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Abstract 

 

Acid sulfate soils (ASS) are soils containing iron sulfide minerals (predominantly 

pyrite) and/or their oxidation products. ASS have a large distribution in the world 

(107−108 ha coastal ASS) and in Australia (215,000 km2). Sulfide in ASS is formed from 

sulfate in sea water or fresh water under anaerobic conditions by sulfate-reducing 

bacteria, which need organic matter (OM) as the energy source. Sulfide then reacts with 

dissolved Fe(II) to form pyrite. Sulfuric material (containing sulfuric acid) is formed during 

oxidation of ASS with sulfidic material (containing sulfide minerals), resulting in significant 

release of acid and dissolved metals that can have detrimental effects on soil and water 

quality and thus ecosystem services. Remediation of sulfuric material and prevention of 

oxidization of sulfidic material are therefore of great environmental concern. 

Conventional remedial strategies, such as liming sulfuric material and covering sulfidic 

material with water or non-ASS soil, can be costly or not practically feasible due to the 

large amount of lime, water or soil required.  

Organic matter (OM) is the energy source for sulfate reducers, which play a critical 

role in the formation of sulfidic material and generate alkalinity during sulfate reduction. 

OM could influence the oxidation of pyrite through oxygen consumption by OM 

decomposers, complexation of ferric iron, and coating of pyrite. OM can also buffer acid 

generated from pyrite oxidation. However, the availability of native OM in ASS can be low 

due to binding to clay particles, occlusion in aggregates, or complexion by dissolved 

metals. Therefore application of OM may be an economical and environmentally friendly 

option to remediate ASS. But systematic studies are required on the effectiveness of OM 

application for the management of ASS. 
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Ten ASS with sulfuric material, with pH increased to 5.5 and OM (finely ground 

mature wheat straw) added at 2% (w/w) separately or combined, were incubated 

submerged for 36 weeks. Unamended soils served as controls. Only the combined 

treatment (pH increased and OM added) increased the concentration of reduced 

inorganic sulfur significantly compared to the control and had higher soil pore water pH 

than the treatment with only pH increased. But the stimulation of sulfate reduction 

compared to the control of the combined treatment differed among soils which could be 

attributed to the initial soil properties. Stimulation of sulfate reduction in the combined 

treatment was negatively correlated with soil clay content and initial nitrate 

concentration. Clay can limit the availability of the added OM by binding and nitrate is a 

competing electron acceptor for sulfur reduction. In a subsequent experiment, ASS with 

smaller increase in sulfate reduction compared with other soils in the previous study were 

incubated with up to 6% (w/w) OM added for 36 weeks. The concentration of reduced 

inorganic sulfur increased with OM addition rate, with the increase between 4% and 6% 

being smaller than that between 2% and 4%, suggesting that besides OM other factors 

influenced sulfate reduction. Further, the impact of nitrate (competing electron acceptor) 

at different OM addition rates on sulfate reduction was examined. Nitrate addition 

inhibited sulfate reduction but the extent was smaller with OM added at 4% compared to 

2%, indicating that the inhibition by nitrate was overcome by higher OM addition. 

In the two following experiments, the effect of OM addition on oxidation and 

acidification of sulfidic material was investigated by laboratory incubation under oxidizing 

conditions for 6 weeks. In the first experiment, OM (finely ground mature wheat straw) 

was added to a sulfidic material at 3% (w/w) as a layer on the soil surface or by mixing 

into soil. Soil pH decreased by 0.9 unit in the unamended control, increased by 0.2 unit in 
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the treatment with OM as a layer, and increased by 0.8 unit in the treatment with OM 

mixed into the soil. In the second experiment, 1, 2, 3, and 4% (w/w) OM was mixed into 

the sulfidic material. The pH decrease was strongest in the unamended control and was 

smaller with 1% and 2% OM. Only 3% and 4% OM addition prevented acidification. 

However, the increase in soil sulfate concentration was similar in all the amended 

treatments. Prevention of acidification of sulfidic material by OM addition can be 

explained by consumption of oxygen by OM decomposers and pH buffer capacity of OM. 
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Introduction and literature review 

1. Properties and distribution of acid sulfate soils 

Acid sulfate soils (ASS) are soils that contain sulfide minerals or are affected by 

geochemical or biochemical transformations of iron sulfide minerals. These soils may 

either contain sulfuric materials (pH<4) (Isbell, 2002) or have the potential to form 

sulfuric acid in amounts that have an effect on the main soil characteristics (Dent, 1986; 

Dent and Pons, 1995; Fanning, 2013; Fitzpatrick et al., 2011; Fitzpatrick et al., 2009; Pons, 

1973). The iron sulfides in ASS form under anaerobic conditions where sulfide reacts with 

dissolved ferrous iron. Oxidation of iron sulfides results in sulfuric material containing 

sulfuric acid, which can cause acidic groundwater/leachate (Mosley et al., 2014b). These 

processes will be discussed in more detail below. 

ASS can be found in coastal and inland environments (Fitzpatrick et al., 2009). The 

global extent of coastal ASS is between 107 and 108 ha (Andriesse and van Mensvoort, 

2007; Macdonald et al., 2011), but the world extent of inland ASS is unknown. In Australia, 

the estimated area of ASS is 215,000 km2, of which coastal ASS occupy 58,000 km2 and 

inland ASS 157,000 km2 (Fitzpatrick et al., 2010). ASS can occur, for example, in farmlands, 

wetlands, mine spoil, or densely populated areas (Andriesse and van Mensvoort, 2007; 

Baldwin and Fraser, 2009; Brinkman, 1981; Fitzpatrick et al., 2009; Mosley et al., 2014b). 

Their significant environmental and social impact on ecosystems, agricultural and fishery 

production, and infrastructure in both Australia and the world has attracted attention by 

scientists, farmers and natural resource managers (Brinkman, 1981; Degens et al., 2008; 

Fanning, 2007; Fanning and Rabenhorst, 2007; Shamshuddin et al., 2014). 
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2. Sulfur in ASS 

Sulfur in ASS can be present in reduced and oxidized forms. Generally, three soil 

materials are recognized in ASS (Fitzpatrick et al., 2009; Sullivan et al., 2010a): (i) sulfuric 

material (pH<4) containing sulfuric acid, (ii) sulfidic material containing mainly pyrite 

(FeS2), and (iii) monosulfidic material containing monosulfide minerals (FeS). Sulfidic 

material can be further classified into two types: hypersulfidic material and hyposulfidic 

material. The former is capable of severe soil acidification following oxidation of sulfides; 

the latter is not (Sullivan et al., 2010a). Monosulfidic and sulfidic material can transform 

into sulfuric material after oxidation. Often more than one material can be found in the 

same soil profile with sulfidic material generally underlying sulfuric material (Ahern et al., 

2004; Powell and Martens, 2005).  

2.1. Formation of sulfidic material  

Under undisturbed saturated conditions, sulfur in ASS occurs as iron sulfides, mainly 

pyrite (FeS2). These iron sulfides are produced via sulfate-reducing microorganisms and 

their content is controlled by the duration of reducing conditions and the availability of 

organic matter, reactive iron, and dissolved sulfate (Berner, 1984; Fitzpatrick et al., 2009). 

Sulfate from ocean or fresh water can be reduced to H2S by sulfate-reducing bacteria, 

most of which are heterotrophs and therefore require organic matter as an energy source 

(Berner, 1984; Muyzer and Stams, 2008): 

2CH2O+SO4
2-
→2HCO3

-
+H2S (1). 

In the equation, CH2O represents organic matter in which the oxidation state of carbon is 

zero. 
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Other factors influencing sulfate reduction include, for example, pH (most sulfate 

reducers are inactive at pH<5), presence of other competing electron acceptors, redox 

potential and temperature (Johnston et al., 2005; Neculita et al., 2007; Ponnamperuma, 

1972). 

H2S produced reacts with aqueous FeS (FeSaq) to form pyrite (the H2S mechanism); 

another mechanism of pyrite formation is the reaction between polysulfide and FeSaq (the 

polysulfide mechanism) (Luther III, 2005; Rickard, 2012; Rickard and Morse, 2005) (Fig.1). 

FeSaq is formed by dissolution of solid FeS or reaction between H2S/HS- and iron species 

dissolved from other Fe minerals. Polysulfides are formed by several reactions, most 

commonly through the reaction between S0 and S2- (Luther III, 2005; Rickard, 2012; 

Rickard and Morse, 2005).  

 

Fig.1 Formation of pyrite (according to Berner (1984) and Rickard (2012)). 

2.2. Oxidation of sulfidic material 

When ASS with sulfidic material is drained or no longer covered by water, iron 

sulfides can be oxidized with release of sulfuric acid as indicated in the following overall 

reaction (Johnson and Hallberg, 2005): 

H2S

S

FeS2

Fe minerals

FeSaq

Organic matter

Bacteria   
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4FeS2+15O2+14H2O→4Fe(OH)3+8SO4
2-
+16H+ (2). 

This is also a complex process with multiple steps and the involvement of 

microorganisms (Ahern et al., 2004; Chandra and Gerson, 2010; Fanning and Fanning, 

1989; Fitzpatrick et al., 2009; Johnson and Hallberg, 2005; Neculita et al., 2007). Pyrite 

oxidation is initiated by exposure to oxygen: 

FeS2+7/2O2+H2O→Fe2++2SO4
2-
+2H+ (3). 

Ferrous iron is then oxidized to ferric iron: 

Fe2++1/4O2+H
+→Fe3++1/2H2O (4). 

Hydrolysis of Fe3+ results in precipitation of ferric hydroxide and liberation of acid: 

Fe3++3H2 →3Fe(OH)3↓+3H
+ (5). 

The produced ferric iron (Equation 4) can significantly accelerate pyrite oxidation and H+ 

production (Johnson and Hallberg, 2005; Neculita et al., 2007): 

FeS2+14Fe
3++8H2O→15Fe2++2SO4

2-
+18H+ (6). 

 Oxidation of ferrous to ferric iron (Equation 4) is considered as the rate-limiting step 

in pyrite oxidation, and this step is mainly catalyzed by acidophilic iron-oxidizing bacteria 

(Johnson and Hallberg, 2005; Neculita et al., 2007). These bacteria are chemolithotrophic 

(Emerson et al., 2010), therefore organic carbon is not required as energy source.  

The overall consequences of pyrite oxidation are the substantial release of acidity 

(Equation 2) and mobilization of metals, which have higher solubility at low pH (Mosley et 

al., 2014c; Neculita et al., 2007). Other products of iron sulfide oxidation such as jarosite 

KFe3(SO4)2(OH)6, natrojarosite NaFe3(SO4)2(OH)6, and schwertmannite Fe8O8(OH)6(SO4) 

6 



can also form in the soil. These secondary sulfate minerals retain acidity that can be 

slowly released on hydrolysis (Ahern et al., 2004; Breemen, 1973).  

Factors influencing the rate of pyrite oxidation include pyrite surface area, oxygen 

concentration, temperature, pH, concentration of ferric iron, the presence and activity of 

bacteria, organic matter, and soil texture (Breemen, 1973; Ward et al., 2004). 

2.3. Environmental impacts linked with ASS 

When submerged, pyrite in ASS is stable and has limited environmental influence. 

Oxidation of sulfidic material can be induced by natural and/or human disturbance such 

as drought, changed direction of rivers and water ways, drainage or high usage of river 

water causing reduced flows into wetlands, and post-glacial rebound (Åström and Deng, 

2003; Fitzpatrick et al., 2009; Mosley et al., 2014a; Mosley et al., 2014c; Ö sterholm et al., 

2010). Australia is expected to experience more droughts in the future (Hobday and 

McDonald, 2014; Stokes et al., 2008), which will increase the chance of oxidation of 

sulfidic material. Once oxidized, the acidity together with mobilized metals from ASS can 

have detrimental impacts on: (i) the soils themselves and surrounding soils, (ii) water 

quality, causing deterioration of aquatic or wetland ecosystems and loss of fisheries, (iii) 

agricultural production, and (iv) infrastructure (Bronswijk et al., 1993; Fitzpatrick et al., 

2009). Fitzpatrick et al. (2012) studied the environmental impacts of ASS in the Lower 

Murray Reclaimed Irrigation Area (LMRIA), which is an important agricultural area in 

South Australia. Before 2007, hypersulfidic material accumulated in the saturated soil 

profiles due to stable water levels and sufficient supply of iron, sulfate and organic matter. 

Between 2008 and early 2010, a persistent drought resulted in exposure of these soils to 

the atmosphere which caused cracking of soil and oxidation of previously undisturbed 
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hypersulfidic material to sulfuric material even at depth (>1.5 m) (Mosley et al., 2014b). 

After re-flooding and irrigation (since 2011), surface water acidification (pH 2.5–3.5) and 

iron-rich precipitates (mainly schwertmannite) have been observed in drains (Fitzpatrick 

et al., 2012).  

ASS also have potential influence on global climate. Some studies have shown that 

processes in ASS can be linked to the emission of greenhouse gases including carbon 

dioxide, methane, nitrous oxide (Jugsujinda et al., 1996; Macdonald et al., 2011; Simek et 

al., 2011). However, most current studies of ASS are focusing on sulfur and metal 

dynamics, while little attention has been given to the role of organic matter in these soils.  

3. Organic matter and ASS management 

Soil organic matter is a vital component of the soil ecosystem and accounts for a 

significant pool of global terrestrial carbon (Baldock, 2007; Chapin et al., 2002; Lal, 2004). 

Organic matter has been proposed as an attractive remedial reagent for ASS via 

stimulating sulfate-reducing bacteria or retarding pyrite oxidation (Baldwin and Fraser, 

2009; Dear et al., 2002; Fitzpatrick et al., 2009).  

