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EXECUTIVE SUMMARY

Recent surveys have shown that sediments containing reduced inorganic sulfur
compounds (commonly referred to as sulfidic sediments and/or acid sulfate soils) are
widely distributed within wetlands and lakes in the Murray-Darling Basin (MDB). This
document provides a desktop assessment of the distribution and environmental
hazard associated with reduced inorganic sulfur compounds in river and creek
channels within the MDB. This study also aims to provide an overall assessment of
the potential environmental risk posed by these compounds in channels across the
MDB. The presence of reduced inorganic sulfur compounds in channel sediments is
of particular concern because adverse water quality caused by the disturbance of
sediments containing these compounds can be transferred downstream and may

result in adverse environmental impacts downstream.

This study presents a series of reported case studies on the properties and
distribution of reduced inorganic sulfur compounds within the MDB. A range of acid
sulfate soil materials have been identified in channel systems, including sulfuric,
hypersulfidic, hyposulfidic and monosulfidic materials. However, this study has
shown that there is currently limited reported data on the presence of these sulfur
compounds in river and creek channel sediments. The presence of reduced
inorganic sulfur compounds in channels is highly variable, and has largely been
reported in the Murray catchment where most detailed studies have been
undertaken. Generally, the greatest concentration of reduced inorganic sulfur

compounds was reported within the Lower River Murray floodplains, South Australia.

There are many visual records of suspected compounds, in particular monosulfidic
black ooze (MBO), but without proper testing for sulfides it is difficult to say whether
this is evidence of reduced inorganic sulfur compounds. Where water quality data
was available, many sites with the presence of reduced inorganic sulfur compounds
had high SEC (specific electrical conductance) (i.e. > 2,000 uS cm™). However, this
was not always the case. Elevated sulfate concentrations have been suggested as
potential drivers for contemporary sulfide accumulations in channels. Further data
specifically on sulfate concentration and trends in channels will be required to clarify

this potential factor.
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The main hazards associated with reduced inorganic sulfur compounds include the
contemporary accumulation of sulfides, deoxygenation, accumulation and release of
contaminants and acidification. Acid-base accounting data has shown that the net
acidity within channel systems is highly variable, with many sites containing sufficient
net acidity to represent a potential hazard if disturbed. A greater hazard of
acidification and subsequent metal mobilisation from acid sulfate soil materials was
identified in streambed sediments, stream banks and mid-stream bars than in high

banks and terraces.

There is not enough data on reduced inorganic sulfur compounds in the MDB to draw
strong conclusions on the level of hazard it poses on a basin wide perspective.
There is also insufficient information available to assess the relative risk posed by
these sediments when compared to other risks to water resources and water-
dependent ecosystems already identified in the MDB. From the available data there
are some areas within the MDB that have an acute problem. It is reasonable to
suggest that the issue may not be a priority across the entire basin, but will be in a

few priority locations.

We know from our understanding of sulfides in other landscapes that the formation
and disturbances of these compounds can have significant impact upon water quality
and aquatic life. We need more information in order to assess the risk and hazard of
reduced inorganic sulfur compounds in channels at a basin level. In particular we do
not have sufficient understanding of reduced inorganic sulfur compounds within the

MDB landscape to predict where they will form and at what magnitude.

The broad recommendation from this study is:

e We need a greater understanding of reduced inorganic sulfur compounds in
river and creek channels within the MDB landscape. We have an
understanding of sulfides in other landscapes (i.e. coastal estuaries, wetlands
and salt marshes), but will require new primary data to establish a
fundamental understanding of the processes and controls on sulfur
accumulation in the MDB. There is insufficient data to assess the direct
applicability of knowledge on sulfur cycling from other well studied systems

such as coastal and marine environments.
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1. INTRODUCTION

This document provides a desktop assessment of the distribution and environmental
hazard of reduced inorganic sulfur compounds in river and creek channels of the
Murray-Darling Basin (MDB). This study aims to provide an overall assessment of
the potential environmental risk posed by reduced inorganic sulfur compounds in
channels across the Basin. To develop detailed appropriate sampling and risk
assessment strategies for channel systems that may be at risk from reduced
inorganic sulfur compounds in channels in the Basin will require environmental

studies to gather primary data.

Recent surveys have shown that sediments containing reduced inorganic sulfur
compounds (commonly referred to as sulfidic sediments and/or acid sulfate soils) are
widely distributed within wetlands and lakes in the MDB (e.g. Hall et al. 2006a,b;
Fitzpatrick and Shand 2008a; Fitzpatrick et al. 2008e), particularly in the Lower River
Murray floodplains (e.g. Lamontagne et al. 2004, 2006; Fitzpatrick et al. 2008a,
2009c). Detailed acid sulfate soil assessments of ecologically significant Ramsar-
listed wetland complexes throughout the Basin have also found the presence of
reduced inorganic sulfur compounds in many Ramsar wetlands (e.g. Bush et al.
2009a,b; Sullivan et al. 2009c,d,e; Thomas et al. 2009a,b,d,e).

Reduced inorganic sulfur compounds are also known to be present in the sediments
of rivers and creeks in the MDB (e.g. Sullivan et al. 2002b; Fitzpatrick et al. 2008e,
2009b; Baldwin 2009). The presence of reduced inorganic sulfur compounds in
channel sediments is of particular concern because adverse water quality caused by
the disturbance of sulfidic sediments in channels can be transferred downstream and

may result in adverse environmental impacts downstream.

This project is the first desktop assessment to compile existing information and
examine the issue of reduced inorganic sulfur compounds in sediments within river
and creek channels from a Basin-wide perspective. This compilation of the current
knowledge on within-channel sulfidic sediments in the MDB will help identify the
nature, extent and magnitude of the currently known hazard. The findings of this
study will also provide an indication of the range of environmental conditions where

in-channel sulfidic sediments are likely to occur within the MDB.
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There is a broad base of knowledge on sulfidic materials and their environmental
hazards in marine, estuarine and coastal landscapes (e.g. Berner 1970; van
Breemen 1973; Dent 1986; Morse et al. 1987; Sullivan et al. 2002a; Burton et al.
2006a). The hazard from sulfidic materials covers the following fundamental areas:
oxidation of sulfides, release of contaminants and the deoxygenation of surface
waters. These fundamental areas will be examined in this desktop assessment.

This report consists of eight chapters and a summary of the contents of each

chapter, shown below.

e Chapter 1: The project objectives, approach and methodology are presented.
Background information on acid sulfate soils including monosulfidic black
ooze (MBO) is also presented.

e Chapter 2: Summaries of the reported distribution of reduced inorganic sulfur
compounds in the wetlands and channels in the MDB. A series of case
studies on the reported distribution of reduced inorganic sulfur species in
channels are presented.

e Chapter 3: Summaries of additional information that may be used to indicate
the presence of reduced inorganic sulfur compounds in channelised systems
in the MDB.

e Chapter 4: Outlines a framework for defining and assessing the hazard and
risk of reduced inorganic sulfur compounds in channels in the MDB.

e Chapter 5: Provides a brief summary of the management options available.
A national guidance document covering detailed management options will
soon be released (DEWHA In press).

e Chapter 6: ldentifies the areas for potential future research on channel
systems in the MDB.

e Chapter 7: Conclusions and recommendations.

e Chapter 8: A list of references referred to in the document.

The appendices summarise the analytical data for the sites reported to contain
reduced inorganic sulfur compounds in the MDB (Appendix 1), details on the acid-
base accounting methodology (Appendix 2), and include maps showing the location

of acid sulfate soil rapid assessment sites for channels in the MDB (Appendix 3).
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1.1 Project objectives

The objectives of this desktop assessment are (i) to undertake a catchment to Basin
scale risk assessment of the likely occurrence of reduced inorganic sulfur
compounds in sediments within channels, and (ii) identify their potential impacts on
ecosystem condition and function. This assessment is based on existing knowledge

including published, unpublished and grey literature, past work and records.

1.2 Project approach and methodology

This desktop assessment will provide an overall assessment of the potential hazards
posed by reduced inorganic sulfur compounds in sediments in channels across the
Basin using existing information. While it is recognised that this information is
incomplete, the findings of this project will provide an indication of the types of risk
posed by these sediments (based on their likelihood of occurrence and potential
impacts) when compared to other risks to water resources and water-dependent

ecosystems already identified.

1.3 Background

1.3.1 Reduced sulfur compounds

A number of reduced inorganic sulfur compounds have been observed in
sedimentary environments, particularly in acid sulfate soils (Section 1.3.2) (including
monosulfidic black oozes (MBOs) (Section 1.3.3)). Their presence often plays an
essential role in the acidification of these materials. While the presence of reduced
organic sulfur compounds may also provide a potential source of acidity, these
compounds generally transform slowly under natural conditions and usually do not

represent a significant hazard.
The term reduced inorganic sulfur is commonly used to refer to inorganic sulfur

compounds containing sulfur in a reduced state (i.e. sulfur in the oxidation state of
less than +6), compared to oxidised sulfur (S +6) in sulfate. The total reduced
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inorganic sulfur fraction is commonly measured using the modified chromium
reducible sulfur (CRS) method of Sullivan et al. (2000).

The reduced inorganic sulfur compounds found in sedimentary environments may

include:

e iron disulfides (i.e. pyrite (FeS,) and marcasite (FeSy)),

¢ iron monosulfides (e.g. mackinawite (FeS), greigite (FesS,)),

e elemental sulfur (S°),

o dissolved sulfide species (e.g. H,S, HS, FeHS"), and

e a variety of sulfoxyanion intermediates (e.g. thiosulfate (S,05%), tetrathionate
(S40¢6%), sulfite (SOs%)) (Goldhaber and Kaplan 1974; Rickard and Morse
2005).

The emission of sulfur dioxide (SO,) has also been reported to occur in acid sulfate
soil landscapes (Denmead et al. 2002; Macdonald et al. 2004; Hicks and
Lamontange 2006). Sulfate (SO,*) is not a reduced inorganic sulfur compound as

the sulfur here has an oxidation state of +6.

Reduced inorganic sulfur compounds often form directly through reduction processes
under anoxic conditions, however, some of these compounds may also form as
intermediate products during oxidation processes. For example, elemental sulfur can
form as a product of sulfate reduction or as a result from the oxidation of pyrite and
iron monosulfides (Bloomfield 1972; Burton et al. 2006b).

Pyrite is usually the dominant reduced inorganic sulfur fraction in acid sulfate soil
materials. This sulfide mineral is generally stable under reducing conditions below
the watertable, but acidity is produced as a result of oxidation when exposed to
oxygenated water and particularly to the atmosphere according to Equation 1.1 (van
Breemen 1973):

FeS, + °/, O, + I, H,O — Fe(OH)3 + 2 SO + 4 H* (1.1)
The main pyrite oxidising agents present in natural systems are oxygen (O;) and

ferric iron (Fe*). Oxygen is primarily important as the initial oxidant and, once

formed, ferric iron becomes the most effective pyrite oxidant (Moses et al. 1987,
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Brown and Jurinak 1989; Moses and Herman 1991). The chemical oxidation of
pyrite at around neutral pH is slow (Bloomfield 1973). When pH decreases to < 4,
rapid oxidation by the microbially-mediated process involving ferric iron begins
according to Equation 1.2 (Dent 1986):

FeS, + 14 Fe** + 8 H,0 — 15 Fe*" + 2 SO,* + 16 H* (1.2)

The rate-limiting step in the rapid oxidation of pyrite by ferric iron is the oxidation of
ferrous iron (Fe®) (Singer and Stumm 1970). Iron-oxidising bacteria (i.e. mostly
Thiobacillus ferrooxidans) can accelerate the rate of ferrous iron oxidation by a factor
of 10° (Singer and Stumm 1970), but are only active at pH < 4 (Bloomfield 1972;
Arkesteyn 1980).

Other iron sulfides observed in acid sulfate soils include the more reactive iron
disulfide mineral, marcasite (Sullivan and Bush 1997; Bush 2000), and iron
monosulfides (Bush and Sullivan 1997; Bush et al. 2000). Iron monosulfides are
highly reactive and undergo rapid chemical oxidation over a wide pH range (van
Breemen 1973; Bush et al. 2000). Iron monosulfides and their presence in

monosulfidic black ooze (MBO) are discussed in further detail in Section 1.3.3.

Elevated elemental sulfur concentrations have recently been identified in channel
sediments associated with acid sulfate soils (Burton et al. 2006b; Ward et al. 2009, in
press). Elemental sulfur plays an important dual role as the major direct immediate
source of acidity under oxic conditions, and a necessary intermediate in the formation

of pyrite in sediments under reducing conditions.

Dissolved sulfide species (e.g. H,S, HS", FeHS") are commonly observed in the pore-
waters of sulfidic sediments (e.g. Morse et al. 1987; Rickard and Morse 2005).
However, substantial concentrations of dissolved sulfide only seem to accumulate in
MBO where there is limited iron availability (Ward et al. 2009, in press). Dissolved
sulfide may also accumulate in the water column under sufficiently reducing

conditions (e.g. Morse et al. 1987).

Various soluble sulfoxyanion intermediates (i.e. S,0s%, S.06%, SOs%) have been
detected during the chemical oxidation of pyrite (Goldhaber 1983; Moses et al. 1987).
However, these sulfur species only seem to be present at low concentrations in the

early stages of oxidation in acid sulfate soil materials (Ward 2004; Ward et al. 2004).
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Finally, the emission of sulfur dioxide has been reported from bare acid sulfate soil
materials (Denmead et al. 2002; Macdonald et al. 2004). Denmead et al. (2002)
reported that sulfur dioxide appeared to be liberated during periods of evaporation,

and therefore, was more likely to evolve from drying soils than from soils that are

very wet or very dry.
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1.3.2 Acid sulfate soils

Acid sulfate soil is the term commonly given to soil and sediment that contain iron
sulfides or the products of sulfide oxidation. Sulfidic sediments accumulate naturally
under waterlogged conditions where there is a supply of sulfate, metabolisable
organic matter and iron (Berner 1984; Dent 1986). Under reducing conditions,
sulfate is bacterially reduced to sulfide, which reacts with ferrous iron (Fe*") to form
iron sulfide minerals. These sulfide minerals are generally stable under reducing
conditions. However, on exposure to the atmosphere, acidity produced from sulfide
oxidation can impact on water quality, crop production, and corrode concrete and
steel structures (Dent 1986). In addition to acidification of both ground and surface
waters, a reduction in water quality may result from low dissolved oxygen levels
(Sammut et al. 1993; Sullivan et al. 2002a), high concentrations of Al and Fe
(Ferguson and Eyre 1999; Ward et al. 2002), and the mobilisation of other trace
metals (Preda and Cox 2001; Sundstrém et al. 2002; Burton et al. 2008; Simpson et
al. 2008; Sullivan et al. 2008a). The mobilisation of sulfidic sediments may also
result in the release of nutrients into the water column (Sullivan et al. 2008a) which
could contribute to algal blooms. In severe cases, these hazards can potentially lead
to environmental degradation, and impact water supplies, and human and livestock
health.

Until recently, acid sulfate soils in Australia were thought to be largely confined to
coastal regions. The presence of acid sulfate soils in inland regions was first
identified in areas impacted by salinisation (Fitzpatrick et al. 1992, 1993, 1996;
Sullivan et al. 2002b). Fitzpatrick and co-workers identified sulfidic sediments in
inland, non-tidal seepage and marsh areas of the Mt. Lofty Ranges, SA, which were
thought to form as a result of a rising saline groundwater aquifer containing high
levels of sulfate. Sullivan et al. (2002b) found that sulfate reduction processes were
sufficient to result in the accumulation of iron sulfides within both freshwater river
environments and irrigated landscapes as a consequence of elevated sulfate

concentrations due to salinisation.

Since these initial studies, reduced inorganic sulfur compounds have been observed
to be widespread in inland wetlands in the MDB (e.g. Lamontagne et al. 2004, 2006;
Hall et al. 2006a,b; Fitzpatrick and Shand 2008a; Fitzpatrick et al. 2008e,f).

Acidification of Bottle Bend Lagoon, south-west NSW in 2002 resulted in substantial
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fish kills following partial drying (McCarthy et al. 2006). Evidence of oxidised acid
sulfate soils was present which may have contributed to the fish kills (Lamontagne et
al. 2006). Further information on the presence of reduced inorganic sulfur
compounds in wetland and channel systems in the MDB is provided in Sections 2.1

and 2.2, respectively.

Significant changes to the hydrology of regulated sections of the MDB system (due to
higher weir pool levels), and the chemistry of both rivers and wetlands (particularly as
a result of salinisation) have led to the accumulation of sulfidic sediments in parts of
the MDB. An accumulation of sulfides in surface sediments is usually minimised
under natural wetting and drying cycles. If left undisturbed and inundated with water,
sulfidic sediments pose little or no hazard. However, in recent years the record low
inflows and river levels in the MDB has resulted in the exposure and oxidation of
sulfidic sediments, which, in turn, has led to oxidation of sediments and soils, and in
some cases to acidification and the formation of sulfuric sediments (i.e. pH < 4). The
rewetting and/or mobilisation of these sediments may result in acidification and the

release of contaminants (Simpson et al. 2008; Sullivan et al. 2008a).

In freshwater systems, the availability of sulfate is usually the main limiting factor to
sulfate reduction and the formation of sulfides in benthic sediments (Berner 1984).
Sulfate is often a major anion component of salinisation of freshwater bodies
(Sullivan et al. 2002b). In the Australian landscape most of the salt is derived from
marine sources (Fraser et al. 2008), however, sulfate may also be derived from
anthropogenic sources such as fertilizers (Baldwin and Fraser 2009). The presence
of high levels of sodium from salinisation also inhibits methanogenesis, giving a
competitive advantage to sulfate-reducing bacteria (Fraser et al. 2008). The
threshold sulfate concentration required to induce sulfate reduction ranges between 8
to 40 uM (i.e. 0.08 - 0.42 mg L™ SO,%) (Holmer and Storkholm 2001), and the rate of
sulfate reduction is generally only limited at sulfate concentrations of less than
approximately 5 mM (i.e. ~500 mg L™* SO,*) (Berner 1984).

