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Abstract

We examined the solubility, mineralogy and geochemical transformations of sedimentary Fe in waterways associated with coastal
lowland acid sulfate soils (CLASS). The waterways contained acidic (pH 3.26–3.54), FeIII-rich (27–138 lM) surface water with low molar
Cl:SO4 ratios (0.086–5.73). The surficial benthic sediments had high concentrations of oxalate-extractable Fe(III) due to schwertmannite
precipitation (kinetically favoured by 28–30% of aqueous surface water Fe being present as the FeIIISO4

þ species). Subsurface sediments
contained abundant pore-water HCO3 (6–20 mM) and were reducing (Eh < �100 mV) with pH 6.0–6.5. The development of reducing
conditions caused reductive dissolution of buried schwertmannite and goethite (formed via in situ transformation of schwertmannite).
As a consequence, pore-water FeII concentrations were high (>2 mM) and were constrained by precipitation–dissolution of siderite.
The near-neutral, reducing conditions also promoted SO4-reduction and the formation of acid-volatile sulfide (AVS). The results show,
for the first time for CLASS-associated waterways, that sedimentary AVS consisted mainly of disordered mackinawite. In the presence of
abundant pore-water FeII, precipitation–dissolution of disordered mackinawite maintained very low (i.e. <0.1 lM) S�II concentrations.
Such low concentrations of S�II caused slow rates for conversion of disordered mackinawite to pyrite, thereby resulting in relatively low
concentrations of pyrite (<300 lmol g�1 as Fe) compared to disordered mackinawite (up to 590 lmol g�1 as Fe). This study shows that
interactions between schwertmannite, goethite, siderite, disordered mackinawite and pyrite control the geochemical behaviour of sedi-
mentary Fe in CLASS-associated waterways.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Acid sulfate waters are produced primarily as a result of
the oxidation of pyrite and other sulfide minerals (such as
pyrrhotite, marcasite and mackinawite) in rocks, soils
and sediments (Bigham and Nordstrom, 2000). The forma-
tion of acid sulfate waters associated with coal or sulfide
ore mining has received considerable attention. As a result,
acid mine drainage (AMD) is probably the most widely
known source of acid sulfate waters. In AMD environ-
ments, the geochemical cycling of Fe has been studied
intensively and is known to be of great significance as a reg-
ulator of pH and contaminant mobility (e.g. Bigham et al.,
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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1990; Meier et al., 2004; Regenspurg et al., 2004; Gammons
et al., 2005).

In contrast to AMD settings, Fe geochemistry in acid
sulfate waters associated with coastal lowland acid sulfate
soils (CLASS) has received comparatively little research.
These soils underlie approximately 20 million hectares of
low-lying coastal land worldwide and are characterized
by the presence of sulfidic subsoils (van Breemen, 1982;
Dent, 2000). The sulfide mineralogy in CLASS is dominat-
ed by pyrite formed during the Holocene, but may in some
locations include significant quantities of marcasite or gre-
igite (Bush and Sullivan, 1997; Fanning et al., 2002; Bush
et al., 2004a). Engineered drainage systems often represent
a significant component of CLASS floodplain hydrology
(Sammut et al., 1996; Astrom and Spiro, 2000). CLASS
drains are designed to lower the water-table in order to
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Fig. 1. Location of CLASS drain sites B, T and S described in this study.
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permit year-round agriculture. This promotes sulfide oxi-
dation within the soil profile and thereby contributes to
the formation of Fe-rich, acid sulfate ground-water and
surface-water (Dent, 1986; Wilson et al., 1999; Ward
et al., 2004).

Iron cycling in benthic sediments is known to influence
surface water quality in many AMD environments. For
example, schwertmannite-rich sediments control pH and
Fe flux across the sediment–water interface in several
AMD-affected lakes (Peine et al., 2000; Regenspurg et al.,
2004). Available data indicate that schwertmannite may
also be an important component of the sedimentary Fe cy-
cle in CLASS drains (Sullivan and Bush, 2004). However
unlike AMD environments where schwertmannite has been
previously observed, CLASS drains typically contain abun-
dant labile organic material due to dense growth of aquatic
macrophytes (Smith and Melville, 2004; Burton et al.,
2006a). This results in the accretion of organic-rich benthic
sediments, characterized by a yellow-orange surface layer
overlying soft gels (water content >90%) having a black
‘‘oily’’ appearance (Sullivan and Bush, 2000; Sullivan
et al., 2002; Bush et al., 2004b; Smith and Melville, 2004).

Sullivan and Bush (2000) showed that the abundance of
sedimentary acid-volatile sulfide (AVS; assumed to repre-
sent an amorphous FeS(s) phase) in CLASS drains can
greatly exceed levels reported from other environments.
The widespread, anomalous abundance of sedimentary
AVS in such waterways has been further documented by
Bush et al. (2004b), Smith and Melville (2004), Macdonald
et al. (2004) and Burton et al. (2006a). Recent research has
also examined the oxidative transformations of AVS dur-
ing flood-induced sediment resuspension events in CLASS
drains (Burton et al., 2006b). However, the geochemical
transformations regulating the in situ sedimentary Fe min-
eralogy and solubility during the prevailing low flow, qui-
escent conditions in such waterways have not been
addressed. As a consequence, the current understanding
of Fe cycling in CLASS landscapes is incomplete and
hinders the development of water quality management
strategies.

The objective of this study was to determine the in situ
solubility, mineralogy and geochemical cycling of sedimen-
tary Fe during periods of sediment accretion in acidic
CLASS drains. In particular, this study identifies for the
first time the key mineral species and their geochemical
transformations controlling sedimentary Fe accretion in
such waterways.

2. Methods

2.1. Environmental setting and study sites

CLASS landscapes in many parts of the world are
characterized by the presence of lowlying, sulfidic subsoil
horizons which are, or have the potential to become, highly
acidic due to sulfide oxidation (van Breemen, 1982; Dent,
2000; Fanning et al., 2002). Sulfide oxidation in these soils
produces both protonic acidity as well as potential acidity
associated with FeII oxidation and subsequent FeIII hydro-
lysis (Ward et al., 2004). The release of CLASS oxidation
products into nearby waterways contributes to the develop-
ment of acid sulfate waters (van Breemen, 1982; Sammut
et al., 1996; Astrom and Spiro, 2000; Johnston et al., 2004).

