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Executive Summary
Detailed studies and monitoring of acid sulfate soils were undertaken in the Lower Lakes during the
2007-2010 drying event and following the reinundation of the exposed acidified Lower Lakes’
sediments. The critical importance of acid sulfate soil associated processes to the ecological health
of the Lower Lakes has become acutely apparent. These processes include: sediment and water
acidification, interactions between surface waters and sediment pore-waters, ecotoxicological
aspects of metal uptake, mineralogical controls of geochemical regime, the controlling effects of
organic matter inputs by lacustrine vegetation on post re-inundation biogeochemistry, sediment
erosion as a result of scalding during sediment exposure and post inundation, and metal
mobilisation. The aim of this project was to detail the complexity of acid sulfate soil impacts arising
from these processes through the development of conceptual models of the biogeochemical and
physical processes involving acid sulfate soil that affect water quality and the ecology of the Lower
Lakes.
Detailed conceptual models have been developed based on the current knowledge of acid sulfate
soil processes in the Lower Lakes and where appropriate, the broader acid sulfate soil literature.
These conceptual models include diagrammatic representations of processes and their relationships
and interactions, as well as textual descriptions and interpretations. These conceptual models
describe the key biogeochemical pathways within acid sulfate soil sediments and the main
chemical, physical, biological and hydrological linkages to other inputs and exports.
The conceptualised modelling of acid sulfate soil processes in the Lower Lakes has been undertaken
for three critical hydrological scenarios:
•
scenario 1) under extended conditions where the lakes have been maintained in a
relatively full condition;
•
scenario 2) after extended drought conditions resulting in substantial drawdown of the lakes
and the exposure of areas of the lake sediments, and;
•
scenario 3) following refilling of the lakes immediately after scenario 2).
The conceptual models developed during this study have highlighted the complex interrelationships
between the acid sulfate soil processes operating in the Lower Lakes especially during periods of
hydrological change. These conceptual models contribute to our understanding of acid sulfate soils
in the Lower Lakes, and of their management requirements especially in relation to wetting and
drying cycles of decadal frequency. This increased understanding will assist managers to protect the
environmental values of the Lower Lakes.
Whilst this study has described many of the main processes associated with acid sulfate soils, and
mapped their interrelationships, these conceptual models have also highlighted significant gaps in
our knowledge of how the lakes environments are affected by acid sulfate soil processes. For
example, while the key processes controlling the release of metals from sediments into the
surrounding water may be reasonably well understood, the long term impacts of metal release to
the surrounding aquatic environment is largely unknown.
It is recommended that the conceptual models developed in this Phase 1 project be examined by
an expert panel to continue to further address critical gaps in our understanding of the way that
acid sulfate soils and their management impact on the environment and values of the Lower Lakes.
Specifically, it is recommended that a workshop, attended by all scientific and management
stakeholders, be held to assess the veracity and completeness of the conceptual models presented
here, and prioritise the needs for future research and monitoring in the Lower Lakes in relation to acid
sulfate soils.
It is also recommended that these conceptual models be updated as new information is received
about acid sulfate soil processes in the Lower Lakes.
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1.0

Project Overview

There have been many detailed research and monitoring studies into acid sulfate soils in the Lower
Lakes over the past decade. The pace of these studies increased especially during the 2007-2010
drought that caused a substantial lowering of the levels of water in these lakes and the exposure of
sediments that resulted in large-scale severe acidification caused by oxidation. From these studies
the critical importance of acid sulfate soil processes to the ecological health of the Lower Lakes has
become acutely apparent.
However, the findings of these studies usually addressed discrete aspects of the acid sulfate soil
issues facing the Lower Lakes and there was not a clear mapping and description of the
interrelationships between these studies. The lack of such a detailed understanding of the complex
ways that acid sulfate soils can potentially affect the ecology of these lakes was considered to
present a limitation to the effective management of these Lakes. This project was instigated to start
Phase 1 to address this aspect by the collation and integration of the present knowledge detailed in
the literature of acid sulfate soil processes in the Lower Lakes.
The aim of this project was to describe and map the complexity of acid sulfate soil processes in the
Lower Lakes by the development of conceptual models on the biogeochemical, hydrological and
physical processes that are affected by acid sulfate soils especially those that have a capacity to
affect water quality and ecological health.
These conceptual models include diagrammatic representations of processes, and their relationships
and interactions, as well as textual descriptions and interpretations of these processes. These
conceptual models include a description of the key biogeochemical pathways within acid sulfate
soil sediments and the main chemical, physical, biological and hydrological linkages to other
pathways within the lakes. As well as detailing advances in our understanding of how acid sulfate
soils affect lake processes these models can also be used to discern critical gaps in our
understanding of these processes and of their relationships and interactions.

2.0

Objective

The objective of this project was to describe and conceptually map the interrelationships between
the key processes related to acid sulfate soils and sediments in the Lower Lakes, especially in relation
to wetting and drying cycles of decadal frequency.

3.0

Introduction

3.1 Background on acid sulfate soils
3.1.1. General
Acid sulfate soil materials are distinguished from other soil materials by having properties and
behaviour that have either: 1) been affected considerably (mainly by severe acidification) by the
oxidation of reduced inorganic sulfides (RIS), or 2) the capacity to be affected considerably (again
mainly by severe acidification) by the oxidation of their RIS constituents.
A wide range of environmental hazards can be generated by the oxidation of RIS. These include: 1)
severe acidification of soil and drainage waters (below pH 4 and often < pH 3), 2) mobilisation of
metals (e.g. iron, aluminium, copper, cobalt, zinc), metalloids (e.g. arsenic), nutrients (e.g.
phosphate), and rare earth elements (e.g. yttrium, lanthanum), 3) deoxygenation of water bodies, 4)
production of noxious gases (e.g. hydrogen sulfide (H2S)), and 5) scalding (i.e. de-vegetation) of
landscapes. Some of these hazards are caused directly or indirectly by the severe acidification that
can occur as a result of the oxidation of RIS, whereas some can also be the result of other
simultaneous processes occurring in the environment.
Waters draining from sulfuric acid sulfate soil materials can be enriched in a wide range of potential
toxicants, including metals and metalloids, endangering aquatic life and public health. Crops, trees,
pastures and aquaculture can also be severely affected by acid sulfate soil materials. Acid sulfate
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soils can have detrimental impacts on their surrounding environments as well as on communities who
live in landscapes containing these soils for many years.
Acid sulfate soil drainage waters can often have pH < 3.5 and can be the cause of massive fish kills,
the death of invertebrates and benthic organisms, the development of chronic fish diseases, and
impaired fish recruitment (Sammut et al. 1993).
Acid sulfate soils can also present health hazards to people living in landscapes containing these
soils (Ljung et al. 2009). The human health issues relate mainly to the increased mobility of acid and
metals from these soils affecting drinking water quality, food production and quality, but also to
other issues such as increased dust generation causing respiratory health issues and acidic pools of
surface water in acid sulfate soil landscapes providing suitable environments for mosquito breeding.
3.1.2 Characteristics and formation
It is useful to distinguish between sulfidic soil materials that, if disturbed sufficiently, will become
severely acidified, and sulfuric soil materials that have already become severely acidic as a result of
the oxidation of RIS minerals.
Sulfidic materials may be current or former marine and estuarine sediments, sediments in brackish
lakes and lagoons, peats that originally formed in freshwater but which have been inundated
subsequently by brackish water, or accumulations of sediment in water bodies such as drains or
wetlands affected by salinity (especially when sulfate is an appreciable component of that salinity).
The required conditions for the formation and accumulation of RIS are: (1) a supply of organic
matter, (2) reducing conditions sufficient for sulfate reduction brought about by continuous
waterlogging, (3) a supply of sulfate from tidewater or other saline groundwater or surface water,
(the sulfate is reduced to sulfides by bacteria decomposing the organic matter), and (4) a supply of
iron from the sediment for the accumulation of iron sulfides which make up the bulk of the RIS.
These conditions are found in tidal swamps and salt marshes where, over the last 10,000 years, thick
deposits of sulfidic clay have accumulated in many locations around the globe (Pons and van
Breemen 1982; Dent and Pons 1995). Sulfidic layers vary greatly in appearance but often have the
gleyed colours typical of soil materials that are dominated by reduced waterlogged conditions.
Disturbance of sulfidic soils by, for example, drainage or excavation often causes dramatic changes
in the properties of these soil materials and the draining waters. If there are insufficient effective
neutralising materials (such as fine-grained calcium carbonate) in the sediment to neutralise the
acidity generated by the oxidation of sulfides, extreme acidity can develop within weeks to months,
resulting in sulfuric soil material. Sulfuric soil material is characterised by acidic pHs (e.g. pHs < 4),
reddish brown iron oxides and/or yellow segregations of jarosite around pores and on ped faces.