Lamontagne et al. (2004) found that conditions suitable for sulfide formation were
widespread in the Lower River Murray floodplains (i.e. sufficient sulfate, iron and
carbon), with their formation limited by labile carbon. Laboratory experiments have
shown that levels of reduced inorganic sulfur in sediment that can lead to ecological
damage when oxidised can form in very short time frames (i.e. months) under

elevated salinity conditions (Fraser et al. 2008). However, there is currently limited
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information on the distribution of reduced inorganic sulfur compounds within the
MDB.

The geochemical processes and mineral transformations associated with sulfidic
sediments have been extensively examined in coastal floodplain drainage systems
(e.g. Sullivan et al. 2002a; Burton et al. 2006a,b,c,d). A geochemical model
summarising the sedimentary iron transformations observed in coastal lowland acid
sulfate soil (CLASS) associated waterways was recently developed by Burton et al.
(2006d) (Figure 1-1). 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 (FegOg(OH)s(SO,), goethite (aFeOOH), mackinawite (FeS),
siderite (FeCO3) and pyrite (FeS,) (e.g. Fitzpatrick and Shand 2008a). Mackinawite
(FeS) is commonly found associated with monosulfidic black oozes (MBO), which are

discussed in detail in the following section (Section 1.3.1).

surface soil
sm’fun’e\ CLASS Drain [water-table_

+—Fe

| horizon \ /_)Fe'”:-\:] ;_F

Feg04(OH)(SO0,) €~
C

sulfidic =
horizon

WAUIIPAS JHfIuag

Figure 1-1: Conceptual model of in-situ iron transformations in accreting coastal
lowland acid sulfate soil (CLASS) drain sediments. (A) precipitation of schwertmannite
(FegOg(OH)6(S04)), (B) reductive dissolution of schwertmannite, (C) transformation of
schwertmannite to goethite (aFeOOH), (D) reductive dissolution of goethite, (E) upward
diffusion and oxidation of Fe", (F) precipitation-dissolution of disordered mackinawite
(FeS), (G) regulation of pore-water Fe' via precipitation-dissolution of siderite (FeCOs),
(H) and formation of pyrite (FeS,; kinetically retarded due to high pore-water Fe"

concentrations) (source: Burton et al. 2006d).
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Where waterways are impacted by sulfidic sediments there are a range of
management options available. Baldwin and Fraser (2009) recently summarised the
management options for inland waterways impacted by sulfidic sediments. The main
strategies included minimising the formation of sulfidic sediments (such as reducing
the salt load or re-instating more natural flow regimes), rehabilitation of impacted
waterways (including inundation and/or neutralisation), or isolation of the acidified

water body from the surrounding environment for wetland systems.
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1.3.3 Monosulfidic black ooze (MBO)

1.3.3.1 What is MBO?

Monosulfidic black ooze (MBO) is typically a distinct black organic-rich sediment with
an ooze-like consistency that is enriched in chemically reactive iron monosulfides
(Bush et al. 2004). Iron monosulfides are the initial products formed in the reaction
between ferrous iron (Fe?") and hydrogen sulfide (H,S) under reducing conditions in
sediments (Goldhaber and Kaplan 1974). Their presence is a prerequisite for
sedimentary pyrite formation (Rickard and Luther Il 1997).  Although iron
monosulfides usually occur in relatively low concentrations in most sediments
(Goldhaber and Kaplan 1974), iron monosulfide enriched sediments are commonly
associated with acid sulfate soil landscapes (Sullivan et al. 2002a,b, 2008a; Bush et
al. 2004; Smith 2004; Burton et al. 2006a,c).

The presence of iron monosulfide minerals distinguishes MBO from other oozes of
similar appearance. Although the presence of iron monosulfides is the defining
geochemical property of MBO, pyrite and elemental sulfur can be important
components of the total reduced inorganic sulfur. Under prolonged reducing
conditions, iron monosulfides transform to pyrite. Conversely, under oxic conditions,
elemental sulfur is an oxidation product of iron monosulfides. Therefore, the co-
occurrence of all three major reduced inorganic sulfur fractions is common for MBO
where fluctuating oxic and anoxic-reductive redox conditions occur. For example,
this is common for MBO that accumulates in drains that experience periodic high
flows causing sediment turnover (Burton et al. 2006c).

The properties of MBO are highly variable. The black colour is usually a poor
indicator of their sulfide content and other geochemical properties. Iron monosulfides
are a major contributor to the black appearance of MBO. Because iron monosulfides
are nano-crystalline, only a small amount present can create the black colour. A
range of MBOs of similar appearance were recently found to have vastly differing
sulfur geochemical properties, with iron monosulfide contents (quantified as acid-
volatile sulfide - Say), ranging from approximately 100 - 1000 umol g™ (Burton et al.
2006c¢).
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Mackinawite (FeS) is a tetragonal Fe(ll) monosulfide that is the dominant iron
monosulfide mineral known to occur in MBO (Burton et al. 2007). The presence of a
single broad X-ray diffraction peak at ~0.5 nm is characteristic of nano-particulate
mackinawite, and typically lacks the other X-ray diffraction peaks of bulk mackinawite
(Rickard and Morse 2005). Electron microscopy of mackinawite (i.e. stoichiometric
FeSe) from an MBO is shown in Figure 1-2. In MBO, mackinawite occurs as
aggregates of sub-micron size crystals, with each individual crystal measuring 5 - 8

nm in size.

Figure 1-2: Mineralogical data for iron monosulfides in MBO from an acid sulfate
system. (A) Cluster of nano-crystalline iron sulfide minerals from an MBO; (B) electron
diffraction pattern for material in (A). (C) and (D) High-resolution transmission electron
microscope image showing lattice spacings confirming mackinawite (source: Burton et
al. 2007).
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1.3.3.2 MBO formation

Monosulfides can occur in soils and sediments where there is sufficient sulfate, iron
and organic matter for their formation (Bush et al. 2004). Monosulfides are the initial
sulfides formed under reducing conditions in estuaries, mangrove swamps, coastal
lake bottoms, salt marshes, tidal swamps and brackish lake sediments (Sammut et
al. 1996). The accumulation of monosulfide has also been observed in freshwater
river environments and irrigated landscapes in the MDB (Sullivan et al. 2002b).
These environments experience rapid removal of dissolved oxygen, allowing the
initiation of sulfate reduction. Monosulfide minerals include mackinawite (FeSg.g4),
amorphous sulfide (FeS), and the amorphous monosulfides of other metals (e.g. Ni,
Zn, Cd, and Pb) (Rickard and Morse 2005).

The conditions necessary for monosulfides to form are also readily met in degraded
acid sulfate soil landscapes. Inundation and waterlogging of acid sulfate soil induces
microbially-driven reductive processes. The onset of reductive processes is often
rapid (i.e. within a few days) and is evident by a decrease in redox potential (Eh) and
an increase in pH. Where there is a strong shift to reductive processes, the soils can
move from a predominantly oxic to a reductive condition. This major geochemical
process results in the contemporary formation and accumulation of sulfide minerals.
The responsiveness of an acid sulfate soil to waterlogging varies according to the
availability of labile organic carbon, soil temperature, and importantly, the availability

of ‘reactive iron’ and sulfate (Burton et al. 2006a).

The two major processes leading to iron monosulfide formation are microbial
reduction of Fe (Ill) minerals and dissimilatory sulfate reduction by bacteria,
described in more detail below.

Step 1: Microbial reduction of Fe (Ill) minerals

Equation 1.3 describes the reduction of schwertmannite, a common Fe (lll) mineral in

acid sulfate soil landscapes (from Burton et al. 2007):

CH,COOH + Fe,O,(OH)((S0,),,, +12H" — 2HCO, +8Fe¢** + S0, +10H,0 (1.3)
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Relatively high aqueous iron (ll) and bicarbonate (HCO3) concentrations result from
schwertmannite reduction, leading to the precipitation of siderite (FeCOsg), a

common component of MBO (Equation 1.4):

Fe’* + HCO, = FeCO,, +H" (1.4)

Step 2: Bacterial dissimilatory sulfate (SO,%) reduction (where acetic acid represents
a variety of utilizable organic electron donating substances) occurs according to

Equation 1.5:
CH,COOH + S042_ +2H" > 2H,CO, + H,S (2.5)

Pore-water sulfide (S%) is a major product of sulfate reduction, but is usually not
detectable (< 1 uM S*) in MBO. The relative rate of sulfide formation rarely exceeds
its loss from pore-waters by rapid precipitation of nano-particulate mackinawite (FeS)
(Rickard 1995). Mackinawite forms within seconds at near-neutral pH when solutions

of ferrous iron (Fe”*) and sulfide are mixed according to Equation 1.6:

Fe** + H,S — FeS,, +2H" (1.6)

However, the accumulation of substantial concentrations of dissolved sulfide (up to
613 mg L") has recently been observed in MBOs where iron availability is limited
(Ward et al. 2009, in press).

1.3.3.3 Disulfides in MBO

Disulfide minerals include pyrite (FeS,;) and marcasite (FeS,) (Deer et al. 1985).
Pyrite is the most common disulfide mineral (Morse et al. 1987) and is considered to
be the most important source of acidity in acid sulfate soil landscapes.
Approximately 50% of organic matter in coastal sediments is potentially metabolised
by sulfate-reducing bacteria, with the majority of the sulfide produced ending up in
pyrite (Rickard 1995).
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Monosulfides are a precursor to disulfides (Berner 1984), with their transformation
controlled by the availability of oxidants supplied through diffusion, burial or
bioturbation (Gagnon et al. 1995). Therefore, monosulfides may remain in sediments
for long periods of time (Goldhaber and Kaplan 1974), particularly under anaerobic

conditions where there is insufficient H,S for conversion to pyrite.

The presence of intermediate aqueous reduced inorganic sulfur species (i.e.
elemental sulfur, polysulfides, polythionates or thiosulfates) promotes the conversion
of monosulfides to pyrite (Gagnhon et al. 1995). Enhancing the conversion of
monosulfides to pyrite is potentially an important acid sulfate soil management tool

as pyrite is a more stable form of reduced inorganic sulfur (Gagnon et al. 1995).

Morse et al. (1987) described the major steps in sedimentary disulfide formation as:

¢ reduction of sulfate to H,S by bacteria,
e reaction of H,S with iron minerals to form iron monosulfides, and

e reaction of iron monosulfides with elemental sulfur to form pyrite.

Berner (1970) stated that the extent of disulfide formation is controlled by:

e availability of organic matter for bacterial reduction of sulfate,
e diffusion of sulfate into the sediment,
e concentration and reactivity of iron minerals, and

e production of elemental sulfur.

1.3.3.4 Environmental issues with MBO

Monosulfides have been studied in both marine and estuarine sediments (Morse et
al. 1987; Bush et al. 2004). Morse et al. (1987) noted that small, highly dispersed
concentrations of monosulfides can be found in both soils and sediments. Similarly,
Bush and Sullivan (1999) identified thin coatings of monosulfides around pyrite
framboidal clusters in acid sulfate soil. However, substantial quantities of
monosulfides have been found in some Australian estuarine sediments (Bush et al.
2004). Recent studies have revealed high concentrations of monosulfides in the
soils and channel sediments of acid sulfate soil landscapes (e.g. Bush et al. 2004;
Burton et al. 2006c; Sullivan et al. 2006a; Ward et al. 2009). Unlike the oxidation of
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pyrite which is rapid at pH < 4, the chemical oxidation of monosulfides is rapid over a
wide range of pH values. When these sediments are mobilised and subsequently
oxidised during flooding or clearing practices the high reactivity of monosulfides
poses a potential environmental threat. Monosulfides can rapidly deoxygenate
surface waters, cause severe acidification and may release contaminants (Sullivan
and Bush 2000; Sullivan et al. 2002a; Burton et al. 2006a).

The acidic conditions in acid sulfate soils following oxidation can significantly affect
the chemical behaviour of heavy metals bound in sediments (Lin et al. 2001). Under
acidic conditions, metals such as Ag, Cd, Cu, Hg, Ni, and Pb can be released (Casas
and Crecelius 1994). Potentially toxic metals (e.g. As, Cu, and Hg) are commonly
co-precipitated with pyrite near the sediment-water interface and potentially become
bioavailable if the pyrite is oxidised (Morse and Arakaki 1993). Pyrite does not
exchange trace metals as readily as monosulfides (Allen et al. 1993) due to its
chemical stability where pH > 4. Morse and Arakaki (1993) stated that a major
portion (from 20% to over 90%) of pyrite-bound metals could be released in one day
if anoxic sediments were exposed to oxic seawater. The mobilisation of MBO
materials in laboratory experiments collected from the Lower Lakes region of SA
resulted in high concentrations of a wide range of contaminants including Al, Mn,
NH," and NO; (Sullivan et al. 2008a).

1.3.3.5 Divalent trace metal accumulation with MBO

Cationic metals in sediments are derived from both natural and anthropogenic
sources. The metals found in sediments are strongly influenced by the parent
material, however, metals may also be derived from organic matter which can be a
major source of As, Cu and Hg found in sediments (Simpson et al. 2005). Sulfide,
usually in the form of iron sulfides, is the primary reactant of many trace metals in
anoxic sediments. Casas and Crecelius (1994) found that iron sulfides remove
certain metals from pore-waters by exchange to form insoluble metal sulfides (MeS))
according to Equation 1.7:

Me®* + FeSy — MeSs + Fe* 1.7)

Monosulfides are an important sink for trace metals, accumulating by co-precipitation

with sulfides and/or sorption processes. The precipitation of iron sulfides, particularly
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iron monosulfides, actively scavenges trace metals. Therefore, trace contaminant

metal precipitation is closely linked to the abundance of monosulfides.

The formation of insoluble metal species dramatically reduces their bioavailability
(Casas and Crecelius 1994) and may be an important buffer mechanism in
controlling metal flux in ground and surface waters. However, these metals can also
be rapidly released when MBO is oxidised, often resulting in acute high

concentrations that greatly exceed water quality guidelines (Burton et al. 2006a).

Heavy metals have been reported in acid sulfate soils (e.g. Lin et al. 2001), and
general guidelines for sediments are available (ANZECC/ARMCANZ 2000; Simpson
et al. 2005). The guidelines are based on categories which relate to their potential
impacts on biota. These effects are described as effects range low (ERL) and effects
range median (ERM), where ERL is a very low and ERM is a high (>50%) probability

of effects on biota above these levels.

1.3.3.6 MBO oxidation

Monosulfidic sediments can contain very high concentrations of S,y (Sullivan and
Bush 2000). The mobilisation and subsequent oxidation of these sediments has the
potential to adversely affect water quality. MBOs can rapidly decrease the dissolved
oxygen content of water in minutes, with acidification continuing over several days
(Sullivan and Bush 2000). Recently, concerns have been raised about the role of
MBO and its known impacts on water quality during a major flood (February 2001),
which resulted in a large fish kill event in eastern Australia (Eyre et al. 2006). The

oxidation dynamics of MBO are discussed in detail in Section 4.2.2.

The key impacts from MBO oxidation include extreme deoxygenation, acidification
and the potential release of contaminants. Extreme deoxygenation and acidification
are known to occur, and have large impacts when MBO is suspended in floodwaters
(Bush et al. 2004). As mentioned previously, the mobilisation of MBO collected from
the Lower Lakes region resulted in high concentrations of a wide range of
contaminants (Sullivan et al. 2008a). A conceptual model summarising sulfide
formation in the River Murray wetlands and some of the potential reactions following

disturbance are shown in Figure 1-3.
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Figure 1-3: Conceptual model of sulfide formation in the River Murray wetlands and the

potential reactions following disturbance (source: Lamontagne et al. 2004).
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1.3.4 Classification of acid sulfate soil materials

A new classification system for acid sulfate soil materials was adopted in October
2008 by the Scientific Reference Panel of the MDB Acid Sulfate Soil Risk Assessment
Project (ASSRAP) for use in the detailed assessment of acid sulfate soils in the MDB.
Acid sulfate soil materials have been defined by Sullivan et al. (2009b) to include
sulfidic, hypersulfidic, hyposulfidic, sulfuric and monosulfidic materials. A description

of each of the terms used to classify acid sulfate soils is given below.

e Sulfuric materials — soil materials currently defined as sulfuric by the
Australian Soil Classification (Isbell 1996). Essentially, these are soil

materials with a pHy < 4 as a result of sulfide oxidation.

e Sulfidic materials* — soil materials containing detectable sulfide minerals
(defined as containing greater than or equal to 0.01% sulfidic S). The intent is
for this term to be used in a descriptive context (e.g. sulfidic soil material or
sulfidic sediment) and to align with general definitions applied by other
scientific disciplines such as geology and ecology (e.g. sulfidic sediment). The
method with the lowest detection limit is the Cr-reducible sulfide method,
which currently has a detection limit of 0.01%; other methods (e.g. X-ray
diffraction, visual identification, Raman spectroscopy or infra red
spectroscopy) can also be used to identify sulfidic materials.

*This term differs from previously published definitions in various soil classifications
(e.g. Isbell, 1996).

¢ Hypersulfidic material — Hypersulfidic material is a sulfidic material that has
a field pH of 4 or more and is identified by experiencing a substantial* drop in
pH to 4 or less (1:1 by weight in water, or in a minimum of water to permit
measurement) when a 2-10 mm thick layer is incubated aerobically at field
capacity. The duration of the incubation is either:
a. until the soil pH changes by at least 0.5 pH unit to below 4; or
b. until a stable** pH is reached after at least 8 weeks of incubation.

*A substantial drop in pH arising from incubation is regarded as an overall decrease

of at least 0.5 pH unit.
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**A stable pH is assumed to have been reached after at least 8 weeks of incubation
when either the decrease in pH is < 0.1 pH unit over at least a 14 day period, or the

pH begins to increase.

e Hyposulfidic material — Hyposulfidic material is a sulfidic material that (i) has
a field pH of 4 or more and (ii) does not experience a substantial* drop in pH
to 4 or less (1:1 by weight in water, or in a minimum of water to permit
measurement) when a 2-10 mm thick layer is incubated aerobically at field
capacity. The duration of the incubation is until a stable** pH is reached after
at least 8 weeks of incubation.

*A substantial drop in pH arising from incubation is regarded as an overall decrease
of at least 0.5 pH unit.

