantage of SO4-reduction versus
reduction of schwertmannite-derived Fe(I11). However, it is
evident from Eq. (13) that a more appropriate expression
for the difference in energy yield between SO,4-reduction
and reduction of schwertmannite-derived Fe(III) is:

AG; (£q.(13) — AGr (Eq.(11))

= AG) (gq 13 — AGY (g 11y + RT2.3{1og(Fe2+)
2 L1 3
+§ log(SO,”™) — 3 log(H,S) + EpH (15)

The standard state free energy of reaction (AG") values for
Egs. (11) and (12) were calculated using standard state free
energies of formation (AGY) for SO,>~ (—744.6 kJ mol '),
HS(aq) (—27.87 kI mol ™), HyO, (—237.18 kJ mol ') and
goethite (—488.6 kI mol™") presented in Stumm and Mor-
gan (1996). The AG? for Fe*™ (—=78.9 kJ mol™) selected
by the National Bureau of Standards (Wagman et al.,
1968; and subsequently presented in Stumm and Morgan,
1996) has been applied in previous work examining Fe(I1I)-
versus SOy4-reduction (Blodau and Peiffer, 2003). However,
this early AG? value for Fe** has now been discarded due to
intrinsic oxidation in the primary experiments. In our calcu-
lations, we used the revised AG) value for Fe*"
(—90.5 kJ mol™") as described by Parker and Khoakovskii
(1995). Using these AG? values and expressing as electron
equivalents yields AG? = -29kJeq™' for SO,-reduction
and AG’ = —76kJ eq! for reduction of goethite-derived
Fe(TIT).

The calculation of AG, for reduction of schwertmannite-
derived Fe(III) is not as straightforward, as there is uncer-
tainty regarding the AG? value of schwertmannite. Majzlan
et al. (2004) report a AG? value for schwertmannite (as
FeO(OH)g/5(SO4)1/5) of —518 kJ mol~! based on measure-
ment of enthalpy of formation via acid calorimetry and
an estimate of the standard entropy. However, the applica-
bility of this AG? value to natural environments is question-
able, given that true thermodynamic equilibrium may never
be attained due to the metastability of schwertmannite with
regard to goethite. For example, field observations involv-
ing SO4-rich waters consistently show that schwertmannite
dominates over ferrihydrite only below about pH 4.5 (Big-
ham et al., 1996a; Yu et al., 1999; Murad and Rojik, 2003).
In contrast, a AG) value for schwertmannite of
—518 kJ mol™! indicates that, in the presence of such SOy
concentrations, schwertmannite should occur instead of fer-
rihydrite up to about pH 7 (Majzlan et al., 2004).

The solubility constant for schwertmannite calculated
from AG!=-518kImol™' (ie logKs, = log(Fe’")®
(SO,2)/(H*)™ = 9.6) is also inconsistent with the majority
of reported K, values. Bigham et al. (1996a) found that
log Ky, = 18 £ 2.5 best represented apparent schwertman-

nite solubility in the field. Regenspurg et al. (2004) and Sulli-
van and Bush (2004) confirmed that log K, = 18 provided a
very good fit to the pH-dependency of Fe'! solubility in nat-
ural waters associated with schwertmannite. Likewise, field
data presented by Yu et al. (1999) show remarkable agree-
ment with log Ky, = 18. However, these authors assumed
that all of their water samples were supersaturated with re-
spect to schwertmannite and defined log K, based on the
lowest observed ion activity product (log10.5), even though
the majority of their data supported log K, = 18 (see Figs.
5 and 6 in Yu et al., 1999). Furthermore, Regenspurg and
Peiffer (2005) also arrived at log K, = 18 from a 1 year disso-
lution experiment involving synthetic schwertmannite. An
apparent solubility product of log K, = 18 (although possi-
bly not reflecting true equilibrium) implicitly accounts for
the theoretical problem of schwertmannite metastability
and consequently provides an accurate estimate of actual
schwertmannite solubility. This logK,, value yields
AG}J = —500 kJ mol™" for schwertmannite (as FeO(OH)g/s
(SO4)1/5). This AG? value agrees with AG? = —501 kJ mol '
as calculated from the pore-water pH, Eh, and activities of
Fe’" and SO,>" in the initial schwertmannite-rich sample
used in the column experiment. In the present study we there-
fore have used AG? = —500 kJ mol ™' for schwertmannite (as
FeO(OH)g/5(SO4)1/5), which equates to AGY = —99 kJ eq~!
for reduction of schwertmannite derived Fe(III) (Eq. (13)).