CLASS-landscapes are generally flood-prone and have
therefore been widely modified through the construction
of intensive drainage networks. CLASS drains mitigate
the adverse effects of flooding and represent a significant
component of the floodplain hydrology (Sammut et al.,
1996). We examined Fe geochemistry in the benthic sedi-
ments of drains (termed sites T, S and B) situated on the
floodplains of three major river systems in eastern Austra-
lia (Fig. 1). Site T (28�570S, 153�230E) was within the Tuck-
ean Nature Reserve Drain on the Richmond River
floodplain, site B (28�190S, 153�260E) was within Black’s
Drain on the Tweed River floodplain, and site S (29�300S,
153�150E) was within Maloney’s Drain on the Clarence
River floodplain. All three sites were unlined drains
(5–8 m wide; 2–3 m deep) with floodgates or weirs to main-
tain a constant water level and prevent tidal flooding of the
surrounding low-lying (<1 m above average sea-level) land.
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The soils surrounding the study sites are typical of
drained CLASS from eastern Australia (Fig. 2). Detailed
profile descriptions are presented for soils near site T by
Bush and Sullivan (1997, 1999), site B by Kinsela and Mel-
ville (2004) and Wilson et al. (1999), and site S by Johnston
et al. (2004). The non-sulfidic surface soil layers extend to a
depth of approximately 0.3 m and are composed of fluvial-
ly deposited sediment with pH 4–6. Below this surface layer
is a sulfuric horizon, characterized by pH < 4 due to sulfu-
ric acid produced via drainage-induced oxidation of sulfide
minerals. The sulfuric horizon varies in depth from 0.5 to
1 m and exhibits high concentrations of soluble Fe
(�0.1–2 mM) and SO4 (�2–100 mM) (Johnston et al.,
2004; Kinsela and Melville, 2004). The surface soil and sul-
furic horizon overlie several metres (>8 m) of neutral (pH
�7) sulfidic clay gel with a pyrite content of 1–4%
(Fig. 2). The sulfuric and sulfidic horizons were originally
deposited as estuarine sediments during the Holocene
(Dent, 2000).

The hydraulic conductivity of the oxidized sulfuric hori-
zon (�10�1 to 102 m day�1) greatly exceeds that of the
underlying sulfidic gel (<10�3 m day�1) (Johnston et al.,
2004). The three drains described here extend to depths
of approximately 1–1.5 m into the lower sulfidic soil hori-
zon. As a consequence, inputs of Fe-rich groundwater to
these waterways occur mainly through the sides of the
drains via the sulfuric horizon (Fig. 2). This important
hydraulic feature means that solute advection through
the benthic sediments is negligible.

The study sites experience mild, dry conditions during
winter and spring (June–October) and warm, humid condi-
tions during summer and autumn (November–May). The
presence of flood-gates result in the study sites experiencing
negligible surface-water flow for most of the year (Sammut
et al., 1996). Dry weather in winter further contributes to
stagnating flow conditions, thereby allowing accretion of
fine sediments. Sediment resuspension is known to occur
infrequently during short-lived flood-events in summer
(Bush et al., 2004c).
Fig. 2. Environmental setting of the flood-gated CLASS drain sites described in
such waterways during periods of sediment accretion.
2.2. Sample collection

Sample collection was performed in July, 2005 during a
period of extended (several months of below average rain-
fall) dry weather. At the time of sample collection, the
study sites contained 0.5–1.0 m of clear, stagnant surface
water. Surface-water samples were collected mid-morning
and stored on ice in acid-cleaned polypropylene contain-
ers with zero head-space prior to further processing
(which commenced within 2 h). A 50 mL syringe was used
to withdraw near-surface sediment (0–1 cm depth seg-
ment) for characterization of mineralogy. Sediment cores
(internal diameter of 10 cm) were retrieved using a
push-tube coring device. The intact cores were extruded
step-wise from the corer and were incrementally sectioned
into 2 or 4 cm intervals. As the core was extruded, sedi-
ment 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 sediment (no bubbles or headspace)
and sealed with gas-tight screw-caps. Possible oxidation of
reduced species was minimized by rapid sediment section-
ing, avoidance of unnecessary sediment disturbance, and
by transporting the sediment-filled vials on ice under an
N2 atmosphere.

2.3. Aqueous-phase properties

The pH and redox potential (Eh) of surface water sam-
ples were determined in the field. Sediment pore-water was
extracted, within 24 h of sediment collection, by centrifuga-
tion (2000g, 20 min) of the sediment-filled 50 mL vials used
to store the samples during transport. Surface- and pore-
water samples were filtered to <0.45 lm using enclosed syr-
inge-driven filter units (to minimize atmospheric exposure).
Pore-water S�II, which include H2S, HS�, S2� and aqueous
FeS complexes/clusters, were preserved with ZnOAc prior
to determination by the methylene blue method (APHA,
1998). Aliquots of filtrate were added to 1,10-phenanthro-
this study. We examined Fe geochemistry in the benthic sediments of three



Table 1
Selected properties for surface water at sites T, S and B

Site T Site S Site B

pH 3.54 3.48 3.26
Na 1.51 99.8 1.82
K 0.013 1.72 0.12
Ca 0.27 2.18 0.36
Mg 0.34 12.4 0.73
SO4 5.48 18.5 2.10
Cl 0.47 106 1.04
Al 0.064 0.022 0.340
FeIII 0.072 0.138 0.027

Concentrations are expressed in mmol L�1. The concentrations of total
aqueous Fe and FeIII differed by <5%, indicating that FeII was negligible.
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line solutions for Fe(II) determination (APHA, 1998).
Alkalinity was determined by titration with 0.01 M HCl
using the Gran procedure (Stumm and Morgan, 1996).
Calcium, K, Mg, Na, SO4 and FeTotal were determined
by inductively coupled plasma-atomic emission spectrome-
try (ICP-AES). Chloride was determined by the automated
mercuric-thiocyanate method (APHA, 1998). For all aque-
ous parameters, triplicate determinations on 25% of sam-
ples revealed analytical precision within 5%. Calculation
of the sum of cationic and anionic charge generally indicat-
ed acceptable charge balance (surface water at site B and
site S and all pore-water data <10% error, mostly <3% er-
ror). Surface water at site T exhibited a significant charge
imbalance due to an excess of quantified anions over cat-
ions, which may be attributed to the presence of high con-
centrations of cations other than those quantified (i.e. Ca,
Mg, Na and K).