**A stable pH is assumed to have been reached after at least 8 weeks of incubation
when either the decrease in pH is < 0.1 pH unit over at least a 14 day period, or the

pH begins to increase.

e Monosulfidic materials — soil materials with an acid volatile sulfur content of
0.01%S or more.
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2.REPORTED DISTRIBUTION OF REDUCED
INORGANIC SULFUR COMPOUNDS

2.1 Reduced inorganic sulfur compounds in wetlands of the

Murray-Darling Basin

Recent studies have found widespread distribution of reduced inorganic sulfur
compounds in inland wetlands in the MDB (e.g. Lamontagne et al. 2004, 2006; Hall
et al. 2006a,b; McCarthy et al. 2006; Fitzpatrick and Shand 2008a; Fitzpatrick et al.
2008e,f). Lamontagne et al. (2006) surveyed 9 wetlands in the Lower Murray River
floodplains in South Australia and found sulfidic sediments to be widespread, with
surface sediment sulfide contents of up to ~1% Scr. Saline and permanently flooded
wetlands were more likely to have greater sulfide concentrations than freshwater
wetlands or those with regular wetting-drying regimes. However, despite elevated
sulfide concentrations in many of the wetlands, the acidification hazard was usually
low due to the high acid neutralising capacities (ANC) of these sediments (i.e. up to
30% as CaCOg). Hall et al. (2006a,b) examined 81 freshwater wetlands throughout
the MDB and found that 21% of wetlands contained sulfide concentrations above a
trigger value of Scgr > 0.02%. The reduced inorganic sulfur concentration in the
sediments was also positively correlated with the sulfate concentration in the

overlying water column.

More recently, detailed acid sulfate soil assessments were undertaken at 14 Ramsar-
listed wetland complexes as part of the Murray-Darling Basin Acid Sulfate Soil Risk
Assessment Project (MDB ASSRAP) (Figure 2-1) (e.g. Bush et al. 2009a,b,c;
Sullivan et al. 2009c¢,d,e; Thomas et al. 2009a,b,d,e). Although the presence of acid
sulfate soils (i.e. Scr = 0.01%) was identified in most of the Ramsar wetlands
assessed, only four wetlands were determined to be a priority concern at a wetland-
scale to warrant further investigation. The presence of MBO materials was observed
within the Currawinya Lakes Ramsar wetland. The Ramsar wetlands that are
presently undergoing a further assessment include Fivebough and Tuckerbil

Swamps, Chowilla (Riverlands), Banrock Station and Kerang Wetlands.

Following the completion of the detailed assessments of Ramsar-listed wetlands, a
three tiered assessment process was developed, commencing with a desktop
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assessment, followed by on-ground rapid assessment and then detailed on-ground
assessment at sites identified as having a high priority or a risk profile. All (except
one) of the more than 70 wetlands between Wellington and Lock 1 on the Lower
Murray River have received Phase 1 detailed ASS assessment through the MDB
ASS Risk Assessment Project (Pers. Comm. Rob Kingham). Currently, 96 priority
wetlands within the Basin are also undergoing a detailed acid sulfate soil assessment
as part of ASSRAP to determine the presence of acid sulfate soil materials.

Figure 2-1: Map showing the Ramsar-listed wetlands surveyed in the Murray-Darling

Basin (source: Thomas et al. 2009a).
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2.2 Reduced inorganic sulfur compounds in channels of the

Murray-Darling Basin

Sullivan et al. (2002b) first reported the presence of sulfidic sediments in channel
systems in the MDB. This study found that sulfate reduction processes were
sufficient to result in the accumulation of appreciable iron sulfides within both
freshwater river environments and irrigated landscapes as a consequence of
elevated sulfate concentrations due to salinisation. Sulfides occurred as interstitial
accumulations of both pyrite and monosulfides in the sediments, and occurring as

MBOs especially in irrigated landscapes (Sullivan et al. 2002b).

There has been limited research on sulfides in channel systems in the MDB since the
initial identification of sulfides in 2002. This section presents a series of case studies
on the properties and reported distribution of sediments containing reduced inorganic

sulfur compounds in rivers and creeks in the MDB.

The areas examined in detail in this desktop assessment include:

Riverland floodplain, South Australia (Section 2.2.1),

¢ Lower Loddon River and Burnt Creek, Central Victoria (Section 2.2.2),

e Channels associated with River Murray Locks 8 and 9 weir pools, New South
Wales and Victoria (Section 2.2.3),

e Salt Creek, south-west New South Wales (Section 2.2.4),

e Edward-Wakool River system, New South Wales (Section 2.2.5),

e Talbragar River, central New South Wales (Section 2.2.6), and

e Irrigation channels, Queensland (Section 2.2.7).

A summary of the reported distribution of reduced inorganic sulfur compounds in
channels in the MDB is presented in Section 2.2.8. In addition, maps showing the
location of acid sulfate soil rapid assessment sites for rivers and creeks in the MDB

are presented in Appendix 3 (Figures 9-1 — 9-4).
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2.2.1 Lower Murray River floodplain, South Australia

2.2.1.1 River Murray below Blanchetown (Lock 1)

Fitzpatrick et al. (2008e) examined 458 soil samples from 103 representative soil
profiles from the River Murray channel below Lock 1, and the Lower Lakes between
mid-2007 and April 2008 to assess the current and potential impacts of acid sulfate
soils. Four standard methodologies were applied to classify the various subtypes of
acid sulfate soils and non-acid sulfate soils to assess risk caused by the prevailing
drought conditions including soil morphology, pH testing in water (pHw), peroxide pH

testing (pHrox), and acid-base accounting (see Appendix 2).

Representative river channel profiles were selected for detailed analyses from the
river bank adjacent to the Swanport wetland, downstream of Murray Bridge
(Wellington to Lock 1: WL 1, WL 2 and WL 5) (Figure 2-2). Additional samples were
also selected approximately 14 km downstream of Lock 1, associated with Morgans
wetland (MOR 3, MOR 4 and MOR 7) (Figure 2-2). The profile collected from MOR 7
was from the river bank adjacent to the wetland and MOR 3 and 4 were both located
in the wetland. A summary of the data collected including pH, acid sulfate soil
classification, acid-base accounting and acid sulfate soil risk are presented in
Appendix 1 (Table 9-1 and 9-2).

The pHy values of the soil materials collected from the river channels ranged
between 2.5 and 7.5 (Table 9-1, Appendix 1). One soil profile (WL 5) was classified
a sulfuric material (i.e. pHw < 4 as a result of sulfide oxidation). The pHrox values
ranged between 1.0 and 6.5. All soils showed a decrease in pH after treatment with
peroxide. The pHeox results indicated that all soil materials, except WL 2.3, may
have the potential to acidify to pH < 4 as a result of sulfide oxidation. Sulfidic sall
materials (i.e. Scr 2 0.01% S) were observed in all layers analysed, ranging between
0.02 and 0.18% S. The pHkc (pH in 1M potassium chloride) data showed that the
majority of samples had a pHkc < 6.5, and therefore, by definition, contained zero
ANC (Table 9-2, Appendix 1). Acid-base accounting calculations showed positive
net acidity values for all except one sample (WL 2.3), indicating that the majority of
samples either contained existing acidity and/or had the potential to produce further
acid upon oxidation. The net acidity values of samples collected from the channels

ranged from -24 to 352 mole H* tonne™.
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Figure 2-2: Locations of selected representative acid sulfate soil survey sites from the
Murray River channel below Lock 1 and the Lower Lakes (source: Fitzpatrick et al.
2008e).

A range of acid sulfate soil subtypes were identified, including sulfidic cracking clay
soil, sulfuric cracking clay soil, and sulfidic subaqueous clayey soil (Table 9-1,
Appendix 1). The acid sulfate soil risk categorisation used in this study was based
on a number of criteria (including the lime treatment category, the presence of MBO,
peroxide pH, decrease in pH during incubation experiments) and indicated that the
sites were predominantly high risk, with minor high risk present at site WL 1. The

collection of water quality data was not part of this study.
Fitzpatrick et al. (2008a,e) also predicted the distribution of 14 subtypes of acid

sulfate soil in the River Murray below Blanchetown (Lock 1) and the Lower Lakes for

two water-level scenarios (i.e. pre-drought water level (+0.5 AHD) (Figure 2-3) and
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February 2008 drought level (-0.5 AHD)) (Figure 2-4). The predicted distribution of
acid sulfate soil types was made using bathymetry-, and soil and vegetation mapping
in a Geographic Information System (GIS). However, field verification inspections
have shown that the resolution of the spatial data used to underpin the map
predictions were too coarse to predict the actual spatial variability of the acid sulfate
soil subtypes (Fitzpatrick et al. 2008e). Further field work will assess the validity of

the map units.

The MDBA has since funded a modified rapid assessment project to determine the
likelihood of acid sulfate soil materials in the bank sediments of the lower Murray
River between Wellington and Lock 1. Numerous sites had soil pHw < 4 indicating
sulfuric materials (Pers. Comm. Rob Kingham). The results of this study will be

available shortly.
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Figure 2-3: Predictive acid sulfate soil subtype maps of the river channel below Lock 1

at pre-drought water levels (i.e. +0.5 m AHD) (source: Fitzpatrick et al. 2008¢).
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Figure 2-4: Predictive acid sulfate soil subtype maps of the river channel below Lock 1

at drought water levels (i.e. -0.5 m AHD) (source: Fitzpatrick et al. 2008e¢).

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 28



2.2.1.2 Finniss River, Currency Creek, Black Swamp and Goolwa Channel

Fitzpatrick et al. (2009a,b) assessed the properties and extent of various subtypes of
acid sulfate soils in the lower reaches of Finniss River, Currency Creek, Black
Swamp and Goolwa Channel (Figure 2-5). A summary of the findings in this study is
also presented in Fitzpatrick et al. (2009c). These water bodies are adjacent to Lake
Alexandrina in the lower reaches of the River Murray, and were experiencing
historically low water levels due to drought conditions at the time of sampling. A total
of 12 transects were examined. The transects included 39 geographically well-
distributed and locally representative soil profiles.  The following standard
methodologies were applied to classify the various subtypes of acid sulfate soils and
non-acid sulfate soils to assess risk caused by drought conditions: (i) soil
morphology, (ii) field pH testing, (iii) peroxide testing, (iv) acid-base accounting, (v)
soil incubation and (vi) mineralogical analysis (using x-ray diffraction). A summary of
the laboratory data including pH testing and acid-base accounting is presented in
Appendix 1 (Table 9-3).

Figure 2-5: Locations of rapid and detailed assessment survey sites for Finniss River,

Currency Creek, Black Swamp and Goolwa Channel (source: Fitzpatrick et al. 2009b).
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Fitzpatrick et al. (2009a,b) found that more than half of the sites examined contained
sulfuric materials (pH < 4). The remaining sites had significant potential for
developing sulfuric materials if the water levels continue to drop. The pHgox values
indicated that 70% of samples may have the potential to acidify to pH < 2.5 as a
result of sulfide oxidation. The pHincubation (PH following incubation) data showed that
65% of samples were below pH 4.0, and would be characterised as hypersulfidic
materials. Multiple layers were analysed at 32 sites and 18 of those sites contained
a sulfuric material layer. The remaining 14 sites contained at least one hypersulfidic
material layer indicating strong potential to acidify when exposed to air under moist

conditions.

All samples had detectable sulfide concentrations (i.e. Scg = 0.01% S) with a
maximum Scr of 4.32% S. All soil samples also had high sulfate concentrations
exceeding 100 mg kg™ SO,, and are therefore considered to have the potential to
form monosulfidic materials if the soils were reflooded. The pHgc data showed that
63% of samples had a pHkc < 6.5, and therefore, by definition, contained zero ANC.
Acid-base accounting calculations showed positive net acidity for 76% of samples
(with a maximum net acidity of 2575 mole H* tonne™), indicating that the majority of
samples either contained existing acidity and/or have the potential to produce further
acid upon oxidation. The presence of various iron hydoxysulfate minerals including
sideronatrite, schwertmannite and jarosite/natrojarosite indicated oxidation of high

concentrations of iron sulfides (principally pyrite) in the original soil materials.

The methodologies used in Fitzpatrick et al. (2009b) (i.e. peroxide testing, acid-base
accounting, soil incubation) were combined to classify the acid sulfate soil types and
determine an acid hazard class for each site. A summary of the type and prevalence
of acid sulfate soil materials for each of the four areas examined is presented in
Table 2-1.
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Table 2-1. Acid sulfate soil material types counted by site occurrence (source:
Fitzpatrick et al. 2009b).

Number of Sites and

Acid Sulfate Soil Material Percentage of Sites Accessed by Area
Type Finniss Currency Goolwa Black
Total
River Creek Channel Swamp
Sulfuric 8 (50%) 4 (67%) 6 (67%) 0 18 (56%)
Hypersulfidic 8 (50%) 2 (33%) 1(11%) 1 (100%) 12 (38%)
Hyposulfidic (Scr = 0.10%) 0 0 0 0 0
Hyposulfidic (Scr < 0.10%) 0 0 2 (22%) 0 2 (6%)
Other acidic pHy &/or
) ) 0 0 0 0 0
PHincubation 4 — 5.5 soil materials
Other soil materials 0 0 0 0 0
Monosulfidic (observed) 0 0 0 0 0
Monosulfidic (potential) 16 (100%) 6 (100%) 9 (100%) 1(100%) 32 (100%)

A summary of the acid hazard class based on the determination of the lime treatment
category for each site is presented in Table 2-2. The acid hazard classification
shows that more than 91% of sites assessed have a classification ranging from high
to extra high, indicating a significant potential hazard. The general relationship
between the acid sulfate soil types observed, the hazard type (i.e. acidification, metal
mobilisation and deoxygenation) and the hazard condition (i.e. current, potential and
none) is presented in Table 2-3. The sulfuric materials are identified as having a
current risk of acidification and metal mobilisation, whereas the other soil types
identified present a potential risk to the environment. The potential formation of
monosulfides at all the sites examined is also identified as a potential deoxygenation

risk.

Table 2-2: Summary of number of sites in each acid hazard class based on the lime

treatment category (source: Fitzpatrick et al. 2009b).

Acid Hazard Class Number of sites Percentage of sites
No (N) 2

Low (L) 1

Medium (M) 0 0

High (H) 7 22

Very high(VH) 17 53

Extra high (XH) 5 16
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Table 2-3: General relationship between acid sulfate soil material type and hazard

condition (source: Fitzpatrick et al. 2009b).

Type of Acid Sulfate Soil Material Hezandi Ty e caneiier

Acidification Motl)\?l(ieégltion Deoxygenation
Sulfuric current current none
Hypersulfidic potential potential none
Hyposulfidic (Scg = 0.10%) potential potential none
Monosulfidic (observed) potential current current
Monosulfidic (potential) potential potential potential
Hyposulfidic (Scg < 0.10%) potential potential none
Other acidic (pHw &/or pHincubation) 4 current or current or none
to 5.5 soil materials potential potential
Other soil materials none none none

Acid sulfate soil types in bold font were identified at sites in the Finniss River, Currency Creek, Black Swamp and

Goolwa Channel.

The channel waters in Currency Creek and Finniss River were both alkaline (pH 7.8
and 8.9) at the time of sampling, with high SEC (specific electrical conductance)
(18,388 and 23,591 uS cm™). Water quality data showed localised acidity in ponded
and flowing water bodies (pH 3.3 - 3.8) in areas that had previously been identified
as containing widespread sulfuric cracking clay soils. In some soil pits of dry river
beds and wetlands of Currency Creek and Finniss River, the water present had pH

values ranging from 3.4 to 3.9.

Fitzpatrick et al. (2009b) developed a series of conceptual toposequence models to
gain a greater understanding of the temporal and spatial extent of the acid sulfate soil
materials (e.g. Figure 2-6). Transects were located along a toposequence from dry
inland areas to the main river channel. Predictive maps were developed depicting
the occurrence of various acid sulfate soil subtypes for various scenarios including
water levels at —-0.5 m AHD, —1.0 m AHD, and —-1.5 AHD. Approximately 2000 ha of
sulfuric soils (pH < 4) occurred at a water level of -1.0 m AHD in the study area
(Figure 2-7).
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Figure 2-6: Conceptual toposequence model for sites CUR11 to 14, located on the

western side of Goolwa Channel/Currency Creek (source: Fitzpatrick et al. 2009b).

Figure 2-7: Map showing predicted occurrences of ASS Subtypes for Lake levels at -1.0
m AHD (based on Fitzpatrick et al. 2008e), which closely approximate the current
distribution of sulfuric and sulfidic materials, verified from field work along 12

transects in late November 2008 (source: Fitzpatrick et al. 2009a).
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Fitzpatrick et al. (2009b) also examined the mobilisation of acidity, nutrients and
metals over a 24 hour period through the simulated rewetting of dried soils collected
from Finniss River and Currency Creek with deionised water. The metal release was
rapid and dissolved concentrations of many metals (i.e. Al, Cd, Co, Cu, Cr, Mn, Ni, V
and Zn) greatly exceeded the ANZECC water quality guidelines (WQGs) for the
protection of ecosystem health. For some metals (i.e. Al, Cd, Co, Cu, Cr, Ni and Zn)
the concentrations were often > 100 times the WQGs values. The dissolved metal
concentrations released from the soils into the surrounding water were generally
significantly greater when the soil-water mixture had a pH < 5. Low concentrations of
NO; and PO,* were released from the dried soils. Fitzpatrick et al. (2009b) also
found that a greater concentration of metals was released from Finniss River soils

than from Currency Creek soils.
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2.2.1.3 Mundic Creek and Pike River systems

Shand et al. (2009) examined representative soil profiles from 27 sites in the Mundic
Creek (16 sites) and Pike River (11 sites) system, on the eastern side of the Murray
River near Renmark, to assess the potential impacts of acid sulfate soils. The
channel systems examined in May 2008 included Mundic Creek, Pike River and
Snake Creek (Figure 2-8). Three independent standard methodologies were applied
to determine the acid sulfate soil risk, including peroxide pH testing, acid-base
accounting and incubation experiments. Summaries of the laboratory data including
pH testing and acid-base accounting data for all sites are presented in Appendix 1
(Table 9-4 and 9-5).

