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Abstract Disturbance or drainage of potential acid sulfate soils (PASS) can result in the release of acidity
and degradation of infrastructure, water resources, and the environment. Soil processes affecting shallow
groundwater quality have been investigated using a numerical code that integrates (bio)geochemical processes with water, solute, and gas transport. The patterns of severe and persistent acidiﬁcation (pH < 4) in
the sandy, carbonate-depleted podzols of a coastal plain could be reproduced without calibration, based on
oxidation of microcrystalline pyrite after groundwater level decrease and/or residual groundwater acidity,
due to slow vertical solute transport rates. The rate of acidiﬁcation was limited by gas phase diffusion of
oxygen and hence was sensitive to soil water retention properties and in some cases also to oxygen consumption by organic matter mineralization. Despite diffusion limitation, the rate of oxidation in sandy soils
was rapid once pyrite-bearing horizons were exposed, even to a depth of 7.5 m. Groundwater level movement was thus identiﬁed as an important control on acidiﬁcation, as well as the initial pyrite content.
Increase in the rate of Fe(II) oxidation lead to slightly lower pH and greater accumulation of Fe(III) phases,
but had little effect on the overall amount of pyrite oxidized. Aluminosilicate (kaolinite) dissolution had a
small pH-buffering effect but lead to the release of Al and associated acidity. Simulated dewatering scenarios highlighted the potential of the model for risk assessment of (bio)geochemical impacts on soil and
groundwater over a range of temporal and spatial scales.

1. Introduction
Disturbance and drainage of pyrite-bearing potential acid sulfate soil (PASS) has resulted in acid generation
and the degradation of infrastructure, water resources, and the environment, in Australia and worldwide
[e.g., Dent and Pons, 1995; Sullivan, 2004]. Carbonate-depleted, sandy soils are particularly susceptible to
acidiﬁcation; for example, recent sampling of shallow groundwater of the Swan Coastal Plain, Western Australia, has shown that conditions of low pH and high Al concentrations occur in many places [Appleyard and
Cook, 2009; Clohessy et al., 2013] (see e.g., Table 1). Decreasing regional groundwater levels have lead to
increased soil drainage and hence risk of acid generation; risks are further exacerbated by urban activities,
such as land development and maintenance of infrastructure, which require excavation and/or even shortterm, localized dewatering. To manage risks, an understanding of controls on the severity and persistence
of acidiﬁcation is required, along with tools to quantify outcomes under various alternative management
scenarios.
Over the past three decades many detailed laboratory, ﬁeld and modeling studies have been carried out to
understand the key reactions involved in the generation and fate of environmental acidity resulting from
pyrite oxidation, in particular to assess the environmental impact of pyrite-bearing mining waste materials
and mined landscapes (see e.g., reviews in Evangelou and Zhang [1995]; Nordstrom and Southam [1997];
Alpers and Nordstrom [1999]; Nordstrom and Alpers [1999]; Blodau [2006]). These studies have lead to a thorough understanding of the main geochemical processes that contribute to severe acidiﬁcation, namely, oxidation of pyrite by oxygen or Fe(III), as well as subsequent oxidation of the released aqueous Fe(II), if
associated with precipitation of secondary ferric minerals. The oxidation of Fe(II) by oxygen is generally
seen to be the rate-limiting reaction step in the pyrite oxidation rate, given that the rate of pyrite oxidation
by Fe(III) can be very rapid [Singer and Stumm, 1970]. Generated acidity may be neutralized by mineral
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Table 1. Groundwater Chemistry in Shallow Groundwater Bores at Site 5 and Other Sites in Gnangara Mound (Data From Appleyard and
Cook [2009])
Parameter
pH
Alkalinity (mg CaCO3/L)
Acidity (mg CaCO3/L)
SO4 (mg/L)a
Cl (mg/L)
Si (mg/L)b
a

Site 5

Range-All Sites

Parameter

Site 5

Range-All Sites

3.8
1
74
54
55
6

3.8–6.5
1–32
20–90
4–75
25–94
3–12

Al (mg/L)
Fe (mg/L)a
Ca (mg/L)
Mg (mg/L)
Na (mg/L)
K (mg/L)

2.4
0.8
2
7
41
<1

0.2–8.5
0.07–5.3
1–18
3–17
17–46
<1–3

Individual redox species were not measured.
Not reported in Appleyard and Cook [2009].

b

reactions such as the relatively fast dissolution of carbonate minerals, if present, or the dissolution of aluminosilicates. Waters passing through oxidizing, pyrite-bearing material often become oversaturated with
respect to secondary minerals, such as Fe and Al (oxy)hydroxides, schwertmannite, jarosite, or gypsum,
which then precipitate. Some minerals such as calcite or Fe/Al hydroxides may precipitate or dissolve sufﬁciently fast to closely control the pH [e.g., Nordstrom and Alpers, 1999].
Many studies highlight that the transport of oxygen is typically the limiting factor for the overall rate of
pyrite oxidation in mining waste [Jaynes et al., 1984; Davis and Ritchie, 1986; Elberling et al., 1994a, 1994b;
Wunderly et al., 1996; Binning et al., 2007; Kohfahl et al., 2007, 2008, 2011]. In some cases the overall reaction
rate is equated to the diffusion rate, and the potential for the chemical reactions to inﬂuence the overall
rate is assumed to be negligible. As oxygen diffusion is 4 orders of magnitude slower in water than in air
[e.g., Nicholson et al., 1989], these studies often speciﬁcally quantify the critical role of oxygen transport
through the unsaturated zone as a function of the degree of saturation of the material. An additional potentially critical factor in soils, but not typical for freshly deposited mining waste, is the presence of organic
matter (OM) in many soil horizons. Oxidation of OM may compete for oxygen and hence further limit the
rate of pyrite oxidation. This effect of OM oxidation has been recognized in earlier acid sulfate soil modeling
and laboratory studies [Bronswijk et al., 1993; Cook et al., 2004; Rigby et al., 2006]. Signiﬁcant efforts have
also been made to simulate OM mineralization and accumulation in soils in general, with a focus on its
impact on soil carbon storage and/or the evolution of greenhouse gases (see e.g., review in Batlle-Aguilar
et al. [2011] and Blagodatsky and Smith [2010]). However, among those studies, only a few explicitly consider physical limitations on oxygen availability [Blagodatsky and Smith, 2010; Davidson et al., 2012, and
references therein], such as soil texture and water content.
In contrast to the increasingly sophisticated modeling studies that quantify acid drainage generation in
mine tailings (see reviews of earlier work in Alpers and Nordstrom [1999] and Salmon [1999]; also Bain et al.
[2000], Mayer et al. [2002], Mbonimpa et al. [2003], Romano et al. [2003], Salmon and Malmstrom [2004],
Brookﬁeld et al. [2006], Binning et al. [2007], Molins and Mayer [2007], Molson et al. [2008], Acero et al. [2009],
and Ouangrawa et al. [2009]), only a limited number of modeling studies have attempted to quantify acid
generation in acid sulfate soils. Among existing studies the major focus was on heavy clay soils [Bronswijk
and Groenenberg, 1992; Bronswijk et al., 1993; Blunden and Indraratna, 2000; Blunden and Indraratna, 2001;
Indraratna et al., 2001; Tularam and Indraratna, 2002; Indraratna et al., 2005], where vertical gas phase oxygen transport occurred solely in macropores. However, the conceptual model underlying these studies is
not valid for sandy soils [Blunden and Indraratna, 2001], where gas phase diffusion also readily occurs
through the bulk of the soil matrix. Cook et al. [2004] developed a general steady state model to quantify
oxygen and CO2 ﬂuxes, and hence rates of acid generation, based around soil pore gas depth proﬁles.
The aim of the present study was to develop a modeling framework that allows quantiﬁcation of coupled
geochemical, hydrological, and gas transport controls on acid generation in sandy acid sulfate soils and the
resulting transient impacts on shallow groundwater quality. In particular, the aim was to test whether the
conditions of severe and persistent acidiﬁcation of groundwater observed in the shallow groundwater on
the Swan Coastal Plain could be reproduced. To achieve this we integrated the available existing hydrological, geochemical, and mineralogical data from the Swan Coastal Plain to develop a conceptual model for
acid generation from PASS under conditions of declining groundwater levels. We then tested the conceptual model through implementation into a numerical model. For sandy soils such as those in a large part of
the Swan Coastal Plain, the existing acid sulfate soils codes, conﬁgured for heavy clay soils as described
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above, were inappropriate. Instead we chose the multicomponent reactive transport modeling code MIN3P
[Mayer et al., 2002], which allowed us to speciﬁcally quantify transient gas transport through variably saturated porous media as driven by user-deﬁned reactions in the soil and groundwater, and limited by the
dynamic soil water content. Simulation results were compared to available groundwater quality observations for a study site and analyzed for dominant process controls and characteristic reaction and transport
time scales. Furthermore, in order to generalize results to other sites, we used exploratory simulations to
identify the key controls on acidiﬁcation in shallow groundwater by varying (i) soil hydraulic properties, (ii)
soil mineralogy and organic matter content, (ii) groundwater recharge rates, (iii) depth to reactive horizon,
and (iv) magnitude of groundwater ﬂuctuation and duration of low groundwater levels, as exempliﬁed in
selected dewatering scenarios.

2. Study Site
2.1. Overview
The Swan Coastal Plain, Western Australia, contains a multilayered system of aquifers that provides water
for domestic, industrial, and agricultural use in and around the state capital Perth [Davidson, 1995]. Groundwater on the Swan Coastal Plain also supports wetlands, terrestrial ecosystems and pine forestry plantations. The unconﬁned (‘‘superﬁcial’’) aquifer is 10–70 m thick, and sits within a series of late Tertiary to
Quaternary formations, including a unit known as Bassendean Sand, which is present at the surface of the
plain over a large part of the central Perth region [Davidson, 1995]. To the north of Perth there is a groundwater mound known as the Gnangara Mound.
In 2007–2008 in response to concerns about acidiﬁcation of groundwater, a number of groundwater bores
were installed in an area of 250 km2 in order to speciﬁcally sample the shallow groundwater quality
[Appleyard and Cook, 2009; Clohessy, 2011; Clohessy et al., 2013]. At the same time, detailed soil characterization was performed at these sites, as well as at other sites throughout the Swan Coastal Plain [Prakongkep et al., 2011; Singh et al., 2012a, 2012b; Prakongkep et al., 2012]. Of the sites with both soil
characterization and groundwater observations, the available data from ‘‘Site 5’’ (616-01-05; Figure 1) were
chosen as a focus for this modeling study, on the basis of (i) low pH (<4) in the groundwater, as evidence
of acidiﬁcation having occurred, (ii) acid generating potential still present in the soil at the time of sampling, and (iii) not close to urban areas, wetlands, sealed roads, limestone tracks, or other infrastructure. In

Figure 1. Swan Coastal Plain map showing locations of bores referred to in this communication, and surﬁcial groundwater contours and
ﬂowlines in the southern end of the groundwater mound called Gnangara Mound (adapted from Davidson and Yu [2008]). The red arrow
indicates DEC Site 5 (compare with, e.g., Appelyard and Cook [2009]); coordinates are UTM.
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Figure 2. Hydrology, soil proﬁle data, and simulation conﬁguration. (a) Daily and accumulated annual rainfall for May 1997–2011 (Bureau of Meteorology, Mariginiup weather station).
(b) Groundwater level ﬂuctuations at DEC Site 5 (Figure 1) and longer-term groundwater ﬂuctuations in bores up and down-gradient of the site (source: Department of Water, Government of Western Australia); all levels offset to 0 m in May 2008. NB: absolute groundwater levels in May 2008: Site 5 5 44.6 m AHD [Clohessy, 2011], 5275 5 50.0 mAHD, 5224 5 43.5
mAHD. Bore 5275 is screened from 42.2 to 54.2 m AHD, ground surface at 60.7 mAHD; 5224 is screened from 31.5 to 44.6 m AHD, ground surface at 47.3 m AHD. (c) Groundwater ﬂuctuations in bores up and down-gradient of the site, offset to 0 m in May 2008, going back to the 1970s, showing ca. 4 m groundwater level drop in bore 5275 over this period. (d) DEC data
(source: Department of Environment and Conservation, Government of Western Australia)-depth proﬁles of soil pH(water) and pH(peroxide) at Site 5 in May 2008. NB: depth is lined up
with the depths in Figures 2b and 2e, as indicated by the dashed lines crossing between these ﬁgures, which indicate the minimum and maximum water level over the simulation
period. Also shown are the top and bottom of the groundwater screen in the bore that was installed at the time of soil proﬁle characterization, and the wt % C (depth composite samples) in the proﬁle in May 2008. (e) Conﬁguration for simulations starting in October 2006: 1-D soil proﬁle with a homogeneous E horizon from 0 to 5 m depth, B horizon 5 to 7.5 m
depth, and C horizon below; and depth to groundwater initially 5 m. Also indicated (black rectangle) is the depth of 7–8 m from which simulated groundwater quality is output.