In the Fe'-rich material described here, H>S(aq) was
undetectable due to the pH- and Fe?"-dependent solubility
of nanoparticulate mackinawite. However, this problem (in
terms of solving Egs. (14) and (15)) can be overcome by
estimating H,S(,q) according to Eq. (5). This approach is
valid because even though oxidation of H,S(,q) to S?S) via
Egs. (7) and (8) is important in terms of S fate, the
H,S(aq) activity can still be assumed to be controlled by
the rapid precipitation—dissolution of nanoparticulate
mackinawite (Eq. (5)). Incorporating this estimate of
H»S(aq), the relative advantage of reduction of goethite-de-
rived Fe(III) versus SO4-reduction, under solubility equilib-
rium and Fe-rich conditions can be expressed as:

AG: (kq.(12) — AGr(Eq.(11))
9
- AG(r]:(Eq»(lz)) - AG(r’:(Eq_(H)) + RT2.3{g log(Fe*")

1 1

+2 log(SO,*™) + 2pH + 3 10gKFes} (16)
Likewise, the AG, difference between reduction of schwert-
mannite-derived Fe(III) versus reduction of SO,4 can be ex-
pressed as:

AG; (gq.(13)) — AGr (gq.(11))

9
= AG gy 13 — AG iy + RT2.3{§ log(Fe*")

+§ log(SO,>") + %pH +% 10gKFeS} (17)
The results of these model calculations (using data from the
column experiment) are presented in Fig. 12. The results
show that within the initial 14 days in the column experi-
ment there were marked decreases in the favourability of
Fe(III)-reduction for Fe(IIl) derived from both schwert-
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Fig. 12. Partial equilibrium interpretation of temporal and spatial
variations in the relative energy yields for Fe(Ill)- versus SOy4-
reduction during the column experiment. The difference in energy
yields is shown for Fe(IIl) derived from either goethite or
schwertmannite. The solid line (i.e. AG:  Fe(-reduction
— AG; 50, -reduction = 0) indicates equivalent energy yields for both
Fe(III)- versus SOy4-reduction. Reduction of Fe(IIl) is favoured
below this line (le AGr Fc(III)—rcduclion_AGr, SO4—1‘cduclion<0)s
whereas reduction of SO, is favoured above the line (i.e. AG;
Fe(III)-reduction — AGr, SO,-reduction > 0) The AVS and S(()s) concentra-
tions are shown to illustrate the relationship between the formation
of these phases and the relative favourability of Fe(III) versus
SO,-reduction.

mannite and goethite (Fig. 12). Fe(Ill)-reduction was sig-
nificantly more favourable than SOy4-reduction throughout
the duration of the experiment if Fe(IIl) was derived from
schwertmannite alone (Fig. 12). Accordingly, if schwert-
mannite remained the phase controlling Fe(III)-supply,
then SOy4-reduction would be expected to be negligible for
the whole 91-day duration of the column experiment. In
contrast, if Fe(Ill)-supply was instead controlled by goe-
thite solubility, the model calculations predict that
Fe(IlI)-reduction would have dominated over SOy-reduc-
tion only initially (Fig. 12). Following the initial 14-28
day period, the model indicates that reduction of goe-

thite-derived Fe(III) and SO4 would produce similar energy
yields (le AGr, Fe(I1I)-reduction — AGr, SO,-reduction remained
relatively at ~0 kJ eq~'; Fig. 12). Hence, under these condi-
tions SO4-reduction products such as AVS and S(()S> would
be predicted to start accumulating at approximately 14—
28 days post-inundation depending on depth within the col-
umn. The initial observed formation of AVS and S?S) con-
tradict the model calculations involving reduction of
schwertmannite-derived Fe(III). However, the model calcu-
lations based on goethite-derived Fe(III) exhibit reasonable
agreement with the observed AVS and S?S) data (Fig. 12).
This concurs with the XRD and Fe-S extractability data
showing substantial goethite formation during the early
stages of the column experiment (Figs. 1, 6 and 7).