Activity coefficients for aqueous species were calculated
by the Davies equation using PHREEQC 2.11 (Parkhurst
and Appelo, 1999). Saturation index (SI) values for select-
ed Fe minerals were calculated using the Minteq database
(updated with recent thermodynamic data from Majzlan
et al., 2004).

2.4. Solid-phase properties

Sediment pH, Eh and moisture content were determined
as described by Burton et al. (2005). Organic carbon con-
tent (carbonates removed with 6 M HCl) was determined
using a LECO-CNS 2000 induction furnace analyzer. Sol-
id-phase reduced inorganic S (RIS) species were deter-
mined by a 3-step sequential extraction procedure. Acid-
volatile sulfide (AVS) was extracted using the method of
Hsieh et al. (2002), which involves the use of ascorbic acid
to prevent Fe(III) interferences. The sediment slurry
remaining after AVS extraction was transferred to an ace-
tone-washed 50 mL vial, centrifuged (4000g, 30 min) and
the supernatant discarded. Elemental S ðS0

ðsÞÞ was extract-
ed by shaking the residual sediment with 20 mL of acetone
for 24 h (Wieder et al., 1985), followed by a further 10 mL
acetone rinse. The acetone-sediment slurry was separated
by centrifugation (4000g, 10 min) and the supernatant ace-
tone phase was transferred to a 250 mL conical flask. The
acetone extract was dried under a stream of N2 and S0

ðsÞ
extracted from the dry residue by Cr-reduction (Sullivan
et al., 2000). Pyrite-S was then extracted from the AVS-
and S0

ðsÞ -extracted sediment also by Cr-reduction (Sullivan
et al., 2000). The quantity of S, corresponding to each of
the three RIS species, was determined via iodometric
titration.

Total Fe concentrations were determined by aqua-regia
digestion (1:3 HNO3:HCl, 20 min, 1000 W microwave at
10% power) followed by ICP-AES analysis. Reactive sol-
id-phase Fe(II) and Fe(III) were recovered by anoxic oxa-
late extraction and analysed by the 1,10-phenanthroline
method (Phillips and Lovley, 1987; APHA, 1998). This
procedure extracts Fe(II) from FeS(s) and FeCO3(s) as well
as Fe(II)/Fe(III) from amorphous to crystalline (oxy)hy-
droxides. When performed under anoxic conditions, the
oxalate extraction procedure does not alter the oxidation
state of the extracted Fe (Phillips and Lovley, 1987).

Sediment samples were freeze-dried and examined by X-
ray powder diffraction (XRPD) and scanning electron
microscopy (SEM). X-ray diffractograms were obtained
for randomly oriented powders using a Phillips PW 1050/
70 diffractometer with a Cu X-ray tube. Samples were step
scanned from 5�2h to 65�2h using a 0.05�2h step and a 4 s
count time. Samples for SEM examination were mounted
on aluminium stubs, coated with carbon, and the elemental
composition and morphology of selected specimens deter-
mined using a Leica 440 SEM with an ISIS energy disper-
sive X-ray (EDX) microanalysis system, utilizing a peak-
to-background method (Sullivan and Bush, 1997).

2.5. General methods

All laboratory glass- and plastic-ware was cleaned by
soaking in 5% (v/v) HNO3 for at least 24 h, followed by
repeated rinsing with deionised water. All chemicals were
analytical reagent grade, and all reagent solutions were pre-
pared with deionised water (milliQ). Deoxygenated solu-
tions were prepared by purging with N2 for at least 2 h.

In the present study, total aqueous concentrations are
presented without valence (e.g. Fe and SO4), individual
aqueous species are shown with a charge (e.g. Fe(OH)2+

and CO3
2�) and the sum of aqueous species for compo-

nents with a specific redox state are indicated by super-
scripted Roman numerals (e.g FeII and S�II). The sum of
solid-phase species for components with a specific redox
state are indicated by upper-case Roman numerals (e.g.
Fe(III) and S(�II)) All solid-phase results are presented
on a dry weight basis.

3. Results and discussion

3.1. Surface-water properties

Surface-water at the three study sites was acidic, span-
ning pH 3.26–3.54 (Table 1). Sites T and B were essentially
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freshwater systems with the Cl concentrations (Table 1)
comprising <0.5% of average seawater Cl (545 mM;
Stumm and Morgan, 1996). In contrast, site S was more
typical of an estuarine waterway with the Cl concentration
representing 19.4% of the Cl concentration in average sea-
water. The molar Cl:SO4 ratios were 0.086 for site T, 5.73
for site S and 0.495 for site B, reflecting substantial enrich-
ment in SO4 compared with the corresponding ratio in
average seawater (Cl:SO4 = 19.3). Such low Cl:SO4 ratios
are typical for CLASS landscapes where widespread pyrite
oxidation has released substantial quantities of SO4 into
groundwater (Johnston et al., 2004; Macdonald et al.,
2004). This acid sulfate groundwater is known to discharge,
via the sulfuric soil horizon, into the waterways described
here (Johnston et al., 2004; Fig. 2).