3.1.3 Occurrence
Although acid sulfate soils are best known for their impacts in coastal areas, acid sulfate soils are also
widely distributed in inland areas wherever the general conditions for RIS formation - a ready source
of sulfate, iron, and organic matter in reducing waterlogged sediments - are met. The Australian
Atlas of Acid Sulfate Soils (Fitzpatrick et al. 2008b) has greatly improved our understanding of the
extent and distribution of acid sulfate soils within Australia. Recent studies have shown acid sulfate
soils are widely distributed within the Lower Lakes region of South Australia (e.g. Fitzpatrick et al.
2008a; Simpson et al. 2008; Sullivan et al. 2008, 2010).
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3.2 Introduction to this study
As a result of prolonged drought, combined with water extraction upstream in the Murray-Darling
Basin, the Lower Lakes (Lake Alexandrina and Lake Albert) have recently experienced their first
major drying phase since the introduction of barrages more than 70 years ago (Simpson et al. 2008;
Sullivan et al. 2008). Concurrently, it was identified that the Lower Lakes were also being impacted
by the presence of acid sulfate soil materials (Fitzpatrick et al. 2008a). As a consequence of
unprecedented low water levels, extensive areas of acid sulfate soils were exposed in the Lower
Lakes resulting in severe soil acidification (pH<4) over large areas and localised acidification of
surface waters (DENR 2010).
To inform management, during this period an extensive research program was undertaken to fill
critical knowledge gaps related to the risks posed by the exposure of acid sulfate soils in the Lower
Lakes (DENR 2010). The research areas examined in this program included:
•
•
•
•
•

an acid sulfate soil spatial heterogeneity/mapping survey;
measurement of acid generation rates;
assessment of the in-situ contaminant generation, transport and neutralisation processes;
laboratory and field studies of the potential for mobilisation of contaminants following
inundation with seawater compared to river water; and
geochemical modelling of lake water quality.

The research and monitoring studies undertaken in that program have highlighted the critical
importance of acid sulfate soils and associated processes to the ecological health of the Lower
Lakes.
In this study, the relationships between many of the acid sulfate soil processes have been mapped
to aid in our understanding of the broader view of how acid sulfate soils and their management
affect the long-term ecology of the Lower Lakes.
Detailed conceptual models have been developed for the Lower Lakes based on the available
knowledge of acid sulfate soil processes. The detailed acid sulfate soils conceptual models have
been produced to describe the acid sulfate soil processes that would be expected to occur in and
around the Lower Lakes under different water regimes.
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4.0

Conceptual Models

4.1 General acid sulfate soil conceptual models
A review of the literature has provided a number of excellent existing conceptual models related to
the processes operating in acid sulfate soil landscapes. For this study, these various conceptual
models have been adopted and/or adapted to describe the acid sulfate soil processes that would
be expected to occur in and around the Lower Lakes under three critical scenarios. These scenarios
are 1) prior to a drought under extended lake-full conditions, 2) after extended drought conditions
that result in lake drawdown and the exposure of considerable lake sediments, and 3) following
refilling of the lakes after scenario 2. The findings of relevant recent acid sulfate soil research in and
around the Lower Lakes have been incorporated into these conceptual models.
Conceptual models showing some of the fundamental processes that occur on both a landscape
and mesoscopic scale in inland acid sulfate soil landscapes of the Murray-Darling Basin have
recently been developed by EPHC and NRMMC (2011) (see Figures A-1 and A-2 in the Appendix).
These conceptual models summarise: (i) the processes that occur during acid sulfate soil formation
and accumulation, (ii) the oxidation processes that occur as a consequence of drying of an acid
sulfate soil, and (iii) the processes that occur when an oxidised acid sulfate soil is rewetted. These
general conceptual models were adapted as a starting basis for the development of broad
conceptual models that describe the specific acid sulfate soil processes applicable to the Lower
Lakes’ situation.
Consequently three conceptual models have been developed here to illustrate the acid sulfate soil
processes in and around the Lower Lakes and these are presented in Figures 4-1, 4-2 and 4-3. Figure
4-1 summarises the broad acid sulfate soil processes that occur under stable conditions. Figure 4-2
summarises the broad acid sulfate soil processes that occur under prolonged drought conditions
sufficient to cause appreciable lake drawdown. Figure 4-3 summarises the broad acid sulfate soil
processes that occur following lake refilling. The complexity of the acid sulfate soil processes
operating in and around the Lower Lakes precludes the incorporation of all the information available
into each conceptual model. This issue has been addressed by the provision of further details of the
main processes (shown in yellow boxes in each conceptual model) operating under each of the
three scenarios in Section 4.2 and include:
•
•
•
•
•
•
•
•
•
•

sulfidisation (Section 4.2.1),
acidification (Section 4.2.2),
acid consumption (Section 4.2.3),
metal immobilisation-mobilisation (Section 4.2.4),
deoxygenation (Section 4.2.5),
production of volatiles (Section 4.2.6),
bioremediation (Section 4.2.7),
carbon production and accumulation (Section 4.2.8),
nutrient mobilisation (Section 4.2.9), and
biological effects (Section 4.2.10).

Section 4.2 includes detailed flowcharts and descriptions to illustrate these acid sulfate soil processes.
Additional relevant conceptual models of acid sulfate soil processes available in the literature and
that have been adapted for use in the development of these Lower Lakes models are also
presented in the Appendix.
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Figure 4-1. Conceptual model of the main acid sulfate soil processes in the Lower Lakes under stable conditions.

Page 5

Lower Lakes Acid Sulfate Soil Detailed Conceptual Models

Figure 4-2. Conceptual model of the main acid sulfate soil processes in the Lower Lakes under drought conditions.
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Figure 4-3. Conceptual model of the main acid sulfate soil processes in the Lower Lakes following lake refilling.
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4.2 Acid sulfate soil processes conceptual models
4.2.1 Sulfidisation
A defining characteristic of sulfidic acid sulfate soils is the presence of significant concentrations of
reduced inorganic sulfur (RIS). RIS include iron disulfides (most commonly pyrite (FeS2) (Bloomfield and
Coulter 1973; Pons 1973; van Breemen 1973), lower amounts of other minerals such as monosulfides (e.g.
Georgala 1980; Bush et al. 2000), greigite (Fe3S4) (Bush and Sullivan 1997) and elemental sulfur (S8)
(Burton et al. 2006a,b). Sulfoxyanion intermediates (e.g. thiosulfate (S2O32-) and tetrathionate (S4O62-))
have also been detected during the early stages of sulfide oxidation in acid sulfate soil materials (Ward
et al. 2004).
The vast majority of RIS in sulfidic acid sulfate soil materials have formed at earth-surface temperatures
and pressures under waterlogged, anoxic conditions. Under such conditions, accumulation of RIS
species depends on microbially-mediated sulfate reduction, which is itself dependent on organic
carbon availability, supply of sulfate, and on the amount of competing electron acceptors including
reactive FeIII minerals (Fanning et al. 2002). These variables influence the activity of dissimilatory sulfatereducing microorganisms, which include phylogenetically diverse anaerobes that oxidise simple
organic compounds or hydrogen-using sulfate as an electron acceptor. The overall process of
dissimilatory sulfate reduction can be shown, for example, by:
CH3COO- + SO42- + H+ → H2S + 2HCO3-

[4.1]

During this process, the sulfur in sulfate is reduced from the oxidation state of S6+ to S2-. Conditions that
are conducive to microbially-mediated sulfate reduction occur in organic-rich coastal and estuarine
sediments, such as in tidal marshes and swamps. In inland systems, sulfate can be supplied by the same
processes that cause salinization. In coastal areas, tidal exchange of pore-water supplies sulfate and
removes the resultant HCO3- produced via the reaction in Equation 4.1. Tidal flushing thereby prevents
the accumulation of pore-water alkalinity. In iron-deficient systems, this tidal flushing can also remove
pore-water H2S and lead to its subsequent oxidation to elemental S (and eventually to sulfate).
However, in inland systems the lack of tidal flushing generally reduces the removal of HCO3- produced
via the reaction in Equation 4.1 and can lead to the accumulation of carbonates in the sediments.
In contrast, in soils containing Fe2+, often produced by the activity of ferric iron reducing
microorganisms, H2S may react rapidly to form monosulfide (FeS) precipitates as below:
H2S + Fe2+ → FeS + 2 H+

[4.2]

The initial FeS phase to form by reaction between H2S and Fe2+ (Equation 4.2) has proved difficult to
characterise, even in well-defined synthetic studies (Rickard and Morse 2005). Recently, such studies
have shown that nanoparticulate mackinawite (tetragonal FeS) is the first condensed phase to form
through this reaction. In acid sulfate soil materials the occurrence of mackinawite as 5 – 30 nm
nanoparticles has been only recently demonstrated (Burton et al. 2009). The strong black colour seen in
some of these acid sulfate soil materials is largely due to the presence of nanoparticulate mackinawite
(Burton et al. 2009).
The H2S produced by microbial sulfate reduction can also react with FeIII contained in ferric oxide and
oxyhydroxide minerals such as goethite, to produce elemental sulfur:
H2S + 2 FeOOH + 2 H+ → S8 + 2 Fe2+ +3 H2O

[4.3]

The Fe2+ produced via this reaction may then feed into the reaction described by Equation 4.2 thus also
resulting in mackinawite formation. This overall process, termed “sulfidisation” can be represented as:
3 H2S + 2 FeOOH → S8 + FeS +4 H2O

[4.4]

In the presence of an oxidant, such as O2, mackinawite is unstable and can transform readily via a
solid-state process to greigite:
4 FeS + 0.5 O2 + 2 H+ → Fe3S4 + Fe2+ + H2O

[4.5]