Figure 2-8: Map of Upper Pike system showing the main controlling structures (source:
Shand et al. 2009).
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Shand et al. (2009) found that sulfidic soil materials were present at all (except one)
of the sites examined, although sulfuric materials (i.e. pHw < 4) were not observed
(Table 9-4, Appendix 1). Black gels (probably MBO) were observed in the more
saline parts of the southern area of the complex. The pHrox values indicated that
35% of the samples may have the potential to acidify to pH < 2.5 as a result of sulfide
oxidation. The pHincuation data showed that approximately 40% reached a final pH
below 4.0 after incubation, and would therefore be characterised as hypersulfidic
materials. Sulfidic soil materials (i.e. Scr = 0.01% S) were observed in 88% of
samples analysed with a Scgr ranging between < 0.01 and 0.58% S (Table 9-5,
Appendix 1). The pHgc data showed that 90% of samples analysed had a pHkcq <
6.5, and therefore contained zero ANC. Acid-base accounting calculations showed
positive values for net acidity for 57 of the 60 samples analysed (i.e. 3 - 322 mole H”
tonne™), indicating that the majority of the samples contained existing acidity and

may also have the potential to produce further acid upon oxidation.

The three methodologies used were combined to establish the acid sulfate soil
acidification hazard for each site and an overall risk for each wetland (see Shand et
al. 2009). A generalised risk assessment for the area was:. moderate to high risk:
Mundic Creek, Upper Pike River and Snake Creek; low to moderate risk: immediately
upstream from Col Col and Salt Lake (unconnected to Mundic Creek). However, as
suggested by Shand et al. (2009), even where the risk of development of sulfuric
materials was moderate, there is significant potential for the pH to decrease to ~5 in
many soil materials. At these pH values, there is still significant risk to the wetland
ecosystems from acidity and subsequent release of trace metals if maintained for
periods of time.

The surface water quality data collected at the time of sampling showed the pH
varied between 6.8 and 9.6. The SEC of the surface waters was low at most sites
(i.e. < 541 uS cm™), although a high SEC was observed at a couple of sites (i.e.
10,770 - 173,900 uS cm™). Dissolved oxygen levels were relatively high at the
majority of sites, ranging between 2.6 and 11.9 mg L™. The surface water sulfate

concentration of the sites examined ranged between 3 and 208 mg L™.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 36



2.2.2 Lower Loddon River and Burnt Creek, central Victoria

Thomas et al. (2009c) examined 69 soil and mineral samples collected from 35
locations which were representative of soil profiles found in the Loddon River (27
sites) and Burnt Creek (8 sites) area in central Victoria in December 2008. This
study assessed current and potential environmental risk due to the presence of acid
sulfate soils (Figure 2-9). Samples were usually collected along toposequence-
based transects across the river or creek channel. Sites included the lowest point in
the landscape, a moderately elevated site just above the normal flow level, and high
elevated site above the normal flow level. The following standard methodologies
were applied to classify the various subtypes of acid sulfate soils and non-acid
sulfate soils to assess risk caused by the drought conditions including: (i) soil
morphology, (ii) field pH, (iii) peroxide testing, (iv) acid-base accounting, (v) soil
incubation and (vi) mineralogical analysis (using x-ray diffraction). A summary of the
laboratory data including pH and acid-base accounting for all sites sampled are

presented in Appendix 1 (Table 9-6 and 9-7).

Central Vigtoria

Figure 2-9: Map of central Victoria showing areas assessed on the Lower Loddon River
and Burnt Creek (source: Thomas et al. 2009¢).
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For sites sampled at the Loddon River, pHy of the soil samples ranged between 3.8
and 9.0 (Table 9-6, Appendix 1). Only 3 of the 32 soil samples were classified as
being sulfuric material (i.e. pHw < 4 as a result of sulfide oxidation). The pHrox
values ranged between 1.6 and 6.7. All soils showed a decrease in pH after
treatment with peroxide, with the pHgox of 50% of the samples decreasing to less
than 2.5. This decrease may be partly due to the presence of organic matter. The
PHincubation data showed that 60% of samples were below pH 4.0. Sulfidic soil
materials (i.e. Scr 2 0.01% S) were observed in 72% of samples analysed with a Scgr
ranging between < 0.01 and 0.11% S. Higher Scg was usually observed at depth.
The titratable actual acidity (TAA) for 90% of the samples was positive, indicating
potential for acid release upon re-flooding of the dry sediments. The acid-base
accounting data showed that the majority of soil materials had insufficient buffering
capacity to neutralise either the acidity present or the potential acid produced from
sulfide oxidation. The net acidity ranged between -103 and 168 mole H* tonne™.
The subaqueous soils in drainage channels appeared to contain monosulfidic
materials (i.e. MBO). The soluble sulfate content exceeded the trigger value of 100
mg L™ in all samples except one, indicating the formation of monosulfidic materials,
which may be a potential hazard upon rewetting. The surface water at the time of
sampling ranged between pH 3.9 and 6.9. The SEC of the surface waters ranged
between 160 and 5,980 pS cm™, with dissolved oxygen levels of between 0.7 and
12.2mg L™

At the Burnt Creek sites, the pHy values of the soil materials ranged between 2.8
and 7.0 (Table 9-7, Appendix 1). Half of the soil samples (i.e. 5 sites) contained
sulfuric materials (i.e. pHw < 4 as a result of sulfide oxidation). The pHrox values
ranged between 2.0 and 3.0. All soils showed a decrease in pH after treatment with
peroxide, with pHrox of most samples decreasing to less than 2.5. The pHincupation
data showed that most samples decreased to below pH 5.5. Sulfidic soil materials
(i.e. Scr 2 0.01% S) were observed in most of the samples analysed (i.e. 80%), with
a Scr ranging between < 0.01 and 6.25% S. The TAA for all samples was positive,
indicating potential for acid release upon re-flooding of the dry sediments. The
majority of the existing acidity was stored in sulfate salts at or near the surface. The
acid-base accounting data showed that the net acidity was positive for all the soail
materials analysed (with a maximum net acidity of 3930 mole H* tonne™). The
subaqueous soils in drainage channels appeared to contain monosulfidic materials
(i.e. MBO). The soluble sulfate content exceeded the trigger value of 100 mg L™ in

all samples indicating the formation of monosulfidic materials, which may be a
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potential hazard upon rewetting. The surface water at the time of sampling ranged
between pH 2.8 and 6.9. The SEC of the surface waters ranged between 2,250 and
24,750 uS cm™, with dissolved oxygen levels of between 0.5 and 5.6 mg L™.

The identification of the presence of various iron and sulfate minerals, including
natrojarosite, schwertmannite, lepidocrocite, geothite, sideronatrite, epsomite,
hexahydrite and gypsum in both the Loddon River and Burnt Creek indicated the
oxidation of high concentrations of iron sulfides (principally pyrite) in the original soil

materials.

The methodologies used in this study (i.e. peroxide testing, acid-base accounting,
soil incubation) were combined to classify and establish a risk category for the acid
sulfate soil types. A summary of the type and prevalence of acid sulfate soil

materials for the Loddon River and Burnt Creek is presented below in Table 2-4.

Table 2-4: Type and prevalence of acid sulfate soil materials for Loddon River and

Burnt Creek (source: Thomas et al. 2009c).

Number of profiles (sites) and % of sites

Acid Sulfate Soil Material - . . .
containing acid sulfate soil material

Type
Loddon River Burnt Creek

Sulfuric 8 (42%) 4 (100%)
Hypersulfidic 5 (26%) 0 (0%)
Hyposulfidic (Scr = 0.10%) 1 (5%) 0 (0%)
Monosulfidic (observed) 4 (21%) 2 (50%)
Monosulfidic (potential) 11 (100%) 2 (100%)
Hyposulfidic (Scr < 0.10%) 1 (5%) 0 (0%)
Other acidic (pHw &/or

2 (11%) 0 (0%)
PHincubation) 4 — 5.5
Other soil materials 2 (11%) 0 (0%)

A summary of the risk categories for the various hazards associated with acid sulfate
soil for the different soil landscapes and subtypes of acid sulfate soil identified is
presented in Table 2-5. At the sites assessed in the Loddon River and Burnt Creek,
the risk of soil acidification and subsequent metal mobilisation was considered to be
high in streambed sediments, stream banks and mid-stream bars, particularly where

sulfuric soils already exist. The risk of soil acidification was low in high banks and
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terraces. Monosulfidic materials were found in ponds and moist stream beds and
pose a deoxygenation and metal mobilisation hazard if disturbed. As discussed
earlier, the risk of forming monosulfidic materials upon re-flooding under stagnant

and low flow conditions was considered high.

Table 2-5: Risk categorisation for the various hazards associated with acid sulfate soil

for soil landscapes and subtypes of acid sulfate soil identified (source: Thomas et al.

2009c).
Risk Class Acidification Metal De-oxygenation
mobilisation of water
Streambed High-Extremely High High Moderate-High
Banks and bars High-Very High High Moderate
High bank and terraces Low Low Very Low
Sulfuric soil (sandy) High-Extremely High High Moderate
Sulfidic soil Moderate Moderate-High Moderate
Sulfidic subaqueous soll Low-moderate Moderate High
Sulfidic subaqueous Moderate Moderate-High Extremely High
clayey soil with MBO saill
Hydrosol Low Low Very Low
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2.2.3 Channels associated with River Murray Locks 8 and 9 weir

pools, New South Wales and Victoria

Shand et al. (2008) examined representative soil profiles from 11 wetlands and
connecting stream sites associated with River Murray Locks 8 and 9 weir pools to
assess the current and potential impacts of acid sulfate soils. The channels
examined in February 2008 included Carr's Creek (Site 954), Cappits Creek (Site
1014), Walpolla Creek (Site 1026) and the Lower Darling Anabranch (Sites 220 and
3740) (Figure 2-10). Three independent standard methodologies were applied to
determine the acid sulfate soil risk, including peroxide pH testing, acid-base
accounting and ageing experiments. Summaries of the laboratory data including pH
testing and acid-base accounting data for all channel sites are presented in Appendix
1 (Tables 9-8 - 9-10).

Figure 2-10: Location of the channel sampling sites including Carr’'s Creek (Site 954),
Cappits Creek (Site 1014), Walpolla Creek (Site 1026) and Lower Darling Anabranch
(Sites 220 and 3740) (source: Shand et al. 2008).
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Shand et al. (2008) showed that sulfidic soil materials were present at each of the
channel sites examined (Table 2-6). However, sulfidic soil material was only
observed at depth at the Capitts Creek site (i.e. 130 — 140 cm). Sulfuric material (i.e.
pHw < 4) was only observed within the soil profile at Carr’'s Creek (8 — 24 cm), with a
pHw of 3.5. The pHrox values indicated that 38% of the channel samples may have
the potential to acidify to pH < 2.5 as a result of sulfide oxidation. The pHincubation data
showed that only samples collected from Carr’'s Creek reached a final pH below 4.0
after incubation, and would therefore be characterised as hypersulfidic materials.
Whilst sulfidic soil materials (i.e. Sck =2 0.01% S) were observed in many of the
samples analysed, the amount of sulfide was generally low, with a maximum Scg of
0.10% S (Table 9-9 and 9-10, Appendix 1). The pHgc data showed that 21 of the 22
channel samples analysed had a pHkc < 6.5, and therefore contained zero ANC.
Therefore, acid-base accounting calculations showed positive values for net acidity
for 21 of the 22 samples analysed (i.e. 1 - 78 mole H" tonne™), indicating that the
majority of the samples contained existing acidity and may also have the potential to

produce further acid upon oxidation.

Table 2-6: Summary of soil types identified in channel sediments (source: Shand et al.
2008).

Site Site No. Profile Depth (cm) Soil Type
Carr’s Creek 954/1 0-35 Sulfuric
954/2 0-25 Sulfidic subaqueous
Capitts Creek 1014/1 0-25 Hydrosol
1014/2 0-35 Hydrosol
1014/3 0-140 Sulfidic
Walpolla Creek 1026/1 0-30 Sulfidic subaqueous clay
1026/2 0-20 Sulfidic subaqueous
Darling Anabranch 3740/1 0-30 Sulfidic subaqueous
220/1 0-20 Sulfidic subaqueous clay

The three methodologies used were combined to establish the acid sulfate soil risk
(i.e. the risk of the development of sulfuric materials) for each site (see Shand et al.
2008). The classification of each channel site according to risk was: (i) High risk -
Carr's Creek, (ii) Moderate risk: Walpolla Creek and the Lower Darling Anabranch
(Site 3740), and (iii) Low risk: Cappits Creek and the Lower Darling Anabranch (Site
220). However, as suggested by Shand et al. (2008), even where the risk of
development of sulfuric materials was moderate, there is significant potential for the

pH to decrease to ~5 in many samples. There is still considerable risk to wetland
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ecosystems from acidity and subsequent release of metals if a pH ~5 was maintained

for significant periods of time.

The surface water quality data collected at the time of sampling showed the pH
varied between 7.0 and 7.8. The SEC of the surface waters ranged between 177
and 321 uS cm™, with dissolved oxygen levels of between 5.4 and 8.3 mg L™*. The
surface water sulfate concentration in 10 of the wetlands examined ranged between
7.4and 21 mg L™
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2.2.4 Salt Creek, south-west New South Wales

Fitzpatrick et al. (2008b,d) examined soil profiles and salts collected from Tareena
Billabong (21 sites) and Salt Creek (8 sites) in south-west NSW in September 2007
to identify the presence of various subtypes of acid sulfate soils. The locations of
sample sites at Salt Creek near to Tareena Billabong are shown in Figure 2-11. The
methodologies used to classify the various subtypes of acid sulfate soils included soil
morphology, field pH, peroxide testing, acid-base accounting and mineralogical
analysis. Summaries of the laboratory data including pH and acid-base accounting
data for all Salt Creek sites are presented in Appendix 1 (Table 9-11 and 9-12).

Figure 2-11: Location of sampling sites SC1-4 and SC7-8 at Salt Creek. Tareena
Billabong is located on the right side of the image (source: Fitzpatrick et al. 2008b).

Fitzpatrick et al. (2008b,d) identified the presence of acid sulfate soils (including
sulfidic subaqueous clayey and sulfidic cracking clay soils) at all sites examined at

Salt Creek. None of the sites contained sulfuric materials (pH < 4), with the pHy
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values ranging between 4.8 and 8.1 (Table 9-11, Appendix 1). All soils showed a
decrease in pH after treatment with peroxide, with pHeox values indicating that 47%
of the samples may have the potential to acidify to pH < 2.5. Sulfidic soil materials
(i.,e. Scr =2 0.01% S) were observed in 87% of samples analysed, although the
amount of sulfide was generally low, with a maximum Scg of 0.05% S (Table 9-12,
Appendix 1). The pHkc data showed that all samples analysed had a pHgg < 6.5,
and therefore contained zero ANC. Therefore, acid-base accounting calculations
showed positive values for net acidity for all samples, ranging between 2 and 33
mole H' tonne™. The findings indicated that acidification was more likely to be a
serious problem if the Salt Creek river bed remained exposed. This is particularly
important due to the low alkalinity of the river water, the soils adjacent to the creek
and sediments in the creek bed. The collection of water quality data was not part of

this study.
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2.2.5 Edward-Wakool River system, New South Wales

The Edward-Wakool River system is a complex network of inter-connecting rivers,
creeks, flood-runners and artificial channels located north of the River Murray and
west of Deniliquin (Baldwin 2009) (Figure 2-12). A series of control structures
located throughout the area regulate the flow in the Edward-Wakool River system
which flows into the River Murray near Swan Hill (Baldwin 2009). Sulfidic sediments
have been observed in the main channel of the Wakool River, Niemur River (also
known as Mallan Mallan Creek) and a number of associated creek systems
(including Tuppal, Jimaringle, Cochran, Wyam and Merran Creeks) (e.g. Baldwin
2008a, 2009; Tulau 2009; Bush unpublished data). In the Wakool-Niemur River
system between Deniliquin and Balranald, sulfuric and sulfidic sediments have been
observed in incised channels that are associated with deep layers of MBO overlain
with a halite crust (Tulau 2009). Extensive death and dieback of river red gums and
black box was also often observed (Figure 2-13). However, at many sites within the
Edward-Wakool River system, sulfidic sediments have been identified based on
visual indicators, with limited data on reduced inorganic sulfur compounds. Further
information on visual indicators of acid sulfate soils is presented in Section 3.4 (Table
3-2).

Figure 2-12: Map showing the ASSRAP priority acid sulfate soil assessment sites in the
Edward-Wakool River system (source: MDBA unpublished).
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Figure 2-13: A severely degraded acid sulfate soil site on Merran Creek on the Wakool

River (source: Tulau 2009).

Many of the channel systems in the Edward-Wakool River system are highly saline,
particularly in the western part of the system (Baldwin 2009). Baldwin (2008a)
reported SEC ranging from 6,000 uS cm™ in a partially filled reach of the Wakool
River to over 100,000 yS cm™ in a waterhole in Wyam Creek. The high salinities
provide a source of sulfate essential for sulfide accumulation. Acidification of
waterholes has also been reported in the Wakool River main channel, with pH levels
as low as 2.9 (Baldwin 2009).

The concentration of reduced inorganic sulfur compounds has recently been
measured in sediments collected from both the Wakool and Niemur Rivers (Bush
unpublished data). Surface sediments were collected from four locations in the
Wakool River and from two locations in the Niemur River (Table 9-13 and 9-14,
Appendix 1). Low sulfide concentrations (i.e. < 0.04% Scr) were observed in the

channel sediments of both rivers at the time of sampling.
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2.2.6 Talbragar River, central New South Wales

The Talbragar River is located near Dubbo in central NSW. Research undertaken on
this river was one of the first studies to link elevated sulfate concentrations as a result
of salinisation and the formation of sulfidic sediments in inland waterways of the MDB
(Sullivan et al. 2002b, 2004, 2006b). Sullivan et al. (2002b) found monosulfide
concentrations of up to approximately 35 pmol S g* (~0.1% Sa,) in freshwater
sediments in the Talbragar River (Figure 2-14). An accumulation of acid-volatile
sulfide (Sav) was observed along the Talbragar River along with a general increase in
sulfate concentration downstream from ~10 mg L™ at Craboon to ~25 mg L™,

approximately 30 km downstream at Beni.
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Sampling site along the Talbragar River
(sampling sites approx. 30 km apart)

Figure 2-14: Acid-volatile sulfide content in sediments (26/02/02) and sulfate content of
water in the Talbragar River (15/02/02) (source: Sullivan et al. 2002b).