the sections below, we summarize available data from Site 5 and the wider Swan Coastal Plain where relevant to Site 5.
The rainfall in the ‘‘Mediterranean’’ climate of Perth is highly seasonal, with ca. 90% falling in April–October
[Davidson, 1995] (see also Figure 2a). The annual potential evaporation is ca. 1.8 m and is exceeded by rainfall only in May–August. Due to the high permeability of most of the superﬁcial sediments, there is little surface runoff, with inﬁltrating water leading to groundwater recharge. As a result of the seasonality of
inﬁltration and evaporation, groundwater levels in the central, sandy area of the Swan Coastal Plain typically
ﬂuctuate by 1 m annually [Davidson, 1995] (cf. Figures 2b and 2c). The magnitude of this ﬂuctuation may
also increase or decrease due to factors such as vegetation type and seasonal groundwater abstraction
[e.g., Farrington and Bartle, 1991; Yesertener, 2008]. Groundwater levels in the Swan Coastal Plain were relatively stable in the mid-1970s [Salama et al., 2005]; however, since then, groundwater levels in the superﬁcial aquifer have declined by >6 m in some areas, due to the combined effect of increasing public and
private groundwater abstraction, decreasing rainfall, and water use by pine plantations [Yesertener, 2005,
2008; Xu, 2008; De Silva, 2009].
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2.2. Soil Characterization and ASS Risk
The Bassendean Dune System was probably originally calcareous sand but virtually all carbonate has been
leached away [Playford et al., 1976]. The soils are generally podzols (or giant aquic spodosols) [Prakongkep
et al., 2012], with variations between iron podzols, iron-humus podzols, and humus podzols as a function of
drainage status and depth to groundwater [McArthur and Russell, 1978; McArthur, 1991]. The podzolic B horizon developed in some areas at the water table has been described as laterite [Playford et al., 1976] or friable, limonite-cemented sand, and is colloquially referred to as ‘‘coffee rock’’ [Davidson, 1995].
The recent mineralogical characterization of samples from Bassendean Sands across the Swan Coastal Plain,
including samples from a few depths from Site 5, indicated that the main component of all soil horizons is
sand-size quartz grains, with minor amounts of ‘‘low activity’’ clay (predominantly kaolinite) and OM [Prakongkep et al., 2011, 2012] (note that in Prakongkep et al. [2012], Site 616-01-05 is ‘‘Site 2’’). Pyrite content
was typically low but was commonly identiﬁed in B and C horizons, and, in the largely saturated soils that
were the main target of that study, sometimes in A and E horizons [Prakongkep et al., 2011, 2012; see e.g.,
Schaetzl and Anderson, 2005, for description of A, E, B, and C horizons as commonly used in soil science].
The pyrite was present as single, very small crystals with an average diameter of approximately 1 mm, and
also as framboidal clusters with a diameter of 10 mm [Prakongkep et al., 2011, 2012]. Elemental sulfur was
found in some OM-rich horizons, and marcasite and mackinawite were identiﬁed in a few samples. The
maximum chromium-reducible sulfur (Scr) content of Bassendean Sands samples from all horizons at 160
sites was 0.5% with a median content of 0.02% [Singh et al., 2012b]. Jarosite was also identiﬁed in some A
horizons.
As part of the same soil mapping and characterization campaign, soil cores collected from a number of
sites, including the study site, were tested for soil pH(water) and soil pH(peroxide) [Appleyard and Cook,
2009; Prakongkep et al., 2011, 2012; Singh et al., 2012a, 2012b]. The difference between these two measurements gives an indication of the stored, reduced acidiﬁcation potential of the material (i.e., the acidity that
might be released by pyrite oxidation; see description of ‘‘acid base accounting’’ (ABA) in Ahern et al.
[2004]), and is used in assessment of ASS risks [DEC, 2009, 2011]. The depth proﬁles at Site 5 [Singh et al.,
2012a] are shown in Figure 2d; the soil pH(water) was above 4.5 but around and below the water table the
soil pH(peroxide) is <3, indicating considerable stored acidiﬁcation potential. At Site 5, the ‘‘ASS risk’’ zone
was identiﬁed to be from 5 to 7.25 m [Singh et al., 2012b, Appendix 3], and a sample from the B horizon
was found to have a Scr content of 0.014% [Prakongkep et al., 2011; Singh et al., 2012a], which is below the
current trigger value for ASS risk (0.03%) [DEC, 2009]. Weathering experiments (unsaturated columns and
incubations) on material from the B horizon from a range of sites with Scr ranging from 0.005 to 0.052%
indicated rapid onset of acidic conditions upon exposure to oxygen, in the order of days-weeks, even with
Scr < 0.03% [Pesjak, 2011; Singh et al., 2012a, 2012b].
Kaolinite was identiﬁed in almost all soil samples [Prakongkep et al., 2011, 2012] while small amounts of feldspar were found to be present in large (sand size) grains [Prakongkep et al., 2012], with presumably a relatively low speciﬁc reactive surface area and therefore little acid-buffering capacity. The presence of
allophane and OM-bound Al and Fe was suggested [Prakongkep et al., 2012]; allophane has been identiﬁed
previously in Bassendean Sands [He et al., 1998]. Other crystalline minerals present in minor amounts
included gibbsite and Fe oxides. Weakly crystalline or amorphous Fe(III) minerals typically found in ASS or
AMD environments, such as schwertmannite or ferrihydrite, or other typical minerals such as gypsum [e.g.,
Nordstrom and Alpers, 1999; Burton et al., 2007; Collins et al., 2010] were not reported by Prakongkep et al.
[2011, 2012], although they do report oxalate-extractable Fe, which may represent secondary Fe(III) minerals. However in general, the weakly crystalline nature of these Fe(III) phases may mean these minerals are
not detectable with the methods used in the study, particularly if present in low quantities in the largely saturated soils that were the focus of the study. In addition, amorphous Fe(III) precipitates are known to convert over time to more thermodynamically stable phases such as Fe(III) oxides [Cornell and Schwertmann,
1996; Schwertmann and Carlson, 2005], which were identiﬁed in the proﬁle. The detailed initial soil composition used in the modeling study is described in section 3.5.2.
The OM content in depth-integrated samples [Prakongkep et al., 2011] at Site 5 is shown in Figure 2d. The
soil proﬁle at this site is classiﬁed as a ‘‘paleopodosol’’ [Prakongkep et al., 2011, Appendix 1] with a (paleospodic) coffee rock/B horizon at 1.8–2.5 m, a ‘‘2E’’ horizon from 2.5 to 8.3 m, and a second coffee rock
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Table 2. Tested Soil Hydraulic Parametersa
Parameter
m3void m23
total



Porosity

Residual saturation m3water m23
void
van Genuchten a (m21)
van Genuchten n
Saturated hydraulic conductivity (m s21)

Sandb

Loamb

Silberstein et al. [2009]c

Loamy Soild

0.43
0.105
14.5
2.68
8.2 3 1025

0.43
0.18
3.6
1.56
2.96 3 1026

0.35
0.046
5.4
2.5
1.7 3 1024

0.43
0.23d
3.5d
1.5d
2.96 3 1026

a
The exponent l [Wosten and van Genuchten, 1988; Mayer et al., 2002] is 0.5 in all cases. Air entry pressure and speciﬁc storage coefﬁcient are set to zero.
b
HYDRUS default [Carsel and Parrish, 1988].
c
van Genuchten constants from manual ﬁtting to water retention curves given in Silberstein et al. [2009] for Campbell equation.
d
Barr and Barron [2009].

horizon at 8.3–10 m. Such paleospodic horizons, with accumulations of Al and Fe sesquioxides, were found
at a number of sites sampled by Prakongkep et al. [2012] and were assumed to be related to factors including groundwater history, drainage network development, and climate variation. Farrington and Bartle [1991]
also report an ‘‘organic hard pan’’ >3 m above the groundwater level at a site under pine plantations on Bassendean Sand, presumably also a paleospodic horizon. Historical groundwater levels in older groundwater
bores near Site 5 indicated that the groundwater level in the 1970s was 2–4 m above the current level (Figure 2c and see further description below), suggesting that the OM-bearing horizon at 2–4 m may have
been a B horizon at the level of the groundwater table at this time. Inspection of the surface soils (top
20 cm, O/A horizon) at Site 5 indicated a large amount of particulate organic matter (pine needles, twigs,
lumps of charcoal).

2.3. Groundwater Quality and Mineral Saturation Indices
Hydrochemical studies have previously reported the water quality of the superﬁcial aquifer [Martin and Harris, 1982; Bawden, 1991; Davidson, 1995; Yesertener, 2010], including some instances of acidic groundwater.
Severe localized acidiﬁcation has also been reported, for instance associated with disturbance of pyrite and
arsenopyrite-bearing peat units [Appleyard et al., 2004, 2006]. Appelyard and Cook [2009] report the installation and ﬁrst round of sampling from piezometers installed in 2007–2008 to speciﬁcally target the shallow
groundwater in Bassendean Sands (cf. Table 1) at some of the sites where the soil characterization
described in the previous section was carried out. Bores were constructed from 50 mm Class 12 or 18 PVC
casing with 3–6 m screens targeted to intersect the water table; sampling was performed with low-ﬂow
bladder pumps [Appleyard and Cook, 2009; Clohessy, 2011; Clohessy et al., 2013]. As mentioned above, of the
18 sites where groundwater was sampled, the site selected for the present study showed the lowest pH
(below 4), suggesting that pyrite oxidation had already occurred nearby or upgradient of this bore. Monitoring of the 18 piezometers and additional sites was continued until 2010 [Clohessy, 2011; Clohessy et al.,
2013], with the targeted sampling depth of 1.5–2 m below the groundwater table for the majority of samples, i.e., at Site 5, this was at a depth of approximately 7–8 m below the soil surface. The pH at Site 5
remained below 4 throughout the monitoring period.
Saturation indices were calculated using measured major element concentrations in groundwater [Appleyard and Cook, 2009] (cf. summary in Table 1) to investigate mineral solubility controls on aqueous concentrations. However, individual iron and sulfur redox species were not measured, and bulk solution redox
potential measurements rarely reﬂect redox speciation in groundwater [Lindberg and Runnells, 1984; Nordstrom and Alpers, 1999]. Calculations performed using PHREEQC [Parkhurst and Appelo, 1999] using the
WATEQ4F database [Ball and Nordstrom, 1991] indicated more than 5% error in the charge balance for
approximately half of the samples [see Clohessy et al., 2013], for a range of tested distributions of Fe and S
between redox species. Given the uncertainty in the water quality analyses and charge balance, saturation
indices were tentatively calculated for Al and Si phases. All sites were close to solubility equilibrium with
respect to secondary Si phases. In addition, under the highly acidic conditions at the study site (pH < 4), the
solution was undersaturated with respect to all Al phases (hydroxides, hydroxysulfates, aluminosilicates
such as kaolinite); hence, where these minerals are present, they are likely to be dissolving. Groundwater
samples from 1 to 2 m below the groundwater table may not, however, reﬂect conditions higher in the soil
proﬁle; for example, the H2S odor that was reported for some sites [Clohessy et al., 2013] suggested that
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groundwater is in places reducing, whereas the conditions of low pH at many sites indicate that conditions
in the unsaturated zone were sufﬁciently oxic for pyrite oxidation to occur.
2.4. Unsaturated and Saturated Zone Hydrology
Studies of inﬁltration and recharge to the superﬁcial aquifer prior to 1991 indicated that the groundwater
recharge was 5–60% of the annual average rainfall, depending on climatic conditions and land use (summarized in Davidson [1995]). More recent water balance studies indicated that annual recharge under low
density pines is 30% of rainfall; however, the recharge drops to 8% under ‘‘low-medium’’ density pines
and is zero for pine tree densities of medium and upward, or negative if the water table depth is <6 m [Xu
et al., 2009, and references therein; Silberstein et al., 2009]. In 2008, the study site was located under mature
pine plantations; the pines were felled in 2010. The density of the pines at the study site during the ﬁrst
part of the simulation period was not formally assessed but is estimated to have been ‘‘low-medium’’ or
above, with a corresponding annual recharge of 10% of rainfall or less. Recharge under market gardens or
parklands is estimated to be 40% [Xu et al., 2009]; this value is used in the simulations below for after clearing of the pines.
The ﬁeld texture of the Bassendean Sand soils examined by Prakongkep et al. [2011, 2012] was sandy,
except for horizons such as coffee rock or B horizons, some of which had a loamy sand texture. Silberstein
et al. [2009] report soil water retention parameters (see Table 2) that indicate characteristics are close to typical ‘‘sand’’ [Carsel and Parrish, 1988]. However, soil water retention in OM-bearing horizons is not mentioned. Farrington and Bartle [1991] reported that organic-rich layers, which at the time of their study were
above the water table, consistently showed higher water contents than adjacent horizons. Indeed, a number of expressions known as pedotransfer functions have been developed for prediction of soil hydraulic
properties that include effect of OM content on the water retention capacity, among other factors (see e.g.,
reviews by Wosten et al. [2001] and Vereecken et al. [2010]). Barr and Barron [2009] report soil water retention
parameters used in a large-scale hydrological model for an area of Bassendean Sands to the south of Perth
that are closer to the values for ‘‘loam’’ [Carsel and Parrish, 1988]; in some areas, particularly to the south of
Perth, it is reported that coffee rock may even limit vertical percolation of water [Davidson and Yu, 2008].
Reported saturated hydraulic conductivities for Bassendean Sand for samples from the top 0.1 m to the
whole aquifer vary by over 2 orders of magnitude, from 0.1 to 50 m d21 [Davidson, 1995; Salama et al.,
2005; Barr and Barron, 2009; Silberstein et al., 2009].
Groundwater levels at the study site in 2008–2010 are presented in Figure 2b (offset to zero in May 2008 on
the y axis). There are bores screened at the surface of the superﬁcial aquifer located up/down-gradient of
Site 5 (bores 5275 and 5224, respectively; see Figure 1), along the (approximate) groundwater ﬂow path
(Figure 1); at these sites, groundwater levels have been monitored since the 1970s. While the groundwater
level at the down-gradient bore has been relatively constant since the late 1990s, groundwater levels in the
up-gradient bore (5275) have dropped considerably, with step change decreases of 1–1.5 m in 2002–2003
and again in 2006–2007 (Figure 2b). There was an increase in groundwater level at the study site and Bore
5275 in May 2010 after the felling of nearby pine plantations, which may have been due to a localized
increase in recharge rates.
Lateral groundwater velocities in the central sandy area of the Swan Coastal Plain (Bassendean Sands) are
estimated to be 50–150 m yr21 [Davidson, 1995]. There is also public and private groundwater abstraction
from all aquifers at sites throughout the Swan Coastal Plain, including in the superﬁcial aquifer in the vicinity of the study site, which may cause localized changes to groundwater gradients [Davidson, 1995; Yesertener, 2008].