The surface-water contained moderately high concentra-
tions of aqueous FeIII (27–138 lM), with <5% of total
aqueous Fe as FeII (Table 1). Fig. 3 shows the equilibrium
solubility of potential solid-phase Fe(III) species compared
to the calculated Fe3+ activities in the acidic waterways de-
scribed here. The calculated surface-water Fe3+ activities
slightly exceeded the solubility windows for ferrihydrite
and schwertmannite (Fig. 3). In contrast, the Fe3+ activities
greatly exceeded the solubility of both goethite and jarosite
by >3 orders of magnitude (Fig. 3). The supersaturated
nature of the surface water suggests that precipitation of
ferrihydrite, schwertmannite, goethite or jarosite may
actively contribute to the accretion of benthic sediments.
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Fig. 3. Relationship between pH and Fe3+ activity for surface water from
sites T (circle), S (square) and B (cross); in comparison to the pH-
dependency of Fe3+ activities in equilibrium with potential Fe(III) solid-
phases. Solubility windows for schwertmannite and jarosite are presented
for 10�3 to 10�2 M SO4

2� and 10�5 to 10�3 M K+. The solubility lines are
presented for solubility products of (Fe3+)/(H+)3 = 103.4 ± 0.5 for two-line
ferrihydrite (Majzlan et al., 2004), (Fe3+)(OH�)3 = 10�41.5 for goethite
(Parkhurst and Appelo, 1999), (K+)(Fe3+)3 (SO4

2�)2/(H+)6 = 10�14.8 for
jarosite (Parkhurst and Appelo, 1999), and (Fe3+)8(SO4

2�)/(H+)22 = 109.

6 ± 4 for schwertmannite (Majzlan et al., 2004).
The actual precipitation of ferrihydrite, schwertmannite,
goethite and jarosite may be heavily influenced by kinetic
constraints. Regenspurg et al. (2004) explain that the pre-
cipitation kinetics of these minerals are dependent on aque-
ous Fe speciation. Speciation calculations using
PHREEQC showed that the FeIIISO4

þ species comprised
28–30% of total aqueous Fe, with 57–64% present as
FeIII-OH species in the three waterway study sites. Signifi-
cant FeIII ligation by SO4 is thought to kinetically inhibit
direct ferrihydrite and goethite precipitation, whereas liga-
tion by OH� inhibits direct jarosite precipitation (Regens-
purg et al., 2004; Majzlan and Myneni, 2005). Therefore,
the relative co-abundance of both FeIII-OH and FeIII-SO4

species is expected to kinetically favour the initial precipita-
tion of poorly ordered schwertmannite:

8Fe3þ þ SO4
2� þ 14H2O � Fe8O8ðOHÞ6ðSO4Þ þ 22Hþ

ð1Þ

The presence of schwertmannite was confirmed by XRPD
for material from the sediment–water interface at sites
T and S (Fig. 4). Examination of this material by
SEM-EDX revealed that it exhibited ‘‘pin-cushion’’ mor-
phology (Fig. 5a and b), which is consistent with previous
reports for schwertmannite (Bigham et al., 1996; Sullivan
and Bush, 2004).

3.2. General sediment properties

In contrast to the acidic surface-water, the sediment
pore-water ranged from pH 6–6.5 at depth (Fig. 6). The
Eh values for the 10–22 cm depth intervals were generally
less than �100 mV (Fig. 6), which indicate anoxic reducing
conditions. This is consistent with consumption of O2 dur-
ing degradation of abundant organic C (organic C contents
were up to 9% at site T, 7% at site S and 7% at site B;
Fig. 6). The pore-water HCO3 concentrations increased
with depth, attaining concentrations of 8.61 mM at site
T, 19.7 mM at site S and 14.7 mM at site B (Fig. 6). In con-
trast, the pore-water SO4 concentrations generally de-
creased with increasing sediment depth (Fig. 6). This is
consistent with SO4-reduction during degradation of sim-
ple organic molecules (e.g. lactic acid, CH3CHOHCOOH;
Langmuir, 1997):

2CH3CHOHCOOHþ SO4
2� ! 2CH3COOH

þH2Sþ 2HCO3
� ð2Þ
The pore-water SO4 concentrations approached the sub-
strate saturation concentration for SO4-reduction of
300 lM in the lower depth intervals (Ingvorsen et al.,
1984). This indicates that the rate of SO4-reduction may
be limited by the lower pore-water SO4 concentrations at
depth.

The abundance of AVS spanning 307–405 lmol g�1 at
site T, 308–590 lmol g�1 at site S and <1–309 lmol g�1

at site B are a result of SO4-reduction (Fig. 7). These
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AVS concentrations are comparable with previous studies
examining sediments from CLASS drains (Sullivan and
Bush, 2000; Sullivan et al., 2002; Macdonald et al., 2004;
Bush et al., 2004b; Burton et al., 2006a). However, they
are high in comparison with sediments from natural estua-
rine and marine sediments, where AVS is typically present
at <90 lmol g�1 (Morse and Cornwell, 1987; Burton et al.,
2005).

3.3. Iron solubility in sediment pore-water

Pore-water Fe was dominantly the FeII species, with
FeIII comprising <5% of total aqueous Fe (i.e. less than
the analytical precision of the Fe speciation method). This
is consistent with the Eh results, which indicate that Fe(III)
reduction is likely to be important in the anoxic sub-surface
sediments described here (Lovley, 1997). The pore-water
FeII concentrations were high, spanning 3–8 mM near the
sediment surface, decreasing to 2–3 mM at greater depth
(Fig. 8). Comparable concentrations of FeII have been
reported in sub-oxic sediments of an AMD-affected lake
(2–15 mM) underlying schwertmannite-rich surficial sedi-
ment (Peine et al., 2000). In comparison, pore-water FeII

rarely exceeds 0.2 mM in marine sediments and 0.5 mM
in Fe-rich salt-marsh sediments (e.g. Luther et al., 1992;
Canfield et al., 1993; Neumann et al., 2005).