The effect of the accumulated S,y in the Talbragar sediments on the subsequent
deoxygenation of the river channel during a flow event in early February 2002 is
shown in Figure 2-15. The dissolved oxygen contents observed in parts of the
Talbragar River (i.e. < 4 mg L) were low enough to cause a fish kill, and attributed to

the downstream transport of the monosulfides (Sullivan et al. 2002a).
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Figure 2-15: Acid-volatile sulfide content in sediments (26/02/02) and dissolved oxygen
content of water in the Talbragar River (15/02/02) during the tail end of a flow event
(source: Sullivan et al. 2002b).

In separate study undertaken in the Talbragar River in February/March 2004,
monosulfide concentrations of up to 0.02% Say were observed (Table 9-15, Appendix
1) (Sullivan unpublished data). The reduced inorganic sulfur concentration in
sediments at the time of this study ranged between <0.01 and 0.02% Scr (Table 9-
15, Appendix 1).
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2.2.7 Irrigation channels, Queensland

In September/October 2008, a rapid assessment of acid sulfate soils in 200 inland
wetland areas in the Queensland MDB was undertaken as part of the MDB ASSRAP
(Biggs and King 2008). Although sulfidic sediments were not identified in any of the
river and creek channels (Pers. comm. Andrew Biggs), irrigation infrastructure (i.e.
sumps, excavations and channels) constructed into naturally saline subsoil was often
found to provide suitable conditions for MBO formation (Biggs and King 2008).
Visual evidence indicated that greater concentrations of MBO were usually observed
in sediments with gypsum, tailwater channels, low gradient channels, sumps, and
below-ground structures (Biggs and King 2008). In areas where gypsum was
present, organic carbon and soil moisture seemed to be the limiting factors in MBO
accumulation (Biggs and King 2008). However, laboratory analytical data did not

always support the field observation of MBO.

There is limited analytical data available on the presence of sulfidic sediments in
irrigation channels in the Queensland MDB. Detailed chemical analyses were
undertaken on surface sediments collected from 34 of the inland rapid assessment
sites. Sulfidic sediments were identified at 21% of these sites, with sulfide
concentrations ranging between 0.02 and 0.45% Scr (Qld DERM unpublished data).
The results showed the presence of sulfides within irrigation channels in the
Talwood-Mungindi region and the Whyenbah channel (Figure 2-16 and 2-17). The
sulfide concentrations in these channels ranged between 0.02 and 0.04% Scr (Table
9-16, Appendix 1). However, earlier data collected in 2007 from irrigation channels in
the Talwood-Mungindi region showed sulfide concentrations as high as 0.13% Scg
(Table 9-16, Appendix 1). Despite the visual evidence of MBO in both the Talwood-
Mungindi region and Whyenbah channels in 2008, acid-volatile sulfides (AVS; a
measure of iron monosulfide) were only detected in the Whyenbah channel (<0.01 -
0.11% Sav) (Table 9-16, Appendix 1).

The sediments analysed from the Talwood-Mungindi region and Whyenbah channels
had no or minimal existing acidity (i.e. < 10 mole H* tonne™). The acid-base
accounting data showed negative net acidities for all the sulfidic sediments (Table 9-
16, Appendix 1) as the ANC within the sediments were sufficient to neutralise the

potential acidity produced from sulfide oxidation.
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Figure 2-16: Map showing the rapid assessment sampling locations in the irrigation

channels in the Talwood-Mungindi region, Queensland.

Figure 2-17: Map showing the rapid assessment sampling locations in the Whyenbah

channels, Queensland.
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The rapid assessment data showed that the sites sampled in the irrigation channels
in the Talwood-Mungindi region exceeded the ASSRAP trigger values (see Table 3-1
in Section 3.2) for soil and water SEC, soil pH and surface water sulfate (Table 9-17,
Appendix 1). Sites sampled in the Whyenbah channel exceeded the trigger values
for soil SEC and surface water sulfate (Table 9-17, Appendix 1).
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2.2.8 Summary of the reported distribution of reduced inorganic

sulfur compounds in channels in the Murray-Darling Basin

This desktop assessment identifies the known distribution of reduced inorganic sulfur
compounds in the MDB. A summary of the reported reduced inorganic sulfur
concentrations in channels systems in the MDB is presented in Table 2-7. The
approximate location of where reduced inorganic sulfur compounds have been
reported in channel sediments in the MDB is presented in Figure 2-18. Additional
data for sites which were not presented as case studies in Section 2.2 is also

included in Appendix 1.

The main findings of this desktop assessment are presented below.

o There is currently limited reported data on the presence of reduced inorganic
sulfur compounds in river and channel sediments within the MDB (Table 2-7).

e The presence of reduced inorganic sulfur compounds in river and creek
channels is highly variable and has largely been reported in the Murray
catchment (Figure 2-18) where most detailed studies have been undertaken.

o Generally, the greatest concentration of reduced inorganic sulfur compounds
in river and creek channels was observed within the Lower River Murray
floodplains, SA.

e The highest reduced inorganic sulfur concentration of 6.25% Scgr was
identified in sulfidic sediments at Burnt Creek, Vic.

e Visual observations suggest that sulfidic materials are widespread in the
Edward-Wakool River system, although only low concentrations of reduced
inorganic sulfur compounds have been measured at a few sites (i.e. < 0.04%
Scr)-

e There are limited data available on the distribution of MBO materials, despite
substantial visual evidence of their presence. Elevated S,y concentrations
were identified in the Talbragar River (~0.1% Say), Picaminy Creek (0.33%
Sav) and in various irrigation channels (up to 0.54% S,y) (Table 2-7).

e The potential formation of monosulfides was identified at several sites due to
the presence of elevated sulfate concentrations (i.e. > 100 mg kg™ SO,) in the

channel sediments (e.g. Fitzpatrick et al. 2009b; Thomas et al. 2009c).
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e Irrigation channels were often observed to have elevated sulfide
concentrations. However, data from irrigation channels in Queensland (i.e.
Talwood-Mungindi region and Whyenbah irrigation channels) indicate there is
sufficient ANC to neutralise all the potential acidity.

e Acid-base accounting data has shown that the net acidity within channel
systems is highly variable, with many sites containing sufficient net acidity to
represent a significant potential hazard if disturbed.

e Sullivan et al. (2002b) showed a relationship between sulfate in the water
column and sediment sulfide concentration in the Talbragar River. The
sulfide concentrations were also sufficient to result in deoxygenation within
the river system.

e Where water quality data was available, many sites which had reduced
inorganic sulfur compounds present had high SEC (i.e. > 2,000 uS cm™).
However, this was not always the case, and may be due to temporal
variations in salinity.

e A range of acid sulfate soil materials have been identified in channel systems
within the MDB including sulfuric, hypersulfidic, hyposulfidic and monosulfidic
materials.

e A range of acid sulfate soil subtypes (e.g. sulfidic cracking clay soil, sulfuric
cracking clay soil, and sulfidic subaqueous clayey soil) have also been
identified in the MDB.

e The potential hazards identified in this assessment if reduced inorganic sulfur
compounds present were to be disturbed included: acidification, metal
mobilisation and deoxygenation.

e Thomas et al. (2009c) found greater hazard of acidification and subsequent
metal mobilisation from acid sulfate soil materials identified in streambed
sediments, stream banks and mid-stream bars than in high banks and

terraces.
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Table 2-7: Summary of the concentration of reduced inorganic sulfur compounds in

channel sediments in the MDB.

Talwood-Mungindi
region

<0.01% Sav

State River/Creek Reduced inorganic | Reference
sulfur
concentrations
(%Scr, %Sav)
South River Murray below 0.02 - 0.18% Scr Fitzpatrick et al. (2008e)
Australia Blanchetown (Lock 1)
Finniss River <0.01-1.71% Scr | Fitzpatrick et al. (2009b)
Currency Creek <0.01 — 1.49% Scr
Black Swamp 0.03 — 0.96% Scg
Goolwa Channel <0.01 — 4.32% Scr
Mundic Creek <0.01 - 0.32% Scr | Shand et al. (2009)
Pike River <0.01 — 0.58% Scr
Snake Creek 0.02 — 0.03% Scg
Dishers Creek, near 0.08 — 0.45% Scr Sullivan (unpublished data)
Renmark <0.01 — 0.08% Say
Victoria Lower Loddon River 0.00 — 0.11% Scg Thomas et al. (2009c)
Burnt Creek 0.00 — 6.25% Scr
Walpolla Creek <0.01 —0.07% Scg | Shand et al. (2008)
Butlers Creek 0.01 — 0.02% Scg Baldwin (2008b)
Picaminy Creek, 0.49% Scr Sullivan (unpublished data)
Kerang 0.33% Sav
Irrigation channels, 0.46 — 0.74% Scr Sullivan (unpublished data)
Kerang 0.32 — 0.54% S,y
New South Carr's Creek 0.01 - 0.10% Scr Shand et al. (2008)
Wales Cappits Creek <0.01 — 0.01% Scr
Darling Anabranch <0.01 — 0.05% Scr
Salt Creek <0.01 — 0.05% Scr | Fitzpatrick et al. (2008d)
Wakool River <0.01 —0.04% Scr | Bush (unpublished data)
<0.01% Sav
Niemur River 0.01 — 0.03% Scr Bush (unpublished data)
<0.01% Sav
Washpen Creek’ <0.01 -0.04% Scr | Baldwin et al. (2008)
Talbragar River 0.00 — 0.02% Scr Sullivan (unpublished data)
<0.01 —~0.1% S,y | Sullivan et al. (2002b)
Irrigation channel, 0.57% Scr Sullivan (unpublished data)
Scenic Hill, Griffith 0.24% Suy
Irrigation channels, 0.11 - 0.13% Scr Sullivan (unpublished data)
Hanwood 0.07 — 0.13% Say
Queensland | Irrigation channels, <0.02 -0.13% Scg | Qld DERM (unpublished

data)

Whyenbah irrigation
channel

0.02 — 0.04% Scr
<0.01 -0.11% Sav

Qld DERM (unpublished
data)

! Disconnected from the Euston Weir pool, River Murray.
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Figure 2-18: Map showing the geographical distribution of reduced inorganic sulfur

compounds reported in channel sediments in the MDB.

During the literature search phase of this project, additional potential sources of
reduced inorganic sulfur concentration data were identified. However, the sources of
information were not available in the timeframe of this study. The sources of

additional data include:

e An MDBA-funded modified rapid assessment project to determine the
likelihood of acid sulfate soil materials in the bank sediments of the lower
Murray River between Wellington and Lock 1. Numerous sites were found
with soil pH < 4 indicating sulfuric materials (Pers. Comm. Rob Kingham).
This project was undertaken by the South Australian Murray-Darling Basin
Natural Resources Management Board (SA MDB NRMB) with support from
CSIRO Land and Water. The results of this project are being compiled by the

SA Department of Environment and Heritage and should be available shortly.
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e Currently, 96 priority wetlands within the Basin are undergoing a detailed acid
sulfate soil assessment as part of the ASSRAP. A small number of creek and
channel systems (e.g. Talwood-Mungindi region, Queensland; Bet Bet Creek,
Victoria) were selected for detailed assessment on the basis of a high
likelihood of acid sulfate soil materials being present (Pers. Comm. Rob
Kingham).

e A detailed acid sulfate soil assessment funded by the MDBA is currently
being undertaken by Southern Cross GeoScience and the NSW Department
of Environment, Climate Change and Water in the Edward-Wakool River

system.

e The Department of the Environment, Water, Heritage and the Arts (DEWHA)
Joint Steering Committee on Acid Sulfate Soils is in the process of completing
a report entitled “National guidance for the management of acid sulfate soils
in inland aquatic ecosystems” which may provide some additional sources of

information (DEWHA In press).

e Professor Leigh Sullivan is compiling unpublished data he has collected for a
book chapter on sulfidic sediments in channels in the MDB. The relevant

unpublished data is included in this report.
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3. FURTHER INFORMATION INDICATING  THE
POTENTIAL PRESENCE OF REDUCED INORGANIC
SULFUR COMPOUNDS IN CHANNEL SYSTEMS

3.1 Atlas of Australian acid sulfate soils

The Atlas of Australian Acid Sulfate Soils is a web-based hazard assessment tool
that provides information on the distribution and properties of acid sulfate soils across
Australia (Fitzpatrick et al. 2008c). It is estimated that inland acid sulfate soils
occupy approximately 160,000 km? of Australia (Fitzpatrick et al. 2008c). The atlas
provides four classes of probability of occurrence, four levels of confidence relating to
the quality of the data source, and up to 10 additional descriptors (e.g. Figure 3-1)
(Fitzpatrick et al. 2008c). This hazard assessment tool is regularly updated and is
available on the Australian Soil Resource Information System (ASRIS:

http://www.asris.csiro.au).

Figure 3-1: Atlas of Australian acid sulfate soils showing the likelihood of acid sulfate

soils in the Lower River Murray (source: ASRIS; http://www.asris.csiro.au).
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3.2 Water quality data

Water quality data, particularly parameters such as salinity and sulfate, have been
used as an indicator for the occurrence of sulfidic sediments in freshwater
environments in the absence of sediment data in the MDB. For example, Baldwin et
al. (2007) developed a protocol using water quality parameters to assess the
potential occurrence of sulfidic sediments in wetlands at levels that could cause
ecological damage. Using data collected from 81 wetlands in the MDB (Hall et al.
2006a,b), potential indicators of sulfidic sediments included elevated salinity in the
overlying water (> 1750 puS cm™) or sediment (> 400 uS cm™) and high sulfate levels

in the water column (> 10 mg L™).

In developing the protocol, Baldwin et al. (2007) found that five out of the six
wetlands assessed with SEC > 1750 uS cm™ were characterised as sulfidic. The
sixth wetland had an elevated peroxide oxidisable sulfur level, indicating the potential
for developing sulfidic sediments. However, as SEC in surface waters and
sometimes shallow groundwaters are subject to change over time, particularly as a
result of rainfall, a SEC below this threshold is not necessarily indicative of the
absence of sulfidic sediments. Baldwin et al. (2007) also found that six out of nine
wetlands with an average soil salinity of > 400 yS cm™ (in a 1:5 sediment: water
extract) were classified as being sulfidic, while two others had elevated peroxide

oxidisable sulfur levels, indicating the potential for developing sulfidic sediments.

Hall et al. (2006b) observed that reduced inorganic sulfur concentrations in
sediments was positively correlated with sulfate concentration of the overlying water
column in the inland wetlands examined. Nine out of 12 wetlands with average
sulfate concentrations > 10 mg L™ had or probably contained sulfidic sediments
(Baldwin et al. 2007). This sulfate concentration is consistent with other studies on
inland sediments where sulfidic sediments have been observed (e.g. Sullivan et al.
2002b), although further research is required to define the precise sulfate
concentration. Sulfidic sediments are also highly likely to occur where the surface
water pH in the wetland was < 4.0 and/or a soil pH < 4.5. The pH is only useful at
locations where some sulfide oxidation has occurred and the buffering capacity of the
soil and surrounding waters has been exceeded.
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The thresholds for water identified by Baldwin et al. (2007) were used to develop the
screening criteria for selecting detailed acid sulfate soils assessment study areas for
the ASSRAP (Table 3-1). The soil sulfate concentration (in a 1.5 soil:water extract)
was also included in the screening criteria. MDBA (2010) stated a water soluble
sulfate content of = 100 mg L™ (in a 1:5 soil:water extract) in dry soils would result in
sulfate concentrations of > 10 mg L' in overlying water bodies as a result of

inundation, although the nature of this relationship is probably more complicated.

Table 3-1: Screening criteria for selecting detailed acid sulfate soil assessment study
areas developed by the Scientific Reference Panel of the Acid Sulfate Soils Risk
Assessment Project (source: MDBA 2010).

Parameter Trigger value Action recommended Priority
pH soil* <4 Detailed assessment Extreme
4-55 Detailed assessment Moderate
>5 No further assessment N/A
pH water <55 Detailed assessment High
55-6.5 Detailed assessment Moderate
>6.5 No further assessment N/A
Electrical >1000 yS cm™ Detailed assessment High
conductivity 400 — 1000 PS cm™ Detailed assessment Moderate
soil (1:5) <400 pS cm™ No further assessment N/A
Electrical >5000 uS cm™” Detailed assessment High
conductivity 1750 — 5000 pS cm™ | Detailed assessment Moderate
water <1750 yS cm™ No further assessment N/A
Sulfate soil >500 mg L™ Detailed assessment High
100 — 500 mg L™ Detailed assessment Moderate
<100 mg L™* No further assessment N/A
Sulfate water | >50 mg L™ Detailed assessment High
10-50mg L™ Detailed assessment Moderate
<10 mg Lt No further assessment N/A

* As determined by both in-field measurements and subsequent analysis of samples collected
in chip-trays.

It is important to recognise that the trigger values indicated in Table 3-1 are only
screening criteria. Locations with a high priority may not have suitable conditions for
sulfide formation due to additional factors such as insufficient organic carbon or

prolonged anoxic conditions.
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An examination of the salinity data collected from selected water quality monitoring
stations throughout the MDB in 1994-95 show only a few sites (i.e. Campaspe River,
Loddon River and Barr Creek) exceeded the salinity trigger value of 1750 uS cm™
(MDBC 2009). However, at some sites, there may be a significant variation in salinity
with depth in the channel. Salinity-dependent stratification (often referred to as a
halocline) is known to occur in freshwater bodies following groundwater incursions
(Nielsen et al. 2003). The presence of haloclines may play an important role in the
formation of sulfides in freshwater environments, although further research is
required to show their importance. A halocline may become a barrier to the
movement of oxygen from the surface, which may eventually lead to anoxia (Nielsen
et al. 2003). Sulfidic sediments may rapidly form under these anoxic conditions in
the presence of sulfate, organic matter and iron. Groundwater quality data,
particularly from piezometers close to channels, and may provide a useful source of
information in determining the likely areas of sulfide formation within channel

systems.