3. Conceptual and Numerical Model
3.1. Overview
Based on the information summarized above, a numerical model that represents the major hydrological
and geochemical features at Site 5 was constructed to test the hypothesis that the low pHs observed at this
and similar sites can be clearly linked to an increased rate of pyrite oxidation that resulted from relatively
rapid (step) changes in water levels and the associated enhanced oxygen availability. The model was set up
with a focus on exploring and capturing the coupled hydrological and reactive processes that occurred in
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the soil proﬁle at the study site. The simulation period of October 2006 onward was selected because longterm monitoring in up-gradient groundwater bores indicated that the groundwater levels at the study site
in 2008 were the lowest in the last 35 years and that the step change in water levels that occurred after
2006 exposed previously saturated material to unsaturated conditions. In the absence of data that characterize the soils prior to the step change in water level, the assumption was made that the initial soil composition in the B horizon (i.e., from 5 to 7.5 m below ground level) at the beginning of the simulations in 2006
was the same as the composition that was found in deeper horizons (i.e., below the water table) in 2008.
The simulated shallow groundwater composition was compared to monitoring results in the groundwater
bore at the site, with the main emphasis on the question of whether the model could reproduce the low pH
values and the SO4 and Al concentrations that were observed. The model was then used to (i) identify and
quantify the importance of individual processes and of assumed initial conditions where data were missing
and (ii) gain insight into the key factors controlling acidiﬁcation at this and other sites by varying model
parameter values.
3.2. Modeling Tool
The conceptual model that was developed from the analysis of the study site data described above was
translated into the multicomponent reactive transport model MIN3P [Mayer, 1999; Mayer et al., 2002; Ouangrawa et al., 2009]. The MIN3P model solves the governing equation for Darcy-type ﬂuid ﬂow in variably saturated porous media in 1-D, 2-D, or 3-D. The formulation includes advective-dispersive transport of multiple
dissolved phase components (including incorporation of dissolved components in soil pore water into the
groundwater as levels rise, cf. Kohfahl and Pekdeger [2006]), diffusive gas transport, and ﬂexible, userdeﬁned reactive source/sink terms. Gas phase diffusion is a function of the dynamically calculated water
content and is constantly updated by the model (see section 3.6 below). Additional information on the
model capability is given in the sections below.
3.3. Model Geometry and Setup
The ﬂow and reactive transport simulations were conﬁgured to represent a 12 m deep soil proﬁle that
extends between the ground surface and the shallow section of the groundwater body, where the groundwater level was located between 5 and 7 m depth below ground level (see section 3.4), and the groundwater composition was observed at approximately 7–8 m depth. The depth of the domain was extended
below this (to 12 m) to avoid any lower boundary condition effects. The model was set up as a vertical 1-D
model, aligned with the principal direction of water, gas, and solute transport in the unsaturated zone. For
the saturated zone, in this study we assume that the important geochemical gradients prevail in the vertical
direction whereas lateral transport within the shallow groundwater causes minor concentration changes.
Implicit in the simpliﬁcation to 1-D is also the assumption that the soil proﬁle and depth to water table in
the catchment zone of the bore, upgradient of the study site, is similar to that observed at the site, and thus
the groundwater composition in the lateral direction is relatively homogeneous. Implications of the 1-D
assumption are further discussed below.
The 12 m deep proﬁle was discretized into 300 cells that represent the top 8 m of the soil column and 38
cells for the remaining 4 m section. The adequacy of the spatial resolution was tested by reﬁning the cell
size until the simulated pH evolution in groundwater at 7–8 m depth indicated grid convergence. The
selected simulation period was 4.5 years, starting in October 2006. Time steps were automatically adjusted
by MIN3P to between 1 3 1028 and 5 days.
3.4. Hydrological Processes
3.4.1. Boundary Conditions
The upper boundary condition for water transport was selected to be a time-variable speciﬁed ﬂux condition, with input data derived from daily rainfall records (Figure 2a). The boundary ﬂuxes were scaled by the
percent annual recharge under pines of ‘‘low-medium’’ density or above (cf. section 2.4), the maximum
value for which was 10%. Model response to lower or higher annual recharge (zero or 40% of rainfall) was
tested. To represent the felling of the pines at the study site during the summer of 2009–2010 the recharge
rate was assumed to be 40% of the rainfall from January 2010 onward.
For the efﬂuent boundary condition, time-variant speciﬁed heads were assumed, following the pattern of
groundwater movement that was recorded between 2006 and 2011 in a nearby (upgradient) bore (5275).
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To obtain the actual water level time series
used for the boundary condition, the hydrograph for Bore 5275 was offset to be at the
same depth as that observed at the study
site in May 2008 when the bore at Site 5
was installed (Figure 2b). This resulted in a
maximum groundwater level drop of
approximately 1.4 m, from the initial depth
of 5 m below ground level (m below
ground level) in October 2006. The groundwater level drop at the (downgradient) Site
5224 over the same period was less; the
response of the model results to the magnitude of this drop was tested by scaling the
maximum decrease in groundwater level
over the simulation to be 50% or 10% of
the 1.4 m decrease.

3.4.2. Hydraulic and Transport Properties
and Initial Water Content
Water retention curves and relative permeability functions in MIN3P were taken from van Genuchten [1980]
and Wosten and van Genuchten [1988]. As OM was present in the sandy soil horizon above the water table
(cf. Figure 2d), a range of different water retention characteristics were investigated in the simulations. Simulations were run with homogeneous soil textures at either end of the range reported for Bassendean
Sands, i.e., all sand or all soil of similar properties as reported in Barr and Barron [2009] (see section 2.4),
referred to hereafter as ‘‘loamy soil’’ (represented by ‘‘BS’’ in ﬁgures). The parameters characterizing the soil
water retention curves and saturated hydraulic conductivity are given in Table 2. Simulations were also run
with an intermediate conﬁguration, with a sand E horizon above a loamy soil B horizon (from 5 to 7.5 m
depth; abbreviated to ‘‘sandBSB’’ in ﬁgures). For each soil texture conﬁguration, initial conditions for the
water content depth proﬁle for October 2006 were taken from the output of additional long-term (nonreactive) simulations that were run from Jan 1997 using measured rainfall data (Figure 2) scaled by the appropriate percent annual recharge. The value employed for hydrodynamic dispersivity was assumed to be low (5
3 1024 m) as reported for sandy soils [Moazed et al., 2009]; higher values, up to 1 m, were tested. Within
the tested range of values, dispersion did not affect the amount of pyrite oxidized, but did affect the evolution of the pH at 7.5 m for values of the dispersion from 1 to 0.1 m; for values less than 0.1 m the time
course for pH at 7.5 m depth did not change signiﬁcantly, probably due to numerical dispersion (Figure 3).
3.5. Geochemical Processes
3.5.1. Selected Reaction Network
The reaction network implemented into MIN3P for this study consisted of a mix of kinetically controlled and
equilibrium homogeneous and heterogeneous reactions. For this study, equilibrium aqueous speciation
reactions, i.e., reaction stoichiometry and thermodynamic constants, for components Cl, SO4, CO3, Na, K, Ca,
Mg, Al, Fe(II), Fe(III), and O2(aq) were taken from the database used in WATEQ4F [Ball and Nordstrom, 1991].
All kinetic rate expressions and rate constants (Table 3) were adopted from the literature, except for the
rate constant for the maximum organic matter oxidation rate, which was taken from respirometer experiments (see below). The response of model results to variations in the selected rate constants was assessed
for each process.
Based on the mineralogical characterization of Bassendean Sands (see section 2.2), the main component in
all soil horizons was unreactive quartz grains. Among the small fraction of reactive phases, oxidation of
pyrite and OM were expected to be the main drivers for geochemical changes within the inﬁltrating water.
Pyrite oxidation was assumed to occur by oxygen and also by Fe(III) [e.g., Singer and Stumm, 1970; Rimstidt
and Newcomb, 1993]; see also compilation of rates in Nordstrom and Alpers [1999]. Well-established rate
laws for surface reaction-controlled oxidation of pyrite by oxygen and Fe(III) were taken from the literature
(Table 3). In some studies of pyrite oxidation, the rate is assumed to be limited by transport through a protective coating covering the mineral grains in the ‘‘shrinking core’’ approach [Davis and Ritchie, 1986;
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Table 3. Kinetic Reactions and Rate Lawsa