The pore-water S�II concentrations were below detec-
tion (<1 lM) for all samples, thereby demonstrating that
AVS was almost entirely composed of solid-phase S(�II)
species. The undetectable pore-water S�II concentrations
described here can be attributed to the very high concentra-
tions of pore-water FeII according to (Morse et al., 1987):

ðHS�Þ ¼ Ksp10�pH

ðFeIIÞ
ð3Þ

where Ksp denotes the solubility product constant, which
equals 10�2.95 for amorphous FeS(s) (Morse et al., 1987).
According to Eq. (3), pore-water S�II would be expected
to be maintained at <0.1 lM when in equilibrium with
the high pore-water FeII concentrations and pH conditions
reported here.

Pore-water FeII concentrations were similar at all three
sites for sediment from depths greater than 10 cm below
the sediment–water interface (i.e. 2–3 mM; Fig. 8). These
concentrations are remarkably consistent with previously
reported concentrations for the 10–22 cm depth interval
in CLASS drain sediments (Fig. 8 presents data from Smith
and Melville, 2004; and from Burton et al., 2006a). This
consistency suggests that a specific process or phase may
provide a general control on pore-water FeII solubility.

The high pore-water HCO3 concentrations presented in
Fig. 6 suggest that siderite (FeCO3(s)) precipitation–disso-
lution may influence FeII solubility:

Fe2þ þHCO3
�
� FeCO3ðsÞ þHþ ð4Þ

Fig. 9 demonstrates that most of the pore-water pH/Eh
data lie within the stability field for siderite. These stability
fields were calculated for 0.001 M Fe, 0.001 M SO4 and
0.01–0.001 M HCO3, which generally reflect the observed
pore-water data (Figs. 6 and 9). A more direct indication
of controls on FeII solubility for individual pore-water
samples was determined by calculation of saturation index
(SI) values for siderite:

SI ¼ log10

IAP

Ksp

¼ log10

ðFe2þÞðCO3
2�Þ

10�10:41
ð5Þ

where Ksp and IAP denote the solubility product constant
and ion activity product, respectively, for siderite. Fig. 10
shows that all three sites exhibited SI values for siderite
spanning 1–1.5 for most of the depth intervals examined



Fig. 5. Morphological features of important Fe minerals in CLASS drain sediments. A, B, schwertmannite; C, D, goethite; E, F, disordered mackinawite;
G, H, I, siderite; J, K, L, framboidal pyrite and M, N, O, euhedral pyrite. The scale bar represents 2 lm. The identity of these minerals was verified
according to their elemental composition as determined by EDX analysis and XRPD analysis of bulk samples.
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(except surface sediment at site B, which was pH < 5).
Comparable degrees of supersaturation have been reported
in several field-based studies of siderite formation in non-
CLASS settings (Postma, 1982; Bjerg et al., 1995; Amir-
bahman et al., 1998; Jakobsen and Postma, 1999).

The magnitude and uniformity in the SI values for sid-
erite suggest that precipitation/dissolution of this phase
may regulate pore-water FeII concentrations. The apparent
supersaturation reflected in SI > 0 may be partly due to
slow rates of siderite precipitation. Jensen et al. (2002)
found that precipitation of siderite from supersaturated
solutions required longer than 474 days to attain SI = 0
(i.e. equilibrium). However, these researchers also found
that relatively rapid siderite precipitation resulted in SI val-
ues spanning 1–2 within approximately 15 days. This dem-
onstrates that, in FeII- and HCO3-rich solutions, siderite
precipitation readily produces SI values that are consistent
with Fig. 10 and such SI values persist for long periods (i.e.
>450 days; Jensen et al., 2002).

3.4. Solid-phase Fe properties

Total Fe concentrations spanned 404–7440 lmol g�1

at site T, 3990–6240 lmol g�1 at site S and 613–
2290 lmol g�1 at site B (Fig. 11). A substantial proportion
of total Fe was recovered by oxalate extraction, with



Fig. 6. Selected properties of sediment profiles collected from sites T, S
and B.

Fig. 7. Reduced inorganic S (RIS) speciation and pyrite–Fe in CLASS
drain sediments. Data points are means ± standard deviation of duplicate
determinations. The concentrations for pyrite–Fe (FeS2(s)–Fe) were
estimated stoichiometrically from results for pyrite–S (FeS2(s)–S).
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Fig. 8. Pore-water FeII in sediment profiles from site T (circles), site S
(squares) and site B (crosses). The inset plot shows previously reported
pore-water FeII data for CLASS drain sediments from Burton et al.
(2006a) (solid lines) and Smith and Melville (2004) (broken line).
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oxalate-extractable Fe present at up to 2720 lmol g�1 at
site T, 1460 lmol g�1 at site S and 956 lmol g�1 at site B
(Fig. 11). Fig. 11 shows that most depth intervals exhibited
high concentrations of both oxalate-extractable Fe(II) and
Fe(III). However, the Fe(III)/Fe(II) ratio was generally
greatest towards the sediment–water interface. This is con-
sistent with the progressive reduction of Fe(III) as the
former sediment surface becomes buried during sediment
accretion.

The XRPD data provide conclusive evidence of abun-
dant surficial (0–1 cm) schwertmannite at sites T and S
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Fig. 10. Saturation index (SI) values for siderite based on aqueous
speciation modeling of pore-water for sediment profiles from Sites T, S
and B. The SI values for the 0–4 cm depth interval at site B were <�10 and
are therefore not shown here. The shaded area shows the SI value range of
�1 to +1.
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(Fig. 4). Highly crystalline phases (mostly quartz and phyl-
losilicates) in sediment from site B make the XRPD identi-
fication of poorly ordered phases difficult (Bigham et al.,
2002). Nevertheless, the surface-water FeIII solubility and
speciation calculations indicate that schwertmannite is
probably also present at site B. Decreases in the abundance
of oxalate-extractable Fe(III) with increasing sediment
depth may therefore be due largely to reductive dissolution
of schwertmannite (Regenspurg et al., 2004):

Fe8O8ðOHÞ6ðSO4ÞðsÞ þ 12Hþ þ 2COrganic

! 8Fe2þ þ SO4
2� þ 2HCO3

� þ 8H2O ð6Þ
0 4000 800
Total Fe (μmol g-1

0 4000 8000

20

15

10

5

0

)
mc( htpe

D

0 25 50 75 100
Fractionation of solid-phas

0 25 50 75 100

20

15

10

5

0

)
mc( htpe

D

0 1000 2000 300

Oxalate-extractable Fe (μ
0 1000 2000 3000

20

15

10

5

0

)
mc( htpe

D

Fig. 11. Total Fe, oxalate-extractable Fe and fractionation of solid-phase Fe in
estimated stoichiometrically from the AVS and pyrite–S results, respectively (
The high pore-water FeII concentrations present in the 0–
2 cm depth intervals support the importance of Eq. (6).
This acidity-consuming process is likely to have contribut-
ed to pore-water pH in near-surface sediment being consid-
erably higher than that of the overlying surface-water.