3.1. Organic matter and remediation of sulfuric material  

To remediate ASS with sulfuric material, soil acidity needs to be neutralized, usually 

by application of chemical ameliorants such as hydrated lime (CaOH2) or ground 

limestone (mainly CaCO3) (Baldwin and Fraser, 2009; Dear et al., 2002; Fitzpatrick et al., 

2009). However, liming may be costly and ineffective, particularly when sulfuric material 

occurs in large areas or deep soil layers, or has a high clay content (Dear et al., 2002). 

Limestone may also become coated in gypsum and Fe minerals, reducing its dissolution 

efficiency (Dear et al., 2002; Hammarstrom et al., 2003). 
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Adding organic matter to stimulate sulfate reduction has been suggested as a more 

economical and environmentally-friendly remedial option for sulfuric material than other 

approaches (Ahern et al., 2004; Baldwin and Fraser, 2009; Fitzpatrick et al., 2009). Sulfate 

reduction results in formation of pyrite but also generates alkalinity (bicarbonate, see 

Equation 1) that can neutralize acidity. However, little is known about the effectiveness of 

sulfate reduction as a remediation strategy in ASS.  

Sullivan et al. (2010b) observed a positive relationship between organic carbon 

concentration and sulfate reduction rate in lake sediments containing sulfuric material 

during laboratory inundation. In field trials conducted by Fraser et al. (2012) in an 

Australian wetland with sulfuric sediments, vegetation combined with liming increased 

soil pH significantly. However, further systematic investigation is needed to better 

understand the influence of organic matter addition on sulfate reduction after re-flooding 

ASS with sulfuric material. In addition, the influence of soil properties on the effectiveness 

of organic matter addition to remediate sulfuric material needs to be examined for this 

strategy to be useful. Firstly, the availability of native and added organic matter can be 

affected by soil texture and minerals (Lützow et al., 2006; Roychand and Marschner, 2013; 

Shi and Marschner, 2013). Clay reduces the availability of organic matter because organic 

matter can be (i) bound via ligand exchange and cation (e.g. Ca2+, Fe3+, Al3+) bridges, (ii) 

intercalated into clay layers, and (iii) occluded within aggregates (Lützow et al., 2006). 

Metal ions, such as Fe3+ and Al3+ which can be abundant in sulfuric material (Ahern et al., 

2004; Fitzpatrick et al., 2013), can also bind organic matter (Bronswijk et al., 1993; Lützow 

et al., 2006). Secondly, sulfate-reducing bacteria are active only between pH 5 and 8 

(Neculita et al., 2007). Therefore organic matter addition may only stimulate sulfate 

reduction when accompanied by pH increase to pH >5. Thirdly, the presence of 
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competing electron acceptors, such as NO3
-, Mn(IV), Fe(III), inhibits sulfate reduction 

(Ponnamperuma, 1972) by outcompeting sulfate for electron donors (organic matter) 

during reduction (Hubert and Voordouw, 2007; Lovley and Phillips, 1987). After flooding, 

soil organic matter is first decomposed by microbes using oxygen, NO3
-, Mn(IV) and Fe(III) 

sequentially as electron acceptors (Ponnamperuma, 1972). If after the reduction of these 

electron acceptors there is still organic matter available, sulfate reduction can occur 

(Dugdale et al., 1977; Lovley and Phillips, 1987; Ontiveros-Valencia et al., 2012; 

Ponnamperuma, 1972). Also NO3
-, Mn(IV) and Fe(III), if present, can oxidize sulfide 

(Canfield et al., 1993; Hubert and Voordouw, 2007; Myers and Nealson, 1988; Zhang et al., 

2009). Nitrate inhibits sulfate reduction also because nitrite, the product of nitrate 

reduction, inhibits the dissimilatory sulfite reductase (Haveman et al., 2004; Kaster et al., 

2007). Therefore, soil properties such as texture, pH, and concentrations of competing 

electron acceptors need to be taken into account in attempting remediation of sulfuric 

material using organic matter.  

3.2. Organic matter and prevention of oxidation of sulfidic material  

Another option to prevent detrimental impacts of ASS on the environment is the 

prevention of oxidation of sulfidic material, which can be achieved by maintaining the 

saturated state of ASS by covering with soil or water. But this method may be not feasible 

or costly (Baldwin and Fraser, 2009; Dear et al., 2002; Fitzpatrick et al., 2009). 

Several previous studies suggest that organic matter can retard the oxidation of 

pyrite due to oxygen consumption by microbes during OM decomposition, complexation 

of ferric iron, and coating pyrite (Bronswijk et al., 1993; Bush and Sullivan, 1999; Pichtel et 

al., 1989; Rigby et al., 2006; Ward et al., 2004). OM can also buffer acid generated (Paul 
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and Ulf, 2011). Rigby et al. (2006) observed mitigation of pyrite oxidation by organic 

matter in a reaction vessel with suspension of pyritic fines. Adding organic matter as a 

mulch on the soil surface is also a suggested method to prevent pyrite oxidation or 

acidification of sulfidic material by maintaining anoxia and buffering acid (Baldwin and 

Fraser, 2009; Cook et al., 2004; Fitzpatrick et al., 2009). However, there are no systematic 

studies on the effect of adding organic matter to prevent oxidation and acidification of 

sulfidic material. Further, the form of organic matter addition (e.g. as a mulch or by 

mixing) may influence its effectiveness.  

4. Structure of the thesis 

This thesis focuses on investigations involving remedial effects of organic matter in 

ASS management. 

Chapter 1 is the introduction and provides a brief literature review. 

Chapters 2 and 3 examine the effectiveness of organic matter in remediation of 

sulfuric material. Chapter 2 investigates the effects of pH increase to 5.5 and organic 

matter addition at 2% (w/w) separately or combined on sulfate reduction after the re-

flooding of sulfuric material. Subsequently, in Chapter 3, ASS is incubated with varying 

amounts (0–6% w/w) of organic matter added. Furthermore, the impact of nitrate 

(competing electron acceptor) at different organic matter addition rates on sulfate 

reduction is tested by a nitrate addition experiment.  

In Chapter 4 the effect of organic matter addition on acidification of sulfidic material 

is investigated by laboratory incubation experiments under oxidizing conditions. In the 

first experiment organic matter is added to sulfidic material at 3% (w/w) by mixing into 

soil or as a layer on the soil surface. The second experiment extends this work by 
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investigating the effect of the rate of organic matter addition on acidification of sulfidic 

material. Sulfidic material is mixed with 0–4% (w/w) organic matter.  

 Finally, in Chapter 5 overall conclusions and further research directions are 

presented. 
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 i  g  h l  i g  h t  s

Sulfate  reduction can  increase  pH  of  sulfuric  acid sulfate  soils  upon  reflooding.
Four  treatments  were  imposed  control,  pH 5.5 +  organic  C  and pH 5.5 +  organic  C.
Sulfate  reduction only occurred  in  treatment  pH 5.5  + organic  C.
Sulfate  reduction was  negatively  correlated  with soil  clay  and  nitrate  concentrations.
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a  b  s  t  r a  c t

Sulfuric  material  is  formed upon  oxidation  of  sulfidic material;  it  is extremely  acidic,  and  therefore, an
environmental  hazard.  One  option  for  increasing  pH of sulfuric  material may  be  stimulation  of  bacterial
sulfate  reduction.  We  investigated  the  effects  of  organic  carbon  addition  and  pH  increase on sulfate
reduction  after  re-flooding  in  ten  sulfuric materials  with  four treatments:  control, pH  increase  to  5.5
(+pH),  organic  carbon addition with  2% w/w finely  ground  wheat  straw  (+C),  and  organic  carbon  addition
and  pH  increase  (+C + pH).  After  36  weeks,  in  five  of the ten  soils,  only  treatment  +C  + pH  significantly
increased  the  concentration  of  reduced  inorganic  sulfur  (RIS)  compared  to the  control  and  increased  the
rganic  carbon addition
H  Increase
oil  properties
ulfate reduction
ulfuric  material

soil  pore  water  pH  compared  to treatment  +  pH.  In  four  other  soils,  pH increase  or/and  organic  carbon
addition had  no  significant effect on  RIS  concentration  compared  to  the control. The  RIS  concentration  in
treatment  +C  + pH as percentage  of the  control  was  negatively  correlated  with  soil clay  content and  initial
nitrate  concentration.  The results  suggest  that organic  carbon addition  and pH  increase  can  stimulate
sulfate  reduction after  re-flooding,  but the effectiveness  of  this  treatment  depends  on  soil  properties.
. Introduction

Acid sulfate soils (ASS) are soils containing iron sulfide miner-
ls (sulfidic material) or materials affected by their transformations
uch as sulfuric and monosulfidic materials. Acid sulfate soils can
e found in coastal, inland, mine spoil and wetland environments
1]. Globally, the extent of coastal ASS is between 105 and 106km2;
he extent of inland ASS is unknown [2,3]. In Australia, the esti-

ated area of ASS is 215,000 km2, of which coastal ASS occupy 27%

nd inland ASS 73% [4]. Under flooded conditions, sulfur in ASS
s present as iron sulfide minerals, mainly pyrite (FeS2). Its con-
ent is influenced by the duration of saturation and availability of

∗ Corresponding author. Tel.: +61 8  8303 7379; fax: +61 8 8303 6511.
E-mail  address: petra.marschner@adelaide.edu.au (P. Marschner).
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organic matter, reactive iron, and dissolved sulfate [5]. Sulfate from
ocean or fresh water is first reduced to H2S by sulfate-reducing
bacteria. Polysulfide can be derived from H2S by microbial oxi-
dation or chemical transformation. H2S  or polysulfide react with
dissolved Fe(II) to form pyrite [5–9]. Pyrite in sulfidic material is
stable under anaerobic conditions. Oxidation of pyrite, which can
be caused by human or natural disturbance such as drainage or
drought, induces formation of sulfuric acid which may  lead to sul-
furic material (pH < 4) [1,10,11]. Sulfuric material can release acid
and dissolved metals, which may  cause, for example, poor water
quality, deterioration of aquatic or wetland ecosystems, loss of fish-
eries and agricultural production, acidic corrosion of  infrastructure
[1].
To remediate sulfuric material, soil acidity can be neutralized
by addition of chemical ameliorants such as lime. However, lim-
ing may  be costly and ineffective, particularly when the sulfuric
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Table  1
Selected properties of soils used in the experiment.a

No. Depth Water content Sand Clay pH (1:1) TOC Nitrate-N SHCl SKCl

(cm) (g g−1) (%) (%) (%) (mg kg-1) (%) (%)

Profile: DSa01Ab, sulfuric clay soilb,  TypicSulfaquert or SulficSulfaquertc

1 57–95 0.6 1.3 75.3 3.87 2.5 1.8 0.48 0.36
2  95–190 0.64 1.9 53.7 2.9 2.3 0.5 0.83 0.55
3  190–280 0.45 1.6 56.1 3.59 1.4 24 0.45 0.31
4  280–350 0.48 1.8 58.7 3.61 1.4 72.5 0.41 0.29
Profile:  DSa01Bb,  sulfuric clay soilb,  TypicSulfaquert or SulficSulfaquertc

5 76–190 0.48 5.5 56.2 4 1.6 4.2 0.2 0.13
6  190–250 0.67 1.1 57.4 3.34 1.8 4.7 0.56 0.32
7  250–290 0.6 2.2 56.9 3.51 1.7 0.2 0.49 0.34
8  290–340 0.26 1.8 65.1 3.82 1.6 2.4 0.37 0.27
Profile:  DSa01Cb,  sulfuric clay soilb,  TypicSulfaquert or SulficSulfaquertc

9 140–200 0.11 22.3 42.1 3.55 2.8 6 0.23 0.11
10  200–255 0.16 2.9 44.9 3.36 2.1 0 0.55 0.41

a Values are means of two or three replicates except for depth, water content, and texture where n = 1. pH(1:1), pH measured in a 1:1 soil to water ratio; TOC, total organic
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arbon; SHCl, 4 M HCl extractable sulfur; SKCl, 1  M KCl extractable sulfur.
b ASS Subtype classification; modified from [24].
c Soil taxonomy [27].

aterial is in deeper soil layers or has a high clay content [12].
icrobial sulfate reduction after re-saturation of sulfuric material

ould result in pH increase, and therefore, be considered as a more
conomical and environmentally-friendly amelioration strategy.
owever, microbial sulfate reduction is constrained by environ-
ental factors such as redox conditions, availability of sulfate and

rganic carbon (as energy source for sulfate-reducing bacteria), and
H (most sulfate reducers are inactive at  pH < 5) [1,5,9,13]. Sulfate
eduction can also be inhibited by the presence of competing elec-
ron acceptors, such as Fe(III) and nitrate [9,13,14]. Due to these
onstraining factors, re-flooding or re-saturation of sulfuric mate-
ial may  not lead to sulfate reduction [14,15]. Additionally, the
elative influence of the constraining factors may  vary with ASS
roperties. A better understanding of factors influencing microbial
ulfate reduction after re-flooding is needed to improve ameliora-
ion strategies for sulfuric material.