Kinetic Process

Rate Lawb

Stoichiometry
21

1
12SO22
4 12H

1. Pyrite oxidation
by O2
2. Pyrite oxidation
by Fe(III)
3. Kaolinite
dissolution
4. OM oxidation

FeS2 ðsÞ13:5 O2 1H2 O ! Fe

5. Fe(II)(aq)
oxidation
by O2

Fe21 ðaqÞ10:25 O2 ðaqÞ1H1 ! Fe31 10:5H2 O

1
FeS2 ðsÞ114Fe31 18H2 O ! 15Fe21 12SO22
4 116H

Al2 Si2 O5 ðOHÞ4 ðsÞ16H1 ! 2Al31 12H4 SiO4
1
CH2 OðsÞ1O2 ! CO22
3 12H

r510

28:19


0:5
20:11
O2ðaqÞ ½H1 
T1

r51025:66 ½Fe31 

0:62

T2




0:09
20:25
r5 10212:55 ½H1  110-16:00 ½H1 
12 IAP
K


½O 
T
r51027:3 1025 12ðaqÞ
½O2ðaqÞ  1



22
Low : r5 10215 ½H1  11025:83 O2ðaqÞ ½Fe21 T1 T3

Units

Initial Conditionsc: Surface
Area and/or Amount Per Vol.
Soil; Vol. Fraction of
Mineral or OM

mol m22 s21

0.342 m2/L; 5.7 3 1025 m3/m3

mol m22 s21

0.342 m2/L; 5.7 3 1025 m3/m3

mol m22 s21

14.82 m2/L; 2.85 3 1024 m3/m3

mol mol21 s21

0.258 mol/L; 8.6 3 1022 m3/m3

mol L21 s21

High : r51021:05 ½O2 ðaqÞ½Fe21 T1 T3

a

All reactions are irreversible except Kaolinite dissolution.
References for rate laws: 1. Williamson and Rimstidt [1994]. 2. Rimstidt and Newcomb [1993]. 3. Rate law and parameters from compilation in White and Brantley [1995]. Equilibrium
constant from Allison et al. [1991], log K 5 27.44. IAP 5 ion activity product; see e.g., Stumm and Morgan [1996]. 4. This study (see text). 5. Low: Stumm and Morgan [1996] and references therein. High: from comparison with Kirby and Brady [1998]. Rate laws include quadratic monod terms (T) to slow the rate of reaction when the concentration of reactants are

2
effectively zero. This improves the stability of the numerical solution. Ti 5 102n½C1 ½C ; for i 5 1, C 5 O2(aq), n 5 15; for i 5 2, C 5 Fe31, n 5 25; for i 53, C 5 Fe21, n 5 15.
b

c

See section 3.5.2 for explanation.

Wunderly et al., 1996; Mayer et al., 2002, and references therein]. In this study the very small pyrite grains are
assumed to be spherical and decrease in radius with time as the pyrite is consumed, in the ‘‘shrinking
radius’’ approach [Mayer et al., 2002, and references therein].
The oxidation of aqueous Fe(II) was included as a kinetically controlled reaction. Previous studies suggested
that this process is the rate-limiting step for the overall pyrite oxidation rate, given that the rate of pyrite
oxidation by Fe(III) can be very rapid [Singer and Stumm, 1970]. Abiotic oxidation of Fe(II) is known to have a
strong pH dependence, with the rate decreasing by orders of magnitude as pH drops below 5 [Stumm and
Morgan, 1996, and references therein]; however, the abiotic rate is known to be accelerated by acidophilic
microbes by 5 or more orders of magnitude [Singer and Stumm, 1970; see also e.g., Kirby and Elder Brady,
1998]. The oxidation rate has also been shown to be accelerated abiotically when Fe(II) is adsorbed on to
surfaces of, e.g., ferric (hydr)oxides [e.g., Tamura et al., 1976; Wehrli, 1990]. In the simulations we test the
effect of both abiotic and accelerated rates of Fe(II) oxidation (Table 3).
The kaolinite weathering rate, including its pH dependence (Table 3), was taken from the compilation of silicate weathering rates in White and Brantley [1995]. The reaction is reversible, and the dependence on the
changing mineral surface area with time was implemented in the same manner as for pyrite.
The effect of the absence/presence of (sediment-bound) organic matter was considered in most simulations.
For the maximum OM oxidation rate, laboratory experiments were performed using automated soil respirometers in order to determine oxygen consumption and CO2 production rates for soils from the study site from
all soil horizons. Such tests have previously been used to delineate rates of OM and pyrite oxidation in samples from reduced aquifer sediments by comparing simultaneous rates of O2 consumption and CO2 release
[Hartog et al., 2004; Descourvieres et al., 2010a, 2010b]. Samples were collected in a core from Site 5 following
methods described in Appleyard and Cook [2009]. The respirometer tests were performed in duplicate, following the methodology of (and using the same equipment as) Descourvieres et al. [2010a, 2010b]. Brieﬂy, known
amounts of soil samples were suspended in water and connected to an indirect closed circuit respirometer
(Micro-Oxymax, Columbus Instruments) for incubations of up to 250 h. The headspace above the stirred reactors was measured for oxygen and CO2 concentrations at ﬁxed intervals; the headspace was refreshed with
fresh air once the concentration of either gas varied by more than 0.5%. Due to the small amounts of pyrite,
oxygen consumption rates from the deeper horizons were at or below the detection limit of the apparatus
and thus the competition between pyrite and OM and their rates could not be determined with any certainty.
Normalized to the amount of carbon present, oxygen consumption rate constants for all horizons (i.e., even
those with no pyrite present) were within the range of 0.03–1.3 y21, which is in the middle of the orders-ofmagnitude range of reported values for soil organic carbon decomposition [Paul and Clark, 1989, Table 7.3],
where values range from 3 3 1024 y21 for old OM, to 292 y21 for decomposable microbial products.
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Table 4. Secondary Mineral Solubility Controls Tested in the Modela
Phase

Reaction

Ferrihydrite
SiO2
Gibbsite
Schwertmannite
Siderite

1

31

Fe 13H2 O
FeðOHÞ3ðsÞ 13H
SiO2ðsÞ 12H2 O H4 SiO4
AlðOHÞ3ðsÞ 13H1 Al31 13H2 O
Fe8 O2:55 ðSO 4 Þ0:45  2H2 O15:1H 1
FeCO3ðsÞ Fe21 1CO22
3

2Fe31 1 0:45 SO22
4 14:55 H2 O

log K
24.89
2.71
28.11
2.00
10.45

a
Parameters required for solubility calculations include equilibrium constant K, gram formula weight (gfw), and density. K and gfw
were taken from Allison et al [1991], except schwertmannite, where K and gfw were from Yu et al. [2002]. Density from Klein and Hurlbut
[1993], except ferrihydrite, taken from Wolery et al. [1990] and references therein, and schwertmannite from analogy with ferrihydrite.
Solution was never oversaturated with respect to siderite in these simulations. The secondary mineral precipitation/dissolution rate was
21
in analogy with Ouangrawa et al [2009].
set to 1027 mol L21
bulk s