Schwertmannite is known to progressively transform to
goethite (Bigham et al., 1996; Jonsson et al., 2005):

Fe8O8ðOHÞ6ðSO4ÞðsÞ þ 2H2O! 8FeOOHðsÞ þ 2Hþ þ SO4
2�

ð7Þ

This transformation process is kinetically promoted by in-
creased pH (Jonsson et al., 2005), which is caused by
HCO3-generating reactions such as SO4-reduction (Eq.
(2)) and Fe(III)-reduction (Eq. (6)) in the subsurface sedi-
ments described here. This is consistent with the XRPD
data, which show the replacement of schwertmannite by
goethite with increasing depth below the sediment water
interface (Fig. 4). Examination of sub-surface sediment
by SEM-EDX analysis revealed that material with an ele-
mental composition consistent with goethite was present
as rough-surfaced, spheroidal particles (Fig. 5c and d). This
morphology is similar to spheroidal schwertmannite
particles with ‘‘pin-cushion’’-type surfaces present at the
sediment surface. Such goethite pseudomorphs after schw-
ertmannite have been observed previously in CLASS
landscapes (Sullivan and Bush, 2004). This goethite
0
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sediment profiles from sites T, S and B. The FeS and pyrite Fe data were
assuming AVS is 1:1 for Fe:S).
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morphology supports the hypothesis that goethite formed
via precursor schwertmannite, as described in Eq. (7).

Geochemical modeling discussed above indicates that
the development of high pore-water FeII concentrations,
derived from reductive dissolution of schwertmannite
(Eq. (6)), may be regulated by siderite precipitation. The
XRPD data for lower depth intervals at sites S and B show
the presence of siderite (Fig. 4), in agreement with the sta-
bility-phase and SI value considerations (Figs. 10 and 11,
respectively). Siderite was also identified by SEM-EDX as
clusters of orthorhombic crystals associated with organic
material (Fig. 5g, h and i). Overall, the data indicates that
pore-water FeII solubility is primarily controlled by siderite
precipitation/dissolution. This is significant as previous re-
search has assumed that a sulfide phase, such as amor-
phous FeS(s), controls Fe solubility in sulfidic sediments
from CLASS drains (Smith and Melville, 2004).

The pore-water data presented in Fig. 6 suggest that
pore-water SO4 is reduced to S�II as the sediment is sub-
jected to burial-induced anoxia. In the presence of abun-
dant FeII, newly formed S�II would be rapidly (<1 s)
sequestered via FeS(s) precipitation (Rickard, 1995). Whilst
the AVS concentrations were generally less than oxalate-
extractable Fe(II), there was general agreement between
depth trends for these two measures (Fig. 11). This obser-
vation, along with the very low pore-water S�II concentra-
tions indicates that AVS provided a reasonable measure of
the abundance of FeS(s).

The XRPD data for lower depth intervals at sites T
and S exhibit a broad peak at approximately 0.5 nm
(i.e. 17�2h) (Fig. 4). Herbert et al. (1998) report that
XRPD data for Fe(II)/S(-II) solids precipitated in media
containing SO4-reducing bacteria also exhibit a broad,
low intensity peak centred near 0.5 nm but lack other
peaks characteristic of crystalline phases (e.g. mackinaw-
ite, greigite). Several laboratory-based studies of Fe–S
behaviour have also attributed similar XRPD data to dis-
ordered mackinawite (Rickard, 1995; Wilkin and Barnes,
1996; Wolthers et al., 2003). Disordered mackinawite
comprises sheets of Fe atoms linked in a tetrahedral coor-
dination to four equidistant S atoms, with Van der Waals
forces between S atoms holding the sheets together (Len-
nie et al., 1995). The characteristic broad XRPD peak at
approximately 0.5 nm (i.e. 17�2h) for disordered macki-
nawite derives from the inter-layer spacing of these Fe
sheets (Rickard and Morse, 2005). According to Rickard
(1995), disordered mackinawite forms within days of reac-
tion between aqueous FeII and S�II yielding an initial
X-ray amorphous FeS(s) phase. The exact nature of the
initial amorphous or disordered phase is poorly under-
stood, yet up to 2 years is required for transformation
to crystalline mackinawite (Rickard, 1995).

Examination of subsurface AVS-rich sediment by SEM-
EDX revealed that material (identified by XRPD as disor-
dered mackinawite) with stoichiometry spanning approx.
FeS0.9 to FeS1.2 was present as surface coatings of convo-
luted platy crystals (Fig. 5e and f). This is similar to the
morphology of an FeS(s) phase formed in a SO4-reducing,
reactive barrier for AMD treatment (Herbert et al.,
2000). It is also comparable to material with an approxi-
mate 1:1 Fe:S stoichiometry present on the surface of pyrite
framboids in CLASS (Bush and Sullivan, 2002). The
XRPD, SEM-EDX and AVS data presented here provide
strong evidence of the presence of abundant disordered
mackinawite. This is significant as disordered mackinawite
has been only rarely observed in natural marine or estua-
rine sediments (Rickard and Morse, 2005) and has not been
previously identified in CLASS landscapes.