Organic matter has been used to ameliorate acid mine drainage
13,16,17], but little is known about the effectiveness of this treat-

ent in sulfuric material. Sullivan et al. [15] monitored sulfate
eduction after re-flooding of lake sediments containing sulfuric

aterial and concluded that it was mainly limited by the availabil-
ty of organic carbon based on the positive relationship between
ulfate reduction rate and organic carbon concentration of the sed-
ment. Field trials conducted by Fraser et al. [18] in an Australian

etland with sulfuric sediments showed that only liming or liming
ith revegetation increased soil pH significantly. They observed

lack monosulfidic material only in limed and planted plots, not
n plots that were only limed. However, to our knowledge, there
re no published studies systematically investigating the influence
f organic matter addition and pH increase separately or in com-
ination on sulfate reduction after re-flooding of sulfuric material.
urther, the effects of these treatments may  depend on soil prop-
rties such as texture and concentrations of competing electron
cceptors. The aims of this study were to: (i) investigate the effects
f pH increase to 5.5 and organic matter addition separately or
ombined on sulfate reduction after re-flooding of sulfuric mate-
ial, and (ii) determine the influence of selected soil properties on
he effects of these treatments. Previous studies and field observa-
ions in South Australia showed that sulfate reduction did not occur
fter re-flooding of sulfuric material even when they were limed
10,19]. Limitation of sulfate reduction by sulfate or pyrite forma-
ion by iron is unlikely because sulfate and iron concentrations in

rainage water from these ASS are high [10,19]. This indicates that
ot only low pH but also the low availability of native organic mat-
er may  limit sulfate reduction. In soils, availability of native and
dded organic matter to microbes can be reduced by binding to

28 
clay  [20–22]. Therefore, we hypothesized that after re-flooding of
sulfuric material: (i) pH increase or organic matter addition alone
will have little effect on sulfate reduction, (ii) only a combined
treatment of organic matter addition and pH increase will induce
a significant increase in sulfate reduction compared to the control,
and (iii) the increase in sulfate reduction by this treatment will be
related to soil properties such as texture and competing electron
acceptors such as nitrate.

2.  Materials and methods

2.1.  Sulfuric material

Sulfuric  materials were collected from the Lower Murray
Reclaimed Irrigation Area (LMRIA), which is an important agricul-
tural area in South Australia with a large distribution of  ASS [10].
Before 2007, soils in the LMRIA were mainly sulfidic, but persis-
tent drought and groundwater level declined between 2008 and
early 2010 resulted in oxidation of sulfidic material to form sul-
furic material even at depth [23–25]. Now after re-flooding and
irrigation (since 2011), even limed soils still contain sulfuric mate-
rial and sulfate reduction does not seem to occur [10,24]. The ten
sulfuric materials used in this experiment were from three soil pro-
files along a transect in a  pasture adjacent to the River Murray
at Long Flat (35◦7′28.05′′S–139◦17′55.17′′E) near Murray Bridge,
South Australia (Table 1) [10,24]. After taking the soil cores in 2011,
soil layers and horizons were defined, classified and soil properties
determined for each layer. The three profiles were classified as acid
sulfate soil subtype sulfuric clay soils in accordance with the Atlas
of Australian acid sulfate soils [4,24,26] or Typic or Sulfic Sulfaque-
rts in  Soil Taxonomy [27] (Table 1). The soil cores were then stored
in plastic boxes covered loosely at room temperature until they
were used in this experiment (May 2013). The ten soils used for
the present study were classified as sulfuric material [27,28] (i.e.
pH (1:1) < 4.0; Table 1) and comprised a wide range of other prop-
erties such as soil texture and concentrations of soil nitrate and
organic carbon (Table 1).

2.2.  Experimental design

There  were four treatments with three replicates for each soil:
Ctrl (control), +pH (pH increase to 5.5 ± 0.1), +C (organic carbon

(wheat straw) addition), and +C + pH (organic carbon addition and
pH increase). Twenty grams of moist soil (corresponding to 12–18 g
dry soil) was mixed with 20 ml  reverse osmosis (RO) water in a
70 ml  polypropylene container. Wheat straw (total organic carbon
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1%, total nitrogen 0.7%; ground to <2 mm)  was added at 2% (w/w
ry weight basis). Soil pH was then increased to 5.5 ± 0.1 by adding

 M NaOH and mixing it with soil until the pH of the soil paste was
.5 ± 0.1 24 h after adjustment. Between 0.80 and 4.25 ml  1 M NaOH
as required. Then 40 ml RO water was added, and lids of the con-

ainers were screwed on tightly to minimize oxygen diffusion into
he soils. The soil was incubated for 36 weeks at room tempera-
ure (20–25 ◦C) in the dark. Small amounts of water were added if
ecessary to maintain the water level in the containers.

.3. Measurements

Before the start of the experiment, selected soil properties were
etermined (Table 1). Soil total organic carbon (TOC) was measured
y the Walkley–Black method [29]. Sulfur was extracted by shaking
or 4 h with 1 M  KCl (SKCl)  or for 16 h with 4 M HCl (SHCl)  according to
hern et al. [30]. Sulfur in the extract was measured by ICP-AES. SKCl

epresents mainly soluble and exchangeable sulfate, while SHCl also
ecovers relatively insoluble sulfate in iron oxyhydroxy sulfate min-
rals such as  jarosite and natrojarosite that are commonly found
n sulfuric material [24,30]. Nitrate concentrations in the 1 M KCl
xtracts were determined using the cadmium reduction method
31]. Soil texture (sand and clay content) was analyzed according
o Kettler et al. [32].

During  incubation, pH of  the overlaying water (pHow) and of
he soil pore water (pHspw; by inserting the electrode into soil)
ere monitored with an electrode (Model IJ44C, Ionode, Australia)
eekly from weeks 0 to 12 and every two weeks from weeks 12 to

6. After 36 weeks, dissolved oxygen (DO2) in the overlaying water
as measured with a DO2 electrode (Model ED1, TPS, Australia).
edox potential of overlying water (Ehow) and soil pore water
Ehspw; by inserting the electrode into soil) were measured with
n electrode (Model IJ64, Ionode, Australia) only in  soil 10 due
o the long stabilization time. Soil 10 was chosen because it was
onsidered representative of most soils used in this study. After
ncubation, soil reduced inorganic sulfur (RIS) concentration was
etermined as the sum of acid volatile sulfide (AVS) and chromium
educible sulfur (Scr mainly pyrite). Acid volatile sulfide was  mea-
ured using the method described by Simpson [33]. The remaining
oil was dried at 80 ◦C for 48 h  (which removes AVS [30]), ground
nd passed through a 0.25 mm  sieve for pyrite measurement as
escribed by Ahern et al. [30]. About 94% of RIS was pyrite (Scr);
VS accounted for only 6%.

.4. Data analysis

Pearson’s  correlation and two-way ANOVA (soil and treatment
s fixed factors) were carried out for properties of soil and overlying
ater at the end of the experiment (week 36) and significant dif-

erences among soils and treatments were determined by Fisher’s
rotected least significant difference test using GenStat 16.2 (VSN

nternational Ltd., UK). For the relationship between RIS con-
entration and initial soil properties, Pearson’s correlations were
alculated using Genstat, and principal component analysis (PCA)
as carried out with PRIMER 6 (Primer-E Ltd Plymouth Marine

aboratory, UK). Measured Ehow and Ehspw data of soil 10 was
uperimposed in a  pH–Eh diagram for the iron–sulfur system as
escribed in Mosley et al. [10].

. Results

.1. Soil morphology
After  one week under flooded conditions, yellow–brown films
likely Fe(III)-oxyhydroxides) began to form on the soil surface (Fig.
1a); later they were also found on the inner container wall and/or,
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for  some soils, at the bottom of the soil. The yellow–brown films
occurred only or to a larger extent in treatments +C and +C + pH
(Fig. S1b).

After two weeks, black material (likely monosulfides (FeS))
became visible (Fig. S1). Substantial amounts of black material were
observed in soils 1, 5, 8, 9 and 10 with the highest amounts in soils
5 and 9, but only in treatment +C +  pH. There was no or only neg-
ligible black material in soils 2, 3, 4, 6 and 7. The amount of black
material changed with time. In soils 1, 5 and 9 the amount of black
material peaked before week 6 and then either decreased (soil 1)
or remained stable (soils 5 and 9). The amount of black material in
soils 8 and 10 increased until week 12, then remained stable before
decreasing from around week 24 (see Fig. S1b for soil 10).

3.2.  pH of overlying water and soil pore water

After about 24 weeks, the pH of overlying water and soil pore
water became relatively stable (Fig. 1). For most soils, values of
pHow and pHspw were in the order: Ctrl ≤ + C  < + pH ≤  + C + pH.
During incubation, for treatments Ctrl and +C, both pHow and
pHspw remained stable or dropped only slightly (by <0.5). But for
treatment +pH, pHow and pHspw decreased substantially from the
adjusted value of 5.5 by 0.7–1.9 units in all soils except soil 5.

In  treatment + C +  pH, compared with week 0,  pHow decreased
rapidly in the first 4–8 weeks except in soils 5 and 9, after which
it stabilized (soils 2, 3, 4, 6 and 7) or increased (soils 1,  8 and 10)
(Fig. 1). In contrast, pHspw increased rapidly during the first four
weeks in soils 1, 3, 6, 7, 8 and 10, and increased more gradually in
soils 5 and 9. After this increase, pHspw decreased or stabilized in
most soils. However, pHspw did not increase in soils 2 and 4. pHow
and pHspw differed from each other more strongly in the first 12
weeks than towards the end of the experiment.

3.3. Properties of overlying water and soil after 36 weeks

Treatment, soil, and their interaction had significant effects on
pHow pHspw, RIS, and DO2 expressed as absolute values (Fig. 2) and
as percentages in the amended treatments relative to the control
(Fig. 3).

Treatment effects were similar for pHow and pHspw. Compared
to the control, addition of organic carbon alone (treatment +C) did
not influence pHow and pHspw significantly except in soil 2 where
pHspw was  higher in  +C, but treatments +pH and +C + pH increased
pHow and pHspw significantly in all soils by 12–92% (Figs. 2 and 3).
In soils 3, 5, 8 and 9, the percentage increase in pHow and pHspw
relative to the control was greater in +C + pH (35–92%) than in +pH
(12–36%). In soil 10, the percentage increase in pHspw (but not
pHow) was  also greater in +C +  pH (65%) than in +pH (35%). In the
other soils (1, 2, 4,  6 and 7), treatments C + pH and +pH increased
both pHow and pHspw by 21–44% relative to the control.

Compared to the control, the RIS concentration was significantly
increased in treatment +C + pH in six of the ten soils, but not in soils
1, 4, 6 and 7 (Fig. 2). The increase in RIS concentration in +C +  pH
as percentage of the control was greatest in soils 5, 9 and 10 (10-
fold–12-fold) (Fig. 3). It was smaller in soil 8 (around 5-fold) and
smallest in soils 2  and 3 (around 3-fold). The RIS concentration
in treatment +C was  no significantly different from in the control.
Treatment +pH significantly increased the RIS concentration com-
pared to the control only in soil 2 where it was twice as high as in
the control.

Compared to the control, the pH adjustment alone (treatment
+pH) significantly reduced the concentration of dissolved oxygen

in the overlying water (DO2) only in soils 1 and 9. However, in eight
of the ten soils (except soils 2 and 10), the DO2 concentration was
lower in treatments +C or +C + pH than in the control by 14–42%
(Figs. 2 and 3).
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ig. 1. pH of overlying water (OW, blue symbols) and soil pore water (SPW, black s
+C); pH increase to 5.5 ±  0.1 (+pH); organic carbon addition and pH increase (+C + p

Expressing parameters in the amended treatments as percent-
ge of the control, RIS concentration was positively correlated with
H of the overlying water and soil pore water (r = 0.63 and 0.70) and
egatively correlated with oxygen concentration of the overlying
ater (r = −0.34) (Fig. 3).

.4.  Relationship between RIS concentration in treatment +C + pH
nd initial soil properties

To  understand how initial soil properties influenced the effec-

iveness of treatment +C + pH in stimulating sulfate reduction,
orrelations between RIS concentration in this treatment in per-
entage of the control and initial soil properties were calculated
Table 2). RIS concentration was positively correlated with sand

30 
ls) in ten soils over 36 weeks in treatments: control (Ctrl); organic carbon addition
rror bars show standard deviations (n = 3).

content,  but negatively correlated with initial soil water content,
clay content, and concentrations of nitrate and extractable sulfur.
Soil water content was negatively correlated with sand content but
positively correlated with clay content and extractable sulfur con-
centrations. TOC content was  negatively correlated with soil depth
and nitrate concentration but positively correlated with sand con-
tent. These relationships can also be visualized in a PCA plot (Fig.
S2).

3.5. Redox potential in soil 10
The pH–Eh (redox potential) diagram for the iron–sulfur sys-
tem suggested that in treatment +C +  pH conditions in soil 10 were
favorable for pyrite predominance in both weeks 18 and 36 (Fig. S3).
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n  soils 1–10 after 36 weeks. Treatments: control (Ctrl); pH increase to 5.5 ± 0.1 (+ pH
ars  show standard deviations (n = 3). Values that do not share same letters are sign

n contrast, conditions in the overlying water in this treatment were
uitable for the formation of poorly crystalline Fe(III)-oxyhydroxy
xides such as ferrihydrite or [Fe(OH)3(a)] in week 18 but not in
eek 36 when the pH was lower than in week 18 and ferrous

ron (Fe2+)  was predicted to be dominant. In the other treatments,
H and Eh in both the overlying and soil pore water were similar

n weeks 18 and 36 and the diagram predicted the dominance of
errous iron.