Surface water and groundwater sulfate concentrations are most likely the most useful
parameter in determining the presence of reduced inorganic sulfur compounds within
channels in the MDB. This is particularly important in areas where there are multiple
sources of sulfate, such as agricultural chemicals. Additional water quality
parameters such as nutrient and dissolved oxygen concentrations may also be useful
in predicting the potential presence of reduced inorganic sulfur compounds within
channels. Elevated nutrient concentrations may lead to the development of algal
blooms, and provide a source of organic matter for sulfide formation (see Section
3.3). Low dissolved oxygen levels following increases in flow may possibly indicate
the presence of MBO materials in the channel. However, deoxygenation may also

occur as a result of many other unrelated processes (see Section 4.2.3).

Surface water quality data is available at numerous sites in the MDB (e.g. Figure 3-
2). However, water quality data may not be as useful in determining the potential
locations of sulfidic sediments as was found with wetland systems. The water quality
in channel systems is usually subject to greater variations compared to wetland
systems. In addition, some parameters are only measured on an infrequent basis

(e.g. quarterly).
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Figure 3-2: Locations of selected water quality monitoring stations in the MDB. The
spatial representations of monitoring locations are indicative only and may not

represent the actual location (source: MDBA).

Baldwin et al. (2007) also identified that sulfidic sediments were likely to occur if the
wetland receives municipal waste water, irrigation return water or water from a salt

interception scheme.
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3.3 Algal Blooms

The supply of metabolisable organic matter is an essential factor in the formation of
sulfides. Its presence is necessary for sulfate reduction to occur and is an important
limiting factor for microbial reduction of ferric iron. In environments where the supply
of sulfate is not limiting, the presence of organic matter has often been identified as
the limiting factor (e.g. Berner 1984). Eutrophication (i.e. the enrichment of waters
with nutrients) and the subsequent development of algal blooms provides an ideal
source of organic matter for sulfide formation, MBO materials in particular. The
increase in water clarity and nutrient release as a consequence of salinisation has
been implicated in the formation of significant blooms of cyanobacteria (e.g. Nielsen
et al. 2003). An indication of the areas within the MDB prone to algal blooms is given
in Figure 3-3.
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Figure 3-3: Sites of major algal blooms in the MDB from 1991 to present. The spatial representations of algal bloom locations are indicative only

and may not represent the actual location (source: MDBA).
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3.4 Landscape information

Landscape information from sources such as geological maps and remote sensing
images may be used to interpolate and extrapolate between and beyond site data to
predict the distribution of sulfidic sediments. For example, high resolution digital
photography (ADS40), Light Detection And Ranging (LIDAR) high resolution
elevation data, radiometrics, soil landscape and land systems maps, and salinity
discharge maps are all essential data (Pers. comm. Mitch Tulau). However, the
coverage for some datasets is not comprehensive in the MDB. For example, Figure
3-4 shows the high resolution digital photography (ADS40) coverage for New South

Wales.
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Figure 3-4: Map showing the high resolution digital photography (ADS40) coverage for

New South Wales (source: Pers. comm. Mitch Tulau).

Aerial assessments using key visual indicators have been used as an initial
assessment technique to identify potential areas that may contain sulfidic sediments.
An aerial assessment was undertaken along the Darling River corridor from Bourke
to Wentworth in western New South Wales to ascertain the likelihood of acid sulfate
soils (Ralph and Baldwin 2009). This aerial assessment supplemented the MDBA
acid sulfate soil risk rapid assessment program and was undertaken for setting

priorities for potential on-ground rapid assessment. The key visual indicators used in
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this study included marked discolouration of the channel bed, banks or wetlands (i.e.
the presence of yellow/red tinges and/or seepage zones, and/or white scalds or salt
efflorescences, and/or black pugging in grey or light coloured sediments) and the

presence of dead and/or dying riparian or wetland vegetation.
A list of soil, water and vegetation indicators that are suggestive of acid sulfate soils

in coastal environments is presented in Table 3-2. These indicators are also directly

applicable in inland environments.
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Table 3-2: List of soil, water and vegetation indicators that are suggestive of the

presence of coastal acid sulfate soils (source: DEC 2009).

SOIL TYPE INDICATORS
Potential Soil characteristics
AC:S e Waterlogged soils — unripe muds (soft, sticky and can be squeezed between
Su. ate fingers, blue grey or dark greenish grey mud with a high water content), silty
Soil sands or sands (mid to dark grey) or bottom sediments (dark grey to black e.g.
(PASS) iron monosulfide “black oozes”) possibly exposed at sides and bottom of drains,
cuttings or in boreholes
e Peat or peaty soils
e Coffee rock horizons
e A sulfurous smell e.g. hydrogen sulfide or ‘rotten egg’ gas
e  Soil pHr >4 and commonly neutral
e Soil pHrox <3, with large unit change from pHgr to pHerox, together with volcanic
reaction to peroxide
Water characteristics
e waterlogged soils
e water pH usually neutral but may be acidic
e 0ily looking iron bacterial surface scum (the similar appearances of iron bacterial
scum and a hydrocarbon slick can be differentiated by disturbing the surface with
a stick -- bacterial scum will separate if agitated whereas a hydrocarbon slick will
adhere to the stick upon removal)
NB: Caution should be taken when inspecting highly altered landscapes in the field (e.g. where
inert fill has been placed over ASS material, dredge spoil, etc). Soil, water and landscape
indicators may be masked by past landscape and drainage modifications and this should be
taken into consideration when determining borehole locations.
Vegetation characteristics
e dominant vegetation is tolerant of salt, acid and/or waterlogging conditions e.g.
mangroves, salt couch, Phragmites (a tall acid tolerant grass species), swamp-
tolerant reeds, rushes, paperbarks (Melaleuca spp.) and swamp oak (Casuarina
spp.)
Actual Soil characteristics
Acid « presence of corroded shell
Sulfate « sulfurous smell e.g. hydrogen sulfide or ‘rotten egg’ gas
Soil * any jarositic horizons or substantial iron oxide mottling in surface encrustations or in
(AASS) any material dredged or excavated and left exposed

« field pHg < 4 (when field pHr >4 but <5 this may indicate some existing acidity and
other indicators should be used to confirm presence or absence)

Water characteristics

e water of pH <5.5 (and particularly below 4.5) in surface water bodies, drains or
groundwater (this is not a definitive indicator as organic acids may contribute to
low pH in some environments such as Melaleuca swamps)

e unusually clear or milky blue-green water flowing from or within the area
(aluminium released by ASS acts as a flocculating agent)

e extensive iron stains on any drain or pond surfaces, or iron-stained water and
ochre deposits

e 0ily looking bacterial surface scum (differentiated from a hydrocarbon slick of
similar appearance as described for PASS)

Vegetation characteristics

e dead, dying, stunted vegetation*

e scalded or bare low-lying areas*

e poor vegetation regrowth in previously disturbed areas
Infrastructure

1. corrosion of concrete and/or steel structures* (including foundations, fences,
masonry/brick walls, pipes)

* May also be due to excessive salinity or to salinity in combination with AASS.
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4. HAZARD AND ECOLOGICAL RISK OF REDUCED
INORGANIC SULFUR COMPOUNDS

A framework for defining and assessing the hazard and risk has recently been
developed for acid sulfate soil materials in priority wetlands in the MDB (MDBA
2010). The same framework will be used to assess the environmental hazard and
indicate the overall risk of reduced inorganic sulfur compounds in channels in the
MDB.

This chapter will cover the following three areas as outlined in the adopted

framework:

o defining and assessing acid sulfate soil materials (Section 4.1),
e defining and assessing hazards (Section 4.2), and

e defining and assessing risk (Section 4.3).

4.1 Defining and assessing acid sulfate soil materials

Acid sulfate soil materials have been defined by Sullivan et al. (2008b, 2009b) to

include:

e sulfidic,

e hypersulfidic,

e hyposulfidic,

e sulfuric material, and

e monosulfidic.

A full explanation of each of the terms used above is given in Section 1.3.2.
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4.2 Defining and assessing hazards

As described previously, reduced inorganic sulfur compounds are generally stable
under reducing conditions. However, on exposure to the atmosphere as a result of
drought or disturbance, the acidity produced from oxidation can impact on water
quality, crop production, and corrode concrete and steel structures (Dent 1986). In
addition to acidification of both ground and surface waters, a reduction in water
quality may result from low dissolved oxygen levels (Sammut et al. 1993; Sullivan et
al. 2002a), high concentrations of Al and Fe (Ferguson and Eyre 1999; Ward et al.
2002), and the release of other trace metals (Preda and Cox 2001; Sundstrom et al.
2002; Burton et al. 2008; Simpson et al. 2008; Sullivan et al. 2008a). The
mobilisation of sulfidic sediments may also result in the release of nutrients into the

water column (Sullivan et al. 2008a).

While problems associated with the oxidation of pyrite are well documented (Dent
1986; Sammut et al. 1996), the oxidation of potentially large amounts of
monosulfides that occur in MBOs in acid sulfate soil landscapes is a relatively new
issue (Sullivan and Bush 2000; Sullivan et al. 2002a; Bush et al. 2004). Unlike pyrite,
which is relatively stable, iron monosulfides are extremely reactive over a wide range
of pH, may rapidly deoxygenate surface waters and cause severe acidification
(Sullivan and Bush 2000; Sullivan et al. 2002a). Recent laboratory studies have
shown that MBO from the Lower Lakes region of South Australia were capable of
causing complete and rapid deoxygenation of water upon mobilisation (Sullivan et al.
2008a). Sullivan et al. (2008a) also showed that the mobilisation of these MBO
materials resulted in high concentrations of a wide range of contaminants including
Al, Mn, NH," and NO3.

The general relationship between acid sulfate soil type, hazard type (i.e. acidification,
metal mobilisation and deoxygenation) and hazard condition (i.e. current, potential
and none) is presented in Table 4-1. These hazards may present a ‘current’ risk to
the environment where the hazard has been measured or observed, or present a
‘potential’ risk where laboratory analyses of the soil properties indicates that a hazard
is likely to eventuate if environmental conditions are changed (Fitzpatrick et al.
2009b).
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Table 4-1: General relationship between acid sulfate soil material type and hazard

condition (source: Fitzpatrick et al. 2009b).

Type of Acid Sulfate Soil Material Hezandi Ty e caneiier

Acidification Motl)\?l(ieégltion Deoxygenation
Sulfuric current current none
Hypersulfidic potential potential none
Hyposulfidic (Scg = 0.10%) potential potential none
Monosulfidic (observed) potential current current
Monosulfidic (potential) potential potential potential
Hyposulfidic (Scr < 0.10%) potential potential none

The following sub-sections examine the hazards associated with reduced inorganic

sulfur compounds and include:

contemporary accumulation of sulfides (Section 4.2.1),

e deoxygenation hazard (Section 4.2.2),

e accumulation and release of contaminants (Section 4.2.3),
¢ acidification hazard (Section 4.2.4), and

e additional potential hazards (Section 4.2.5).
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4.2.1 Contemporary accumulation of sulfides

The formation and accumulation of iron sulfide minerals is a microbially driven
process (Figure 4-1) that requires the following conditions: a supply of sulfate,
reducing conditions with sulfate-reducing bacteria, a supply of organic matter and
iron rich sediments (Berner 1984; Dent 1986). The sedimentary sulfur cycle is
closely linked with carbon diagenesis (Vairavamurthy et al. 1995), and the supply of
organic matter is an important limiting factor for microbial sulfate and ferric iron
reduction. However, in freshwater systems the availability of sulfate is usually the
main limiting factor to sulfate reduction and the formation of sulfides in benthic
sediments (Berner 1984).
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Figure 4-1: Schematic diagram showing the biogeochemical formation of iron sulfide

minerals (after Vairavamurthy et al. 1995).
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The findings of this study have shown suitable conditions for the accumulation of
sulfides, including highly reactive monosulfides, in river, creek and irrigation channels
in the MDB (Table 2-7). Significant changes to the hydrology of regulated sections of
the MDB system due to higher weir pool levels, and the chemistry of channel
systems, particularly as a result of increased salinity inputs, has led to the
accumulation of sulfidic sediments within some channel systems. A build up of
sulfides in sediments is usually minimised under natural wetting and drying cycles.
The mobilisation or rewetting of these sulfidic sediments may have adverse effects
on water quality within the channel and downstream. The main hazards resulting
from the disturbance of sulfidic sediments include deoxygenation, contaminant
mobilisation and/or acidification. These hazards will be discussed further in the

following sub-sections.

Dissolved sulfide may also accumulate in the water column under reducing
conditions (Morse et al. 1987) and is highly toxic to aquatic organisms. The
ANZECC guideline freshwater trigger value for sulfide for the protection of 95% of
species is 1 ug S L (expressed as un-ionised H,S) (ANZECC/ARMCANZ 2000).
Dissolved sulfide is particularly prone to accumulate within channel systems where
stratification occurs. For example, salt-dependent stratification may eventually lead
to anoxic conditions (see Section 3.2) and the formation of sulfide in the water

column.
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4.2.2 Deoxygenation hazard

The ANZECC guidelines for aquatic ecosystems recommends a dissolved oxygen
concentration of greater than 85% saturation for lowland rivers (ANZECC/ARMCANZ
2000). Native fish and other large aquatic organisms require a dissolved oxygen
concentration of least 2 mg L™ to survive, but may become stressed below 4 - 5 mg
L™ (Hladyz and Watkins 2009).

The deoxygenation of surface waters may occur when MBO is mobilised into the
water column, with severe deoxygenation occurring within minutes of mobilisation
(Sullivan and Bush 2002; Sullivan et al. 2002a). This rapid rate of deoxygenation
indicates that the chemical oxidation of MBO is largely responsible for consuming the
dissolved oxygen in the water column. However, MBO also contains high
concentrations of organic matter which also consumes oxygen as it is decomposed
by microbes. Recent laboratory studies have shown the mobilisation of MBO
collected from the Lower Lake region caused complete and rapid deoxygenation in
the water column, even in relatively dilute suspension:water ratios (Sullivan et al.
2008a). The deoxygenation behaviour was strongly related to the acid-volatile

sulfide (Sav) concentration.

Burton et al. (2006a) have described the oxidation dynamics of MBO. A summary of
the changes in sulfur speciation (i.e. pyrite, Say, elemental sulfur and sulfate) and pH
during MBO oxidation is shown in Figure 4-2. The complete oxidation of MBO is a
two-step process, with each step consuming oxygen (Equations 4.1 — 4.3) (Figure 4-
3). The first step is an initial rapid chemical reaction of iron monosulfide minerals
with oxygen, forming iron oxides and elemental sulfur. This oxidation step does not
affect pH and is therefore non-acidifying. The second step occurs after a few days
delay to allow for the accumulation of necessary sulfur-oxidising microbes that are
required for the oxidation of elemental sulfur. The oxidation of elemental sulfur is
responsible for the extreme acidification associated with MBO oxidation. Elevated
elemental sulfur concentrations have recently been reported in channel sediments

associated with acid sulfate soils (Burton et al. 2006b; Ward et al. 2009, in press).
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Figure 4-2: Changes to the sulfur speciation (pyrite, Sav, elemental sulfur, sulfate) and
pH during oxidation of MBO (source: Burton et al. 2006a).

Step 1
Fe™ +10,+3 H,0 —2H" + FeOOH,, (4.1)
FeS,,
ST +10,+2H" —> H,0+1 Sy, (4.2)
Step 2
1 3
o Site 5 02+ H,0 = SO +2H" @9

Figure 4-3: Summary of the two-step reaction process for the oxidation of MBO
(source: Burton et al. 2006a).

Deoxygenation of surface waters, often referred to as blackwater events, are natural
events in lowland river systems, and may occur during flood events when elevated
levels of dissolved organic carbon leached from leaf litter is decomposed by
microbes (Baldwin et al. 2001; Howitt et al. 2007). As microbes decompose
dissolved organic carbon, dissolved oxygen is consumed faster than it can be
replenished. However, it is currently impossible to differentiate between

deoxygenation caused by MBO oxidation and that by organic matter decomposition
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without chemical analysis during the deoxygenation event. At least two fish Kills in
the Edward-Wakool River system during the summer in 2009 were attributed to
deoxygenation events (Hladyz and Watkins 2009). The contribution of MBO

oxidation to these deoxygenation events is currently unknown.

Data on the presence of MBO in channel systems in the MDB is currently limited to
studies referenced in Table 2-7. MBO has often been identified based on visual
inspections rather than quantified by chemical analysis. However, this study has
shown high concentrations of iron monosulfide (up to 0.54% Say) in channel systems
within the MDB (Table 2-7), and many of the reported MBO represent a significant

deoxygenation hazard if disturbed.

Some of the deoxygenation risk factors associated with wetlands containing reduced
inorganic sulfur compounds are also applicable to channel systems (Lamontagne et

al. 2004). These factors include:

e potential for natural causes or management actions to resuspend sediments,
e suspended sediment load,

¢ sediment sulfide concentration and form,

e water column residence time,

¢ sulfide reaction rates,

e salinity, and

e critical dissolved oxygen levels for target species.
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4.2.3 Accumulation and release of contaminants

Contaminant mobilisation to surface water and groundwater may occur following the
rewetting or mobilisation of sulfidic sediments. Numerous studies have shown that
sulfide oxidation and associated acidification may contribute to the release of Fe, Al,
As and other trace metals (e.g. Astrom 1998; Appleyard et al. 2006; Burton et al.
20064, 2008). Trace metals are commonly associated with iron sulfides (Huerta-Diaz
and Morse 1992; Morse and Arakaki 1993), and the occurrence of iron monosulfide
is known to control the bioavailability of many metals (Di Toro et al. 1992; Chapman
et al. 1998; Simpson et al. 2005). Acidification may also result in dissolution of
minerals within the sediment leading to metal release. For example, it is well known
that acidity formed during sulfide oxidation can react with aluminosilicate clay
minerals and result in the liberation of dissolved Al and metal ions (van Breemen
1973). Many other metals and metalloids in addition to Fe can form sulfide minerals,

which are released upon oxidation.