For the organic matter mineralization rate law, a Monod-type dependence on oxygen concentration (Table 3)
was employed [e.g., Boudreau, 1996; Van Cappellen and Wang, 1996; Davidson et al., 2012]. In soil carbon and
sediment diagenesis studies, a ﬁrst-order dependence upon the amount of organic matter present is often
assumed [e.g., Franko et al., 1995; Boudreau, 1996; Abrahamsen and Hansen, 2000]. In the MIN3P code,
dependence upon a solid phase currently can optionally be modeled to occur at a constant rate, independent
of the amount of OM present, or to decrease with time as described above for pyrite. In this study, we used
the latter option to represent the decreasing OM pool over time. Anoxic OM oxidation by other electron
acceptors (sulfate, Fe(III), nitrate) was not included in the current model, but can be implemented in future
studies; hydrogen sulﬁde odor was observed at some sites during sampling [Appleyard et al., 2011], suggesting that sulfate reduction was possibly occurring at some locations. However, sulfate reduction is typically
very limited at low pHs and low OM [Blodau, 2006; Koschorreck, 2008] and was therefore assumed not to
affect the key results of the present study.
Solubility equilibrium control was implemented for a range of secondary phases (ferrihydrite, SiO2(am),
gibbsite, schwertmannite, siderite, see Table 4) that typically control solubility in acid mine drainage environments [Nordstrom and Alpers, 1999], assuming that these phases were not present initially. As mentioned
above, solubility equilibrium control in MIN3P is implemented by reversible kinetic reaction.
3.5.2. Initial Soil Composition
Based on the reported soil proﬁle for Site 5 and the ‘‘ASS risk’’ (pyrite-bearing) zone determined from the
high resolution ABA data (section 2.2 and see Figure 2d), the modeled soil proﬁle was separated into three
distinct zones of different mineralogical composition, with an E horizon between the ground surface and a
depth of 5 m, a pyrite-bearing B horizon at 5–7.5 m depth, and a C horizon below 7.5 m. The initial concentration of pyrite in the B horizon, based on the measurement from Site 5 (section 2.2), was assumed to be
equivalent to 0.01% SCr; the effect of an increase or decrease of this amount by 50% was also tested. Pyrite
grains were assumed to be spherical grains of 1 mm diameter with a reactive surface area equal to the geometric surface area.
Kaolinite was reported to be ca. 1% of the ﬁne (5 mm) fraction in the soils, following the synchrotron XRD
measurements of Prakongkep et al. [2011, 2012]. We assumed the ﬁne fraction to be 5 vol % and tested the
effect of an increase or decrease of the kaolinite content by an order of magnitude. Kaolinite crystals
inspected by TEM and SEM [Prakongkep et al., 2011, 2012] were approximately 100 nm in diameter and
10 nm high; assuming cylindrical (‘‘plate’’) geometry, this resulted in a geometric surface area of 92 m2 g21.
However, reported surface areas for kaolinite elsewhere are lower, e.g., 11–23 m2 g21 [Sanders et al., 2010].
We assumed an initial surface area of 20 m2 g21 and tested the model response to increase or decrease by
an order of magnitude.
Comparative simulations with and without 0.2% carbon in the B horizon were carried out (see section 2.2),
and in addition the effect of increasing or decreasing this amount by an order of magnitude was tested.
The effect of oxygen consumption and CO2 production by an OM-rich O/A horizon and/or the root zone
was also tested, by decreasing the partial pressure of oxygen at the surface of the soil by 1–3 orders of magnitude, and increasing the partial pressure of CO2 at the surface to as high as 10%. The default initial mineral/organic matter contents and surface areas used in the model are given in Table 3. Note that the
kaolinite and OM contents were not directly linked to the hydraulic conductivity in this study.
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3.5.3. Recharge and Initial Water Compositions
The upper boundary condition was deﬁned as a speciﬁed aqueous mass ﬂux (i.e., ﬁxed concentrations in
the speciﬁed water ﬂux). The rainfall entering the proﬁle was assumed to be pure water with 1 mM NaCl (as
a nonreactive tracer) and in equilibrium with the ﬁxed upper boundary gas composition (see below). The
lower boundary condition for reactive transport was a free exit condition.
Initial aqueous solutions in the saturated zone were assumed to be oxygen-free but in equilibrium with the
atmospheric partial pressure of CO2; default solution composition otherwise was fresh water of pH 5.6.
Tested variations on the assumed initial gas partial pressures (and hence the dissolved aqueous concentrations in equilibrium with these) are described in the next section. Alternative initial groundwater compositions were also tested; in those model variants the water quality was set to the water composition
measured in May 2008 [Appleyard and Cook, 2009] (see Table 1).
3.6. Gas Transport
In MIN3P, gas dissolution/exsolution is described as an equilibrium process. Diffusive gas phase transport
through the unsaturated zone is a function of the consumption or production of gases throughout the soil
proﬁle, and the air-ﬁlled soil pore space available for diffusion at that point in time (i.e., the diffusive ﬂux is a
function of tortuosity, which is a function of porosity and the transient water content; see mathematical
description in Mayer et al. [2002]). The soil water content is dictated by the unsaturated zone hydrological
processes and groundwater level and is thus calculated dynamically by the model. The free diffusion coefﬁcients for all gaseous species were set to 2.38 3 1029 m2 s21 in water and 2.07 3 1025 m2 s21 in air. As
mentioned above, aqueous species related to the gas components also enter the soil column in inﬁltrating
water, in equilibrium with the set partial pressure of the relevant gas at the soil surface. The effect of the
rate of diffusion in air was tested by increasing/decreasing this constant by 1 or 2 orders of magnitude;
note that in these tests, the overall rate of diffusion is still a function of the dynamically calculated soil water
content, as discussed above.
The upper boundary condition option selected for this study was a ﬁxed partial pressure for the gaseous species outside the boundary. The default oxygen and CO2 partial pressures at this boundary were set to atmospheric conditions. As mentioned above (section 3.5.2), we also tested the effect of oxygen consumption and
CO2 production by an OM-rich O/A horizon, or an active root zone, by reducing the surface boundary Po2 by
1–3 orders of magnitude, and increasing the surface boundary Pco2 to as high as 10%. Initial gas concentrations in the (unsaturated) E horizon were assumed to be the atmospheric partial pressure of CO2, and very
low partial pressure of oxygen (0.0001 atm). To test the time required for establishment of diffusive proﬁles
(and hence whether the results were affected by the choice of initial conditions), simulations were also run
with the initial soil Po2 equal to atmospheric Po2. In simulations with the low initial Po2 starting point, the soil
pore gas proﬁle quickly equilibrated with the upper boundary condition, reaching approximately half the
ﬁnal partial pressure at midway to the water table after only 5 d for sand and 20 d for loamy soil. The proﬁles
were identical for both initial conditions after 40 d for sand and 70 d for loamy soil; for the different initial
conditions there was negligible difference in the total amount of pyrite oxidized or groundwater pH.
The version of the code used in our study simulates oxygen gas transport by diffusion only. Previous modeling studies indicated that in pyrite bearing mill tailings consumption of oxygen at depth by pyrite oxidation
may result in pressure gradients that then drive advective transport of air into the proﬁle [e.g., Binning et al.,
2007; Molins and Mayer, 2007]. In the study by Binning et al. [2007], neglecting advection was estimated to
lead to underestimation of the oxygen ﬂux by 23%, with a pyrite weathering front at 1 m depth [Molins and
Mayer, 2007], although the time for system to reach steady state increased exponentially with the increasing
depth to the reactive zone. Furthermore, the study of Binning et al. [2007] considered only oxygen and
nitrogen in the gas phase. In contrast, application of two different numerical codes to pyrite oxidation in
mine waste dumps found the advective component to be <5% [Kohfahl et al., 2007] or negligible [Kohfahl
et al., 2008]. In simulations with pyrite oxidation only, Molins and Mayer [2007] found an advective ﬂux contribution similar to that of Binning et al. [2007]; however, they also found that a source of CO2(g) at depth
(in their case calcite dissolution) reduced the pressure gradient and thus reduced the potential contribution
by advection. In our simulations, OM oxidation at depth produces CO2, which reduces or negates the pressure drop caused by oxygen consumption. Even in simulations with no OM at depth, setting the Pco2 at the
surface to the greater-than-atmospheric levels typically found in soils resulted in the minimum Pco2 at
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depth equaling that at the surface, which further suggests that net decreasing pressure gradients with
depth are unlikely, other than in soils that are completely devoid of OM at the surface and at all depths.
In the case of a relatively rapid rising water table, upward advection of air out of the pore spaces may occur due
to displacement by water, a process that was not accounted for in the initial version of the code used here, where
gas transport was by diffusion only. In the dewatering simulations where the water table rose relatively rapidly,
the result was an artiﬁcial slight elevation of simulated partial pressures of gases at the water table, which lead to
the concern that reactions that depend upon the oxygen concentration (cf. Table 3) would occur at artiﬁcially
elevated rates. To suppress this effect, the code was modiﬁed such that as the water table rises and saturates
cells, the mass balance is adjusted in a manner that effectively ‘‘removes’’ some of the gas, mimicking the gas
being displaced out of the column by the rising water table (K. U. Mayer, personal communication, 2012). Elevation of dissolved gas concentrations due to entrapment of bubbles has been observed in porous media, and
it is even suggested that without this phenomenon, replenishment of oxygen in groundwater would be less
than is observed [e.g., Klump et al., 2008, and references therein]. However in this study, the change in the
code to exclude elevated gas concentrations had very little effect on simulation results, as reaction rates were
fast relative to transport; if an oxygen-consuming reactant was present in a cell that became saturated in that
time step, the oxygen concentration in the (small volume of) gas phase in the cell was typically negligible.
In the case of a rapidly lowering water table, air would potentially also be drawn into the soil proﬁle by
advection, as was seen in a rapidly drained column experiment by Kohfahl et al. [2007]. However, as
described above, diffusive proﬁles reestablish quickly even from initial conditions of no oxygen through the
whole proﬁle. We assume therefore that the downward movement of the water table in all simulations is
both slow relative to the time required for the soil pore gas proﬁle to adjust for a small downward shift, and
small in magnitude compared to the depth of the unsaturated zone, and therefore excluding this advective
inﬂux does not affect simulation results.
There is a possibility that the piezometer construction employed at Site 5 allowed for greater oxygen ingress
into the deeper soil horizons than would occur had the piezometer not been installed, as the top of the bore
was not sealed from the atmosphere and the groundwater table was below the top of the screen (screen
depth 4–10 m; groundwater level at 6.4 m depth in May 2008; cf. Figure 2d). However, given the relatively
high lateral groundwater velocity in the ﬁeld (50–150 m yr21), it is assumed that the groundwater in the piezometer is an integrated signal of the soil processes upgradient of the piezometer, rather than just the soil
adjacent to the bore. However, further investigation of this possibility at this and other sites, and the potential
impact of such bore construction on water quality downgradient of bores in pyrite-bearing soils, is required.
3.7. Investigated Model Variants
An overview of the processes and parameter values tested is listed in Table 5. In addition, scenario-type
model simulations, also listed in Table 5 and described in more detail below, were deﬁned in order to
explore coupled reactive transport behavior for a range of conditions other than those found at the study
site during the study period and thereby generalize results. The two investigated different model conﬁgurations were created to test (i) the effect of different depths to the B horizon and (ii) the inﬂuence of varying
duration of anthropogenic dewatering.
3.7.1. Depth to Water Table and B Horizon
Preliminary simulations indicated that reaction rates in a B horizon at 5 m depth were limited by oxygen transport. In order to test whether reaction or transport controls differed in shallower or deeper soil proﬁles, the
effect of varying the depth to the B horizon (and the water table) was tested by changing the depth of the
E horizon from 5 m to 0 m (ground surface), 2.5 m, or 7.5 m. The number of cell volumes was adjusted to
maintain the same grid cell size. In these simulations the groundwater head at the lower boundary moved in
the same manner as in the above described simulations, but in each case the groundwater level was offset to
begin at the top of the pyritic horizon (i.e., for the 0 m simulation, the groundwater level is initially at the
ground surface, etc). As for the simulations above, initial water content depth proﬁles for the 2.5 m and 7.5 m
conﬁgurations were taken from the simulated water contents in October 2006 as derived from long-term simulation that started in 1997. For each depth conﬁguration, the simulated groundwater composition is
‘‘sampled’’ 2.5 m below the initial water level (i.e., 2.5 m below the top of the pyritic horizon), as was the case
in the ‘‘base case’’ simulations described above.
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Table 5. Parameters and Model Variations Tested in This Communication
Parameter/Processa
1. Soil texture

First Condition Tested

b

All sand
c

2. Upper hydrology boundary condition

Daily rainfall scaled to 10%

3. Lower hydrology boundary condition
4. Pyrite-initial amount

Max. drop 1.4 m over simulation (see text and Figure 2b)
0.01% Scr in B horizon

5. Pyrite-initial rate constant/surface area
6. Fe(II) oxidation rate
7. Kaolinite-initial amount

Rate constant from literatured
Abiotic rate (see text)d
0.05% throughout soil proﬁle

8. Kaolinite-initial rate
9. OM-initial amount

Rate constant from literatured
0.2% in B horizon

10. OM-initial rate
11. Po2 at soil surface
12. Pco2 at soil surface
13. Solubility equilibrium controls
14. Gas diffusion coefﬁcient in air

Rate constant from respirometersd
Atmospheric
Atmospheric
With schwertmannitee
2.07 3 1025 m2/s

Model Variations

Variations Tested
All loamy soil (‘‘BS’’)
Sand with loamy soil B horizon (‘‘sandBSB’’)
Rainfall scaled to 40%
No recharge
Scaled to10 or 50% of this drop
Varied up/down by 50%
No pyrite
Varied by 3–4 o.o.m.
Accelerated rate (see text)d
Varied by o.o.m.
No kaolinite
Varied by o.o.m.
Varied by o.o.m.
No OM
Varied by >2 o.o.m.
Decreased by 1–3 o.o.m.
Increased up to 10% total pressure
Without
Varied by >2 o.o.m.

Conditions Tested

1. Depth to B horizon
Textures
Composition
2. Dewatering
Textures
Composition

0, 2.5, 5, 7.5 m
Sand or loamy soil
Pyrite or pyrite 1 kaolinite 1 OM (see details in text)
Duration 1 day, 1week, 1–3–6–12 months
Sand or loamy soil
Pyrite or pyrite 1 kaolinite 1 OM (see details in text)

a

For all simulations in the upper part of the table, the B horizon is 5–7.5 m; initial groundwater level is 5 m (see text).
See Table 2 for all soil water retention parameters.
c
See Figure 2a.
d
See Table 3 for rate law and rate constants. o.o.m. 5 order of magnitude.
e
See Table 4 and text for stoichiometry, constants, and other solubility controls implemented.
b

3.7.2. Effect of Duration of Dewatering
Preliminary simulations suggested that groundwater ﬂuctuations over the time scale of years were much longer
than required for depletion of pyrite above the water table. In order to test the balance of reaction versus transport rates over shorter time scales, simulations were performed with shorter exposure of the B horizon to unsaturated conditions, which thus simulated dewatering over the range of days to 1 year. The effect of dewatering
was tested with the same initial conditions of mineralogy (B horizon 5–7.5 m depth) and upper boundary condition as described above, with inﬁltration set to 10% of rainfall. The ﬁxed (time-variable) head lower boundary
condition ﬂuctuated in the same manner as described above, but was offset to be 2 m higher than in the base
case simulation described above, such that in the ‘‘no dewatering’’ case (with a maximum drop in the groundwater level of 1.4 m), the B horizon was not exposed to unsaturated conditions. Dewatering was simulated by,
starting on Day 1 (1 October 2006), lowering the groundwater table by 10 cm d21 to 5.5 m depth (i.e., 0.5 m
into the pyrite-bearing horizon) and either allowing it to begin to rise again immediately or maintaining it at this
depth for a period of 1 week, 1 month, 3 months, 6 months, or 1 year. After this time the groundwater level was
returned to the equivalent ‘‘no dewatering’’ level, again in increments of 10 cm d21. Allowing for the time taken
to lower the groundwater level to 5.5 m and raise it again, the corresponding duration of exposure for the (top
of the) B horizon was in effect 1 week, 2 weeks, 37 day, 97 day, 187 day, or 372 day. Simulations were run with
(i) pyrite only in the B horizon, in sand, and (ii) pyrite, kaolinite, and OM in loamy soil.

4. Results
4.1. Water Content and Nonreactive Transport
The ﬂow and nonreactive solute transport simulations illustrate the characteristic transport behavior during
the study period and the impact the prevailing soil texture has on that behavior. The top two rows in Figure 4
show the differences in the water saturation and nonreactive solute transport between proﬁles consisting
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Figure 4. Simulated water saturation, Cl concentration, and pH with time and depth, in simulations with (left) sand, (middle column) sandy E horizon with loamy soil B horizon
(‘‘sandBSB’’), and (right) loamy soil (‘‘BS’’). Mineralogical initial conditions in these simulations are pyrite and OM in the B horizon and kaolinite throughout the proﬁle (see Table 5, ‘‘ﬁrst
conditions tested’’).

entirely of sand or loamy soil (‘‘BS’’) and also in the intermediate conﬁguration of sand above a loamy soil B
horizon (‘‘sandBSB’’). The water saturation in the unsaturated zone in sand was clearly lower than in unsaturated loamy soil at any point in time (Figure 4, top). A ‘‘pulse’’ of slightly higher water saturation was observed
to move through the unsaturated zone during and after the winter months in all texture conﬁgurations, as
the winter rains moved through this zone. Increase in inﬁltration to 40% of rainfall in early 2010, due to clearing of pines, was also reﬂected in a marginally higher unsaturated zone water saturation after this time.
Chloride in inﬁltrating water (set to 1 mM) moved more quickly through the unsaturated zone in sand than
loamy soil, with faster movement during the winter rains (Figure 4, middle row). However, even in sand, the
incoming chloride did not reach signiﬁcant concentrations in the groundwater (at the level of ‘‘sampling,’’
7–8 m) by the end of the ca. 4 years simulation period, highlighting the slow vertical transport of water and
solutes through unsaturated and saturated zones in these simulations, even with the upper limit of
recharge for low-medium density of pines (10% of rainfall).
4.2. Reactive Transport
4.2.1. Effect of Soil Texture and Composition
Figure 4 (bottom row) shows the pH evolution in simulations with pyrite, kaolinite, and OM in the B horizon,
as well as kaolinite throughout the rest of the proﬁle. The loamy soil showed the lowest intensity of acidiﬁcation, due to the combined effect of the higher water content in the unsaturated zone, which limited oxygen diffusion to the pyritic horizon, and competition by OM oxidation for oxygen consumption, which
diverted oxygen away from pyrite oxidation.
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Figure 5. Simulated partial pressures of (a) oxygen (b) CO2 and ﬂuxes across the soil surface, (c) oxygen inﬂux, (d) CO2 outﬂux, for simulations with sand (sand) or loamy soil (BS), and either pyrite only (p) or pyrite, kaolinite, and OM (pkO). The thin vertical line in the lower panels shows the point in time for the gas proﬁles in the upper panels. Note that the evolution of the water saturation depth proﬁles for these
simulations is shown in Figure 4.