.  Discussion

This study showed that only the combined treatment of increas-
ng pH to 5.5 and adding organic carbon (+C +  pH) induced
ignificant sulfate reduction in the sulfuric materials (pH < 4) after
e-flooding, which increased soil pH compared to treatment with
H increase alone (+pH). However, this was only the case in some
oils, indicating that the effectiveness of treatment +C + pH to stim-

late sulfate reduction is influenced by other soil properties. The
esults confirm our hypotheses, namely, after re-flooding of  sulfu-
ic material: (i) pH increase or organic matter addition alone has
ittle effect on sulfate reduction, (ii) only the combined treatment

31
ur in the soil (RIS), and concentration of dissolved oxygen in overlying water (DO2)
anic carbon addition (+ C); organic carbon addition and pH increase (+C + pH). Error
tly different at P ≤ 0.05 (soil×treatment interaction).

(+C  + pH) induces a significant increase in sulfate reduction com-
pared to the control, and (iii) the increase in sulfate reduction by
this treatment is related to soil properties such as soil texture and
the presence of competing electron acceptors such as nitrate.

4.1.  Factors limiting sulfate reduction

In the sulfuric materials used in this study, both low pH and
low organic carbon availability limited microbial sulfate reduction
because neither pH increase alone (treatment +pH) nor organic
carbon addition alone (treatment +C) induced sulfate reduction
compared to the control, while the combined treatment (+C +  pH)
resulted in a significant increase in sulfate reduction in some soils
(Fig. 2).

Most sulfate reducing bacteria require a  pH range from 5 to 8
for their growth [13,34]. Although microbial sulfate reduction has
been reported at low pH in lakes and rivers, wetlands, mine tailings

and bioreactors [34,35], to our knowledge, it has not been observed
in soils with pH < 4. In the soils used, the absence of acidotolerant
or acidophilic sulfate reducing bacteria may  be because the soils
were not acidic before acidification [25].
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ig. 3. Properties of overlying water and soil pore water in soils 1–10 after 36 w
alues that do not share same letters are significantly different at P ≤  0.05 (soil × tre
bbreviations see Fig. 2.

Native organic matter was limiting sulfate reduction even
hough the native TOC content ranged between 1.4% and 2.8%

Table 1), which is  relatively high compared to many Australian
oils [36]. The low availability of organic carbon can be explained
y the high clay content (mostly >50%) of these soils and soil

able 2
orrelations between RIS concentration in treatment +C + pH in percentage of the control

Variables Depth Water content pH (1:1) TOC N

Depth 1
Water content −0.22 1
pH(1:1) −0.03 −0.19 1
TOC  −0.67 −0.27 -0.22 1
Nitrate-N 0.47 0.04 0.10 −0.47 

SHCl −0.07 0.49 −0.83 0.09 −
SKCl −0.04 0.43 −0.71 0.04 −
%Sand −0.22 -0.61 0.07 0.61 −
%Clay −0.12 0.54 0.46 −0.21 

%RIS  (+C + pH) −0.11 −0.72 0.12 0.34 −
a Soil properties: depth, depth; water content, %sand, sand content; %clay, clay content

he  control. For other soil properties see Table 1. r values in bold are significant at P ≤ 0.05

32 
s percentage relative to the control. Error bars show standard deviations (n  =  3).
t interaction). The dashed line indicates 100% (control). For property and treatment

acidification during the oxidation period prior to the collection
of these soils. Accessibility of organic matter to decomposing

microbes is reduced by (i) binding to soil particles via ligand
exchange and cation (e.g. Ca2+,  Fe3+,  Al3+) bridges, particularly to
clay or precipitated minerals (e.g. iron minerals such as jarosite),

 and initial soil properties.a

itrate SHCl SKCl %Sand %Clay %RIS (+C + pH)

1
0.15 1

0.12 0.97 1

0.12 -0.53 −0.63 1
0.05 0.06 0.16 −0.60 1
0.37 −0.44 −0.42 0.62 −0.65 1

; %RIS (+C + pH), reduced inorganic sulfur in the treatment +C + pH in percentage of
.



1 dous M

(
[
o
o
m
o

r
t
M
N
s
e
b
s
s
e
p
s
j
a
M
m
t
o
a
w
i
d
s

4

t
a
y
a
c
e
i
c
a
p
a
t
a
i
o
o
e
a
t
f
w
f
w
r
D
s
T
s
t
p
j

44 C. Yuan et al. / Journal of Hazar

ii) intercalation in clay layers, and (iii) occlusion within aggregates
20]. The low pH in sulfuric material results in high concentrations
f soluble Al and Fe, which may  further reduce accessibility of soil
rganic carbon by the formation of stable complexes [20]. These
echanisms can reduce the availability of both native and added

rganic carbon to soil microbes [20–22].
Competing electron acceptors can also prevent or reduce sulfate

eduction. After re-flooding, oxygen is  first used for the decomposi-
ion of organic carbon. With the decrease of redox potential, nitrate,

n(IV), Fe(III), and then sulfate are sequentially reduced [14].
itrate, which was abundant in soils 3 and 4  (Table 1), can inhibit

ulfate reduction because it: (i) is a more energetically favorable
lectron acceptor competing with sulfate for electrons generated
y decomposition of organic carbon [14,37], (ii) can oxidize reduced
ulfur [37], and (iii) can indirectly inhibit a key enzyme involved in
ulfate reduction [38]. Fe(III) is also a more energetically favorable
lectron acceptor, which can inhibit sulfate reduction [14] by com-
eting for electrons from organic matter and by oxidizing reduced
ulfur [39,40]. In the soils used here, Fe(III) could be in the form of
arosite [KFe3(SO4)2(OH)6]  and natrojarosite [NaFe3(SO4)2(OH)6]
s indicated by the difference between SHCl and SKCl (Table 1).
osley et al. [10] and Fitzpatrick et al. [24] have reported these
inerals in similar soils in the LMRIA. The yellow–brown films at

he sediment–water interface (Fig. S1) also suggested the presence
f Fe(III). After re-flooding, reductive dissolution of Fe(III) miner-
ls releases dissolved Fe2+, which can diffuse into the overlying
ater and be re-oxidized and precipitated as  iron oxides if oxygen

s present [10,41]. The reduction of Fe(III) is desirable because it  pro-
uces alkalinity and dissolved Fe(II) which together with reduced
ulfur can be used for RIS formation [42,43].

.2. Correlation of sulfate reduction with initial soil properties

The  RIS concentration expressed as percentage of the con-
rol allows better comparison of the effectiveness of treatments
mong soils than absolute RIS concentration. The correlation anal-
sis (Table 2) showed that RIS concentration in treatment +C + pH
s percentage of the control was positively correlated with sand
ontent but negatively correlated with clay content, nitrate and
xtractable sulfur concentrations and soil water content. The pos-
tive correlation with sand content and negative correlation with
lay content can be explained by the decrease in organic matter
ccessibility to microbes by clay [20]. Sand particles have a low
otential for binding organic matter [20], therefore, most of the
dded organic carbon likely remained available. Clay particles on
he other hand can bind organic matter; therefore, the proportion of
dded organic carbon available for sulfate reducers decreased with
ncreasing clay content. Reduction of availability of freshly added
rganic matter to soil microbes by clay has been shown in previ-
us studies [21,22]. The negative correlation with nitrate can be
xplained by the fact that nitrate is a  competing electron acceptor,
s mentioned above. In agreement with this, we recently showed
hat high nitrate addition rates have a negative effect on sul-
ate reduction [44]. Electrons from organic matter decomposition

ould be used for nitrate reduction first [14] and less would remain
or sulfate reduction. The negative correlations with initial soil

ater content and extractable sulfur concentrations may  be indi-
ect. Soil water content was positively correlated with clay content.
uring storage of the soil cores prior to this experiment, clay-richer

oils would have retained more water than lighter-textured soils.
his higher water content may  facilitate pyrite oxidation during

torage [45], thus leading to higher extractable sulfur concentra-
ions and lower pH in the moister soils. Pyrite oxidation/sulfate
roduction leads to the generation of Fe(III) minerals including

arosite [1,13], which can inhibit sulfate reduction as competing
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electron  acceptors and by binding organic carbon as mentioned
above.

Treatment +C + pH significantly increased RIS concentration
compared to the control in soils 2, 3, 5, 8, 9  and 10 (Fig. 2); the
percentage increase in RIS was least in soils 2 and 3 and greatest in
soils 5, 9 and 10 (Fig. 3). The strong stimulation of sulfate reduction
in soils 5, 9, and 10 can be explained by their low concentration of
clay, nitrate and extractable sulfur. In these soils, more of the added
organic matter remained available for sulfate reducers compared
to other soils where it was bound by clay or utilized for reduc-
ing other more energetically favorable electron acceptors (nitrate,
Fe(III)). The percentage increase in RIS was  smaller in soil 8 which
had a higher clay content than soils 5, 9 and 10. Treatment +C +  pH
did not increase RIS concentration or induced only a small increase
compared to the control in soils 1, 2, 3, 4, 6 and 7.  The lower effec-
tiveness of treatment +C + pH in these soils can be explained by the
high clay content in soil 1, high nitrate concentration in soils 3 and 4,
and high extractable sulfur (thus concomitant Fe(III)) concentration
in soils 2, 6 and 7.

4.3.  Other observations

Iron  oxides that occurred on the inner container wall and the
soil surface during the experiment particularly in treatment +C +  pH
(also suggested by the pH–Eh diagram (Fig. S3)) were likely the
result of re-oxidation of Fe2+ that was  reduced from Fe(III) in the
soil and diffused into the overlying water [10,41]. Bacteria oxi-
dizing Fe(II) to Fe(III) are chemolithotrophic [13,46], but Fe(III)
reduction requires organic carbon. This explains why iron oxides
occurred only or to a  larger extent in treatments +C  + pH and + C.
The decrease in pH of the overlying water in treatment +C + pH
during the first 4–8 weeks in most soils could be due to precipi-
tation of iron oxides which releases H+ [13]. Depletion of oxygen
by decomposition of organic carbon added and re-oxidation of  Fe2+

in the overlying water can explain the lower DO2 concentrations in
treatments +C +  pH and +C compared to the control.

5. Conclusion

This study showed that in the sulfuric materials used low pH
and low availability of native organic matter limited sulfate reduc-
tion. The results have implications for management of  sulfuric ASS
because the effectiveness of the combined treatment of raising pH
to >5 and adding organic matter is likely to be greater in light-
textured soils than in clay-rich soils and further influenced by the
concentrations of competing electron acceptors.
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Fig. S1. a) Iron oxides observed after one week, and black (likely monosulfidic) 

material after two weeks. b) Images of soil 10 in weeks 6, 12, 24, and 36 with the 

four treatments: control (Ctrl); organic carbon addition (+C); organic carbon addition 

and pH increase (+C+pH); pH increase to 5.5±0.1 (+pH). 
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Fig. S2. Principal component analysis (PCA) plot of the relationships between 

concentration of soil reduced inorganic sulfur in treatment +C+pH (organic carbon 

addition and pH increase) as percentage of the control (%RIS) and initial soil 

properties after 36 weeks. TOC, total organic carbon; SHCl, 4 M HCl extractable sulfur; 

SKCl, 1 M KCl extractable sulfur. 
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Fig. S3. pH and Eh of soil pore water (SPW) and overlying water (OW) in soil 10 in 

weeks 18 and 36 as superimposed into a geochemical model for the iron−sulfur 

system. Treatments: control (Ctrl); organic carbon addition (+C); pH increase to 

5.5±0.1 (+pH); organic carbon addition and pH increase (+C+pH).  
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a b s t r a c t

Acid sulfate soils (ASS) with sulfuric material can be remediated through microbial sulfate reduction
stimulated by adding organic matter (OM) and increasing the soil pH to >4.5, but the effectiveness of this
treatment is influenced by soil properties. Two experiments were conducted using ASS with sulfuric
material. In the first experiment with four ASS, OM (finely ground mature wheat straw) was added at
2�6% (w/w) and the pH adjusted to 5.5. After 36 weeks under flooded conditions, the concentration of
reduced inorganic sulfur (RIS) and pore water pH were greater in all treatments with added OM than in
the control without OM addition. The RIS concentration increased with OM addition rate. The increase in
RIS concentration between 4% and 6% OM was significant but smaller than that between 2% and 4%,
suggesting other factors limited sulfate reduction. In the second experiment, the effect of nitrate addition
on sulfate reduction at different OM addition rates was investigated in one ASS. Organic matter was
added at 2 and 4% and nitrate at 0, 100, and 200 mg nitrate-N kg�1. After 2 weeks under flooded con-
ditions, soil pH and the concentration of FeS measured as acid volatile sulfur (AVS) were lower with
nitrate added at both OM addition rates. At a given nitrate addition rate, pH and AVS concentration were
higher at 4% OM than at 2%. It can be concluded that sulfate reduction in ASS at pH 5.5 can be limited by
low OM availability and high nitrate concentrations. Further, the inhibitory effect of nitrate can be
overcome by high OM addition rates.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Acid sulfate soils (ASS) have a large distribution in the world,
with a total estimated area of coastal ASS of 107�108 ha (Macdonald
et al., 2011; Wim and Mensvoort, 2005). Upon oxidation, ASS with
sulfidic material (pH > 4.0) transform to sulfuric material (pH < 4.0)
(Isbell, 2002) and release acidity and toxic metals, which can have
severe negative impacts on the environment (Fitzpatrick et al.,
2009). Stimulation of microbial sulfate reduction has been pro-
posed as an efficient strategy for remediating ASS with sulfuric
material as the process generates alkalinity (Baldwin and Fraser,
2009; Fitzpatrick et al., 2009). This could be particularly useful
when chemical amelioration, such as liming, is costly or ineffective
(P. Marschner).

43 
(Dear et al., 2002). For effective management of sulfuric ASS It is
important to understand the factors that may limit or enhance
sulfate reduction.