Although frequently mentioned, there are only few studies (e.g. Bush and Sullivan 1997) that
conclusively document the occurrence of greigite in acid sulfate soil materials. On the basis of the
limited amount of field data it appears that greigite occurrence is limited to the oxidation front in mildly
acidic soils that are subject to an oscillating groundwater table. Mackinawite and greigite are often
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described as “iron-monosulfide” minerals because they have an Fe:S ratio that is close to 1:1 (Rickard
and Morse 2005). These mineral species are defined analytically by their dissolution in HCl to yield H2S
gas and described as acid-volatile sulfide (AVS).
Both mackinawite and greigite have long been implicated as precursors to the formation of irondisulfides such as pyrite and marcasite. For example:
Fe3S4 + 2 H+ → FeS2 + Fe2+ + H2

[4.6]

Pyrite can also form without the need for precursory greigite via (1) mackinawite oxidation by
polysulfide species (Rickard 1975; Luther 1991) and (2) mackinawite oxidation by H2S (Rickard 1997;
Rickard and Luther 1997). These two pathways of pyrite formation, which involve an intermediate
dissolved FeS cluster complex, can be represented overall as:
Polysulfide pathway:

FeS + Sn2- → FeS2 + Sn-12-

Hydrogen sulfide pathway:

FeS + H2S → FeS2 + H2

[4.7]
[4.8]

Whilst iron monosulfides are a precursor to pyrite formation, this is not necessarily always the case. Pyrite
can form quite rapidly in the presence of suitable reactive surfaces such as bacterial surfaces (Canfield
et al. 1998) that serve to overcome a significant supersaturation threshold by providing heterogeneous
nucleation sites. Other suitable reactive surfaces include pre-existing pyrite crystals or organic
substrates, such as plant material. Accumulation of pyrite in soil can occur rapidly under suitable field
conditions (Howarth 1979; Rosicky et al. 2004).
Pyrite is by far the most commonly observed RIS species in sulfidic acid sulfate soil materials. In these
materials, pyrite occurs in a range of distinct crystal morphologies. The most remarkable of these
morphologies are framboids (from the French term for raspberry – frambois). Pyrite framboids consist of
spheroidal aggregates of densely packed, individual microcrystals. Earlier research into the origin of
pyrite framboids in sediments pointed towards either a bacterial influence or the magnetic aggregation
of precursor greigite crystals. However, while there have been many people fascinated by the source
of these delicate geometric structures, there still is no consensus in the process for frambiodal
morphology.
Whilst pyrite is normally the most abundant iron-disulfide in acid sulfate soil materials, marcasite
(orthorhombic FeS2) may occur under acidic conditions (pH < 6). Such conditions occur in waterlogged
soils and sediments that are rich in dissolved organic acids, capable of buffering the low pH. For
example, marcasite is a common iron sulfide in some peaty acid sulfate soil materials in eastern
Australia (Bush et al. 2004a).
A conceptual model illustrating the major steps involved in the process of iron sulfide formation (and the
reactions following disturbance) is shown in Figure A-3 in the Appendix. The process of sulfidisation
following bioremediation has recently been examined in the surficial lake sediments in the Lower Lakes
(Sullivan et al. 2011, 2012b). Sullivan et al. (2011) found that during the early stages of refilling (i.e. the
initial 6 months) sulfate was reduced during organic matter decomposition (often in microsites around
the roots of the plants). The sulfide (e.g. H2S) released from this process was mainly converted to
elemental sulfur (S8o(s)), without the accumulation of sulfide minerals such as monosulfides and pyrite.
However, a subsequent examination of the sulfidisation process by Sullivan et al. (2012b) at 19 months
after lake re-filling showed considerable accumulation of both pyrite and monosulfide (as monosulfidic
black ooze (MBO)) in the uppermost sediment layers at sites where a species tolerant to inundation (i.e.
Phragmites) was used to bioremediate the sediments. A conceptual diagram by Sullivan et al. (2012b)
of the sulfidisation processes operating in the upper layers of bioremediated sediments at the Lower
Lakes following inundation is presented in Figure A-4 in the Appendix.
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4.2.2 Acidification
The oxidation of iron-sulfide minerals (particularly pyrite) is the primary cause of the extreme
acidification that characterises sulfuric acid sulfate soil materials. Sulfuric acid sulfate soils have a pH of
less than 4 (or < 3.5 according to the particular soil taxonomy being employed), but values of pH < 3 in
actively oxidising soils are frequently observed (e.g. Dent 1986; Fitzpatrick et al. 2008c). Such extreme
acidification significantly alters the soil chemistry, render it hostile to plants and create a source of
contamination to groundwater and surface waters. The acid produced can react with clay minerals
and oxides to release silica and metal ions, principally aluminium, iron, potassium, sodium and
magnesium (Nriagu 1978). Other metals and metalloids ions can also be released (van Breemen 1973;
Sammut et al. 1996b; Åström 2000) (for further details see Section 4.2.4).
Pyrite and other iron-sulfide minerals can only persist in soils under anoxic, waterlogged conditions. If
these conditions become oxic, as a consequence of exposure, the iron-sulfide components can
undergo a series of oxidation reactions. For example, in the presence of oxygen (and water) pyrite
oxidises to ultimately yield sulfuric acid and a poorly soluble FeIII precipitate:
FeS2 + 15/4 O2 + 7/2 H2O → Fe(OH)3 + 2 SO42- + 4 H+

[4.9]

While this reaction shows that exposure to oxygen under moist conditions is the driving force for pyrite
oxidation, it neglects the complexity of reaction steps in the overall oxidation process. This complexity
includes a number of possible final iron phases as well as the formation of intermediate sulfoxyanions
and elemental S. Chemolithotrophic Fe- and S-oxidising bacteria play an important role in mediating
various steps in the overall oxidation process, and in determining the formation and persistence of
intermediate S species.
A wide variety of potential mineral phases play a role in determining the iron biogeochemistry following
pyrite oxidation. Ferrous iron released in the initial stages of pyrite oxidation may precipitate as FeII
hydroxysulfate minerals (Fanning et al. 2002), most importantly melanterite, rozenite and szomolnokite.
While these phases are readily soluble and are rarely observed in acid sulfate soil materials, Fitzpatrick
et al. (2008c) have identified a wide range of highly soluble sulfate-containing evaporite minerals (e.g.
halotrichite, redingtonite) on the exposed sandy soil surfaces of sulfuric materials of the Lower Lakes.
Under continuous oxidation, the Fe2+ released by pyrite oxidation is also subject to oxidation to Fe3+
(Equation 4.10). Whilst the simple oxidation process consumes some acidity, the subsequent hydrolysis
of the resulting Fe3+ leads to the liberation of acidity (Equation 4.11). At low pH (e.g. < 4), Fe3+ is
sufficiently soluble that it may serve as a very effective electron acceptor driving further pyrite oxidation
(Equation 4.12) (Moses et al. 1987). For this reason, it has been often suggested that the rate of Fe2+
oxidation to Fe3+ may be the rate-determining step in pyrite oxidation.
Fe2+ + 1/4 O2 + H+ → Fe3++ 1/2 H2O

[4.10]

Fe3+ + 3 H2O → Fe(OH)3 + 3 H+

[4.11]

FeS2 + 14 Fe3+ + 8 H2O → 15 Fe2+ + 2 SO42- + 16 H+

[4.12]

Partial oxidation of Fe2+ to Fe3+ can lead to precipitates of mixed valence Fe salts, such as copiapite
which has been observed in the Lower Lakes region (e.g. Fitzpatrick et al. 2008c). This phase is one of
the “soluble salts” that may form in acid sulfate soils under prolonged dry conditions (Fanning et al.
2002). Dissolution of these minerals during rainfall events may cause a first-flush of stored acidity.
The Fe3+ produced via pyrite oxidation also commonly precipitates as a range of FeIII bearing minerals.
In acid sulfate soil conditions at pH < 3, and/or in the presence of abundant K+, jarosite appears to be
the predominant FeIII phase (Equation 4.13), whereas in the pH range of 3 – 4, schwertmannite is an
important FeIII phase in acid sulfate soil landscapes (Bigham et al. 1992; Sullivan and Bush 2004). The
jarosite and schwertmannite may later slowly decompose with the hydrolysis of FeIII and the liberation of
acidity (e.g. Equation 4.14).
FeS2 + 15/4 O2 + 5/2 H2O 1/3 K → 1/3 KFe3(SO4)2(OH)6 + 4/3 SO42- + 3 H+

[4.13]

KFe3(SO4)2(OH)6 +3 H2O → 3 Fe(OH)3 + 2 SO42- + 3 H+ + K+

[4.14]