Examples of the resulting soil pore gas proﬁles are shown in Figures 5a and 5b, at a point in time when gas
proﬁles were at quasi steady state with exposed reactive material in the B horizon as the water level
decreased, after 5 months. For both soil textures, the partial pressure of oxygen decreased with depth, and
CO2 accumulated. The elevated Pco2, which occurred during the periods when OM in the B horizon was
exposed to oxygen, was the cause of the slight decrease in the pH in the pore waters in the unsaturated zone
(Figure 4). Figure 5 also shows pore gas depth proﬁles for simulations with pyrite but no OM present. In sand,
the rate of oxygen consumption by pyrite alone was sufﬁciently low, relative to the rate of diffusive replenishment, for oxygen to be present at almost atmospheric levels for the entire depth of the unsaturated zone. In
contrast, in loamy sand, the rate of oxygen replenishment was sufﬁciently limited for low Po2 to occur
throughout the unsaturated zone. Despite the differing gas depth proﬁles, Figures 5c shows that when pyrite
is exposed in simulations where OM was not present, the resulting surface ﬂuxes of oxygen were similar for
sand and loamy sand. However, the presence of OM greatly increased the oxygen inﬂux in sand, whereas in
loamy soil the inﬂux was limited. The limited oxygen ﬂux resulted in less pyrite oxidized, and hence the lower
intensity of acidiﬁcation in loamy soil that was shown in Figure 4. In both cases with OM present, the magnitude of the CO2 ﬂux out of the soil proﬁle was similar to the magnitude of the oxygen inﬂux (Figure 5d), due
to OM being the main oxygen sink and the stoichiometry of the OM reaction (Table 3).
The top three rows in Figure 6 show the range of simulated pH values in the groundwater at 7–8 m, compared
to observed groundwater pH at approximately this depth at Site 5, for the range of soil texture conﬁgurations
shown in Figure 4. The columns of Figure 6 show different initial soil composition conﬁgurations: pyrite only,
pyrite and kaolinite, and pyrite, kaolinite, and OM (see section 3.5.2). The decrease in the pH values in groundwater at 7–8 m depth occurred most rapidly in the simulations with sand. For each soil texture conﬁguration,
inclusion of aluminosilicate dissolution lead to a slightly higher pH relative to simulations with only pyrite;
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Figure 6. Rows 1–3: groundwater pH observations for 2008–2009 at 7–8 m (circles: sampling depth 2 m below groundwater level) and at
<6 m in 2010 (triangle: sampling depth 20 cm below groundwater level), compared with simulated pH in groundwater at 7–8 m depth, for
soil textures of (ﬁrst row) sand, (second row) sandy E horizon with a loamy soil B horizon (‘‘sandBSB’’), and (third row) loamy soil (‘‘BS’’). Each
row shows plots for soil composition of (i) (left, ‘‘p’’) quartz with pyrite (0.01% Scr) in the B horizon, (ii) (middle column, ‘‘pk’’) as in (i) with kaolinite (0.05%) throughout the proﬁle, (iii) (right, ‘‘pkO’’) as for (ii) with addition of organic matter (0.2%) in the B horizon. Each plot shows the
following simulations: gray shaded area 5 pH in all cells between 7 and 8 m with initial conditions of pure water (pH 5.6) and low Fe(II) oxidation; solid black lines 5 pH at 7 and 8 m depth with high Fe(II) oxidation rate; dashed lines 5 pH at 7 and 8 m depth with initial conditions
taken from ﬁeld observations in May 2008 and low Fe(II) oxidation rate. Bottom row: Reduction in total pyrite content in the proﬁle with
time for the three soil texture conﬁgurations, for soil compositions (i)–(iii) as for the plots above, with the low Fe(II) oxidation rate.

addition of OM reduced acidiﬁcation further, particularly in simulations with loamy soil and thus higher soil
water content. Comparison with the ﬁeld data (Figure 6) suggests that, if assumed initial conditions for 2006
matched those in the ﬁeld, simulations with the highest rates of pyrite oxidation and transport (i.e., in sand) best
reproduced the ﬁeld observations of pH. However, Figure 6 also shows that if initial conditions in 2006 were
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similar to the groundwater composition observed in May 2008 (i.e., pH 3.8; Table 1, or slightly lower), rather than
pure water with pH 5.6, this could also easily explain low pH values in May 2008 under most conditions (Figure 6,
area outlined by the dashed lines), as ﬂushing/dilution with rainfall was very slow.
Simulations with higher rates of Fe(II) oxidation are also shown in Figure 6 (compare the area in gray with the
area outlined by solid lines; see explanation in ﬁgure caption); this lead to slightly lower pH values in some simulations, but only by at most ca. half a pH unit over the simulation period. The lower pH was not due to signiﬁcant
additional pyrite oxidation, but rather due to high rates of Fe(III) production, which lead to precipitation of the
secondary Fe(III) phase schwertmannite above the horizons where pyrite was still present (not shown).
Figure 6 (bottom row) shows the reduction in the depth-integrated amount of pyrite in the proﬁle with time.
In the two conﬁgurations with a sandy E horizon, the main decrease in pyrite content occurred in two stages
corresponding to the ﬁrst 2 years with successively lower groundwater levels (compare with water saturation
proﬁle; Figure 4); this corresponded to the periods with the highest oxygen ﬂuxes (Figure 5c). At the point of
lowest groundwater level (May 2008), a minimum of ca. 2.5 moles of pyrite remained in the lower part of the
pyritic horizon, in the case in sand with no OM present (Figure 4). In contrast, at the end of the simulations in
loamy soil, pyrite was still present in excess of 2.5 moles (i.e., still present above the lowest groundwater level),
due to the higher water content in this soil-limiting oxygen replenishment at depth; in simulations with OM,
even less of the pyrite above the water table had been oxidized, due to additional competition for oxygen by
OM. The remaining pyrite and OM above the water table in the loamy soil drove the ongoing oxygen inﬂux
and CO2 outﬂux for this soil even after the water table began to rise again (Figures 5c and 5d).
To clearly delineate the difference between net acid production in the proﬁle versus pH in the groundwater at
a given depth and time (i.e., as affected by attenuation and transport to the sampling depth at a given point
in time), we plotted the pH at ca. 7.5 m depth in the groundwater in October 2010 versus the vertically integrated amount of pyrite that was consumed in the whole proﬁle up to that point in time (Figure 7a). This highlights that for simulations with pyrite alone (‘‘p’’ in Figure 7), all three texture conﬁgurations resulted in a
similar amount of pyrite oxidized, i.e., acidity produced, and similarly low groundwater pH. The addition of aluminosilicate dissolution to the simulations with pyrite (‘‘pk’’ in Figure 7a) resulted in a higher pH, but without
reduction in the amount of pyrite oxidized. Finally, in simulations with OM included (‘‘pkO’’ in Figure 7), there
was only a small reduction in the amount of pyrite oxidized in sand. However, for the other soil texture conﬁgurations, the presence of OM lead to a sufﬁcient reduction in the availability of oxygen that the total acid generation from pyrite oxidation decreased by a factor of 2–4, resulting in a higher pH.
4.2.2. Effect of Soil Initial Composition and Surface PO2, PCO2
Figure 7a shows the range of effects of varied pyrite content (0.53 or 1.53 the initial amount of 0.01%Scr,
which equates to 5.96 mol pyrite in the entire proﬁle). In sand, the 50% increase or decrease in the initial content of pyrite lead to similar changes in the amount of pyrite oxidized, indicating that while the rate of gas
phase oxygen diffusion limits the reaction rate, it is not the only factor affecting the amount of acidity generated over the simulated period. In sand, the presence of OM reduced the effect of changing pyrite content
only slightly (not shown). In the loamy soil simulation with OM (and kaolinite) present, there was only a small
effect of varied initial pyrite content, as the total amount of pyrite consumed in all cases was small (Figure 7a).
Figure 7b shows the sharp drop in pyrite oxidized in sand over the simulation period with an increase in the OM
content in the pyritic horizon by a factor of 10, to 2 wt % C. Simulations with one tenth of the OM content were
similar to the simulation with no OM present (compare Figure 7a). In contrast, simulations were not greatly
affected by changes in the amount of kaolinite present; in simulations in sand with pyrite1kaolinite1OM,
increase or decrease in the amount of kaolinite by an order of magnitude had no effect on the amount of pyrite
oxidized, and the effect on pH was less than half a pH unit (not shown). The results of simulations where the B
horizon contains only OM and kaolinite (no pyrite) are also shown in Figure 7a; in both sand and loamy soil, the
pH decreased from the initial 5.6 to ca. 5, due to the increase in Pco2 from OM mineralization.
In contrast to the identiﬁed importance of the initial amounts of pyrite and OM, the results were insensitive to
changes of up to 2 orders of magnitude in the pyrite or OM reaction rate constants or initial surface areas. For
example, only when the rate constant (or surface area) for pyrite was decreased by 3–4 orders of magnitude
did the amount of pyrite oxidized over the simulation period decrease. Note that the rates of reactions that
consume oxygen (Table 3) are all dependent upon the concentration of oxygen, a fact not affected by varying
the magnitude of the rate constant. A higher rate constant leads to faster potential oxygen consumption; in
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Figure 7. Simulated groundwater pH at 7.5 m depth in October 2010 versus the total pyrite consumed at that point in time for the same
simulation. (a) Three soil texture conﬁgurations (see legend) and three B horizon compositions: pyrite only (p), pyrite and kaolinite (pk),
pyrite, kaolinite, and organic matter (pkO). Also shown are the effect of varied initial pyrite content (up by 50%, large cross, down by 50%,
small cross) for selected simulations, the results of simulations with no pyrite (only organic matter and kaolinite present), and initial pH
conditions for all simulations (no pyrite consumed, pH 5.6). (b) For simulations of sand pkO (circles), sand p (triangles), and loamy soil (BS)
pkO (squares) (compare with Figure 6a), the ﬁgure shows the effect of changed inﬁltration/recharge from base case of 10% to 0 (small
cross) or 40% (large cross) of average annual rainfall (leads to increase/decrease in pH, respectively); increase (large green circle) or
decrease (small green circle) in OM content by a factor of 10; reduction in the partial pressure of Po2 at the surface to 10% (plots on top of
100%), 1% (large triangle), or 0.1% (small triangle) of atmospheric; reduction in groundwater level drop, to 50% (large red circle) or 10%
(small red circle) of the maximum drop over the base case simulation.