Following re-flooding and soil submersion, soil oxygen is
quickly depleted and other oxidized components used as electron
acceptors in anaerobic respiration are reduced according to ther-
modynamics in the sequence: NO3

�, Mn(IV), Fe(III), SO4
2�, CO2

(Borch et al., 2009; Ponnamperuma,1972). The presence of electron
acceptors ranked higher in the sequence retards the reduction of
electron acceptors ranked lower (Ponnamperuma, 1972) because
the former can: (i) outcompete the latter for electron donors
(organic carbon) (Hubert and Voordouw, 2007; Lovley and Phillips,
1987), and (ii) oxidize the reduction products of the latter (Canfield
et al., 1993; Carlson et al., 2013; Hubert and Voordouw, 2007;Myers
and Nealson, 1988; Zhang et al., 2009). Additionally, nitrate inhibits
sulfate reduction because the product of nitrate reduction, nitrite,
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inhibits the dissimilatory sulfite reductase (Haveman et al., 2004;
Kaster et al., 2007). The inhibitory influence of Mn(IV) and Fe(III)
oxides on sulfate reduction (Canfield et al., 1993; Lovley and
Phillips, 1987; Myers and Nealson, 1988; Zhang et al., 2009) is
weaker because of (i) their low solubility, (ii) lower standard
reduction potential of these redox couples than the NO3

�/N2 couple,
and/or (iii) the limited number of microbes using these electron
acceptors (Ponnamperuma, 1972).

Large-scale exposure and oxidation of ASS occurred in the Lower
Murray region of South Australia during a recent prolonged and
severe drought (Mosley et al., 2014b). Despite several years of re-
submergence after the end of the drought, neutralization of the
acidity in these soils via sulfate reduction does not appear to be
occurring (Mosley et al., 2014a). In our previous study (Yuan et al.,
unpublished) we showed that low soil pH and availability of
organic matter (OM) may limit sulfate reduction in these ASS with
sulfuric material after re-flooding. But the ameliorative effect of the
treatment with increased pH and OM addition on sulfate reduction
differed among soils (Yuan et al., unpublished). Possible reasons for
a small increase of sulfate reduction compared to the other soils
could be high concentrations of competing electron acceptors,
particularly nitrate as a large proportion of ASS in the LMRIA are
under intensive pasture with high nitrogen fertilizer use. High ni-
trate concentrations have also been reported for other ASS
(Macdonald et al., 2010). The influence of competing electron ac-
ceptors, such as nitrate has not been adequately studied in a sys-
tematic manner and is currently not taken into account for ASS
management. The aim of the present study was to investigate the
effects on sulfate reduction in sulfuric material after pH adjustment
to 5.5 and re-flooding of: (i) addition rates of OM (Experiment 1)
and (ii) combinations of amendment with nitrate and OM (Exper-
iment 2). Our hypotheses were: (i) sulfate reduction increases with
OM addition rate, and (ii) nitrate can inhibit sulfate reduction but
this can be overcome by high OM addition rates.
2. Materials and methods

2.1. Soils

Five soils with sulfuric material (soils 1e5; Table 1) collected in
the Lower Murray Reclaimed Irrigation Area (LMRIA), South
Australia (35�7028.0500S, 139�17055.1700E) were used. They come
from two profiles described in Fitzpatrick et al. (2013): DSa01A
(soils 1e4) and DSa01B (soil 5). The soil is a sulfuric clay soil
(Fitzpatrick et al., 2010; Fitzpatrick, 2013), Typic Sulfaquert or Sulfic
Sulfaquert (Soil Survey Staff, 2014). The area is used for intensive
cattle grazing with flood irrigation (for further information see
Mosley et al., 2014a). Selected soil properties were determined
(Table 1).
Table 1
Texture, pH and concentrations of TOC (total organic carbon), SHCl (4 M HCl extractable

No. Depth (cm) Sand (%) Clay (%) Water
content (g g�1)

pH (1:1

Experiment 1a

1 57e95 1.3 75.3 0.33 4.30
2 95e190 1.9 53.7 0.54 3.09
3 190e280 1.6 56.1 0.63 3.21
4 280e350 1.8 58.7 0.40 4.23
Experiment 2b

5 76e190 5.5 56.2 0.33 4.06

a Profile: DSa01A (Fitzpatrick et al., 2013).
b Profile: DSa01B.
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2.2. Experimental procedure

Soils 1e4 were used in Experiment 1. In our previous study
(Yuan et al., unpublished), these clayey soils had a smaller increase
in sulfate reduction compared with other soils after pH adjustment
to 5.5 and OM addition. Twenty grams of moist soil (12e15 g oven
dry soil) was mixed with 20 ml reverse osmosis (RO) water in 70ml
polypropylene containers. Organic matter (ground and sieved
mature wheat straw to <2 mmwith 313 g kg�1 total organic carbon
and 7 g kg�1 total nitrogen) was then added to the soil paste at
three rates: 2, 4 or 6% (w/w on oven dry basis). Controls were soils
without OM addition. For soil 1 only, addition rates of 0.5 and 1%
were also included, because in our previous study (Yuan et al.,
unpublished) OM was added at 2% only and more black material
(likely monosulfidic, FeS) was observed in this soil compared to
soils 2e4. It was unclear if this apparent sulfate reduction would
occur with lower OM additions. After adjusting the soil pH in all
treatments to 5.5 ± 0.1 by adding 1 M NaOH, the soils were incu-
bated under 40 ml RO water for 36 weeks. There were three rep-
licates per treatment. During incubation, pH of the overlying water
and soil pore water were measured weekly from weeks 0e12 and
every two weeks from weeks 12e36 (except in week 34) (Figs. S1
and S2). The concentration of O2 in the overlaying water was
determined at the end of the experiment.

Only one soil (Soil 5) was used in Experiment 2. This soil was
selected because it had low initial nitrate concentration and in our
previous study with 2% OM added and pH increased to 5.5 black
(likely monosulfidic) material occurred early when incubated un-
der water (Yuan et al. unpublished). There were three factors:
organic matter addition (OM), nitrate addition (Nitrate), and time
(Time). Twenty grams of moist soil (15 g oven dry soil) was mixed
with 20 ml RO water in 70 ml polypropylene containers. Ground
and sieved mature wheat straw (similar as in Experiment 1) was
then added at two rates: 2% and 4% (w/w on oven dry basis). After
1.1, and 2.1 ml 0.1 M KNO3 was added to achieve 100, and 200 mg
Nitrate-N kg�1. The control was without nitrate addition. The lower
nitrate addition rate represents approximately the highest nitrate-
N concentration in the soils used (Table 1) and the higher addition
rate twice that concentration. To compensate the change of salinity
caused by KNO3 addition, 2.1, 1.1, and 0 ml 0.091 M KCl, which has
the same salinity as 0.1 M KNO3 (Weast et al., 1988), was added to
the soil for control, 100, and 200 mg Nitrate-N kg�1, respectively.
Soil pH for all the treatments was then increased to 5.5 ± 0.1 by
adding 1 M NaOH. The soil was incubated under 40 ml ROwater for
2 weeks. This short incubation period was chosen firstly because
nitrate can be reduced within a few days after submergence
(Ponnamperuma,1972), therefore the effect of nitrate as competing
electron acceptor for sulfate reduction is likely to be greatest
initially. Secondly, we observed that the difference in extent of
black material among nitrate addition rates that developed in the
sulfur), and SKCl (1 M KCl extractable sulfur) of soils used in this study.

) TOC (%) Nitrate-N
(mg kg�1)

Ammonium-N
(mg kg�1)

SHCl (%) SKCl (%)

3.0 13.0 48.3 0.32 0.26
2.3 0.7 117.7 0.64 0.42
1.6 16.5 125.2 0.55 0.37
1.5 93.9 51.2 0.40 0.29

1.5 10.6 40.2 0.24 0.14
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first week becameweaker inweek 2 by the end of which the extent
of black material became similar in all nitrate treatments (Fig. S3),
suggesting that the nitrate effect became weaker. Acid volatile
sulfur (AVS, comprising dissolved sulfides, solid FeS phases, and
perhaps pyrite (Rickard, 2012)) concentration was used to estimate
sulfate reduction due to these observations and because FeS tends
to form more rapidly than pyrite (Rickard, 2012). During incuba-
tion, pH of the overlying water (pHow) and soil porewater (pHspw)
were measured weekly. Soil subsamples were taken from the
containers at the end of weeks 1 and 2 to determine AVS, nitrate,
and ammonium concentrations.

2.3. Methods

Total organic carbon (TOC) was measured by the Walkley-Black
method (Nelson and Sommers, 1996). Sulfur was extracted by
shaking for 4 h with 1 M KCl (SKCl) or for 16 h with 4 M HCl (SHCl)
according to Ahern et al. (2004) and sulfur in the extract was
measured by ICP-AES. SKCl represents mainly soluble and
exchangeable sulfate, while SHCl also recovers relatively insoluble
sulfate in iron oxyhydroxysulfate minerals such as jarosite and
natrojarosite that are commonly found in sulfuric material (Ahern
et al., 2004; Fitzpatrick et al., 2013). Reduced inorganic sulfur
(RIS) in the soil was measured as the sum of acid volatile sulfide
(AVS) and chromium reducible sulfur (Scr, mainly pyrite), which
were determined according to Simpson (2001) and Ahern et al.
(2004).

Nitrate and ammonium concentrations were determined in the
1M KCl extracts using the cadmium reductionmethod (Keeney and
Nelson,1982), and according toWillis et al. (1996), respectively. Soil
texture (sand and clay content) was analyzed after Kettler et al.
(2001).

The pH of the soil pore water was measured by inserting the pH
electrode approximately 2 cm into the soil. The concentration of
dissolved oxygen (DO2) in the overlaying water was measured with
a DO2 electrode.

2.4. Data analysis

For Experiment 1, properties of soil and overlying water at the
end of the experiment (week 36) were analyzed by two-way
ANOVA (soil � OM addition rate). Significant differences
(P� 0.05) among soils and treatments were determined by Fisher's
protected least significant difference test using GenStat 16.2 (VSN
International Ltd., UK). For Experiment 2, three-way ANOVA (OM
addition rate, nitrate addition rate, and Time as a repeated-measure
factor; Table S1) was conducted for the change in pHow and pHspw
compared to values at week 0 and for concentrations of soil AVS,
nitrate-N, and ammonium-N using IBM SPSS 20 (IBM, USA). If the
three-way interaction was significant, further analyses for
OM � Nitrate interactions were performed at each time point, and
the main effect of Time was checked by multivariate tests and
pairwise comparisons with Bonferroni adjustment at each
OM � Nitrate combination. If three-way interaction was not sig-
nificant, further analyses were carried out for significant two-way
interactions and main effects (Cohen, 2013).

3. Results

3.1. Soil properties

The clay content of the soils ranged from 54 (soil 2) to 75% (soil
1) (Table 1). All soils were strongly acidic (pH 3e4) before pH
adjustment and classified as sulfuric material (Isbell, 2002). The
TOC content was lowest in soils 4 and 5 (1.5%) and highest in soil 1
45 
(3%). Nitrate-N concentrationwas highest in soil 4 (94mg kg�1) and
lowest in soil 2 (1 mg kg�1). Ammonium-N concentration ranged
from 40 (soil 5) to 118 mg kg�1 (soil 2). SHCl and SKCl concentrations
were highest in soil 2 and lowest in soil 1.

3.2. Experiment 1

OM addition, soil, and their interaction significantly influenced
pHow, pHspw, and RIS, DO2, nitrate and ammonium concentrations
after 36 weeks (Fig. 1), as well as the difference of these properties
in the treatments with OM addition compared to the control (0%
OM addition) (Fig. S4).

With �2% OM added, pHspw increased in the first 4 weeks, but
decreased later with 2% OMwhereas it continued to increasewith 4
and 6% OM (Figs. S1 and S2). After 36 weeks (Fig. 1a, c) compared
with the un-amended control, 2% OM addition increased pHow and
pHspw significantly only in soil 1 (by 1.3 and 1.1 pH units) and soil 4
(by 0.4 and 1.2 units), but in all soils pHow and pHspw were
significantly increased at OM addition rates 4% (by 1.6e2.9 units) or
6% (by 1.5e3.7 units). The pH increase induced by 4% and 6% OM
addition was greater in soils 2�4 (by 2.5e3.7 units) than in soil 1
(by 1.5e1.8 units). Organic matter addition rates between 2 and 4%
(w/w) increased soil RIS concentration significantly compared to
the control (no OM added) (Fig. 1 d). Adding 2% OM caused an in-
crease of RIS concentration by 0.09%e0.14% in all soils. The increase
induced by 4% OM addition was greater in soils 2 and 3 (by 0.37%)
than in soils 1 and 4 (by 0.24%). When 6% OM was added, the in-
crease in RIS concentration was largest in soils 2 and 3 (by around
0.51%), followed by soil 4 (by 0.31%), and smallest in soil 1 (by
0.22%). In all soils, the increase in RIS concentration was greater
from 2% to 4% OM addition than from 4% to 6%. In soil 1, where OM
addition rates ranged between 0.5% and 6% (Fig. S5), RIS concen-
trations were higher than the un-amended control only at �2% OM
added.

Compared to the control, 2% OM addition significantly
decreased DO2 in the overlying water only in soils 1 and 4 (by 1.97
and 0.66 ppm), but in all soils DO2 concentration was significantly
decreased with addition of 4% (by 0.67e3.76 ppm) and 6% OM (by
1.43e4.25 ppm) (Fig. 1b). The 4% and 6% OM addition caused
greater DO2 decrease in soil 1 (by 3.76 and 4.25 ppm) and soil 4 (by
1.30 and 2.74 ppm) than in soils 2 and 3 (by 0.67e1.86 ppm).