In addition to jarosite and schwertmannite, the widespread occurrence of the FeIII mineral sideronatrite
has been observed in the Lower Lakes region (Fitzpatrick and Shand 2008; Fitzpatrick et al. 2008c).
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The type of minerals formed from the Fe released during pyrite oxidation governs to a large extent the
amount of acidity expressed (Dold and Fontbote 2001). For example, if the released Fe precipitates as
goethite or ferrihydrite from the Fe3+ produced by sulfide oxidation, then 3.0 moles of H+ are formed for
every mole of Fe3+ hydrolysed from pyrite. However, if hydrolysis is incomplete and jarosite is formed,
only around 2 moles of H+ is released for every mole of Fe3+ hydrolysed from pyrite (van Breemen 1976).
If schwertmannite is formed then approximately 2.575 moles of H+ is released for every mole of Fe3+
hydrolysed from pyrite (Piene et al. 2000). The ‘stored’ acidity in these two minerals is important as the
Fe3+ in both jarosite and schwertmannite can undergo further hydrolysis and result in the release of
acidity into the surrounding environment (Dold and Fontbote 2001; Sullivan and Bush 2004).
The oxidation of pyrite depends on factors including the supply of O2, the availability of water,
temperature and the physical properties of FeS2. Pyrite oxidation generates acid and releases heat;
consequently, the acidity and temperature of the surrounding solution will affect the overall reaction
rates. The oxidation of FeS2 in the environment is usually ultimately determined by the supply of O2.
Models describing FeS2 oxidation are often based on the assumption that all other constituents required
for the oxidation process are freely available except for O2, which is supplied through the porous
material from the atmosphere (Dent and Raiswell 1982; Davis and Ritchie 1986; Pantelis and Ritchie
1991; Bronswijk et al. 1993). Hipsley et al. (2010) modelled acidification processes as a result of pyrite
oxidation in sediments from the Lower Lakes and provide further details on the O2 diffusion controls on
pyrite oxidation rates.
While the oxidation of pyrite is usually the main contributor to the acidification, the oxidation of iron
monosulfides (in monosulfidic black oozes, MBO) may play an important role (see Section 4.2.5 for
further details). In addition, H2S oxidation may also be a potential minor source of acidity (see Figure A4 in the Appendix).
No acidification of the lake waters as a consequence of acid sulfate soil processes would be expected
during stable wet conditions illustrated in Figure 4-1. However, during drought conditions the oxidation
of iron sulfide minerals (i.e. pyrite and iron monosulfides) would be the initial process resulting in
acidification of the exposed sulfidic sediments, although any H2S present also has the potential to
produce some acidity (Figures 4-4 and A-4). Figure 4-4 shows the numerous potential processes and
pathways that can be involved in the acidification process within acid sulfate soil materials.
As mentioned previously, not all the potential acidity is initially released when secondary iron minerals
(such as jarosite and schwertmannite) are formed; over time these minerals may weather and release
more acidity. Any acidity produced from sulfide oxidation that is not neutralised would be initially
released into the sediment pore-waters; potential neutralisation processes are discussed in the next
section (Section 4.2.3). The acidity released into the pore-water may then enter the lake by various
mechanisms as shown in Figure 4-4. Acid fluxes from Lower Lakes’ sediments to the water column of the
lakes have been examined by several studies (e.g. Hicks et al. 2009; Simpson et al. 2009; Earth Systems
2010; Sullivan et al. 2010; Cook 2011; Cook et al. 2011; Cook and Mosley 2012).
Acidification processes following refilling are presented in Figure 4-5. The soluble and exchangeable
acidity formed following sulfide oxidation under drought conditions, and the dissolution and/or
hydrolysis of secondary iron and aluminium minerals would be the main potential sources of
acidification immediately following lake refilling. Recent studies in the Lower Lakes indicate that the
general changes in sediment redox status towards more reducing conditions and pH from acidic to
neutral have begun to drive the reductive dissolution of iron minerals (such as jarosite) (Sullivan et al.
2012b).
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Figure 4-4. Flowchart showing potential acidification processes that occur in the Lower Lakes during drought conditions (Acid flux to lake box after Cook 2011).
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Figure 4-5. Flowchart showing potential acidification processes that occur in the Lower Lakes following lake filling (Acid flux to
lake after Cook 2011).
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4.2.3 Acid consumption
The acidity produced from the various processes discussed in Section 4.2.2 may be consumed by
various mechanisms. Neutralisation processes may operate within the sediment, soil pore-water and
surface water. Under anoxic conditions, microbial reduction processes (e.g. reduction of SO4, and FeIII,
MnO2 and NO3) may consume acidity during the decomposition of organic matter. Acid neutralisation
in the sediment can also be provided by processes such as the dissolution of calcium and/or
magnesium carbonates (e.g. shell), cation exchange reactions, and by reaction with the organic and
clay fractions (Ahern et al. 2004). In addition, other minerals can provide some acid neutralisation with
the amount dependent on particle size and degree of weathering (Ahern et al. 2004).
Pore-waters and surface waters may neutralise any acidity produced as a result of buffering by
dissolved carbonate species (e.g. HCO3-). Many of these acid neutralising processes have been
modelled for the Lower Lakes’ sediments (see Hipsley et al. (2010) for further details). Recent studies in
the Lower Lakes have indicated two important sources of alkalinity including that derived from lake
water and plant roots (Sullivan et al. 2011, 2012b).
As mentioned previously, under stable conditions acidification as a consequence of acid sulfate soil
processes would not be expected. However, under these conditions the build-up alkalinity would be
expected to occur within the sediment from microbial reduction processes using organic matter, often
accompanied by the accumulation of potential forms of acidity, especially pyrite derived in part from
sulfate reduction.
As water levels drop and sulfidic sediments become exposed to oxygen the acidity produced from the
various processes shown in Figure 4-4 may be neutralised. A summary of the key acid consuming
processes that may occur during drought conditions are presented below in Figure 4-6. In addition to
the processes mentioned above, the oxidation of ferrous (a product of sulfide oxidation) to ferric iron is
a well known acid sulfate soil process that consumes acidity (see Equation 4.10). However, as shown
below in Figure 4-6 further hydrolysis of ferric iron will produce acidity (see Equation 4.11). A recent
study by Sullivan et al. (2011) found the acid neutralising capacity (ANC) of the surficial sediment to be
largely negligible in the latter stages of the recent drought, although the application of aglime prior to
bioremediation was found to be an important source of ANC at selected sites.

Figure 4-6. Flowchart showing potential acid consuming processes that occur in the Lower Lakes during drought conditions.
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A summary of the key acid consuming processes that may occur following refilling are presented in
Figure 4-7. Recent studies in the Lower Lakes have indicated that alkalinity derived from lake water as
an important source of alkalinity (Sullivan et al. 2011, 2012b). The alkalinity in the lake water consumes
acidity as the lake water enters the sediment profile via either convective or diffusive processes. The
results of Sullivan et al. (2011) indicate that the diffusion of the substantial alkalinity in the lake waters
was capable of causing appreciable increases in sediment pH down to approximately 30 cm depth
within a few months. Further diffusion and acidity consumption was observed to continue over the
following months (Sullivan et al. 2012b).
Plant roots may also be an important source of alkalinity as vegetation can increase sediment pH by
the action of root exudation and nutrient uptake (Sullivan et al. 2011). While the microbial sulfate
reduction can provide alkalinity, the results of a study by Sullivan et al. (2011) indicated that over the
initial 6 months of inundation the alkalinity produced via this process was likely to be minimal. The two
main constraints to sulfate reduction were observed to include the lack of organic matter and the
severely acidified nature of the sediments. However, after 19 months of inundation Sullivan et al.
(2012b) observed considerable sulfate reduction and production of alkalinity become important at sites
where organic matter was continually replenished by the vegetation present (i.e. Phragmites). Further
details of the acid consuming processes operating in the upper layers of the inundated Lower Lakes
sediments associated with sulfate reduction are summarised in Figure A-4 in the Appendix.