this system with a diffusive limitation on oxygen resupply, the oxygen availability is reduced, resulting in turn
in a reduction in the chemical reaction rate, until steady state is reached with the transport rate.
In simulations in sand with no OM, decreased Po2 at the surface of the soil to 10% of atmospheric Po2 (i.e.,
to 0.021 atm), representing the possible effect of an OM-rich O/A horizon, also had almost no effect, suggesting that the amount of pyrite oxidized over the simulation is insensitive to changes in the Po2 gradient
over this range. However, with a decrease in PO2 at the surface to 1% of the atmospheric Po2, less pyrite
was oxidized, although the pH was still <4 (Figure 7b). With a decrease to 0.1% of atmospheric Po2, results
after 4 years were close to initial conditions, i.e., with little pyrite oxidation and a drop in pH by <1 pH unit.
The response of groundwater composition to changes in the rates of oxygen consumption versus transport
over shorter time scales is further tested in dewatering simulations below. Increasing the Pco2 to up to 10%
of the total pressure had no effect on the pH at 7–8 m in simulations with pyrite present. In these simulations, once the diffusive proﬁle reached steady state, the minimum Pco2 in the soil proﬁle was equal to the
ﬁxed Pco2 value at the surface of the soil (not shown).
4.2.3. Effect of Infiltration Rates and Groundwater Levels
A major factor affecting the groundwater pH at a given depth and time is the rate at which the acidic water is
transported to this depth, which strongly depends upon the inﬁltration rate. Figure 7b shows the large effect
on groundwater pH (at 7.5 m depth, and after 4 years) of decreasing the inﬁltration from 10% of rainfall to zero,
or increasing the inﬁltration to 40% of rainfall, for the entire simulation. For the two soil conﬁgurations shown
in Figure 7b, increase or decrease in inﬁltration rates had only a minor inﬂuence on the amount of pyrite oxidized. Note that dissolved oxygen is included in the recharged water (section 3.5.3), and thus increased inﬁltration leads to increased transport of oxygen through advection in the aqueous phase; however, in this system
this aqueous phase ﬂux is only a minor component of the oxygen supply to the soil column compared to gas
phase diffusion. For both sand and loamy soil, the pH decrease observed at 7.5 m after 4 years was greater
with 40% rainfall, due to faster transport of acidity to the observation depth. With zero recharge, the change in
pH from the initial pH 5.6 was much less pronounced due to the delayed transport of the acidity.
Figure 7b also shows the effect of the groundwater level dropping by only 50% or 10% compared to the
above simulations, in sand with no OM or kaolinite. The smaller changes in groundwater levels resulted in
less pyrite exposed to oxygen; results were similarly dramatic to the effect of decreasing the surface Po2 to
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0.1–1% of atmospheric Po2, and highlighted that the vertical groundwater movement is an important control on pyrite oxidation, particularly in sand.
4.2.4. Other Aqueous Species
Figure 8 shows the evolution of aqueous concentrations of SO 22
4 , Fe(II), Al, and H4SiO4 for a range of soil
compositions and textures, compared to concentrations observed at the study site in May 2008 [Appleyard
and Cook, 2009] (see also Table 1). In sand, concentrations were similar to those observed in the ﬁeld in all
simulations, with the possible exception of Fe; in simulations with accelerated Fe(II) oxidation, the Fe concentration was lower (not shown), as some Fe precipitated out higher in the proﬁle as secondary Fe(III)
phases. In contrast, if the initial conditions in 2006 were fresh water with pH 5.6, the simulations in loamy
soil did not reproduce the ﬁeld concentrations for either recharge rate; the groundwater at 7–8 m took >3
years to respond to pyrite oxidation higher in the proﬁle. However, as discussed above for pH, concentrations observed in May 2008 could also easily be explained if the groundwater composition in 2006 was similar to that in 2008, due to the low solute transport rates. Comparison of simulated and observed SO 22
4
concentration (and pH) in the sandy soil simulations suggests that if SO 22
4 reduction was occurring at this
site, it is unlikely that it was occurring at a sufﬁciently fast rate to inﬂuence water quality signiﬁcantly.
4.2.5. Effect of Depth to B Horizon and Water Table
Figure 9 shows the effect of differing depth to the B horizon (see section 3.7.1) on groundwater pH as
observed at 2.5 m depth below the top of the B horizon in each case, in October 2010 (Figures 9a and 9b).
Also shown is the total amount of pyrite oxidized (Figures 9c and 9d) and the total amount of schwertmannite accumulated (Figures 9e and 9f) in the whole proﬁle by the same day. For all textures, soil compositions, and low/high Fe(II) oxidation rates, greater depth to the B horizon lead to a higher pH in
groundwater after 4 years. However, in soils without OM present, the total amount of pyrite oxidized was
approximately the same for all depths, for both soil textures, as oxygen diffusion was sufﬁciently fast in all
cases. The slight increase in pH with increasing depth was due to slower transport of the same volume of
water through the increasing length of unsaturated zone, and hence slower movement of the generated
acidity from the oxidized zone to the groundwater sampling depth by 2010.
In the simulations without OM present, higher rates of Fe(II) oxidation lead to a consistently lower pH at all
depths (Figures 9a and 9b) and, in contrast to dominance of the oxygen pathway in simulations with low
Fe(II) oxidation rates, up to 10% of pyrite oxidation occurred via the Fe(III) pathway (not shown). However
the decrease in pH was not due to a signiﬁcant increase in the amount of pyrite oxidized overall (Figures 9c
and 9d), as pyrite oxidation by Fe(III) still required oxygen for generation of Fe(III). The lower pH was rather
due to the elevated rate of Fe(II) oxidation continuing in soil pore water during periods when the groundwater level had risen back above the remaining pyrite in the proﬁle (without the strong oxygen sink at the
base of the proﬁle, oxygen concentrations throughout the unsaturated zone increased, resulting in more
Fe(II) oxidation), and subsequent precipitation of Fe(III) phases, in this case schwertmannite (Figures 9e and
9f). Precipitation of this phase, all of which was present above the zone that still contains pyrite (not shown),
converted aqueous Fe-acidity to H1 acidity and lowered the pH. Simulations where schwertmannite precipitation was excluded resulted in approximately the same ﬁnal pH as simulations with low Fe(II) oxidation
rates (not shown), despite precipitation of a small amount of ferrihydrite, as under these conditions ferrihydrite has higher solubility than schwertmannite. In these simulations without schwertmannite precipitation,
greater availability of aqueous Fe(III) caused up to 40% of pyrite oxidation to occur via the Fe(III) pathway,
but the overall amount of pyrite oxidized increased by only ca. 1%.
In soils with OM (and kaolinite) present, the amount of pyrite oxidized over the simulation period decreased
with increasing depth to the B horizon, in both soil textures (Figure 9). In contrast to simulations with no
OM present, implementation of high rates of Fe(II) oxidation in the simulations resulted in greater acidiﬁcation and schwertmannite accumulation in shallower proﬁles. However, other than the shallowest depth in
sand, there was overall less schwertmannite accumulation than in simulations without OM, and again the
oxygen pathway still dominated the overall pyrite oxidation rate; in this case a maximum of only ca. 10% of
pyrite oxidation occurred through the Fe(III) pathway.
4.2.6. Effect of Dewatering, and Reaction Versus Transport Control
In order to investigate the effect of soil dewatering on shorter time scales, additional simulations were deﬁned
in which 0.5 m of the pyritic horizon, at 5–5.5 m depth, was exposed by lowering the water table for varied
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Figure 8. Aqueous concentrations (mol L21) of SO4, Fe(II), Al, and H4SiO4 in groundwater at 7–8 m, for simulations with pyrite and kaolinite
in sand (‘‘sand,’’ ‘‘pk,’’ left) or pyrite, kaolinite, and organic matter in loam (‘‘BS,’’ ‘‘pkO,’’ right). Simulations with initial conditions of pure
water are shown with recharge of 10% of rainfall (gray area) or no recharge (light dotted line). Simulations with initial conditions from May
2008 are shown with recharge of 10% of rainfall (dashed line outline) or no recharge (solid line outline).

periods of time ranging from 1 week to 1 year (see section 3.7.2). In order to speciﬁcally test reaction versus
transport control, the parameters controlling these processes were individually varied in the simulation with
37 d duration of dewatering. In sand, the amount of pyrite oxidized was relatively insensitive to an increase in
the surface reaction rate (keff) by a factor of 10 (Figure 10a) or 100 (not shown), or a decrease in keff by 2 orders
of magnitude (Figure 10a), indicating that the surface reaction rate of pyrite in this range did not affect the
overall amount of pyrite oxidized for this particular soil conﬁguration. In contrast, the amount of pyrite oxidized increased slightly with an increase in the diffusion coefﬁcient in air (Dair), and decreased considerably
with a decrease in Dair (Figure 10a), conﬁrming that oxygen diffusion limited the amount of acid generated for
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Figure 9. Results of simulations with different depths to the top of the B horizon (see methods). (left) pH in October 2010 in groundwater at 2.5 m below the top of the B horizon for (a)
sand and (b) loamy sand. (middle) Total pyrite consumed in soil proﬁle up to the same point in time, for (c) sand and (d) loamy sand. (right) Total schwertmannite accumulated in the
soil proﬁle up to the same point in time, for (e) sand and (f) loamy sand (‘‘BS’’). Circles 5 pyrite and organic matter in the B horizon, and kaolinite throughout ‘‘pkO’’; triangles 5 pyrite
only (‘‘p’’). Open symbols 5 low (abiotic) Fe(II) oxidation rate; ﬁlled symbols 5 high Fe(II) oxidation rate (‘‘hiFe2ox’’).

this conﬁguration. However, even with transport limitation, most of the pyrite above the lowest groundwater
level in this simulation was oxidized within 1 week of the start of dewatering (Figure 10a), consistent with the
small amount of microcrystalline pyrite that was initially present with a high mineral surface area; this is also
consistent with the experimental observation of rapid acidiﬁcation of the material upon exposure to oxygen
(see section 2.2). Any further increase in the duration of the dewatering by up to 1 year had only a minor
effect. Variation in the initial pyrite content simply meant that pyrite oxidation occurred for a longer/shorter
period of time, and the amount of pyrite oxidized varied accordingly (Figure 10a).
In these dewatering simulations with rapid exposure of 0.5 m of pyrite-bearing soil to oxygen, the amount
of pyrite oxidized over the simulation was more sensitive to the partial pressure of oxygen at the top of the
proﬁle than in any of the previously described simulations, where the water table dropped much more
gradually (<1 m yr21). The stronger oxygen sink at depth in this case meant that the amount of pyrite oxidized was sensitive to even a decrease in the boundary Po2 to 10% of atmospheric conditions; decrease to
1% of atmospheric oxygen partial pressure lead to a decrease in the amount of pyrite oxidized by approximately a factor of 10 (Figure 10a).
The sensitivity of model results to the initial pyrite content suggested that for a given soil, there is potentially a critical amount of pyrite below which the resulting soil/water quality would remain acceptable
throughout the entire groundwater/soil proﬁle. However, as shown above, the evolution of groundwater pH
will depend heavily upon the site/situation-speciﬁc soil composition (depth proﬁle), hydraulic parameters,
and water balance over the proﬁle (inﬁltration rate and groundwater level movement). To illustrate the possible range of outcomes with the current scenario, the same dewatering simulations and variations in
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Figure 10. Dewatering simulations (see text): (a) sensitivity of the amount of pyrite oxidized in sand (‘‘p,’’ i.e., no OM or kaolinite) to variation in parameter/conﬁguration values, namely, the duration of dewatering (‘‘base case’’: 37 d), the coefﬁcient for free diffusion in air (Dair),
the initial surface reaction rate constant (keff), combined increase in keff and Dair, the initial pyrite content (%S), the ﬁxed oxygen partial
pressure at the surface of the soil (Po2 surf); (b) conditions as in Figure 10a, but for loamy soil (‘‘BS’’) with OM and kaolinite (‘‘pkO’’); (c) pH
with depth and time in 37 d dewatering simulation in sand, with default parameter values; (d) conditions as in Figure 10c, for loamy soil
with OM and kaolinite (BS, pkO).

parameter values were run with loamy soil, with OM and kaolinite present. In contrast to the simulation in
sand without OM or kaolinite, the amount of pyrite oxidized was sensitive to keff as well as all other parameters tested (Figure 10b), as in this case, the rate of diffusion still limited the maximum possible oxygen ﬂux
into the soil, but changes to keff affected the competition between pyrite and OM for the available oxygen.
However, in these simulations the overall amount of pyrite oxidized was much lower than in sand with no
OM, even after up to 1 year of dewatering (compare vertical axis scales in Figures 10a and 10b). Inspection
of the groundwater pH for a 37 d dewatering period in both soil textures (Figures 10c and 10d) indicated
that in contrast to the simulation with sand and no OM, the pH in the simulation loamy soil was maintained
above ca. 4.5 at most depths in the loamy soil (Figures 10c and 10d).