Disturbance and oxidation can potentially result in the rapid release of toxic
concentrations of MBO associated metals to surrounding surface waters (Burton et
al. 2006a). Burton et al. (2006a) demonstrated a rapid release of metals to the water
column on oxidation due to the highly reactive nature of the iron sulfides. This
process can result in metal concentrations far exceeding ANZECC water quality
trigger values, even where total metal concentrations in an MBO are below the

threshold guidelines.

The toxic effects of metals on biota can be both a direct toxicological impact or an
indirect chronic impact due to the bioaccumulation of metals and transfer within the
food web (DOW 2009). Metal speciation plays a vital role in metal bioavailability,
which is influenced by various water quality variables including pH, hardness,

alkalinity, dissolved organic carbon and salinity (Stauber et al. 2008).

There is limited data currently available on the mobilisation of contaminants from
sulfidic sediments in the MDB. Recent studies have demonstrated the potential
release of metals and nutrients following rewetting or mobilisation of sulfidic
sediments from the lower River Murray and the Lower Lakes region of the MDB (e.g.
Simpson et al. 2008, 2010; Sullivan et al. 2008a, 2009a; Fitzpatrick et al. 2009b).

The laboratory inundation of sulfuric soil materials from the Lower Lakes led to
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chemical reduction of iron minerals and caused mobilisation of high concentrations of
metals (i.e. Al, As, Cu, Mn, Ni, Ag, Cd, Cr, Co) and nutrients (i.e. NH," and NO3)
(Sullivan et al. 2008a). The mobilisation of MBO from the Lower Lakes region
resulted in high concentrations of Al, Mn, NH;" and NOj; in the water column
(Sullivan et al. 2008a). Simpson et al. (2010) found that rewetting dried soils with
River Murray water resulted in rapid metal release and the dissolved concentrations
of many metals in their experiments exceeded the Australian water quality guidelines,
despite trace metal concentrations in most soils being at background levels. Further
information on the mobilisation of contaminants from sediments collected from

Finniss River and Currency Creek following rewetting is given in Section 2.2.1.2.
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4.2.4 Acidification hazard

The ANZECC guidelines for aquatic ecosystems recommend a surface water pH >
6.5 (ANZECC/ARMCANZ 2000). If left undisturbed and inundated, sediments
containing reduced inorganic sulfur compounds generally pose little or no threat of
acidification.  Acidification occurs when sediments containing reduced inorganic
sulfur compounds are exposed to air. These compounds react with oxygen to form
sulfuric acid. Where the amount of acid produced is greater than the buffering
capacity of the sediments and overlying water, acidification of soil, surface water and

groundwater may occur.

A number of oxidation reactions of reduced inorganic sulfur compounds (principally
pyrite) may take place to produce acidity (e.g. Equations 1.1 and 1.2). The oxidation
of iron monosulfides and subsequently, elemental sulfur, is largely responsible for the
acidification of MBO materials (see Figure 4-2). In addition, a range of secondary
minerals (including jarosite, natrojarosite, sideronatrite and schwertmannite) may
also form as oxidation products and act as stores of acidity that may be released
upon rewetting (Ahern et al. 2004; Fitzpatrick and Shand 2008b).

The effects of acid discharge into aquatic environments have been reported by many
authors (e.g. Sammut et al. 1993; 1996), and include:

e fish Kills,

¢ the onset of fish disease (e.g. epizootic ulcerative syndrome, also known as
red spot disease),

¢ mass mortality of shellfish, crustacea, and worms,

¢ reduced growth rates and disease in crustaceans and shellfish,

e destruction of native aquatic macrophytes,

¢ influx of acid-tolerant vegetation (e.g. water lilies),

¢ |oss of habitat and spawning areas,

e clarification of water, resulting in increased water temperatures, and

e smothering of benthos by iron flocs.
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Lamontagne et al. (2004) identified the acidification risk factors associated with

wetlands containing reduced inorganic sulfur compounds, and include:

e uantity of sulfide present,

e form of sulfide (pyrite vs. monosulfides),

e carbonate content of the sediments,

e clay content (texture) of the sediments,

¢ volume and alkalinity of the receiving water body, and

e wetting-drying regime of the wetland.

The acidification risk factors identified for wetlands within the MDB are directly
applicable to channelised systems. The presence of sulfuric sediments (pH < 4) is
also an additional acidification risk factor. In channel systems, the flow velocity within
channels is also an important risk factor in determining whether mobilisation and

subsequent acidification could potentially occur.

Acid sulfate soil action criteria indicating the need for an acid sulfate soil
management plan have been developed for coastal acid sulfate soils based on soil
texture, sulfide content (i.e. Scr concentration) and mass of soil that will be disturbed
(Table 4-2) (Dear et al. 2002). A higher criterion is given for clay materials which are
expected to have a greater buffering capacity than sandy materials. However, these
action criteria may not reflect the acidification hazard, as some soil materials may
also have a high concentration of existing acidity and/or ANC. The potential
acidification hazard of an acid sulfate soil material is often determined using an acid-
base accounting approach which takes account of these factors (Ahern et al. 2004).

A summary of the acid-base accounting approach is given in Appendix 2.

A summary of the reduced inorganic sulfur concentrations and the calculated net
acidities for channels reported to contain reduced inorganic sulfur compounds is
presented in Table 4-3. The net acidities were found to be highly variable within
channel system sediments in the MDB. High net acidities were observed in some
channel sediments, particularly in the Lower Murray River floodplain, Lower Loddon
River and Burnt Creek. The high net acidities largely reflect the elevated reduced
inorganic sulfur concentrations in the channels at these sites. However, acid-base
accounting calculations show negative net acidities for sediments within Queensland

irrigation channels despite appreciable sulfides due to the high sediment ANC.
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Certain factors may result in an over-estimate of the ANC used in the acid-base
accounting approach. For example, ANC may not be readily or rapidly available (e.g.
locked up in shells) or surface coatings may limit the neutralising ability and reactivity

of carbonate minerals (Ahern et al. 2004).

Table 4-2: Acid sulfate soil action criteria indicating the need for an acid sulfate soil
management plan based on soil texture range, chromium reducible sulfur (Scgr)

concentration and mass of soil that will be disturbed (source: Dear et al. 2002).

Texture range Scr (%)

<1000 t disturbed soil | >1000 t disturbed soil

Coarse: Sands to loamy sands 0.03 0.03
Medium: Sandy loams to light clays 0.06 0.03
Fine: Medium to heavy clays 0.10 0.03

As discussed in Section 2.2, a combination of standard methodologies are often
applied in addition to acid-base accounting to assess the acidification hazard,
including field pH, peroxide testing, soil incubation and mineralogical analysis. Many
of the case studies presented in this study showed sulfuric materials (pH < 4), which
present a significant acidification hazard upon rewetting. These materials were
widespread within channel systems in the MDB (see Sections 2.2.1 - 2.2.3).
Peroxide testing and soil incubation also identified that many channel sediments
within the MDB have the potential to acidify to pH < 4 as a result of sulfide oxidation
(see Sections 2.2.1 — 2.2.4). Mineralogical analysis has shown the presence of
sulfide oxidation products including jarosite, natrojarosite, sideronatrite and
schwertmannite in channel systems which may release acidity upon rewetting (see
Sections 2.2.1 and 2.2.2).
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Table 4-3: Summary of reduced inorganic sulfur concentrations and calculated net

acidities in channel sediments in the MDB.

State River/Creek Reduced inorganic Net Acidity
sulfur (mole H" tonne™)
Concentrations
(%Scr, %Sav)
Min. Max
South River Murray below 0.02 - 0.18% Scr -24 352
Australia Blanchetown (Lock 1)
Finniss River <0.01 - 1.71% Scg -2,070 1,088
Currency Creek <0.01 - 1.49% Scr -40 976
Black Swamp 0.03 — 0.96% Scr 25 606
Goolwa Channel <0.01 — 4.32% Scg -2,277 2,575
Mundic Creek <0.01 - 0.32% Scr -46 233
Pike River <0.01 — 0.58% Scr -51 322
Snake Creek 0.02 — 0.03% Scg 13 24
Dishers Creek, near 0.08 — 0.45% Scg n.a. n.a.
Renmark <0.01 — 0.08% Say
Victoria Lower Loddon River 0.00 — 0.11% Scg -103 168
Burnt Creek 0.00 — 6.25% Scr 7 3,930
Walpolla Creek <0.01 - 0.07% Scr 6 65
Butlers Creek 0.01 — 0.02% Scg 10 28
Picaminy Creek, 0.49% Scr n.a. n.a.
Kerang 0.33% Sav
Irrigation channels, 0.46 — 0.74% Scr n.a. n.a.
Kerang 0.32 — 0.54% S,y
New South Carr’'s Creek 0.01 - 0.10% Scr 8 78
Wales Cappits Creek <0.01 — 0.01% Scr -69 23
Darling Anabranch <0.01 — 0.05% Scr 1 39
Salt Creek <0.01 — 0.05% Scg 2 33
Wakool River <0.01 — 0.04% Scr n.a n.a.
<0.01% Sav
Niemur River 0.01 — 0.03% Scg n.a n.a.
<0.01% Sav
Washpen Creek’ <0.01 - 0.04% Scg 21 58
Talbragar River 0.00 — 0.02% Scg n.a. n.a.
<0.01 — ~0.1% Spy
Irrigation channel, 0.57% Scg n.a. n.a.
Scenic Hill, Griffith 0.24% Say
Irrigation channels, 0.11 - 0.13% Scr n.a. n.a.
Hanwood 0.07 — 0.13% Say
Queensland Irrigation channels, <0.02 — 0.13% Scr -52 -181
Talwood-Mungindi <0.01% Say
region
Whyenbabh irrigation 0.02 — 0.04% Scr -254 -641
channel <0.01 - 0.11% Say

! Disconnected from the Euston Weir pool, River Murray. n.a.: data not available.
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4.2.5 Additional potential hazards

Additional potential hazards associated with reduced inorganic sulfur compounds
include the production of malodours (SO, H,S, organo-S compounds), noxious
gases and dust (Lamontagne et al. 2006; MDBA 2010). In areas where significant
MBO formation occurs, this material may coat surface sediments and reduce habitat
available to benthic invertebrates (Lamontagne et al. 2003). High rates of sulfate
reduction can also increase phosphorus availability for algae and could possibly lead

to the development of algal blooms (Lamontagne et al. 2003).

Lamontagne et al. (2003) also identified the accumulation of radionuclides as a
potential environmental hazard associated with sulfidic sediments in the MDB. In
addition to Fe, other metals (including uranium) can form mineral deposits in the
presence of reduced inorganic sulfur. Therefore, there is the possibility that the
accumulation of sulfidic materials can also lead to the accumulation of radionuclides

in some areas.
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4.3 Defining and assessing risk

Risk is a measure of both the consequences of a hazard occurring, and the likelihood
of its occurrence (MDBA 2010). According to the National Environment Protection
Measures (NEPM), risk is defined as "the probability in a certain timeframe that an
adverse outcome will occur in a person, a group of people, plants, animals and/or the
ecology of a specified area that is exposed to a particular dose or concentration of a
hazardous agent, i.e. it depends on both the level of toxicity of hazardous agent and
the level of exposure” (NEPC 1999).

In the framework presented by MDBA (2010), a series of standardised tables were
provided to define and assess risk. The tables determine the consequence of a
hazard occurring (Table 4-4), and a likelihood rating for the disturbance scenario for
each hazard (Table 4-5). These two factors are then combined in a risk assessment

matrix to determine the level of risk (Table 4-6).

Table 4-4 determines the level of consequence of a hazard occurring, ranging from
insignificant to extreme, and primarily takes account of the environmental and water

quality impacts, both to the waterway and downstream impacts.

Table 4-4: Standardised table used to determine the consequences of a hazard
occurring (source: MDBA 2010).

Descriptor Definition

Extreme Irreversible damage to waterway values and/or waters downstream;
localised species extinction; permanent loss of water supplies

Major Long-term damage to waterway values and/or waters downstream;
significant impacts on listed species; significant impacts on water supplies

Moderate Short-term damage to waterway values and/or waters downstream; short-
term impacts on species

Minor Localised short-term damage to waterway values and/or waters
downstream; temporary loss of water supplies

Insignificant Negligible impact on waterway values and/or waters downstream; no
detectable impacts on species
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Table 4-5 determines the likelihood (i.e. probability) of disturbance for each hazard,
ranging from rare to almost certain. This requires an understanding of the nature and
severity of the materials (including the extent and net acid generating potential) as
well as contributing factors influencing the risk (MDBA 2010). Examples of
disturbance include: (i) rewetting of acid sulfate soil materials after oxidation, (ii) acid
sulfate soil materials that are currently inundated and may be oxidised, or (iii) acid
sulfate soil materials that are currently inundated and may be dispersed by flushing
(e.g. scouring flows) (MDBA 2010). As mentioned previously, the consequence of a
hazard occurring and the likelihood rating for the disturbance scenario for each

hazard are then ranked using a standardised risk assessment matrix (Table 4-6).

Table 4-5: Likelihood ratings for the disturbance scenario (source: MDBA 2010).

Descriptor Definition

Almost certain Disturbance is expected to occur in most circumstances
Likely Disturbance will probably occur in most circumstances
Possible Disturbance might occur at some time

Unlikely Disturbance could occur at some time

Rare Disturbance may occur only in exceptional circumstances

Table 4-6: Risk assessment matrix (source: Standards Australia / Standards New
Zealand 2004).

Likelihood category Consequences category
Extreme Major Moderate Minor Insignificant
Almost certain Very High | Very High High High Medium
Likely Very High High High Medium | Medium
Possible High High High Medium | Low
Unlikely High Medium Medium Low Low
Rare High Medium Medium Low Low
Legend
Very High: Very High Risk - immediate action recommended.
High: High Risk - senior management attention needed.

Medium: Medium Risk - management action may be recommended. Agency responsible
must be specified.
Low: Low Risk - manage by routine procedures.
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The pathway to exposure of the various hazards outlined in this study is dependent
on both natural processes (e.g. droughts and floods) and a variety of management
decisions (e.g. water management regime). The risk framework outlined highlights
the need for primary data. Although a number of potential hazards associated with
reduced inorganic sulfur compounds have been identified, this desktop assessment
has revealed that a thorough assessment of risk on a basin scale is not possible with
the data currently available.
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4.4 Potential impacts of climate change

The potential impacts of climate change on the MDB are not yet fully assessed.
However, the earlier predictions are for warmer conditions, an increasing proportion
of rainfall to occur from heavy falls and increasing occurrence of drought in many
regions. All of these factors may have an impact on either the accumulation of
sulfides within channels or their potential exposure and oxidation through
desiccation, or mobilisation by floodwaters. Specific land management factors such
as water extraction, water capture and drainage will also affect how climate change

may impact the sediments within channels.

4.4.1 Drought

The effects of prolonged drought on the oxidation and acidification of sulfidic
sediments have been examined for agricultural areas (e.g. Wilson et al. 1999).
Drought can exert its greatest impact on already hydrologically stressed river
landscapes. Exposure of unoxidised sulfidic soils by extreme drought is an emerging
concern in drought prone regions. In their natural state, sulfidic sediments are
characteristically waterlogged, and drought has rarely been considered a significant
threat. However, water capture and irrigation have reduced the environmental flows,
particularly at critically dry periods. The vulnerability of drying out water bodies that
currently prevent subaqueous sulfidic soil materials from oxidising is largely
unknown. With higher temperatures, increasing evaporative losses, less rainfall and
greater demand on water resources under a changing climate, subaqueous sulfidic
sediments that are currently protected by natural water bodies will become
increasingly susceptible to exposure by drought.

An insight to the potential scale of drought triggered acid sulfate soil impacts is
currently provided in the lower MDB. Drought has lowered lake water levels,
exposing thousands of hectares of sulfidic shoreline and lake-bed sediments in the
Lower Lakes region (Fitzpatrick et al. 2008a). These sediments are beginning to
oxidise and acidify. Climate change predicts a greater occurrence of drought,
however, the vulnerability of subaqueous acid sulfate soils and potential

consequences to water quality have not been systematically assessed.
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4.4.2 Floods

Biogeochemical processes occurring in channels exert a controlling influence on
water quality (Burton et al. 2006d). Catastrophic fish kills as a result of extreme
deoxygenation and/or acidification can result from large flood events (Bush et al.
2004; Sammut et al. 1996; Johnston et al. 2004). In isolation, it would seem
reasonable to expect that an increase in the frequency of flood events will increase
the environmental and agronomic impact from sulfides within channels. However,
there are a range of other factors that may contribute to the magnitude of floodwater
impacts, such as the abundance of MBO in channels and seasonality.
Deoxygenation is known to be far more intense during summer floods due to the
more rapid decomposition of floodplain vegetation (Johnston et al. 2004). A
consideration of how contaminants accumulate in the soil profile and how MBO
materials accumulate in channels between floods, and the influence of seasonality is
required to begin to understand how future climate change may affect flood induced
impacts in acid sulfate soil landscapes. In addition, higher flow flood events leading
to increased volumes of water and increased flushing as a consequence of climate

change would also potentially affect the impacts.

Our scientific understanding of the chemical, biological and hydrological processes of
sulfidic sediments within channel systems suggests that climate change will have an
impact on these materials. However, advancing our understanding of these impacts
will require new science that integrates the influence of climate change on the
parameters which govern sulfide accumulation and oxidation. This is a critical and

emerging frontier for acid sulfate soil research.
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5. MANAGEMENT OPTIONS AVAILABLE

Where waterways are impacted by sulfidic sediments, a range of management
options are available. In coastal acid sulfate soil landscapes, the management
options include avoidance, prevention of oxidation, oxidation and leaching, removal
of pyritic material, and neutralisation (White and Melville 1993; Ahern et al. 1998;
Dear et al. 2002). However, applying management principles that are relevant to
coastal acid sulfate soil management such as avoiding disturbing acid sulfate sails,
may not be possible in inland systems as strategies, such as avoidance, may not be

under our control (Warren 2010).