Figure 4-7. Flowchart showing potential acid consuming processes that occur in the Lower Lakes following lake filling.
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4.2.4 Metal immobilisation-mobilisation
The oxidation and acidification of acid sulfate soils can lead to substantial changes in the mobility of
metals (Claff et al. 2011). The mobilisation of metals and metalloids to soil pore-waters from acid sulfate
soils can constitute a major environmental hazard (e.g. Åström et al. 2001; Burton et al. 2006c, 2008).
Numerous metals and metalloids have been reported at levels exceeding accepted environmental
protection thresholds in acid sulfate soil (e.g. Åström et al. 2001; Macdonald et al. 2004a; Burton et al.
2006c). Recent studies Lower Lakes acid sulfate soils have shown the capacity of these materials to
mobilise elevated concentrations of metals and metalloids, with ANZECC/ARMCANZ (2000) guideline
trigger values for the protection of aquatic ecosystems often being exceeded (e.g. Simpson et al. 2008,
2009, 2010; Sullivan et al. 2008, 2010; Hicks et al. 2009).
Metals in sediments occur within mineral phases or as charged ions or ionic complexes sorbed to
reactive surfaces (Åström 1998; Fältmarsch et al. 2008; Claff et al. 2010). Trace metals are commonly
associated with iron sulfides (Huerta-Diaz and Morse 1992), and the occurrence of iron monosulfides are
well known to control the bioavailability of many metals (e.g. Simpson et al. 2005). Acidification can
greatly enhance the solubility of metals, promoting their subsequent release from mineral phases by
dissolution or cation exchange. The pH dependence of metal release has received considerable
attention (Sammut et al. 1996b; Wilson et al. 1999; Åström 2001; Preda and Cox 2001; Macdonald et al.
2004a; Simpson et al. 2010). For example, Simpson et al. (2010) found that Al, Fe, Cu, Ni, V, and Zn may
be rapidly mobilised (i.e. within 24 hours) by re-wetting exposed Lower Lakes sediments. The rate and
extent of release of these metals depended strongly on the pH of those sediments, with the lower the
pH the greater the release of metals.
While metal mobilisation is often observed under oxic-acidifying conditions, metals can also be
mobilised when sulfuric acid sulfate soil materials are subject to prolonged inundation, resulting in the
development of anoxic reducing conditions (e.g. Sullivan et al. 2010). Accumulations of iron minerals in
acid sulfate soils are often concentrated at the ground surface and include goethite, ferrihydrite,
jarosite and schwertmannite. These iron minerals often have a large surface area and are a significant
sink for the sorption of metals. Under reducing conditions, these iron minerals are prone to microbial
reductive dissolution (van Breemen 1973; Burton et al. 2007). Microbial iron reduction triggers three
major changes that affect metal mobilisation. Firstly, it results in the dissolution of Fe3+ and
transformation to Fe2+, causing the co-release of other metals sorbed to the Fe mineral surfaces.
Secondly, the microbial reduction process is proton-consuming and when accompanied by the
formation of bicarbonate as a by-product of microbial respiration, can result in in situ neutralisation
(Blodau 2006). The increase in pore-water pH generally reduces the solubility of divalent metals and
aluminium. It also facilitates the recently identified Fe2+ catalysed transformation of poorly crystalline
iron oxide minerals to more crystalline phases (e.g. rapid transformation of schwertmannite to goethite).
Although the overall consequences of these rapid mineral transformations on metal mobility are yet to
be quantified (Burton et al. 2010), the mobility of some metals and metalloids can increase under these
conditions. For example, arsenic is most soluble at around pH 5 and when associated with iron oxides in
acid sulfate soil materials, is readily mobilised at the onset of microbially-mediated iron reduction
(Burton et al. 2008).
In addition to the pH and redox potential, metal and metalloid mobilisation-immobilisation processes in
sediments are affected by a number of other physical and chemical properties. These properties
include texture, type of clay minerals, organic matter content, salinity, and the presence of inorganic
chemical components such as carbonates and sulfides (Gambrell 1994). The mobility of metals in
sediments also varies dependent on its chemical form. The chemical forms may include water soluble
metals, exchangeable metals, metals precipitated as inorganic compounds, metals complexed with
humic materials, metals adsorbed or occluded to precipitated hydrous oxides, metals precipitated as
insoluble sulfides, and metals bound within the crystalline lattice structure of primary minerals (Gambrell
1994). A conceptual diagram by Claff et al. (2011) showing the metal mobilisation pathways and the
dynamics between various metal pools commonly observed in acid sulfate soils is presented in Figure A18 in the Appendix.
A summary of the key metal mobilisation-immobilisation processes that may occur under stable
conditions in the Lower Lakes is presented in Figure 4-8. The pore-water metals derived from
groundwater and surface water sources (i.e. lake and River Murray waters) can under reducing
conditions be immobilised by precipitation or adsorption to sulfidic and/or non-sulfidic minerals, and
may also be complexed with organic matter (Figure 4-8). While under these stable conditions it is
expected there would be minimal flux of metals to the lake water from the sediments, bioaccumulation
of metals by flora and benthic fauna may occur.
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Figure 4-8. Flowchart showing potential metal mobilisation-immobilisation processes that occur in the Lower Lakes during
stable conditions.

A summary of the key metal mobilisation-immobilisation processes that can occur during drought
conditions is presented in Figure 4-9. Under drought conditions the oxidation of metal sulfides and the
consequent acidification may result in substantial metal mobilisation. Ferrous iron (Fe2+) is an initial iron
sulfide oxidation product and trace metals associated with sulfides can also be released upon
oxidation. The acidity produced during sulfide oxidation can lead to mineral dissolution (particularly
clay mineral dissolution) and the associated mobilisation of metals. The oxidation of organic matter
can also lead to the mobilisation of organically complexed metals. During drought conditions the
precipitation of secondary oxidation products (e.g. iron hydroxy(oxide)/sulfate minerals) will lead to
metal immobilisation. As mentioned previously, the secondary iron minerals formed following sulfide
oxidation are also known to be a significant sink for the sorption of metals. Dissolved metals can be
mobilised from the sediment into the lake by the flux processes indicated in the acidification flowchart
during drought conditions (Figure 4-4). As indicated in Figure 4-9 metals may be bioaccumulated by
flora and fauna.
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Figure 4-9. Flowchart showing potential metal mobilisation-immobilisation processes that occur in the Lower Lakes during
drought.

The potential for the mobilisation of various metals and metalloids from acid sulfate soil materials
following either freshwater or seawater inundation has been demonstrated in a number of studies on
sulfuric and sulfidic Lower Lakes’ sediments (e.g. Simpson et al. 2008, 2009, 2010; Sullivan et al. 2008,
2010; Hicks et al. 2009). A summary of the key metal mobilisation-immobilisation processes that may
occur following lake refilling is presented in Figure 4-10. Sulfidisation processes will lead to the
immobilisation of iron and other trace metals that become associated with sulfides. Metals can be
released into solution from the dissolution of precipitated and adsorbed/occluded metals under
reducing conditions (Figure 4-10). As discussed earlier, the reductive dissolution of iron minerals can
lead to the release of Fe2+ and other metals adsorbed to Fe mineral surfaces. Precipitation and
complexation reactions can result in metal immobilisation within the sediment. Alternatively, during and
following lake refilling, dissolved metals can be mobilised into the lake by the flux processes indicated in
the acidification flowchart following lake refilling (Figure 4-5). The bioaccumulation of metals in the
sediment and lake water may also occur; a recent study in the Lower Lakes indicated metal uptake by
vegetation (e.g. Sullivan et al. 2012a; see Section 4.2.7 for further details).
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Figure 4-10. Flowchart showing potential metal mobilisation-immobilisation processes that occur in the Lower Lakes following
lake filling.

Page 19

Lower Lakes Acid Sulfate Soil Detailed Conceptual Models

4.2.5 Deoxygenation
Acute deoxygenation of estuaries, lakes, rivers and drainage channels is well known to be a major
contributor to catastrophic fish kills (e.g. Johnston et al. 2003; Howitt et al. 2007; Hamilton et al. 1997).
Many potential factors contribute to deoxygenation events, and they are known to impact a wide
range of environments. Severe deoxygenation of waterbodies within acid sulfate soil landscapes has
been linked directly to the behaviour of acid sulfate soil materials (e.g. Sullivan and Bush 2000).
Deoxygenation results when solids and aqueous compounds with a capacity to react with dissolved
oxygen, enter water bodies and consume oxygen more rapidly than it can be replenished. The
magnitude of deoxygenation depends on the spatial scale of the event, its persistence and its intensity.
Aquatic ecosystems require dissolved oxygen concentrations generally greater than 85% saturation for
lowland rivers (e.g. ANZECC/ARMCANZ 2000). Native fish and other large aquatic organisms are known
to survive on dissolved oxygen concentration of as little as 2 mg L-1, but may become stressed below 4 5 mg L-1 (Hladyz and Watkins 2009).
Anaerobic decomposition of vegetation can be a primary process leading to the deoxygenation of
large volumes of waters in acid sulfate soil landscapes (e.g. Johnston et al. 2003; Wong et al. 2010).
Decomposition of flood-intolerant vegetation in drained acid sulfate floodplains can lead to the
formation of “blackwater” - a colloquial term used to describe anoxic stagnant floodplain water that
develops a distinctive dark colour as a result of the accumulation of dissolved organic carbon
compounds. Blackwater is typically anoxic, has a high chemical oxygen demand (COD) and high
dissolved iron concentrations, and rapidly consumes dissolved oxygen when it discharges to main water
bodies (Johnston et al. 2003).
The propensity for monosulfidic black ooze (MBO) to accumulate and be mobilised by floodwaters has
also been identified as a contributing factor to deoxygenation in acid sulfate soil areas (Sullivan et al.
2002; Bush et al. 2004b,c; Burton et al. 2006b,d). The chemistry of estuarine waters during hypoxic
events has indicated elevated concentrations of redox sensitive species associated with acid sulfate
soil (e.g. Fe2+, dissolved Mn, and elemental sulfur) (Wong et al. 2010), further implicating acid sulfate soil
and MBO materials in deoxygenation events. Whether this chemistry also applies to MBOs mobilised
into freshwater lakes is likely but yet to be determined.
The role of MBO in deoxygenation (and latter acidification) in acid sulfate landscapes has only been
discovered relatively recently (Sullivan and Bush 2000; Sullivan et al. 2002). Since then Burton et al.
(2006c) have described the oxidation dynamics of MBO when mobilised into oxygenated water. The
oxidation of MBO follows a two-step process with oxygen consumption occurring with each step (after
Burton et al. 2006c):
Fe2+ + 0.5O2 + 1.5 H2O → 2H+ + FeOOH

Step 1

FeS

Step 2

0.125S8 + 1.5 O2 +H2O → SO42- + 2H+

{S

2-

+ 0.5O2 + 2H+ → H2O + 0.125S8

[4.15]
[4.16]

The first step is a rapid chemical reaction of iron monosulfide minerals with oxygen, forming iron oxides
and elemental sulfur. This initial oxygen-consuming step does not affect pH and is therefore nonacidifying. It is probably for this reason that the role of MBO in deoxygenation was overlooked until
relatively recently. Acidification associated with MBO oxidation can result from the second step, the
microbially-mediated oxidation of elemental sulfur, when oxygen is available.
Elevated elemental sulfur concentrations in deoxygenated waterways in acid sulfate soil landscapes
may be a useful indicator of MBOs as a contributing cause to deoxygenation, although elemental sulfur
can also form as a primary product of H2S oxidation, and can be present within MBOs prior to flood
events (Burton et al. 2006a,b).
The presence of MBO acid sulfate soil materials in the Lower Lakes has been identified in several reports
(e.g. Fitzpatrick and Shand 2008; Fitzpatrick et al. 2008c; Sullivan et al. 2008, 2012b). It is very likely on
the basis of the data available and given the shallow nature of these lakes that episodic localised
deoxygenation events can occur in areas where MBOs are concentrated, due to mixing of these
sediments with the waters of the lakes. It is expected that localised deoxygenation events will occur
during drought conditions (particular as a consequence of disturbance due to seiching) and during
lake refilling.
Flowcharts summarising the main processes resulting in deoxygenation events in the Lower Lakes during
drought conditions and during lake refilling are presented in Figures 4-11 and 4-12, respectively. While it
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is expected that both the decomposition of organic matter and the chemical oxidation of iron
monosulfides would be the major contributors to deoxygenation under both scenarios, during and
following lake refilling, the oxidation of ferrous iron formed as a result of earlier sulfide oxidation may also
contribute, especially to localised deoxygenation during lake refilling (Figure 4-12).