5. Discussion
As brieﬂy mentioned in the introduction, earlier acid sulfate soils models were predominantly tailored for
heavy clay soils. Furthermore, these models included oxygen consumption by organic matter but highly simpliﬁed biogeochemical process representation otherwise. For instance, the quantitative impacts of wellstudied processes such as Fe(II) oxidation, pyrite oxidation by Fe(III), mineral solubility controls, and pH buffering and Al release by aluminosilicate weathering have not previously been investigated. In the parallel
ﬁeld of soil carbon modeling, many of the models do not explicitly consider processes such as water movement through the soil proﬁle, and feedbacks between soil hydraulic properties, gas diffusion, and the OM
mineralization rate. In this study, the use of a modeling tool that couples soil physics, gas phase transport,
and user-deﬁned biogeochemical processes allowed us to quantify and test our conceptual model of the
interdependence of reaction and transport processes and identify the ﬁeld-scale controls on acid generation.
In particular the rates of pyrite and organic matter (and Fe(II)) oxidation were found to be limited by the rate
of oxygen diffusion through the soil proﬁle, and also by competition between the different processes for
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oxygen. Attempts to quantify ﬁeld-scale acidiﬁcation using surface reaction-controlled rates without considering the oxygen diffusion limitation or competing reactions will therefore overestimate the rates. This quantitative approach, based on general principles, may contribute to resolving the commonly observed scale
dependence of mineral weathering rates, where rates determined on the laboratory scale are typically 1–3
orders of magnitude greater than in the ﬁeld [Malmstrom et al., 2000, and references therein], and improve
models of soil carbon turnover and green house gas emissions [Blagodatsky and Smith, 2010]. The approach
can now be tested against data from other sites; for example, using the soil mapping on the Swan Coastal
Plain as input (section 2.2), it is now possible to test whether the spatial variability in the observed shallow
groundwater quality in the Swan Coastal Plain (Table 1 and see Appleyard and Cook [2009] and Clohessy et al.
[2013]) can be explained by site-speciﬁc differences in soil composition and hydrology.
Using the available soil and groundwater data, simulations were able to reproduce the severe and persistent acidiﬁcation of groundwater observed at Site 5 in the Swan Coastal Plain, without calibration, based on
pyrite oxidation after a decrease in the groundwater level (post 2006). However the results illustrate that
the water quality in 2008–2010 could also largely be explained by residual poor quality groundwater from
earlier oxidation events, due to low vertical transport rates. A third possibility, which could not be excluded
by this 1-D study, is that the observed water quality is due to processes in a soil proﬁle elsewhere in the
catchment zone of the bore, which is then transported laterally to the groundwater bore. MIN3P can be run
in 2-D or 3-D; however, for all three scenarios, rigorous validation of model results through comparison with
ﬁeld observations was limited due to the paucity or absence of suitable input or validation data, such as the
groundwater quality prior to 2006 at Site 5, the spatial heterogeneity of the soil composition in the catchment zone at Site 5, and soil pore gas depth proﬁles. However, through the present study, we were able to
demonstrate that, given the constraints of the available ﬁeld data, the ﬁrst two scenarios are both feasible.
Application of the model allowed us to identify the types of ﬁeld data that would be required to quantitatively test the different scenarios, including the level of temporal and spatial resolution. Furthermore, as the
principal direction of water, solute, and gas transport in the unsaturated zone is in the vertical direction, the
results of exploratory simulations investigating processes controlling the primary acid generation rates still
hold, even if the processes contributing to the shallow groundwater at Site 5 are occurring upgradient.
Simulations showed that even with diffusion limitation and the presence of OM, acid generation in sandy
soil was rapid at depths of up to 7.5 m below ground level, highlighting that overall, even on the short time
scales associated with for dewatering, the water table movement in sand is much more critical for the
amount of pyrite oxidized than the gas phase transport limitation, as once the level drops, the small amount
of pyrite present is rapidly oxidized. This has practical implications for dewatering practices and generally
for areas with sandy soils and decreasing groundwater levels.
This study also highlighted the slow vertical water and solute transport times at the study site and in soils
elsewhere under similar conditions. Even with the upper limit of recharge for low-medium density of pines
(10% of rainfall), solutes may take years to reach the groundwater sampling depth. Sampled groundwater is
thus likely to reﬂect processes that occurred many years previously and the associated lag times need to be
factored into interpretation of current water quality and prediction of future water quality trends. Inﬁltration
rates in these simulations affected the distribution (e.g., intensity of acidiﬁcation) and residence time of solutes in the soil, but only had a minor inﬂuence on the total amount of pyrite oxidized. An important implication of this that was not captured in the model response to parameter variations shown in Figure 7b is that,
for example, given the same groundwater level movement but lower rainfall, ﬂuxes of acidity away from the
pyritic horizon will be slower, but will occur over a longer period of time. As mentioned above and in section
3.3, by running the simulations in 1-D, we assume that the important geochemical gradients are vertical;
this assumption requires further investigation against ﬁeld data, particularly given the demonstrated sensitivity of results to relatively small variation in pyrite and OM content. In addition, while inﬁltration was tested
separately to groundwater level in this study, in the ﬁeld inﬁltration will likely affect local groundwater levels, and therefore also potentially have signiﬁcant impact on the total amount of acidity generated.
The mechanistic representation of geochemical reactions allowed investigation of the contribution of a range
of heterogeneous and homogeneous reactions to the overall soil mineralogical composition and water quality. Aluminosilicate dissolution had only a small pH-buffering effect while resulting in the release of Al and
associated acidity. For soils with aluminosilicates other than kaolinite present, this modeling approach could
assess the potential of these minerals to buffer acidity generation by pyrite oxidation [e.g., Salmon and
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Malmstrom, 2004]. In our simulations, an increase in the rate of Fe(II) oxidation such as may be due to microbial mediation (see section 3.5.1) lead to lower pH and greater accumulation of Fe(III) phases, and up to almost
half of the pyrite oxidation occurring through the Fe(III) pathway. However there was little effect on the overall
amount of pyrite oxidized under the simulated conditions. As mentioned in section 3.5.1, laboratory experiments with pyrite under well-mixed conditions have suggested that the oxidation of pyrite by Fe(III) is the
dominant pyrite oxidation pathway [Singer and Stumm, 1970; Gleisner et al., 2006]; further investigation of
whether this is the case at depth in a ﬁxed porous medium such as soil is required. Examples of other physical
and biogeochemical effects that may have implications for the evolution of soils/groundwater and that can
be investigated in the future include:
(i) The effect of OM-driven processes, such as reduction of SO4 and Fe(III), on amelioration of groundwater
acidity [Benner et al., 1999; Mayer et al., 2006; Gibson et al., 2011].
(ii) Ageing of secondary precipitates, for example, schwertmannite to goethite, or mackinawite to pyrite
[e.g., Cornell and Schwertmann, 1996; Schwertmann and Carlson, 2005; Hunger and Benning, 2007; Tufano
et al., 2009], to allow detailed comparison of model results to mineralogical characterization of soil proﬁles.
(iii) Reduction in porosity due to secondary mineral precipitation and feedbacks to water and gas transport,
such as occurs in the formation of cemented hardpan in mine wastes [e.g., Kohfahl et al., 2011, and references therein], clogging of groundwater abstraction wells [e.g., Houben, 2004, and references therein], or podzolization [e.g., van Breeman and Buurman, 1998].
Whilst the coupling of OM mineralization to oxygen and CO2 transport and soil hydraulic properties in this
study has advanced our understanding of controls on acid generation in acid sulfate soils, the representation of OM mineralization in these simulations is simplistic, with particulate OM being converted directly to
CO2, depending on the OM content and oxygen availability. Previous studies have shown that there is also
an optimal water content for mineralization [e.g., Orchard and Cook, 1983; Clark et al., 2009; Manzoni et al.,
2012; Moyano et al., 2012]; the effect of decreased oxygen availability due to gas phase transport limitation
upon approaching saturated conditions is explicitly included in the current model, but a decrease in mineralization rates when the soil is too dry is not. While this is not likely an issue in these simulations for OM in
the B horizon immediately above the water table, it may affect OM mineralization in surface soil or the OMbearing paleohorizons at this and other sites. Furthermore, many studies have shown that soil OM exists in
a wide range of living/dead particulate pools with widely ranging liability, and also as a dissolved phase (or
adsorbed); this is reﬂected in the multiple OM pools considered in many soil OM modeling studies (see e.g.,
reviews in Blagodatsky and Smith [2010] and Batlle-Aguilar et al. [2011]). Temperature may also affect OM
mineralization rates [Weihermuller et al., 2011]. The ﬂexibility of coupled reactive transport models such as
MIN3P allows implementation and testing of more complex OM conceptual models in future work, in the
additional (and potentially critical) context of potential water and gas transport controls on reaction rates.
The effect of vegetation and soil OM on hydrology, biogeochemistry, and gas transport may require further
investigation. For example, in these simulations, representation of an O/A horizon with labile OM by
decreasing the partial pressure of oxygen at the top of the proﬁle showed that a decrease to 1% of atmospheric partial pressure roughly halved the amount of pyrite oxidized at 5 m depth. Plant roots also remove
water from the soil proﬁle, so while our assumed recharge of 0–10% of the annual rainfall meant application
of this amount directly to the surface of the soil, in reality is it likely that a higher fraction of rainfall inﬁltrates but is removed at depth by roots. The effect of the resulting depth distribution of soil water on oxygen transport to deeper layers requires further investigation. Plant roots also exude labile OM that
stimulates heterotrophic microbial mineralization [e.g., Hutsch et al., 2002; Kuzyakov and Domanski, 2002;
Paterson, 2003; Marschner et al., 2011] and which constitutes an additional sink of O2, in addition to O2
uptake by roots themselves [e.g., Bartholomeus et al., 2008; Werth and Kuzyakov, 2010]. However, these factors may not be signiﬁcant for rates of reactions affecting the pore water and groundwater composition;
simulations and ﬁeld or laboratory measurements are required to test the overall effects.

6. Conclusions
Application of a coupled reactive transport model allowed us to improve our understanding of key controls on
acid generation in sandy-loamy acid sulfate soils. Our simulations were able to reproduce the patterns of severe
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and persistent acidiﬁcation of groundwater observed in the Swan Coastal Plain without calibration, based on
pyrite oxidation after a decrease in the groundwater level (post 2006), and/or residual groundwater acidity from
earlier oxidation, which remained at the observation depth due to low vertical solute transport rates. The possibility of acid generation upgradient and lateral transport to the groundwater bore also requires further investigation, with detailed ﬁeld characterization of spatial heterogeneity and a 2-D or 3-D modeling approach.
As in earlier studies of pyrite oxidation in mine waste, the amount of acidity produced was found to be highly
dependent upon the oxygen availability at depth and thus upon the soil water retention capacity and water balance, as well as on the initial amount of pyrite. In addition, this study demonstrated that OM mineralization has
the potential to limit pyrite oxidation in some cases through competition for oxygen, particularly in soils with
high water retention capacity, and even in sandy soils with high OM content. The overall rate of pyrite oxidation
was limited by the rate of diffusion of oxygen through the soil pore spaces, which implies that attempts to quantify ﬁeld-scale acidiﬁcation using surface reaction-controlled rates and without considering the oxygen diffusion
limitation will overestimate the acidiﬁcation rate. However, even with diffusion limitation, acid generation in
sandy soil was rapid at depths of up to 7.5 m below ground level, highlighting the importance of monitoring
groundwater movement relative to pyrite-bearing soil horizons for water quality prediction. In soils with greater
water retention capacity (‘‘loamy soil’’ in our simulations), less acidity was generated in total; when OM was present, results were also greatly affected by the initial pyrite oxidation rate and/or mineral surface area (in the dewatering scenarios), and the depth to the reactive horizon.
Inﬁltration rates had only a minor inﬂuence on the total amount of acidity generated in this system, but did
have a large inﬂuence on the distribution (e.g., intensity of acidiﬁcation) and residence time of solutes in
the soil, and hence on the temporal evolution of groundwater quality in shallow bores. An increase in the
rate of Fe(II) oxidation lead to slightly lower pH and greater accumulation of Fe(III) phases, but had little
effect on the overall amount of pyrite oxidized under the simulated conditions. Aluminosilicate dissolution
had only a small pH-buffering effect while resulting in the release of Al and associated acidity. Further investigation of the processes controlling soil/water quality evolution and model validation requires comprehensive data sets of soil proﬁle mineralogy, biogeochemistry (including depth proﬁles of soil pore gas
composition), and hydrology within the entire catchment zone of monitoring bore(s). The slow vertical solute transport times also highlighted that long-term monitoring data sets are required.
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