The co-existence of high concentrations of AVS (Fig. 7)
and oxalate-extractable Fe(III) (Fig. 11) in several depth
intervals suggests that S(�II)/Fe(III) interactions are high-
ly likely. Such interactions may occur at the surface of goe-
thite particles, which the XRPD data shows to co-exist
with disordered mackinawite (Fig. 4). In this situation, S�II

can directly reduce solid-phase Fe(III) minerals producing
Fe2+ and S0

ðsÞ according to (Yao and Millero, 1996; Burton
et al., 2006c):

2FeOOHðsÞ þ S�II þ 6Hþ ! SðsÞ
0 þ 2Fe2þ þ 4H2O ð8Þ

The presence of SðsÞ
0 at up to 218 lmol g�1 at site T,

286 lmol g�1 at site S and 101 lmol g�1 at site B reflects
the importance of direct S(�II)/Fe(III) interactions
(Fig. 7). The abundance of S0

ðsÞ (as % of total RIS) was
positively correlated with oxalate-extractable Fe(III)
(r = 0.550; P < 0.01; n = 24). This correlation is consistent
with previous work and indicates that S0

ðsÞ forms in situ as
a product of dynamic Fe–S redox cycling in CLASS water-
way sediments (Burton et al., 2006c).

The formation of pyrite generally represents an impor-
tant sink for reactive Fe species and thereby prevents accu-
mulation of FeS(s) (e.g. Burton et al., 2006d). Pyrite
formation has traditionally been viewed on the basis of lim-
iting factors, specifically the availability of S, Fe and organ-
ic C (Berner, 1984). The very high concentrations of
organic C (Fig. 6), AVS (Fig. 7) and pore-water FeII

(Fig. 8) in the sediments described here demonstrate that
these components were all readily available. SEM-EDX
examination revealed that pyrite was present as both fram-
boids and single crystals (Fig. 5j–o). However, in compar-
ison to oxalate-extractable Fe(II) and Fe(III) (Fig. 11),
pyrite–Fe was present at relatively low concentrations
(7.3–148 lmol g�1 at site T, 154–294 lmol g�1 at site S
and 0.8–28 lmol g�1 at site B; Fig. 7). As a consequence,
pyrite–Fe generally comprised a relatively minor propor-
tion of total Fe (Fig. 11).

Given that none of the usual limiting factors appear to
be at low levels, the relatively low abundance of pyrite–Fe
in the sediments described here is somewhat anomalous.
The sediments may simply have had insufficient time for
pyrite formation to sequester a substantial proportion of
reactive Fe. This is based on the general assumption that
formation of pyrite only occurs at very slow rates. How-
ever, Howarth (1979) observed significant in situ pyrite
formation (verified by XRPD) within 2 days in salt marsh



Fig. 12. Conceptual model of in situ Fe transformations in accreting
CLASS drain sediments. (A) precipitation of schwertmannite
(Fe8O8(OH)6(SO4)), (B) reductive dissolution of schwertmannite, (C)
transformation of schwertmannite to goethite (aFeOOH), (D) reductive
dissolution of goethite, (E) upward diffusion and oxidation of FeII, (F)
precipitation–dissolution of disordered mackinawite (FeS), (G) regulation
of pore-water FeII via precipitation–dissolution of siderite (FeCO3), (H)
and formation of pyrite (FeS2; kinetically retarded due to high pore-water
FeII concentrations).
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sediments. Likewise, in situ radiotracer studies show that
a substantial proportion of 35S(�II), resulting from SO4-
reduction, precipitates as pyrite within hours of introduc-
ing trace amounts of 35SO4 into anoxic sediments
(Howarth and Merkel, 1984; Meier et al., 2004). Further-
more, Ritvo et al. (2003) found that reaction between S�II

and goethite surfaces at room temperature produced
significant amounts of pyrite within 96 h. These
studies clearly show that pyrite can form rapidly, which
indicates that the relatively minor quantities of pyrite–
Fe in the sediments described here warrants further
examination.

Mechanistic data based on detailed kinetic investiga-
tions currently indicate that pyrite formation at ambient
temperature occurs via either the polysulfide pathway (Ric-
kard, 1975; Luther, 1991) or the hydrogen sulfide pathway
(Rickard, 1997; Rickard and Luther, 1997). In the polysul-
fide pathway, S0

ðsÞ produced via Eq. (8) reacts with pore-
water S�II, producing polysulfide ions (Snþ1

2�) which then
react with FeS(s) to produce pyrite (Luther, 1991):

HSðaqÞ
� þ nSðsÞ

0 ! Sðnþ1ÞðaqÞ
2� þHðaqÞ

þ ð9Þ

FeSðsÞ þ Snþ1ðaqÞ
2� ! FeS2ðsÞ þ SðnÞðaqÞ

2� ð10Þ

The rate of pyrite formation via this pathway is described
by (Rickard, 1975):

dðFeS2ðsÞÞ
dt

¼ k1½FeSðsÞ�2½S8ðsÞ
0�fS�IIgfHþg ð11Þ

where [FeS(s)] and [S8ðsÞ
0] are the surface areas of FeS(s) and

S8ðsÞ
0, {S�II} and {H+} denote the S�II and H+ activity,

and k1 is a rate constant equaling �10�12 cm�6 L mol�1 s�1

at 40 �C (Rickard, 1975).
The hydrogen sulfide pathway involves oxidation of

FeS(s) by H2S (Rickard and Luther, 1997):

FeSðsÞ þH2SðaqÞ ! FeS2ðsÞ þH2ðgÞ ð12Þ

The rate of pyrite formation via this pathway is described
by (Rickard, 1997):

dðFeS2ðsÞÞ
dt

¼ k2ðFeSðsÞÞðH2SðaqÞÞ ð13Þ

where (FeS(s)) and (H2S(aq)) are the molar concentrations
of FeS(s) and H2S(aq), and k2 is a rate constant equaling
1.03 · 10�4 L mol�1 s�1 at 25 �C (Rickard, 1997).