Figure 4-11. Flowchart showing potential deoxygenation processes that occur in the Lower Lakes during drought.
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Figure 4-12. Flowchart showing potential deoxygenation processes that may occur in the Lower Lakes during lake filling.
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4.2.6 Production of volatiles
Anthropogenic and biogenic sulfur-containing gases have important impacts on global climate
change (Charlson et al. 1987; Lohmann and Feichter 2005), and atmospheric acid-base chemistry
(Berresheim et al. 1995). Coastal estuarine and marine environments are major emitters of biogenic
hydrogen sulfide (H2S) (Aneja 1990; Bates et al. 1992), and it is likely that freshwater lakes with sufficient
sulfate content to drive acid sulfate soil processes as is evident in the Lower Lakes similarly emit H2S.
Emissions of H2S, and more recently sulfur dioxide (SO2), from floodplains have been linked to acid
sulfate soil management (Macdonald et al. 2004b). A wide variety of volatile organic sulfur gases are
known to occur in the environment, and these gases are commonly referred to as volatile organic sulfur
compounds (VOSC) (Hicks and Lamnontagne 2006).
Hydrogen sulfide is a highly noxious gas that causes distress to humans (Luther et al. 2003; EPA 2003) and
threatens aquatic organisms (Diaz and Rosenberg 1995; Rabalais 2002). As described in Section 4.2.1
by Equation 4.1, H2S is produced by sulfur-reducing bacteria under anoxic conditions. Even at small
concentrations, H2S can be detected by its characteristic rotten-egg odour. In acid sulfate soil
landscapes, periodically inundated sediments, shallow waterways and field drains where stratified
anoxic conditions can develop, are all situations conducive to sulfate reduction and the formation of
H2S (Dent 1986). However, H2S is an unstable phase and its persistence in water and soil and ultimate
gaseous emission is highly constrained by a wide range of oxidants in natural sediments and water
bodies (Jørgensen et al. 1991). These oxidants include O2, NO3, Mn and Fe oxyhydroxides (Froelich et al.
1979; Luther et al. 1997). Due to their abundance in acid sulfate soil, iron oxides (Millero et al. 1987) are
a particularly effective oxidant of H2S, a process that can lead to the formation of iron sulfides as
described previously. Hydrogen sulfide becomes a problem when the rate of its formation exceeds the
catalytic oxidative capacity of the sediments and water bodies to eliminate its gaseous emission. An
excess of labile carbon and stagnant water bodies create conditions that favour H2S emissions in acid
sulfate soil landscapes (Rozan et al. 2002).
Partially oxidised RIS-containing acid sulfate soil materials are a known source of SO2. Macdonald et al.
(2004b) quantified SO2 flux from agricultural acid sulfate soils using both ground chamber and micro
metrological methods. In this study, the rates of SO2 emission from the soil were closely linked to soil
moisture and evaporative flux, leading the authors to conclude that acidic dissociation of sulfite (SO32-)
occurring within the near-surface pore-water was probably the major source of SO2. The precise
mechanisms for SO2 formation in acid sulfate soil require resolution: bacterial processes that utilise
sulfate (Saltzman and Cooper 1989) or organo-sulfur compounds (Freney 1961) are both possibilities.
From relatively few measurements, Macdonald et al. (2004b) estimated global SO2 emissions from acid
sulfate soils to be 3.0 Tg S yr-1, ~ 3% of global anthropogenic emissions.
Hicks and Lamnontagne (2006) reviewed sulfur gas emissions from acid sulfate soil landscapes and
developed conceptual models showing the major pathways under both wet and dry conditions (These
models are shown in Figures A-19 and A-20 in the Appendix). Under stable wet conditions VOSC are
produced from the decomposition of organic matter and H2S is formed from the reduction of sulfate
(Figure A-19). These gases are subsequently released into the water column where VOSC are taken up
by bacteria and H2S is oxidised to sulfate.
Under dry drought conditions VOSC and H2S are still released by the same processes within the reduced
sediments. However, VOSC are also produced from the aerobic decomposition of organic matter and
SO2 is a potential product of sulfide oxidation (Figure A-20). Under dry conditions all the gases
produced are subsequently released into the atmosphere.
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4.2.7 Bioremediation
Acid sulfate soil research in the Lower Lakes has shown the availability of organic carbon to be a major
factor limiting sulfate reduction and the associated production of alkalinity (e.g. Sullivan et al. 2010).
The Lower Lakes Bioremediation and Revegetation project began during the recent drought with the
aim of removing acidity from the sediments (largely by increasing organic matter in soil in order to
stimulate reduction processes) and also to reduce soil erosion (DEH 2009).
A recent study by Sullivan et al. (2012b) confirmed that bioremediation of the exposed acidified lake
sediments by revegetation did produce substantial benefits in terms of reduced acidity of the surficial
lake sediments due to the effects of vegetation. The findings indicated that the benefits were likely to
have accrued from a combination of vegetation associated processes including the provision of
alkalinity from plant roots, the provision of alkalinity indirectly from sulfate reductive processes enabled
by the provision of organic matter from the bioremediating vegetation, as well as from the vegetation
minimising soil erosion and hence preventing further exposure of severely acidic subsoils. Figure A-21 in
the Appendix conceptualises the main changes in acidity and the associated key processes occurring
in the sediments from: prior to the drought and during the various bioremediation scenarios upon and
at 6 months after lake refilling.
In addition to ameliorating acidification and reducing erosion, bioremediation may also enhance
carbon sequestration in the lake sediments (e.g. Sullivan et al. 2012a), and provide a refuge and food
source for lake biota. It is also likely that bioremediation will result in the uptake of both metals and
nutrients by vegetation. Sullivan et al. (2012a) recently assessed the uptake of some metals by the
bioremediating vegetation, and found the concentration of nickel was high in some of the vegetation
samples assessed. Previous studies have also shown that in the pore-water in acidic sediment layers
can have nickel concentrations that greatly exceed the Australian water quality guidelines for
ecosystem protection (e.g. Sullivan et al. 2011). The uptake of metals by vegetation around the Lower
Lakes is currently being further examined (Sullivan et al. In preparation). While bioremediation may
uptake nutrients and remove them from the system, unless eth bioremediation biomass is removed, the
bioremediating vegetation will inevitably also be a source of nutrients upon decomposition.
A flowchart summarising the effects of bioremediation processes in the Lower Lakes is presented in
Figure 4-13.

Figure 4-13. Flowchart showing potential effects of bioremediation processes in the Lower Lakes.
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4.2.8 Carbon production and accumulation
A simple conceptual model showing the major fluxes involved in carbon production and accumulation
in Lower Lakes sediments is shown in Figure 4-14. Under stable wet conditions and following refilling the
decomposition of organic matter would largely be a result of anaerobic processes, whereas under
drought conditions aerobic processes will also play an important role.
There is little information currently available on the size of these fluxes. A recent study of vegetation in
the Lower Lakes showed the accumulation of organic matter ranged between 670 and 903 C ha-1 yr-1
in sediments post lake refilling (Sullivan et al. 2012a). The usual low organic matter levels in sandy lake
fringe sediments (e.g. Sullivan et al. 2010) indicates that the magnitude of decomposition processes
generally equal those responsible for organic matter production.

Figure 4-14. Flowchart showing the major flows and fluxes involved in carbon production and accumulation in Lower Lake
sediments.