After 36 weeks, nitrate-N was detected in the controls (no OM
added) of soils 1, 2 and 4. With OM addition nitrate-N concentra-
tions were very low (<0.2 mg kg�1) (Fig. 1e). Compared to the
control, the concentration of ammonium-Nwas higher at 4% and 6%
OM addition in soil 1 (by 14.3 and 30.0 mg kg�1), lower with OM
addition in soil 2 (by 36.5e46.6 mg kg�1) and soil 3 (by
15.0e68.2 mg kg�1), and not affected by OM addition in soil 4
(Fig. 1f).

3.3. Experiment 2

The increase in pHow and pHspw compared to values in week
0 was greater in week 2 than in week 1 (Fig. 2a, b). The pH increase
was greater without nitrate addition than when 200 mg kg�1 ni-
trate was added in week 1 with 2% OM addition and in week 2 at
both OM addition rates. With nitrate added, the increase in pHow
and pHspw in week 2 was greater with 4% than with 2% OM added.

The AVS concentration was higher in week 2 than in week 1
when 4% OM was added, but did not change over time with 2% OM
addition (Fig. 2c). With addition of 2% OM, the AVS concentration
was higher without nitrate added than when nitrate was added.
With 4% OM added, the AVS concentration was lowest when
200 mg kg�1 nitrate added. At all nitrate addition rates, the AVS
concentration was higher with 4% than with 2% OM addition.
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Fig. 1. Properties of overlying water and soil in soils 1, 2, 3 and 4 amended with 0, 2, 4 and 6% (w/w) organic matter after 36 weeks in Experiment 1. (a) pHow, pH of overlying water;
(b) DO2, dissolved oxygen concentration in overlying water; (c) pHspw, pH of soil pore water; and soil concentrations of (d) RIS, reduced inorganic sulfur, (e) nitrate-N, and (f)
ammonium-N. Vertical lines show standard deviation (n ¼ 3); values that do not share the same letter are significantly different at P � 0.05.
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The nitrate-N concentration was higher in week 1 than in week
2 (Fig. 2d). The nitrate concentration was not influenced by nitrate
addition rate with 2% OM added. With 4% OM addition, the nitrate-
N concentration was higher without nitrate added than when ni-
trate was added.

In week 1 at both OM addition rates, the ammonium-N con-
centration was lower in the treatment without nitrate addition
than with 200 mg kg�1 nitrate (Fig. 2 e). But in week 2 the
ammonium-N concentrations was lower with 200 mg kg�1 nitrate
added than without nitrate addition.
4. Discussion

This study showed that sulfate reduction in sulfuric material
after re-flooding can be influenced by both OM availability and
nitrate concentration when the pH is adjusted to 5.5. In agreement
with our previous study (Yuan et al. unpublished), sulfate reduction
was very low without OM addition (Fig. 1d) which indicates that
native OM was poorly available for sulfate reducers although the
native OM content was 1.5e3% (Table 1). This suggests that native
OMwas not available to sulfate reducers, probably due to binding to
clay and complexion by dissolved metals (Lützow et al., 2006) in
these soils which have a high clay content (Table 1) and high
concentrations of dissolved metals (Fitzpatrick et al., 2013; Mosley
et al., 2014a). In soil 1, lower OM addition rates (0.5% and 1%) did
not increase RIS concentrations compared to the un-amended soils
(Fig. S5). This suggests that onlywhen the OM addition rate is above
a certain threshold sulfate reduction can occur, possibly because
added OM can also be bound by clay (Roychand and Marschner,
2013; Shi and Marschner, 2013). In addition, after flooding, oxy-
gen, NO3

�, Mn(IV) and Fe(III) are sequentially used as electron ac-
ceptors during OM decomposition (Borch et al., 2009;
Ponnamperuma, 1972). Lower concentrations of dissolved oxygen
in the overlying water and nitrate in the soil when OM was added
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(Fig. 1b) also suggest that competing electron acceptors (oxygen,
nitrate) were used. If there is still OM available after these electron
acceptors have been reduced, sulfate reduction will occur (Dugdale
et al., 1977; Lovley and Phillips, 1987; Ontiveros-Valencia et al.,
2012; Ponnamperuma, 1972) and the pH will increase (Fig. 1c). If
sufficient OM remains for sulfate reduction, RIS formation can be
limited by sulfate and dissolved Fe concentration and therefore
further addition of OM will not result in higher RIS concentrations.
For all soils, at 4% OM added, the RIS concentrations after incuba-
tion were close to the initial SKCl concentrations (Table 1 and
Fig. 1d), suggesting that almost all soluble and exchangeable sulfate
was reduced. We can therefore assume that when 6% OM was
added, only the relatively insoluble sulfate (SHCleSKCl) (Table 1 and
Fig. 1d) was available as electron acceptor for the decomposition of
the extra 2% OM. Thus the increase in RIS concentrationwas smaller
from 4% to 6% OM addition than from 2% to 4%. This interpretation
is supported by the finding that in soil 1, where the SHCleSKCl
concentration was low (0.06%), RIS concentration did not increase
from 4% to 6% OM addition.

It is known that nitrate inhibits sulfate reduction (Hubert and
Voordouw, 2007; Ponnamperuma, 1972), however to our knowl-
edge the influence of nitrate has not been considered in ASS
management. The inhibitory effect of nitrate on sulfate reduction
was confirmed in Experiment 2. Soil AVS concentrations were
lower in the treatments with nitrate added, particularly at the
higher nitrate rate (Fig. 2c). Nitrate concentrations after two weeks
did not differ significantly among nitrate addition rates (Fig. 2d).
This indicates that at high nitrate addition rate, more OM was
utilized with nitrate as electron acceptor leaving less OM available
for sulfate reduction. Compared to 2% OM, addition of 4% OM
increased sulfate reduction at all nitrate addition rates (Fig. 2c),
which suggests that high OM availability can overcome the inhib-
itory effect of nitrate. The stimulation of sulfate reduction by the
higher OM addition rate is also evident in the greater increase in
 



Fig. 2. Properties of overlying water and soil in soil 5 amended with 2 or 4% organic matter and 0, 100 or 200 mg kg�1 nitrate-N after 1 and 2 weeks in Experiment 2. (a) pHow
change, change in pH of overlying water compared to the values at week 0; (b) pHspw change, change in pH of soil pore water compared to the values at week 0; and soil
concentrations of (c) AVS, acid volatile sulfur, (d) nitrate-N, and (e) ammonium-N. Vertical lines show standard deviation (n ¼ 3).
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AVS concentrationwith timewith 4% than 2% OM addition (Fig. 2c).
Mn(IV) or Fe(III) oxides as other potential competing electron ac-
ceptors were not considered in this study because (i) their inhibi-
tory effects on sulfate reduction are weaker compared to nitrate as
mentioned above, and (ii) Fe and Mn oxide concentrations are
typically much lower than nitrate concentrations in similar soils in
the LMRIA [see Mosley et al. (2014a)]. Nevertheless, the addition of
OM to achieve sulfate reduction would need to be sufficient to
reduce these compounds and leave OM for sulfate reduction.

In the field, remediation of sulfuric material through sulfate
reduction may be complicated by many factors, notably pH < 5.5
typically found in ASS, low availability of organic C and the pres-
ence of nitrate as found in our study. Field trials could be conducted
to test if it is possible to overcome low availability of native OM and
inhibition of sulfate reduction by competing electron acceptors
through addition of organic carbon to acidified submerged layers.
5. Conclusions

This study confirmed that OM addition with pH adjustment can
stimulate sulfate reduction and thus increase soil pH. However, we
showed that OM addition has to be above a threshold (2% in this
study) to stimulate sulfate reduction. A factor contributing to this
threshold is the presence of competing electron acceptors, partic-
ularly nitrate in our soils. Only if sufficient OM remains available
after nitrate has been reduced, sulfate reduction can occur.
Consequently, more OM is needed for remediation of acid sulfate
soils with high nitrate concentrations. On the other hand, adding
47 
large amounts of OM (>4% in this study) does not increase sulfate
reduction further indicating other limiting factors such as sulfate
concentration.
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Figure S1. pH of soil pore water over 36 weeks in soil 1 amended with 0, 0.5, 1, 2, 4 and 

6% (w/w) organic matter in Experiment 1. Vertical lines show standard deviation (n=3).  
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Figure S2. pH of soil pore water over 36 weeks in soils 2 (a), 3 (b), and 4 (c) amended with 

0, 2, 4 and 6 % (w/w) organic matter in Experiment 1. Vertical lines show standard 

deviation (n=3). 
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Figure S3. Morphology of soil 5 in weeks 0, 1 and 2 at different addition rates of organic 

matter (OM) and nitrate-N in Experiment 2.

51 



 

 

Figure S4. Difference of properties of overlying water and soil compared to the 

unamended control after 36 weeks in soils 1, 2, 3 and 4 amended with 2, 4 and 6 % (w/w) 

organic matter in Experiment 1. (a) pHow, pH of overlying water; (b) DO2, dissolved 

oxygen concentration in overlying water; (c) pHspw, pH of soil pore water; and soil 

concentrations of (d) RIS, reduced inorganic sulfur, (e) nitrate-N, and (f) ammonium-N. 

Vertical lines show standard deviation (n=3); values that do not share the same letter are 

significantly different at P≤0.05. 
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Figure S5. Properties of overlying water and soil in soil 1 amended with 0, 0.5, 1, 2, 4 and 

6 % (w/w) organic matter after 36 weeks in Experiment 1. (a) pHow, pH of overlying water; 

(b) DO2, dissolved oxygen concentration in overlying water; (c) pHspw, pH of soil pore 

water; and soil concentrations of (d) RIS, reduced inorganic sulfur, (e) nitrate-N, and (f) 

ammonium-N. Vertical lines show standard deviation (n=3); values that do not share the 

same letter are significantly different at P≤0.05. 
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Abstract 

Acid sulfate soils with sulfidic material are widespread and can have detrimental impacts 

on ecosystems after acidification induced by pyrite oxidation. Conventional methods to 

prevent acidification of sulfidic material such as flooding or burying are costly. Adding 

organic matter (OM) may be an economical and environment-friendly remedial option 

because OM could retard oxidation of pyrite in sulfidic material through oxygen 

consumption by decomposing microbes, complexation of dissolved Fe(III), and coating of 

pyrite. OM can also buffer acid generated. But systematic investigations are needed to 

test this and optimize the effectiveness of OM application. Two experiments were carried 

out with sulfidic material incubated under oxidizing conditions for 6 weeks. The aim of 

Experiment 1 was to determine the effect of OM application form on acidification. There 

were three treatments: without OM addition (Ctrl) and with 30 g kg-1 OM (finely ground 

mature wheat straw) mixed into the soil (OMM) or placed as a layer on the soil surface 

(OML). The aim of Experiment 2 was to assess the effect of the rate of OM mixed into the 
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soil (10–40 g kg-1 OM) on acidification. In Experiment 1, soil pH after 6 weeks was in the 

order OMM>OML>Ctrl. Mixing OM also minimized acidification in Experiment 2: after 6 

weeks soil pH was in the order: 40=30>20>10>Ctrl. In both experiments when OM was 

added compared to the control, the decrease in soil concentration of total organic carbon 

was greater but the increase in soil sulfate concentration was smaller. However, the 

sulfate increase was not different between OM application forms or among OM addition 

rates. These indicate OM addition retarded soil acidification by increasing microbial 

decomposition and thereby competition with pyrite oxidizers for oxygen and by pH buffer 

capacity.  

Keywords: acidification; acid sulfate soils; addition rate; application form; organic matter; 

pyrite oxidation; sulfidic material 

 

1. Introduction 

Acid sulfate soils (ASS) , soils containing iron sulfide minerals (predominantly pyrite) 

and/or their oxidation products (Fitzpatrick et al., 2009), are widespread, e.g. 107−108 ha 

coastal ASS world-wide (Andriesse and van Mensvoort, 2007; Macdonald et al., 2011). In 

Australia where ASS cover 215,000 km2 (Fitzpatrick et al., 2010), the climate is dry and 

more frequent droughts are expected in the future (Hobday and McDonald, 2014; Stokes 

et al., 2008). Therefore oxidation of ASS with sulfidic material (containing iron sulfide 

minerals) is of great environmental concern. 

After exposure to oxygen, pyrite can be oxidized according to the following 

equations (Ahern et al., 2004; Chandra and Gerson, 2010; Evangelou, 1995): 
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FeS2+7/2O2+H2O→Fe2++2SO4
2-

+2H+ (1), 

Fe2++1/4O2+H+→Fe3++1/2H2O (2), 

Fe3++3H2O→3Fe(OH)3↓+3H+ (3), 

FeS2+14Fe3++8H2O→15Fe2++2SO4
2-

+18H+ (4). 

Oxygen initiates pyrite oxidation but in most situations dissolved ferric iron (Fe3+) is 

the primary oxidant, and the transformation of dissolved ferrous iron (Fe2+) to ferric iron 

(Equation 2), mainly catalyzed by chemolithotrophic acidophilic iron-oxidizing bacteria, is 

considered as the rate-limiting step in pyrite oxidation (Ahern et al., 2004; Emerson et al., 

2010; Johnson and Hallberg, 2005). 

The overall equation for the pyrite oxidation and the hydrolysis of Fe3+ is: 

4FeS2+15O2+14H2O→4Fe(OH)3+8SO4
2-

+16H+ (5). 