Eqs. (11) and (13) demonstrate that the rate of pyrite
formation depends on the concentrations of FeS(s), S0

8 ðsÞ
and S�II. The results show that both FeS(s) and S0

8 ðsÞ were
highly abundant (Fig. 7), whereas pore-water S�II was
undetectable in the sediments described here. These low
pore-water S�II concentrations therefore would be expect-
ed to cause kinetic retardation of FeS(s) conversion to
pyrite. According to Eq. (3), the undetectable S�II concen-
trations are attributable to the presence of very high con-
centrations of pore-water FeII. This effect of abundant
FeII provides an explanation for both the accumulation
of FeS(s) (as disordered mackinawite) and the anomalously
low relative quantity of pyrite–Fe.
3.5. A geochemical model of sedimentary Fe transformations

during sediment accretion in CLASS-associated waterways

Previous studies of sedimentary Fe dynamics in acidic
waterways have focused on AMD-affected environments
(Bigham et al., 1996; Peine et al., 2000; Meier et al.,
2004; Regenspurg et al., 2004). However, sediments from
AMD waterways typically contain only modest concen-
trations of labile organic C (Peine et al., 2000; Regens-
purg et al., 2004). This contrasts greatly with organic-
rich sediments found in drain waterways of CLASS
landscapes (Bush et al., 2004b; Burton et al., 2006a). As
a consequence, current conceptual models of sedimentary
Fe behaviour in acidic waterways do not explain the
trends in solubility and mineralogy for CLASS drain sed-
iments. For example, the model developed by Peine et al.
(2000) for AMD-affected lake sediments includes schwert-
mannite transformations and pyrite formation but does
not consider siderite or disordered mackinawite. The pres-
ent study shows that siderite and disordered mackinawite
have a central role in sedimentary Fe cycling in CLASS
drains. We therefore present a new conceptual model
describing sedimentary Fe geochemistry during low-flow,
accretionary periods in such waterways (Fig. 12).

During periods of dry weather, Fe enters the waterway
study sites via influx of acidic groundwater from the adja-
cent oxidized, sulfuric, soil horizons (Figs. 2 and 12). Pre-
cipitation of schwertmannite (pathway A in Fig. 12),
along with the death and decay of abundant aquatic
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vegetation contributes to sediment accretion. Degradation
of abundant autochthonous organic C causes development
of strongly reducing conditions below the sediment–water
interface and leads to the reductive dissolution of schwert-
mannite (pathway B in Fig. 12). This process, along with
HCO3-promoted (i.e. pH-dependent) transformation of
schwertmannite to goethite (pathway C in Fig. 12) and sub-
sequent reductive dissolution of goethite (pathway D in
Fig. 12), is a major contributor to the development of very
high pore-water FeII concentrations. Upward diffusion of
FeII across the sediment–water interface and subsequent
oxidation re-supplies surface-water FeIII (pathway E in
Fig. 12).

Microbial degradation of organic matter in these sedi-
ments facilitates the accumulation of high concentrations
of HCO3 and the development of near-neutral pore-water
pH. This also promotes SO4-reduction, which becomes
important in Fe-rich sediments at pH > 5.5 (Fortin
et al., 1996). The accumulation of disordered mackinawite
(pathway F in Fig. 12) is the result of SO4-reduction and
the reaction between the produced S�II and pore-water
FeII.

Although disordered mackinawite is highly abundant
and indicative of active SO4-reduction, the sediments
contain insufficient pore-water S�II for precipitation of dis-
ordered mackinawite to limit the accumulation of pore-
water FeII. Rather in the HCO3-rich sediments described
here, siderite precipitation-dissolution regulates the pore-
water FeII concentrations (pathway G in Fig. 12). The pres-
ence both of siderite and disordered mackinawite is of
interest as there are few reports of the co-existence of Fe(II)
carbonate and sulfide minerals in sediments (Pye et al.,
1990). Although unusual, Pye et al. (1990) hypothesize that
simultaneous accumulation of both siderite and iron
monosulfides (e.g. disordered mackinawite) may occur
where the rate of Fe(III) reduction exceeds SO4 reduction.
This situation is likely to occur as result of the ample sup-
ply of reactive Fe(III) (i.e. schwertmannite) in accretionary
CLASS drain sediments.

Disordered mackinawite is assumed to contribute to
sedimentary AVS, yet has been rarely observed in natural
sulfidic sediments (Rickard and Morse, 2005). The present
study shows for the first time that disordered mackinawite
is a major component of sedimentary AVS in CLASS
drains. Acid-volatile sulfide (AVS) is typically present at
low levels in natural estuarine and marine sediments
(Morse and Cornwell, 1987), with accumulation being lim-
ited by its generally efficient conversion to pyrite (Morse
and Rickard, 2004). However, pyrite–Fe does not account
for a significant fraction of sedimentary Fe in CLASS
drains. This is because the rate of pyrite formation (path-
way H in Fig. 12) is very slow at low concentrations of
pore-water S�II (which is maintained at low concentrations
by the very high FeII concentrations). Therefore, high pore-
water FeII concentrations in CLASS drain sediments con-
tribute to accumulation of siderite and disordered macki-
nawite at the expense of pyrite–Fe.
4. Conclusions

We employed selective extractions, geochemical model-
ing, XRPD and SEM-EDX to describe sedimentary Fe
behaviour in acidic CLASS drains. These waterways re-
ceive inputs of acid sulfate groundwater and are therefore
analogous to streams and lakes affected by AMD. Like
many AMD settings, schwertmannite precipitation in
CLASS drains contributes to the formation of Fe(III)-rich
benthic sediments. However unlike AMD waterways,
CLASS drain sediments contain abundant labile organic
material which drives the development of anoxic, near-
neutral conditions below the sediment water interface.
The burial and prolonged exposure of schwertmannite-rich
sediment to these conditions results in (1) schwertmannite
conversion to goethite, (2) reductive dissolution of schw-
ertmannite and goethite, (3) SO4-reduction, (4) formation
of anomalously high AVS concentrations, (5) co-existence
of siderite and disordered mackinawite, and (6) retarded
rates for conversion of disordered mackinawite to pyrite.
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