Page 25

Lower Lakes Acid Sulfate Soil Detailed Conceptual Models

4.2.9 Nutrient mobilisation
The 2007-10 drought resulted in substantial changes to both the flow regimes and biochemical cycling
of the Lower River Murray, which led to changes in the water quality of the Lower lakes including the
concentration of nutrients (Hipsley et al. 2010). The factors controlling the nutrient concentrations in the
Lower Lakes are reasonably well understood and predicted by recently developed water quality
models (see Hipsley et al. 2010; Hipsley and Busch 2012). Some acid sulfate soil processes are known to
affect the uptake and/or release of nutrients.
Previous research has shown the presence of sulfate in appreciable concentrations can greatly
increase the rate of organic matter decomposition and nutrient mineralisation in sediments (Jørgenson
1982). Caraco et al. (1989) proposed that phosphorus release from freshwater sediments correlates
with the sulfate concentration of the overlying water. The work of Lamers and co-workers (e.g. Lamers
et al. 2002) confirmed this for sulfate-polluted freshwater wetlands. Therefore, it is likely that sulfate
reduction within the Lower Lakes’ sediments can also increase the release of phosphates (and other
nutrients) from sediments.
In addition, the uptake and release of phosphate in sulfidic sediments is known to be strongly linked to
the cycling of iron. A conceptual diagram of the coupled phosphate and iron and during early
diagenesis in marine sediments is presented in Figure A-22 in the Appendix. Ferric oxyhydroxides
(FeOOH) precipitated at the sediment-water interface and in the water column scavenge phosphate
(PO43-) (Ruttenberg et al. 2003). This adsorbed phosphate may be later released into pore-waters upon
the decomposition of organic matter and reductive dissolution of the ferric oxyhydroxides. Nonprecipitated phosphate or phosphate that is not readsorbed can then be subsequently released from
the sediment.
Laboratory studies by Simpson et al. (2008, 2010) found the release of nutrients immediately following
rewetting of acid sulfate soils from around the Lower Lakes was generally low. However, other recent
laboratory and field studies have shown that prolonged inundation of sulfuric and sulfidic soil materials
from the Lower Lakes with freshwater was capable of mobilising high concentrations of nutrients (e.g.
Sullivan et al. 2008, 2010; Hicks et al. 2009). Sullivan et al. (2008) showed the inundation of sulfuric soil
materials and oxic suspensions of MBOs from the around the Lower Lakes mobilised high concentrations
of both ammonium and nitrate. Sullivan et al. (2010) also showed the potential for the release of
ammonium into the overlying waters at selected sites following inundation; concentrations exceeded
the ANZECC and ARMCANZ (2000) guideline trigger value for the protection of aquatic ecosystems. A
field experiment by Hicks et al. (2009) observed the ANZECC and ARMCANZ (2000) trigger values for
various nutrients (i.e. NH4-N, NOx-N and PO4-P) were exceeded for both surface and pore water
following inundation.
Recent research by Sullivan et al. (2012b) at 19 months after lake re-filling has observed two strong
trends in nutrient mobility at a site under Phragmites. This includes: (i) large decreases in ammonia
concentrations in the pore-waters of the deeper sediment layers, and (ii) greatly increased phosphate
concentrations in the pore-waters of the surface sediments. It is therefore likely the Phragmites is
uptaking ammonium and that sediments under Phragmites are a potential source of soluble phosphate
to the overlying lake waters.
A summary of the potential nutrient mobilisation processes expected to occur in the Lower Lakes under
stable conditions, during drought and following lake refilling is presented in Figure 4-15.
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Figure 4 -15. Flowchart showing key potential nutrient mobilisation pathways (Nitrogen cycle adapted from Andrews et al. 2004).
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4.2.10 Biological Effects
A wide range of environmental hazards can result from acid sulfate soils processes, and the processes
involved with the development of many of these hazards have been discussed in earlier sections of this
report. As mentioned in the introduction, environmental hazards commonly associated with acid
sulfate soils include: 1) severe acidification of soil and waters, 2) mobilisation of metals, metalloids,
nutrients, and rare earth elements, 3) deoxygenation of water bodies, 4) production of noxious gases,
and 5) scalding of landscapes.
Numerous studies have documented the impacts of severe acid sulfate soil acidification and the often
associated mobilisation of metals on agricultural crops (e.g. Dent 1986), terrestrial habitats (e.g. van
Breemen 1973), and aquatic environments (e.g. Sammut et al. 1996a,b; Wilson et al. 1999; Callinan et
al. 2005). The ecological impacts of acid sulfate soil acidification in waterbodies can include fish kills
(Sammut et al. 1996a,b; Callinan et al. 2005), loss of native aquatic macrophytes and fauna followed by
invasion by acid tolerant species (Sammut et al. 1996a), mass mortality of crustaceans and shell fish
(Simpson and Pedini 1985), and loss of benthic communities (Corfield 2000). Sub-lethal exposure of fish
to acidity has also been linked to an increased susceptibility to skin diseases (Callinan et al. 2005),
whereas depletion of alkalinity has been linked to poor shell development in crustaceans (Dove and
Sammut 2007).
Aluminium toxicity has been identified as a significant issue linked to acid sulfate soil acidification. The
solubility of aluminium is critically dependent on pH, only becoming soluble at environmentally
significant levels at approximately pH < 5. Soluble aluminium affects plant growth primarily by disrupting
root function, and severe environmental impacts can occur when acidic aluminium-rich leachate from
acid sulfate soil enters waterbodies. Iron precipitates in the form of iron flocs also are known to directly
affect gilled organisms, smother benthic communities and aquatic flora (Sammut et al. 1996a,b).
Gilled organisms are particularly vulnerable to soluble metals and metal mobilisation can lead to rapid
mortality rates in these species (Simpson and Pedini 1985; Sammut et al. 1995; Sammut et al. 1996a,b).
Studies of the effects of metals on shellfish (oysters) revealed longer term, more chronic impacts on their
growth and survival (Dove and Sammut 2007). However, the longer term impacts of metal release from
acid sulfate soils to surrounding aquatic environments are poorly understood. Elevated metal
concentrations can be toxic to both aquatic flora and fauna. However, the consequences of elevated
metal concentrations to algal and phytoplankton production and the potential for their
bioaccumulation are largely unknown (Macdonald et al. 2004a).
The range of potentially longer term impacts on aquatic ecosystems arising from acid sulfate soil
leachate include: disturbance to fish reproduction and recruitment, acidity barriers to fish migration,
decline of primary food web, reduction of species diversity, and long term habitat degradation
(Sammut et al. 1996a,b). A summary of some of the impacts of acid sulfate soils on fish and aquatic life
is illustrated in Figure A-23 in the Appendix.
Acid sulfate soil processes can contribute towards the deoxygenation of waterbodies (see Section 4.2.5
for further details). Acute deoxygenation of waterbodies is well known to be a major contributor to
catastrophic fish kills (e.g. Johnston et al. 2003; Howitt et al. 2007; Hamilton et al. 1997). Hydrogen sulfide
toxicity may also be an issue for aquatic ecosystems impacted by sulfidic sediments (e.g. Koch et al.
1990).
During the recent drought in the Lower Lakes there were concerns about possible human health risks
associated with the metals in the dust blown off the acidic lake beds (Palmer et al. 2011). However,
studies showed that all the metals analysed (except for chromium which was confirmed to be in the low
toxicity form (Cr III) were found to be below the guidelines for metals in air, and indicated that the
metals in the dust did not represent a significant risk to public health (Palmer et al. 2011).
Stauber et al. (2008) developed a conceptual model of the potential acid sulfate soil impacts in the
Lower Lakes (Figure A-24 in the Appendix). This conceptual model has been used as a basis for the
flowchart of the potential biological effects in the Lower Lakes presented in Figure 4-16. Figure 4-16
shows the potential biological effects from five of the acid sulfate soil processes that may have an
impact including acidification, metal mobilisation, nutrient mobilisation, deoxygenation and production
of volatiles. However, it is important to note that whilst Figure 4-16 shows there is a complex interaction
between the potential biological effects, the actual biological effects of acid sulfate soil processes
within the Lower Lakes, particularly in the long term, are currently poorly understood.
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Figure 4-16. Flowchart showing potential biological effects arising from acid sulfate soil processes in the Lower Lakes. There
are numerous relationships and interrelationships between these effects, but for clarity many of these interrelationships have
been omitted from this diagram.
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5.0

Conclusions

The conceptual models developed during this study have highlighted the complex interrelationships
between the acid sulfate soil processes operating in the Lower Lakes especially during periods of
hydrological change. These conceptual models contribute to our understanding of the acid sulfate
soils in the Lower Lakes, and of their management requirements especially in relation to wetting and
drying cycles of decadal frequency. This increased understanding will assist managers to protect the
environmental values of the Lower Lakes.
Whilst this study has described many of the main processes associated with acid sulfate soils, and
mapped their interrelationships, these conceptual models have also highlighted significant gaps in our
knowledge of how the Lower Lakes environments are affected by acid sulfate soil processes. For
example, while the key processes controlling the release of metals from sediments into the surrounding
water may be reasonably well understood, the long term impacts of metal release to the surrounding
aquatic environment are largely unknown.
By mapping the current state of our understanding of the acid sulfate soil processes affecting the Lower
Lakes, the conceptual models developed during this study will provide a valuable management tool
that can help guide prioritisation of future studies in the Lower Lakes to ensure that essential knowledge
gaps are filled. Finally the use of these conceptual models will allow value adding of previous studies by
the recognition of synergies between future studies and the existing knowledge as well as the
avoidance of duplication.
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6.0

Recommendations

As well as detailing our existing knowledge of key acid sulfate soil processes the development of these
conceptual models for the Lower Lakes has highlighted that there are significant gaps in our knowledge
of some of these processes. These gaps include:
•
the processes by which metals mobilised by the severe acidification of sediments may impact
on the water quality and biota in the lakes,
•
the carbon budget and carbon fluxes within the previously exposed lake sediments,
•
the pattern and kinetics of the accumulation of sulfide minerals and potential acidity in the
previously exposed lake sediments,
•
The kinetics of many of these processes are poorly defined,
•
the development of appropriate threshold values for risk and hazard assessment,
It is recommended that the conceptual models developed in this project be examined by an expert
panel to both establish the critical gaps in our understanding of the way that acid sulfate soils and their
management impact on the environment and values of the Lower Lakes, and then to prioritise these
knowledge gaps. Specifically, it is recommended that a workshop, attended by all scientific and
management stakeholders, be held to assess the veracity and completeness of the conceptual models
presented here, and prioritise the needs for future research and monitoring in the Lower Lakes in relation
to acid sulfate soils.
Finally, it is recognised that future studies of the Lower Lakes and acid sulfate soils will provide a clearer
focus of the processes that occur. Consequently the conceptual models presented here should be
regarded as frameworks that should be periodically reviewed to enhance their utility further as a result
of the incorporation of the new knowledge and understanding that develops from future studies.
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8.0