This reaction leads to significant release of acid and resulting dissolved metals (Ahern et 

al., 2004; Johnson and Hallberg, 2005; Neculita et al., 2007), which can have detrimental 

effects on soil and water quality and ecosystem services (Bronswijk et al., 1993; 

Fitzpatrick et al., 2009; Mosley et al., 2014a; Mosley et al., 2014b). 

The conventional way to prevent oxidation or acidification of sulfidic material is by 

covering with water or non-ASS soil, but this can be costly or not practically feasible due 

to the large amount of water and soil required (Baldwin and Fraser, 2009; Dear et al., 

2002; Fitzpatrick et al., 2009). A more economical and environmentally friendly potential 

option is the application of organic matter (OM). OM could influence oxidation of pyrite 

through oxygen consumption by decomposing microbes, complexation of dissolved ferric 

iron, and coating of pyrite (Bronswijk et al., 1993; Bush and Sullivan, 1999; Rigby et al., 
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2006; Ward et al., 2004), and buffer the generated acid (Paul and Ulf, 2011). Mitigation of 

oxidation of pyritic fines by OM was observed in a reaction vessel (Rigby et al., 2006), and 

mulching with OM has been suggested as a method to prevent oxidation or acidification 

of sulfidic material by maintaining anoxia and providing pH buffer capacity (Baldwin and 

Fraser, 2009; Cook et al., 2004; Fitzpatrick et al., 2009). However, to our knowledge the 

influence of OM addition form and rate on acidification during oxidation has not been 

demonstrated in ASS with sulfidic material. 

The aim of this study is to determine the effect of OM addition by mixing or as a 

layer (Experiment 1) and of OM addition rate (Experiment 2) on acidification of sulfidic 

material under oxidizing conditions. Our hypotheses are (i) OM addition can retard 

acidification of sulfidic material, (ii) OM addition by mixing is more effective than as a 

layer because the former allows more contact of OM with soil, and (iii) the effectiveness 

of OM addition by mixing increases with OM addition rate. 

2. Materials and methods 

2.1. Soil 

The sulfidic material used was a sandy loam from a wetland at Banrock Station, 

South Australia (34°12'4.8"S, 140°20'14.5"E). Before experiment, the soil was dried in a 

fan-forced oven at 40°C for 48 hours, ground, and sieved to < 2 mm. The ground and 

sieved soil had the following properties: pH (1:1) 5.0, pH (1:5) 5.5, total organic carbon 

(TOC) 4.8 g kg-1, water holding capacity (WHC) 0.18 g g-1, 1 M KCl extractable sulfur (SKCl) 

81 mg kg-1, and chromium reducible sulfur (Scr; mainly pyrite) 0.02%. 
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2.2. Experimental procedure 

2.2.1. Experiment 1 

In Experiment 1 there were three treatments (with three replicates): control (Ctrl), 

OM mixed into the soil (OMM), and OM placed as a layer on the soil surface (OML). Thirty 

five grams of dry soil was filled into 70 ml polypropylene containers. Reverse osmosis (RO) 

water was added to and mixed with soil to adjust the soil water content to 100% of WHC 

(i.e., approximately field capacity, which is considered as the optimum moisture for 

oxidation of sulfidic material (Creeper et al., 2012)). After wetting and mixing, the height 

of soil layer was around 2 cm. For treatments OMM and OML, mature wheat straw 

(ground to <2 mm; pH(1:5) 6.24; TOC 313 g kg-1; total nitrogen 7 g kg-1) was added at 30 g 

kg-1. For the treatment OMM, slightly more water was added due to the higher WHC in 

soil mixed with OM at 30 g kg-1 (0.22 g g-1 compared to 0.18 g g-1 in the control). For the 

treatment OML, the soil water content was adjusted to 100% WHC and dry wheat straw 

was placed on the soil surface, then RO water was added to the wheat straw so that the 

total amount of water added in treatment OML was the same as in OMM. The height of 

the moist OM layer was approximately 0.5 cm. The degree of saturation of the soil, i.e. 

the fraction of soil pores filled with water, was 80–90% in all treatments. 

The containers were incubated for 6 weeks in the dark at room temperature (around 

25°C) covered loosely with the lids. Soil moisture was kept constant by adding RO water 

to maintain the weight every one or two days based on the observation that in all 

treatments the water loss rate was around 0.1 g per day. Soil pH was measured weekly by 

inserting a spear-point pH electrode (Model IJ44C, Ionode, Australia) into the soil. For the 

treatment OML, a small hole was made in the OM layer to allow inserting the pH 
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electrode into the soil. After pH measurement, the hole was refilled. Concentrations of 

soil SKCl, TOC, particulate organic carbon (POC), and mineral-associated organic carbon 

(MaOC) were determined at the start and the end of the experiment (weeks 0 and 6).  

2.2.2. Experiment 2 

Wheat straw was mixed into soil at 10, 20, 30 and 40 g kg-1 (on oven dry basis), and 

unamended soil served as control. The soil was incubated as described above in 

Experiment 1. Soil pH was determined over 6 weeks, and SKCl and TOC were measured in 

weeks 0 and 6.  

2.3. Methods  

Soil texture was analyzed after Kettler et al. (2001). The maximum water holding 

capacity (WHC) of the soils was measured by using a sintered glass funnel connected to a 

1 m water column (Ψm= -10 kPa). The soil was placed in cores on a porous plate in a 

sintered glass funnel, thoroughly wetted and allowed to drain for two days. The drained 

soil was weighed before and after oven-drying at 105°C for 48 hours to determine the 

water content. 1 M KCl extractable sulfur (SKCl), containing mainly soluble and 

exchangeable sulfate, was extracted by shaking for 4 h with 1 M KCl according to Ahern et 

al. (2004) and sulfur in the extract was measured by ICP-AES. Chromium reducible sulfur 

(Scr; mainly pyrite) was measured after Ahern et al. (2004). The pH buffer capacity of the 

soil without OM addition and with 30 g kg-1 OM mixed was measured after Aitken and 

Moody (1994). Total organic carbon (TOC) was measured by the Walkley-Black method 

(Nelson and Sommers, 1996). Soil particulate organic carbon (POC) and mineral-

associated organic carbon (MaOC) were extracted after Skjemstad et al. (2004) and 

Cambardella and Elliott (1992). After fractionation organic carbon was measured using 
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the Walkley-Black method (Nelson and Sommers, 1996). The POC and MaOC content was 

expressed in percentage of total organic C recovered, which is the sum of organic C in the 

two soil fractions ((TOC concentration of MaOC fraction × weight of MaOC fraction) + 

(TOC concentration of POC fraction × weight of POC fraction)). The degree of soil 

saturation (Sw) was estimated based on soil water content and bulk density (White, 2009). 

Soil pH was measured by inserting an electrode into the soil. In week 0 in Experiment 1, 

three replicates were used for the analysis of TOC, POC and MaOC but only two replicates 

for SKCl. In Experiment 2, two replicates were used for soil analysis in week 0.  

2.4. Data analysis 

One-way analysis of variance (ANOVA) was performed for soil properties in week 0 

(except SKCl in Experiments 1 and 2 and TOC in Experiment 2 because only two replicates 

were analyzed) and in week 6, and for the change of these properties. Significant 

differences (P ≤ 0.05) among treatments were determined by Fisher’s protected least 

significant difference test. Statistics were carried out using GenStat 16.2 (VSN 

International Ltd., UK). 

3. Results 

3.1. Experiment 1 

In week 0, soil pH was around 5.0 in all treatments (Figure 1). In the first three weeks, 

the pH decreased by 0.9 units in the control but increased by 0.4 units in OML and by 0.7 

units in OMM. After that, pH stabilized in the control and OML, but continued to increase 

slightly in OMM. Consequently, in week 6 soil pH was in the order Ctrl<OML<OMM. 

Mixing of 30 g kg-1 OM into the soil increased the pH buffer capacity compared to the 
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unamended soil from 8.7 to 50.5 mmol kg-1 pH-1 in the pH range ±1 unit of the initial pH 

(data not shown). 

In week 6, SKCl concentrations did not differ significantly among treatments. Soil SKCl 

concentration increased from week 0 to week 6 (Figure 2 (a)), with a greater increase in 

the control (approximately 3-fold) than in OML (by 70%) and OMM (by 30%).  

The TOC content was about 3-fold higher in the treatments with OM addition than 

the control in week 0, and was lowest in the control and highest in OMM in week 6 

(Figure 2 (b)). From week 0 to week 6, the TOC content did not change in the control but 

decreased by 24% in OMM and greater by 32% in OML.  

In week 0, addition of OM increased the proportion of POC about 3-fold and 

consequently decreased the proportion of recovered organic carbon as MaOC (Figure 3). 

In the control the proportions of the OC fractions did not change from week 0 to week 6. 

In treatments OMM and OML the POC proportion decreased by 20–30% whereas the 

MaOC proportion increased by 70–80%.  

3.2. Experiment 2 

In week 0, soil pH was around 5.0 regardless of OM addition rates (Figure 4). In the 

unamended control, the pH decreased in the first three weeks by 1 unit and then 

stabilized. When OM was added, the soil pH in the first two weeks was stable with 10 g 

kg-1 OM addition or increased by around 0.5 units with 20–40 g kg-1 OM added. The pH 

dropped by around 0.4 units from week 2 to week 3 and then stabilized in most OM 

treatments (except a further pH decline by 0.3 units from week 4 to week 6 with 20 g kg-1 

OM). After 6 weeks the pH was lower in the control than in treatments with OM addition, 
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where it was highest with 30 and 40 g kg-1 OM added, followed by 20 g kg-1 OM addition 

and lowest with 10 g kg-1 OM added.  

The SKCl
 concentration in week 6 was higher in the control than in the treatments 

with OM addition. The increase in SKCl
 concentration from week 0 to week 6 was greater 

in the control (around 4-fold) than in the treatments with OM addition (by 60–100%) 

(Figure 5(a)).  

In weeks 0 and 6, the TOC concentration increased with OM addition rate (Figure 5 

(b)). The TOC content decreased from week 0 to week 6, by 15% in the control and by 20–

25% in the OM treatments.  

4. Discussion 

As expected, the unamended sulfidic material acidified when incubated under 

oxidizing conditions (Figure 1). The results confirmed our first (OM addition can retard 

acidification of sulfidic material) and second hypothesis (OM addition by mixing is more 

effective than as a layer because the former allows more contact of OM with soil).  

Acidification was prevented by 30 g kg-1 OM addition by mixing into the soil or as a 

layer placed on the soil surface (Figure 1). The pH decrease in the control was associated 

with a strong increase in SKCl from week 0 to week 6 (Figure 2), indicating that pyrite was 

oxidized. In the treatments with OM there was a small increase in SKCl, but the pH did not 

decrease. The lack of decrease in pH may be explained by the additional pH buffer 

capacity provided by OM. OM contains carboxyl groups which can bind protons at low pH 

if the pH is above their pKa (Curtin and Trolove, 2013; Paul and Ulf, 2011). The decrease in 

TOC in the amended soils from week 0 to week 6 shows that the added OM was 

decomposed (Figure 2). This decrease in TOC is likely to be mainly due to decomposition 
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of POC, as the proportion of POC in the organic carbon recovered decreased from week 0 

to week 6 (Figure 3). The absolute changes in soil POC proportion and in pH over 6 weeks 

were strongly correlated (r=-0.96, n=9). Therefore the lower acidification rate and smaller 

increase in SKCl in amended soil is also due to oxygen depletion by microbes decomposing 

the added OM. In the control the TOC content did not change from week 0 to week 6 

(Figure 2), indicating that native OM was poorly available. Therefore little oxygen was 

used by decomposers and more was available to sulfide-oxidizing bacteria.  

The results in Experiment 1 suggested that adding OM for prevention of acidification 

was more effective by mixing than as a layer on the soil surface. The TOC decrease during 

the experiment was smaller in OMM than OML (Figure 2), suggesting lower 

decomposition rate and thus oxygen consumption in the former. However, the inhibition 

of pyrite oxidization in these two treatments was not significantly different (Figure 2). 

This may be due to the direct competition for oxygen between OM decomposers and 

sulfide oxidizers in OMM whereas decomposers and sulfide oxidizers were spatially 

separated in OML. In addition, OM mixed into soil may complex dissolved Fe(III) 

generated during pyrite oxidation (Equation 2) thereby preventing it from oxidizing pyrite 

(Bronswijk et al., 1993) more efficiently than a OM layer. But the pH in week 6 was higher 

in OMM than in OML, probably because OM mixed into soil has more contact with soil 

components and thus can also buffer pH change more efficiently than an OM layer. 

However, the OM layer was only 0.5 cm thick in our experiment. A thicker layer may be 

more effective for prevention of acidification. 

The second experiment confirmed the potential of mixing OM into the soil in 

retarding acidification during oxidation of sulfidic material, but also showed that effect of 
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mixing OM depends on the addition rate (Figure 4). However, the third hypothesis (the 

effectiveness of OM addition by mixing increases with OM addition rate) has to be partly 

declined. After 6 weeks, the pH was lowest with 10 g kg-1 OM added and highest with 30 

or 40 g kg-1 (Figure 4). The absolute decrease in TOC content from week 0 to week 6 was 

greater at 30 and 40 g kg-1 than with the lower OM addition rates (Figure 5), which 

suggests greater decomposition rate and thus oxygen consumption in the former. The 

greater decomposition rates could also increase the concentration of ferric iron chelating 

compounds such as organic acids which are produced during decomposition of OM 

(Tipping, 2002). However the SKCl increase in the treatments with OM added was similar 

(Figure 5(a)). The lack of relationship between SKCl increase and OM addition rate suggests 

that for the soil used, which has a low initial pyrite concentration (0.02%), 10 g kg-1 OM 

added was enough to reduce pyrite oxidation. However, higher OM addition rates 

mitigated acidification to a greater extent, probably due to the greater pH buffer capacity 

by the higher OM concentrations. OM addition rates of 30 and 40 g kg-1 did not differ in 

pH in week 6, suggesting that the pH buffer capacity provided by 30 g kg-1 OM was 

enough to buffer the acid generated by pyrite oxidation in the soil used. 