Overall, the results suggest that the Fe''-catalysed trans-
formation of schwertmannite to goethite acts as a switch
inducing a biogeochemical regime shift from a dominance
of Fe(Ill)-reduction to a co-occurrence of simultaneous
Fe(III)- and SOy4-reduction. This is consistent with research
showing that Fe(III)-reduction in schwertmannite-rich sed-
iment from acidic mine lakes occurs under a range of pH
conditions, whereas SO4-reduction is restricted to near-neu-
tral pH (Blodau, 2006). The partial equilibrium model pre-
sented here suggests that this biogeochemical regime shift is
directly attributable to the pH-dependency of the Fe'l-
catalysed transformation of schwertmannite to goethite.
Blodau and Peiffer (2003) hypothesize that co-occurrence
of Fe(III)- and SO4-reduction is necessary for Fe(II)-mono-
sulfide accumulation in sediments of acidic mine lakes. This
hypothesis is supported by the present results, which dem-
onstrate that significant accumulation of nanoparticulate
mackinawite only occurred when reduction of goethite-de-
rived Fe(IIl) produced similar energy yields to SO4-reduc-
tion (Fig. 12). Accordingly, we propose that Fe'l-
catalysed transformation of schwertmannite to goethite in-
duces the formation of nanoparticulate mackinawite by
facilitating co-occurrence of bacterial Fe(IIT)- and SOy-
reduction.

4. SUMMARY AND CONCLUSIONS

Drainage of formerly waterlogged, sulfidic soils in coast-
al lowlands has resulted in severe sulfide-oxidation induced
acidification in many areas. Schwertmannite is a major
product of this acidification process and its geochemical
behaviour is therefore of great importance. Understanding
waterlogging-induced transformations of schwertmannite is
particularly significant with regard to the re-establishment
of wetlands as a potential environmental remediation strat-
egy. The present study provides the first examination of the
reductive transformations of Fe and S associated with
waterlogging of schwertmannite-rich soil material in acidi-
fied coastal lowlands.

Waterlogging of natural schwertmannite- and organic-
rich soil material readily induced reduction of schwert-
mannite-derived Fe(IIl). This process increased pH to
~6.5, and released Fe'', SO, and alkalinity. High concen-
trations of Fe' and alkalinity allowed precipitation of
siderite, which represented the principal sink for Fe'l.
The present study shows for the first time that interaction
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between schwertmannite and Fe' at pH ~6.5 catalyses
transformation of schwertmannite to goethite. The extent
of this Fe-catalysed transformation was dependent on
pH and the concentrations of Fe'l and HCO5. Model cal-
culations, using a partial equilibrium approach, show that
the Fe'-catalysed transformation of schwertmannite to
goethite facilitated a biogeochemical regime shift from
an initial dominance of Fe(Ill)-reduction to a co-occur-
rence of both Fe(Ill)- and SOy-reduction. Co-occurrence
of Fe(Ill)- and SOy-reduction lead firstly to the forma-
tion of S?S) via H,S oxidation by goethite and later also
to formation of nanoparticulate mackinawite via H,S
precipitation with Fe''. Pyrite formed at rates that were
much greater than expected for abiotic systems, yet pyrite
was a quantitatively insignificant product of reductive Fe
and S mineralisation.

This study demonstrates that reducing conditions, asso-
ciated with wetland re-establishment in acidified coastal
lowlands, is likely to accelerate the transformation of schw-
ertmannite to goethite and cause accumulation of siderite,
mackinawite and elemental S. The formation of mackinaw-
ite is significant because it leads to improved water quality
via consumption of acidity and sequestration of Fe and S.
However, the dominance of this highly reactive Fe-S phase
over more stable pyrite suggests that such water quality
improvements may be rapidly reversed if oxidizing condi-
tions were to recur.
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