Appendix

Additional conceptual models
The conceptual models of the acid sulfate soil processes in this project were developed using
information from a variety of sources. A number of additional conceptual models were used to inform
the development of the Lower Lakes acid sulfate soil conceptual models presented previously. Some
models have been designed for inland waterways in general and these are presented in Section A1.
Additional models have been developed specifically for the acid sulfate soil processes in the Lower
Lakes and some models for acid sulfate soils in general are presented in Sections A2 and A3,
respectively.
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A1. Acid sulfate soil processes in inland waterways

Figure A-1. Conceptual model of an inland aquatic ecosystem (source: EPHC and NRMMC 2011).
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Figure A-2. Conceptual model of an inland aquatic ecosystem (mesoscopic scale) with acid sulfate soil in a consecutive
sequence (source: EPHC and NRMMC 2011).
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A2. Acid sulfate soil processes in the Lower Lakes
Lamontagne et al. (2004) produced a conceptual model of sulfide formation in the River Murray
wetlands and the potential reactions following disturbance (Figure A-3).

Figure A-3. Conceptual model of sulfide formation in the River Murray wetlands and the potential reactions following
disturbance (source: Lamontagne et al. 2004. Copyright CSIRO).
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Sullivan et al. (2012b) developed a conceptual diagram of the sulfur cycle operating in the upper
layers of the bioremediated inundated Lower Lakes sediments (Figure A-4).

Figure A-4. Conceptual diagram of sulfur cycle operating in the upper layers of the bioremediated inundated Lower Lakes
sediments (source: Sullivan et al. 2012b).
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Fitzpatrick et al. (2008c, 2009) produced a series of conceptual models for Lake Albert to illustrate acid
sulfate soil (ASS) properties prior to and during the recent drought (Figures A-5 – A-8).

Figure A-5. Generalised schematic cross section model for Lake Albert; illustrating modification of water flows by barrage (and
lock) installations causing the build up of sulfides under continuous subaqueous ASS conditions from 1930s-2006 (source:
Fitzpatrick et al. 2008c. Copyright CSIRO).

Figure A-6. Generalised schematic cross section model for Lake Albert, illustrating extreme drought conditions in 2006 – 2007
where subaqueous ASS transform to waterlogged ASS (i.e. ASS that are wet or saturated long enough to produce periodically
anaerobic conditions, thereby influencing the growth of plants: e.g. hydric soils with sulfidic material) (source: Fitzpatrick et al.
2008c. Copyright CSIRO).

Figure A-7. Generalised schematic cross section model for Lake Albert; illustrating the formation of: (i) sulfuric material (pH <4)
by oxidation of sulfides present in sulfidic material, (ii) sulfate-rich salt efflorescences and (iii) deep desiccation cracks; due to
continued lowering of water levels under persistent extreme drought conditions during 2007 – 2008 (source: Fitzpatrick et al.
2008c. Copyright CSIRO).

Figure A-8. Generalised schematic cross section model predicted for Lake Albert under a no-management scenario (e.g. no
water pumping from Lake Alexandrina); illustrating the widespread formation of: (i) sulfuric material (pH <4) by oxidation of
sulfides in sulfidic material, (ii) sulfate-rich salt efflorescences and (iii) deep desiccation cracks; due to continued lowering of
water levels under persistent extreme drought conditions during 2008 – 2009 (source: Fitzpatrick et al. 2008c. Copyright CSIRO).
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Earth Systems (2010) produced a series of conceptual models to illustrate various aspects of sulfur
cycling in the Lower Lakes sediments (Figures A-9 – A-12).

Figure A-9. Conceptual diagram of sulfur cycle operating Lower Lakes sediments (1 of 4) (source: Earth Systems 2010).

Figure A-10. Conceptual diagram of sulfur cycle operating Lower Lakes sediments (2 of 4) (source: Earth Systems 2010).
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Figure A-11. Conceptual diagram of sulfur cycle operating Lower Lakes sediments (3 of 4) (source: Earth Systems 2010).

Figure A-12. Conceptual diagram of sulfur cycle operating Lower Lakes sediments (4 of 4) (source: Earth Systems 2010).
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Hipsey et al. (2010) presented a conceptual overview of the main factors contributing to acidity in the
Lower Lakes system (Figure A-13).

Figure A-13. a) Processes involved in acid generation and fate as lake water levels recede, b) additional process upon rewetting of previously exposed sediments: diffusive transport of stored acidity back into the water column (source: Hipsey et al.
2010).
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Hipsey et al. (2010) produced a conceptual model of acid generation and transport processes for the
drying phase and the wetting phase (Figure A-14).

Figure A-14. Conceptual model of acid generation and transport processes for the drying phase (top) and the wetting phase
(bottom). Notation: E = evaporation; R = rainfall; Q = general inflows coming to the lake; SO4 = dissolved sulfate concentration;
OM = organic matter; FeII = dissolved iron; MnII = dissolved manganese; Θ = soil moisture; O2 = oxygen concentration; Qse=
saturation excess flow; Qss= seepage flow; RSO4= acidity consumption via SO4 reduction; Rox= pyrite oxidation; FSO4= acidity
consumption by SO4 reduction in lake sediments; Rrw= flux of acidity from acidified sediment following rewetting (source:
Hipsey et al. 2010).
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Hipsey et al. (2010) produced a conceptual outline of the coupled hydrodynamics-biogeochemicalacid sulfate soil model as configured to the Lower Lakes simulations (Figure A-15).

Figure A-15. Conceptual outline of the coupled hydrodynamics-biogeochemical-acid sulfate soil model as configured to the
Lower Lakes simulations (source: Hipsey et al. 2010).
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A3. General acid sulfate soil conceptual models
A geochemical conceptual model summarising the sedimentary iron transformations observed in
coastal lowland acid sulfate soil associated waterways has been developed by Burton et al. (2006d)
(Figure A-16). This model shows the pathways to the formation of a variety of minerals which are also
commonly found in inland acid sulfate soil landscapes, including schwertmannite (Fe8O8(OH)6(SO4),
goethite (αFeOOH), mackinawite (FeS), siderite (FeCO3) and pyrite (FeS2) (e.g. Fitzpatrick and Shand
2008). Mackinawite (FeS) is commonly found associated with monosulfidic black oozes (MBO).

Figure A-16. Conceptual model of in-situ iron transformations in accreting coastal lowland acid sulfate soil drain sediments.
(A) precipitation of schwertmannite (Fe8O8(OH)6(SO4)), (B) reductive dissolution of schwertmannite, (C) transformation of
schwertmannite to goethite (αFeOOH), (D) reductive dissolution of goethite, (E) upward diffusion and oxidation of FeII, (F)
precipitation-dissolution of disordered mackinawite (FeS), (G) regulation of pore-water FeII via precipitation-dissolution of
siderite (FeCO3), (H) and formation of pyrite (FeS2; kinetically retarded due to high pore-water FeII concentrations) (source:
Burton et al. 2006d).
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CSIRO Land and Water developed a conceptual model to explain four sequential drying phases and
the development of different acid sulfate soil (ASS) subtypes that occur: deep water sulfidic ASS;
subaqueous ASS; waterlogged and saturated ASS, and; drained and unsaturated ASS (Figure A-17).

Figure A-17. Generalised conceptual model showing the sequential transformation of four Classes of ASS due to lowering of
water levels (source: Fitzpatrick et al. 2008a. Copyright CSIRO).

Figure A-18. Conceptual diagram showing metal mobilisation pathways and indicative dynamics between sequential
extraction pools in sulfidic sediments. (Labile fraction - soluble species and exchangeable metal ions; CBD – crystalline oxide
fraction) (source: Claff et al. 2011).
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Figure A-19. Sulfur cycling in wetlands under wet conditions showing the major pathways for sulfur transformations (source:
Hicks and Lamontagne 2006. Copyright CSIRO).

Figure A-20. Sulfur cycling in wetlands under drying conditions showing the major pathways for sulfur transformations (source:
Hicks and Lamontagne 2006. Copyright CSIRO).
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Figure A-21. Conceptual diagram of sulfur cycling and acidity as affected by bioremediation (source: Sullivan et al. 2011).
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Figure A-22. Conceptual diagram of the coupled iron and phosphate cycles during early diagenesis in marine sediments.
Light grey ovals and circles represent solid phases, black arrow are solid-phase fluxes. White-outlined black arrows indicate
reactions, white arrows are diffusion pathways (source: Ruttenberg et al. 2003).

Figure A-23. Illustration summarising potential acid sulfate soil impacts on fish and aquatic life (source: Sammut 2000. Art work
by Jenni Binns).
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Figure A-24. Conceptual model of potential acid sulfate soil impacts in the Lower Lakes (source: Stauber et al. 2008. Copyright
CSIRO).
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