5. Conclusion 

This study showed that mixing OM at 30 g kg-1 into soil can prevent the acidification 

of the sulfidic material used, which can be explained by consumption of oxygen by OM 

decomposers and the pH buffer capacity of the OM. Lower OM addition rates and placing 

OM on the soil surface appear to be less effective. However effectiveness of OM addition 

may depend on OM properties (decomposition rate, pH buffer capacity) and soil 
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properties (sulfide concentration, native pH buffer capacity). Further, feasibility and costs 

of OM treatments would have to be tested under field conditions. 
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Figure 1. Soil pH over 6 weeks in the control (Ctrl) and treatments with OM addition (30 g 

kg-1) by mixing (OMM) or as a layer (OML) in Experiment 1 (n=3). Vertical lines on values 

show standard deviation (may be too short to be visible).  

LSD (week 6) = 0.11
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Figure 2. (a) 1 M KCl extractable sulfur (SKCl) and (b) total organic carbon (TOC) in weeks 0 

and 6 in the control (Ctrl) and treatments with OM addition (30 g kg-1) by mixing (OMM) 

or as a layer (OML) in Experiment 1 (n=2 for SKCl in week 0, otherwise n=3). Vertical lines 

show standard deviation. For SKCl in week 6, treatments were not significantly different. 

For TOC, values that do not share the same letter are significantly different at P≤0.05, 

with capital letters for week 0 and small letters for week 6. 
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Figure 3. Soil organic carbon fractions (particulate organic carbon (POC) and mineral-

associated organic carbon (MaOC)) in percentage of recovered organic carbon in weeks 0 

(a) and 6 (b) in the control (Ctrl) and treatments with OM addition (30 g kg-1) by mixing 

(OMM) or as a layer (OML) in Experiment 1 (n=3). Vertical lines show standard deviation. 

Values that do not share the same letter are significantly different at P≤0.05, with capital 

letters for MaOC and small letters for POC. 
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Figure 4. Soil pH over 6 weeks with 0-40 g kg-1 OM mixed into the soil in Experiment 2 

(n=3). Vertical lines on values show standard deviation (may be too short to be visible). 

LSD (week 6) = 0.17
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Figure 5. (a) 1 M KCl extractable sulfur (SKCl) and (b) total organic carbon (TOC) in weeks 0 

and 6 with 0-40 g kg-1 OM mixed into the soil in Experiment 2 (n=2 in week 0, n=3 in week 

6). Vertical lines show standard deviation (may be too short to be visible). Values in week 

6 that do not share the same letter are significantly different at P≤0.05. 
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Conclusion and future research 

1. Conclusion 

Organic matter (OM) is a vital component of the soil ecosystem and plays a critical 

role in biogeochemical cycles (Baldock, 2007). In acid sulfate soils (ASS), OM is the energy 

source for sulfate-reducing bacteria, which are responsible for the formation of sulfides in 

sulfidic material and generate alkalinity during sulfate reduction in submerged conditions 

(Baldwin and Fraser, 2009; Berner, 1984; Fitzpatrick et al., 2009). OM can also influence 

pyrite oxidation through oxygen consumption by OM decomposers, complexation of 

ferric iron, and coating of pyrite (Bronswijk et al., 1993; Bush and Sullivan, 1999; Rigby et 

al., 2006; Ward et al., 2004), and buffer acid generated (Paul and Ulf, 2011). However, 

native OM does not necessarily fulfill these roles. For example, ASS with sulfuric material 

may persist in the field even after several years of submergence (Baker et al., 2011; 

Mosley et al., 2014). Thus sulfate reduction may not necessarily occur after submergence 

of sulfuric material. This is particularly important in areas where future climate scenarios 

suggest more frequent droughts. Therefore, OM may need to be added to remediate ASS. 

However, the remedial effect of OM addition has not been systematically investigated in 

ASS. Information is required on the effects of addition rate and soil properties on the 

effectiveness of OM addition. The experiments described in this thesis are aimed at filling 

this research gap.  

The experiment described in Chapter 2 confirmed submergence alone does not 

induce sulfate reduction in sulfuric material. Not only low pH but also low availability of 

native organic matter limits sulfate reduction in sulfuric material after reflooding. This can 

be concluded because sulfate reduction was increased compared to the control only in 
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the treatment with pH adjustment to 5.5 and OM addition at 2%. However, the 

effectiveness of this combined treatment in stimulating sulfate reduction was influenced 

by soil properties. It was negatively correlated with clay content and initial nitrate 

concentration. The influence of clay content can be explained by binding of added OM to 

clay, which reduces its accessibility to microbes (Lützow et al., 2006; Roychand and 

Marschner, 2013; Shi and Marschner, 2013). Nitrate inhibits sulfate reduction because 

nitrate is a more energetically favorable acceptor for electrons derived from OM 

decomposition (Hubert and Voordouw, 2007; Ponnamperuma, 1972). Additionally, 

nitrate can oxidize reduced sulfur and indirectly inhibit a key enzyme involved in sulfate 

reduction (Hubert and Voordouw, 2007; Kaster et al., 2007).  

The influence of OM addition rate and soil nitrate concentration was further studied 

in the experiments presented in Chapter 3. Sulfidic material was incubated under 

submerged conditions with different OM and nitrate addition rates. The first experiment 

showed that sulfate reduction was stimulated only at OM addition rates ≥ 2%. However, 

the increase in sulfate reduction between 4% and 6% OM addition was smaller than that 

between 2% and 4%, suggesting the presence of other limiting factors such as sulfate 

concentration. The second experiment confirmed the inhibition of sulfate reduction by 

nitrate, but this inhibition was overcome by a higher OM addition rate (4% compared to 

2%). At a high OM addition rate, sufficient OM remains for sulfate reducers after 

utilization of OM by denitrifiers.  

Another strategy to mitigate the environmental impact of ASS is to prevent or 

minimize acidification during oxidation of sulfidic material. The experiments described in 

Chapter 4 investigated the effects of different OM application forms and rates on pH 
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changes during incubation of sulfidic material under oxidizing conditions. In the first 

experiment, acidification was minimized by mixing OM at 3% into the soil whereas placing 

OM on the soil surface was less effective, which can be explained by the greater contact 

between OM and soil in the former treatment. The second experiment confirmed that 

OM mixed into the soil can minimize acidification. Moreover, after incubation soil pH was 

lower with 1% and 2% OM addition than with 3% and 4% and there was no difference 

between the two higher rates, but soil sulfate concentration was the same with 1–4% OM 

addition. This suggest that, for the soil used, 1% OM was sufficient to limit pyrite 

oxidation, but 3% OM was needed to buffer the acid generated. The higher pH and loss 

of OM in the treatments with OM added compared to the control in both experiments 

indicated that organic matter addition prevented or minimized acidification through 

oxygen consumption by OM decomposers, which reduces the oxygen available for pyrite 

oxidation. Further, OM addition increased soil pH buffer capacity 6-fold, which can 

mitigate the acidification of soil. 

In summary, the studies described in this thesis suggest that OM addition may be a 

strategy for remediation of ASS, by stimulating sulfate reduction under submerged 

conditions and preventing or minimizing acidification during oxidation. But they also 

showed that the effectiveness of OM addition can be influenced by soil properties and 

addition rates. However, more studies are required to investigate the efficiency and 

practicality of this strategy in the field. 

  

85 



2. Future studies 

2.1. Greater range of ASS  

In this thesis, only a limited number of ASS were used. However, there are many 

types of ASS (Fitzpatrick et al., 2011; Fitzpatrick et al., 2009), which differ in, for example, 

texture, pyrite content, pH buffer capacity, TOC content and nitrate concentration. Future 

experiments should be conducted under submerged conditions with a range of sulfuric 

materials occurring in a certain area with different properties. In the soils used in this 

thesis, OM addition stimulated sulfate reduction only when the soil pH was increased to 

5.5. However, acidotolerant or acidophilic sulfate reducing bacteria have been found in 

lakes, rivers, wetlands, mine tailings and bioreactors (Koschorreck, 2008; Sanchez-Andrea 

et al., 2014). Recently, Michael et al. (2015) reported sulfate reduction after adding OM 

to a sulfuric material with initial pH 3.8. Soil microbial community composition and pH 

and pH buffer capacity of soil and OM added (also see Chapter 4) may determine whether 

pH adjustment of soil is needed to initiate sulfate reduction after OM addition. This could 

be investigated using a wide range of soils because increasing soil pH with chemical 

ameliorants is costly and not always possible. With a wider range of ASS, correlations 

between the stimulation of sulfate reduction by addition of OM without or with pH 

adjustment and soil properties would be more reliable. Further, in soils where the 

combined treatment was not effective, variations of the treatment could be tested (e.g. 

higher OM addition rates). With this information, specific remediation strategies for 

certain ASS could be developed. Monitoring pH and Eh during the experiments described 

in this thesis was very time consuming (for Eh 30 minutes per measurement) and might 

have introduced artifacts (oxygen diffusion into the soil during measurement, disturbance 
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of the soil). A system with fixed probes that continuously monitor pH and Eh would allow 

a greater number of soils to be studied while minimizing artifacts.  

2.2. Nitrate and sulfate reduction processes 

In this thesis, the detailed processes underlying the results were inferred from 

knowledge gained from previous studies. For more detailed information about underlying 

processes, repeated measurements and mass-balance, stoichiometric calculations could 

be used. For example, the effect of nitrate on sulfate reduction under flooded conditions 

after OM addition could be examined by simultaneous determination of nitrate remaining 

in and N2O and NO released from the soil in combination with measurement of sulfate 

reduction (reduction in SO4
2-, increase in HS- and AVS). Isotopic tracers (e.g. 15N labelled 

nitrate) and detection in emitted gases could also be employed (Peterson and Fry, 1987).  

2.3. Wet-dry cycles 

In the experiments described in the thesis, the soils were incubated under either 

reducing or oxidizing conditions for relatively short periods of time (6 to 36 weeks). In the 

field, ASS may be exposed to wet-dry cycles, which last several months or years 

(Fitzpatrick et al., 2011; Fitzpatrick et al., 2009). The effect of OM addition under such 

conditions may differ from those described in this thesis because OM is decomposed or 

bound more strongly to soil particles over time, which would limit its availability to sulfate 

reducers and decomposing microbes in general. Further, it is not clear if OM added at the 

start of the wet phase would be effective in minimizing oxidation in the following dry 

phase or if OM added at the start of the dry phase could still be available to sulfate 

reducers in the following wet phase. Therefore, longer term experiments with at least 
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one wet-dry cycle are necessary to better understand the effectiveness of OM addition 

for remediation of ASS.  

2.4. OM particle size and distribution in the soil 

For the experiments described in the thesis, wheat straw was finely ground and (in 

most experiments) thoroughly mixed into the soil. This may not be possible in the field 

because of costs and available machinery. In the field, OM particle size is likely to be 

larger and OM will be placed on the soil surface, mixed with the top soil only or placed at 

depth in furrows that may be meters apart. Since field trials are expensive, incubation 

experiments could be conducted to inform the design of field experiments. In these 

incubation experiments, OM particles with various sizes could be added to the soil in 

different ways (mulching, mixing, or placing in furrows), which would then be exposed to 

wet-dry cycles.  

2.5. C:N ratio of OM added 

Our experiments in Chapter 4 suggest that competition between OM decomposition 

and pyrite oxidation for oxygen is an important mechanism by which OM addition retards 

acidification during oxidation of sulfidic material. We used only wheat straw, which has a 

high C:N ratio (> 50). Decomposition rates are higher of OM with low C:N ratios compared 

to OM with higher C:N ratios, especially in the early stages of decomposition (Chapin III et 

al., 2011). Therefore the prevention of acidification by OM addition may be influenced by 

its C:N ratio. An experiment in which OM with different C:N ratios is mixed into sulfidic 

material could be conducted. Soil pH and oxygen content during oxidizing incubation 

conditions should be monitored and the change in soil TOC and sulfate concentration 

after incubation should be measured. 
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2.6. Gene expression studies 

From a basic research point of view, it is of interest to better understand 

microbiological processes in ASS during wet-dry cycles by studying expression of genes 

with certain functions. For example, the expression of genes involved in sulfate reduction 

(e.g. the dsrAB gene) could be investigated with qPCR (He et al., 2010) or microarray (He 

et al., 2007) in soils with and without OM addition at low and high nitrate concentrations. 

At the same time, expression of denitrification genes (e.g. nirK, nirS and nosZ) could be 

monitored to estimate the extent and timing of competition for electron donors between 

nitrate and sulfate reducers.  

2.7. Field trials 

The development of remediation strategies for ASS requires field trials, but they are 

expensive. Therefore before field trials are started the studies described above could be 

conducted to narrow the number of treatments to those most likely to be effective. 

However, there are issues that can only be studied properly in field trials such as (i) 

disturbance or compaction of the soil on the site following the treatment, (ii) poor 

accessibility of OM to sulfate reducers because of very localized OM placement, and (iii) 

drying of OM placed on the soil surface in the dry season which would reduce 

decomposition rates and thus competition for oxygen with pyrite oxidation. Further, 

addition of OM by soil amendments can be costly and may require repeated additions for 

long-term remediation. Planting of ASS may be a more sustainable and environmentally 

friendly option to increase OM availability.  
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