Baldwin and Fraser (2009) recently summarised the management options for inland
waterways impacted by sulfidic sediments. The main strategies included minimising
the formation of sulfidic sediments (such as reducing the salt load or re-instating
more natural flow regimes), rehabilitation of impacted waterways (including
inundation and/or neutralisation), or isolation of the acidified water body from the

surrounding environment for wetland systems.

A national guidance document on the management of inland acid sulfate soail
landscapes titled “National guidance for the management of acid sulfate soils in
inland aquatic ecosystems” is about to be released (DEWHA In press). The national
guidance document provides a hierarchy of management options for managing acid

sulfate soils in inland aquatic ecosystems including:

1. Minimising the formation of acid sulfate soils in inland aquatic ecosystems.

2. Preventing oxidation of acid sulfate soils, if they are already present in quantities of
concern or controlled oxidation to remove acid sulfate soils if levels are a concern
but the water and soil has adequate neutralising capacity.

3. Controlling or treating acidification if oxidation of acid sulfate soils does occur.
Protecting connected aquatic ecosystems/other parts of the environment if
treatment of the directly affected aquatic ecosystem is not feasible.

In some instances it may not be practical or even sensible to undertake any active

intervention (for example in a pond used as part of a salt interception scheme), in

which case the management objective is:
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5. Limited further intervention.

The possible activities associated with each management objective is summarised in
Table 5-1. Further information on each management option is provided in detail in

the national guidance document.

Table 5-1: Summary of management objectives and possible activities (source:

DEWHA In press).

Management objective

Activities

Minimising the formation of acid
sulfate soils in inland aquatic
ecosystems

Reduce secondary salinisation through:

lowering saline water tables

maintaining the freshwater lens between saline
groundwater and the

aquatic ecosystem
stopping the delivery of irrigation return water
Incorporating a more natural flow regime

Preventing oxidation of acid
sulfate soils or controlled
oxidation to remove acid sulfate
soils

Preventing oxidation:

Keep the sediments covered by water

Avoid flow regimes that could re-suspend
sediments

Controlled oxidation:

Assess whether neutralising capacity of the
sediments and water far exceeds the acidity
produced by oxidation

Assess the risk of deoxygenation and metal
release.

Monitor intervention and have a contingency plan
to ensure avoidance of these risks.

Controlling or treating
acidification

Neutralise water column and/or sediments by
adding chemical ameliorants

Add organic matter to promote bioremediation by
micro-organisms

Use stored alkalinity in the ecosystem

Protecting adjacent or
downstream environments if

ecosystem is not feasible

treatment of the affected aquatic

Isolate the site
Neutralise and dilute surface water

Treat discharge waters by neutralisation or
biological treatment

Limited further intervention

Assess risk
Communicate with stakeholders
Undertake monitoring

Assess responsibilities and obligations and take
action as required
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6. FUTURE RESEARCH ON CHANNELISED SYSTEMS
IN THE BASIN

The findings of this desktop assessment have shown there are still significant
knowledge gaps in determining the extent and risk of sulfidic sediments in
channelised systems in the MDB. To assess the hazard and risk associated with
sulfide accumulations within channels of the MDB will require new fundamental
knowledge on the landscape factors and geochemical processes that affect the
accumulation and properties of these materials. There is a considerable depth of
knowledge on reduced inorganic sulfur accumulations in coastal landscapes, but the
processes, impacts and options available for management are not directly applicable
to inland settings. To progress an understanding of the environmental hazards and
development of appropriate management response for the MDB will require new

knowledge in the following areas:

1. Specific data on the linkages between the spatial occurrence of reduced
inorganic sulfur accumulations within channels to geomorphic and hydro-
geophysical attributes. Integration of site specific geomorphic data is required
to develop landscape models for the purpose of spatial extrapolation of
reduced inorganic sulfur accumulations across the channelised systems in
the MDB.

2. Field based site specific assessments to characterise the properties of sulfur
compounds and sulfidic sediments in the channel and water column of rivers
and creeks of the MDB.

3. The development of an appropriate sampling strategy for assessing the

spatial extent and magnitude of sulfidic sediments in inland channels.

4. Field and laboratory studies to establish the kinetics and reaction pathways of
sulfidic sediment accumulation in channels of the MDB, with a focus on
determining the main biogeochemical drivers for sulfidisation and geophysical

constraints to their accumulation.
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5. Field and laboratory studies to establish the kinetics and reaction pathways of
oxidation of this material in order to quantify the risks posed by their scour

and mobilisation to water quality.
6. Studies to identify potential management opportunities/interventions that
minimise the formation, disturbance or impacts of sulfidic sediments in the

main channel of rivers and creeks of the MDB.

7. Specific detailed assessment of the potential impacts of climate change and

water management to the environmental risk from sulfides within channels.

8. Further investigation into the fate of mobilised and precipitated metals within

channels.

9. A greater understanding of benthic chemical changes in channel systems,

particularly in the long-term.
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7/.CONCLUSIONS AND RECOMMENDATIONS

e This desktop assessment on the distribution and environmental risk of
reduced inorganic sulfur compounds in river and creek channels in the MDB
has shown that while there is an increasing awareness of the presence of
reduced inorganic sulfur compounds in wetlands in MDB, there are significant
knowledge gaps in determining both the extent and risk of sulfidic sediments

in channelised systems.

o Elevated sulfate concentrations have been suggested as potential drivers for
contemporary sulfide accumulations in channels. Further data specifically on
sulfate concentration and trends in channels will be required to clarify this

potential factor.

e There is not enough data on reduced inorganic sulfur compounds in the MDB
to draw strong conclusions on the level of hazard or risk it poses on a basin
wide perspective. There are a lot of visual records of suspected compounds,
in particular MBOs, but without proper testing for monosulfides it is difficult to

say whether this is evidence of reduced inorganic sulfur compounds.

e From the available data there are some areas within the MDB that have an
acute problem. It is reasonable to suggest that the issue may not be a priority
across the entire basin, but will be in a few priority locations. It is apparent
from the existing data that reduced inorganic sulfur compounds are highly

variable across the entire basin as well as within individual wetland systems.

e We know from our understanding of sulfides in other landscapes that the
formation and disturbances of these compounds can have significant impact

upon water quality and aquatic life.

e We need more information in order to assess the risk and hazard of reduced
inorganic sulfur compounds in channels at a basin level. In particular we do
not have sufficient understanding of reduced inorganic sulfur compounds
within the MDB landscape to predict where they will form and at what

magnitude.
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o There is insufficient information available to assess the relative risk posed by
these sediments (based on their likelihood of occurrence and potential
impacts) when compared to other risks to water resources and water-

dependent ecosystems already identified in the MDB.

The broad recommendation from this study is:

e We need a greater understanding of reduced inorganic sulfur compounds in
river and creek channels within the MDB landscape. We have an
understanding of sulfides in other landscapes (i.e. coastal estuaries, wetlands
and salt marshes), but will require new primary data to establish a
fundamental understanding of the processes and controls on sulfur
accumulation in the MDB. There is insufficient data to assess the direct
applicability of knowledge on sulfur cycling from other well studied systems

such as coastal and marine environments.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 94



8.REFERENCES

Ahern CR, Stone Y, Blunden B (1998) Acid sulfate soils management guidelines.
(Acid Sulfate Soil Management Advisory Committee: Wollongbar, NSW).

Ahern CR, Sullivan LA, McElnea AE (2004) Laboratory methods guidelines 2004 -
acid sulfate soils. In '‘Queensland Acid Sulfate Soil Technical Manual'. (Department of
Natural Resources, Mines and Energy: Indooroopilly, Queensland).

Allen HE, Fu G, Deng B (1993) Analysis of acid-volatile sulfide (AVS) and
simultaneously extracted metals (SEM) for estimation of potential toxicity in aquatic
sediments. Environmental Toxicology and Chemistry 12, 1441-1453.

ANZECC/ARMCANZ (2000) 'Australian and New Zealand guidelines for fresh and
marine water quality.' (Australian and New Zealand Environment and Conservation
Council, Agricultural and Resource Management Council of Australia and New
Zealand: Canberra).

Appleyard SJ, Angeloni J, Watkins R (2006) Arsenic-rich groundwater in an urban
area experiencing drought and increasing population density, Perth, Australia.
Applied Geochemistry 21, 83-97.

Arkesteyn GIJMW (1980) Pyrite oxidation in acid sulphate soils: the role of
microorganisms. Plant and Soil 54, 119-134.

Astrom ME (1998) Mobility of Al, Co, Cr, Cu, Fe, Mn, Ni and V in sulphide-bearing
sediments exposed to atmospheric O,: an experimental study. Environmental
Geology 36, 219-226.

Baldwin D (2008a) Sulfidic sediments in channels of the Edward-Wakool River
system. Report prepared for the Murray-Darling Basin Authority. Murray-Darling
Freshwater Research Centre, Wodonga, Vic.

Baldwin D, Howitt J, Edwards M (2001) Blackwater event. Austasia Aquaculture 15,
21.

Baldwin DS (2008b) Assessment of Sulfidic Sediments in Lake Hawthorn, Cowra
Rooks and Butlers Creek. Report prepared for the Mallee Catchment Management
Authority. Murray-Darling Freshwater Research Centre, Wodonga, Vic.

Baldwin DS (2009) Knowledge needs to minimise adverse water quality events in the
Edward-Wakool River system. A report for the NSW Department of Water and
Energy. Murray-Darling Freshwater Research Centre, Wodonga, Vic.

Baldwin DS, Fraser M (2009) Rehabilitation options for inland waterways impacted
by sulfidic sediments - a synthesis. Journal of Environmental Management 91, 311-
319.

Baldwin DS, Fraser MA, McCarthy B (2008) Assessment of sulfidic sediments at

Washpen Creek, NSW. Report prepared for the Murray-Darling Basin Commission.
Murray-Darling Freshwater Research Centre, Wodonga, Vic.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 95



Baldwin DS, Hall KC, Rees GN, Richardson AJ (2007) Development of a protocol for
recognizing sulfidic sediments (potential acid sulfate soils) in freshwater wetlands.
Ecological Management & Restoration 8, 56-60.

Berner RA (1970) Sedimentary pyrite formation. American Journal of Science 268, 1-
23.

Berner RA (1984) Sedimentary pyrite formation: an update. Geochimica et
Cosmochimica Acta 48, 605-615.

Biggs A, King T (2008) IASS Wetlands Rapid assessment report - Queensland.
Report for the Murray-Darling Basin Commission. Queensland Department of Natural
Resources and Water, Toowoomba, Qld.

Bloomfield C (1972) The oxidation of iron sulphides in soils in relation to the
formation of acid sulphate soils, and of ochre deposits in field drains. Journal of Soil
Science 23, 1-16.

Bloomfield C (1973) Acidification and ochre formation in pyritic soils. In 'Proceedings
of the International Symposium on acid sulphate soils, 13-20 August 1972,
Wageningen, The Netherlands'. Wageningen, The Netherlands. (Ed. H Dost) pp. 40-
51. (International Institute for Land Reclamation and Improvement).

Brown AD, Jurinak JJ (1989) Mechanism of pyrite oxidation in agqueous mixtures.
Journal of Environmental Quality 18, 545-550.

Burton ED, Bush RT, Sullivan LA (2006a) Acid-volatile sulfide oxidation in coastal
floodplain drains: iron-sulfur cycling and effects on water quality. Environmental
Science & Technology 40, 1217-1222.

Burton ED, Bush RT, Sullivan LA (2006b) Elemental sulfur in drain sediments
associated with acid sulfate soils. Applied Geochemistry 21, 1240-1247.

Burton ED, Bush RT, Sullivan LA (2006c) Reduced inorganic sulfur speciation in
drain sediments from acid-sulfate soil landscapes. Environmental Science &
Technology 40, 888-893.

Burton ED, Bush RT, Sullivan LA (2006d) Sedimentary iron geochemistry in acidic
waterways associated with coastal lowland acid sulfate soils. Geochimica et
Cosmochimica Acta 70, 5455-5468.

Burton ED, Bush RT, Sullivan LA, Johnston SG, Mitchell DRG (2008) Mobility of
arsenic and selected metals during re-flooding of iron- and organic-rich acid-sulfate
soil. Chemical Geology 253, 64-73.

Burton ED, Bush RT, Sullivan LA, Mitchell DRG (2007) Reductive transformation of
iron and sulfur in schwertmannite-rich accumulations associated with acidified
coastal lowlands. Geochimica et Cosmochimica Acta 71, 4456 - 4473.

Bush RT (2000) Iron sulfide micromorphology and mineralogy in acid sulfate soils:
Their formation and behaviour. Unpublished Ph.D., University of NSW.

Bush RT, Fyfe D, Sullivan LA (2004) Occurrence and abundance of monosulfidic

black ooze in coastal acid sulfate soil landscapes. Australian Journal of Soll
Research 42, 609-616.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 96



Bush RT, Sullivan LA (1997) Morphology and behaviour of greigite from a Holocene
sediment in eastern Australia. Australian Journal of Soil Research 35, 853-861.

Bush RT, Sullivan LA (1999) Pyrite micromorphology in three Australian Holocene
sediments. Australian Journal of Soil Research 37, 637-653.

Bush RT, Sullivan LA, Lin C (2000) Iron monosulfide distribution in three coastal
floodplain acid sulfate soils, eastern Australia. Pedosphere 10, 237-245.

Bush RT, Ward NJ, Sullivan LA, Southwell M, Fyfe DM, Cheeseman P, Sauerland C,
Bush M, Weber E, Wong VNL (2009a) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: Currawinya Lakes (Currawinya
National Park). Prepared for Murray-Darling Basin Authority. Southern Cross
GeoScience Report 1009. Southern Cross University, Lismore.

Bush RT, Ward NJ, Sullivan LA, Southwell M, Fyfe DM, Cheeseman P, Sauerland C,
Bush M, Weber E, Wong VNL (2009b) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: Macquarie Marshes Nature
Reserve. Prepared for Murray Darling-Basin Authority. Southern Cross GeoScience
Report 409. Southern Cross University, Lismore.

Bush RT, Ward NJ, Sullivan LA, Southwell M, Fyfe DM, Cheeseman P, Sauerland C,
Bush M, Weber E, Wong VNL (2009c) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray Darling Basin: Narran Lake Nature Reserve.
Prepared for Murray Darling Basin Authority. Southern Cross GeoScience Report
609. Southern Cross University, Lismore.

Casas AM, Crecelius EA (1994) Relationship between acid volatile sulfide and the
toxicity of zinc, lead and copper in marine sediments. Environmental Toxicology and
Chemistry 13, 529-536.

Chapman PM, Wang F, Janessen C, Persoone G, Allen HE (1998) Ecotoxicity of
metals in aquatic sediments: binding and release, bioavailability, risk assessment,
and remediation. Canadian Journal of Fisheries and Aquatic Science 55, 2221-2243.

Dear SE, N.G. M, Dobos SK, Watling KM, Ahern CR (2002) Soil management
guidelines. In 'Queensland Acid Sulfate Soil Technical Manual'. (Department of
Natural Resources and Mines: Indooroopilly, Qld).

DEC (2009) Identification and investigation of acid sulfate soils and acidic
landscapes. Department of Environment and Conservation, Perth.

Deer WA, Howie RA, Zussman J (1985) 'An introduction to the rock-forming
minerals.' (Longman: Harlow, England).

Denmead OT, McDonald BCT, Melvile MD, White | (2002) A new source of
atmospheric trace gases: acid sulfate soils. In 'Proceedings of the 5" International
Acid Sulfate Soils Conference. Sustainable Management of Acid Sulfate Soils.
Conference Abstracts, Oral Papers'. Tweed Heads, NSW. 25-30 August 2002. (Eds
BCT Macdonald, AF Keene, G Carlin, LA Sullivan) p. 5. (Tweed Shire Council:
Murwillumbah, NSW).

Dent D (1986) 'Acid sulphate soils: a baseline for research and development.'

(International Institute for Land Reclamation and Improvement ILRI, Wageningen,
The Netherlands).

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 97



DEWHA (In press) National guidance for the management of acid sulfate soils in
inland aquatic ecosystems. Department of the Environment, Water, Heritage and the
Arts (DEWHA).

Di Toro DM, Mahony JD, Hansen DJ, Scott KJ, Carlson AR, Ankley GT (1992) Acid
volatile sulfide predicts the acute toxicity of cadmium and nickel in sediments.
Environmental Science and Technology 26, 96-101.

DOW (2009) Agquatic impacts of disturbed acid sulfate soils in south-west Western
Australia. Technical Series Report No. 21. Department of Water, Perth.

Eyre B, Kerr G, Sullivan LA (2006) Deoxygenation potential of the Richmond River
estuary floodplain, northern NSW, Australia. River Research and Applications 22,
981-992.

Ferguson A, Eyre B (1999) Behaviour of aluminium and iron in acid runoff from acid
sulphate soils in the lower Richmond River catchment. Journal of Australian Geology
& Geophysics 17, 193-201.

Fitzpatrick R, Grealish G, Shand P, Marvanek S, Thomas B, Creeper N, Merry R,
Raven M (2009a) Preliminary assessment of acid sulfate soil materials in Currency
Creek, Finniss River, Tookayerta Creek and Black Swamp region, South Australia.
CSIRO Land and Water Science Report CLW 01/09. CSIRO Land and Water, Glen
Osmond, SA.

Fitzpatrick R, Marvanek S, Shand P, Merry R, Thomas M (2008a) Acid sulfate soil
maps of the River Murray below Blanchetown (Lock 1) and Lakes Alexandrina and
Albert when water levels were at pre- drought and current drought conditions. CSIRO
Land and Water Report Number 12/08. CSIRO Land and Water, Glen Osmond, SA.

Fitzpatrick R, Merry R, Raven M, Shand P (2008b) Acid sulfate soil materials and salt
efflorescences in subaqueous and wetland soil environments at Tareena Billabong
and Salt Creek, NSW: Properties, risks and management. In 'Inland Acid Sulfate Soil
Systems Across Australia. CRC LEME Open File Report No. 249. (Thematic
Volume)'. (Eds R Fitzpatrick, P Shand) pp. 281-293. (CRC for Landscape
Environments and Mineral Exploration: Perth, Australia).

Fitzpatrick R, Powell B, Marvanek S (2008c) Atlas of Australian acid sulfate soils. In
‘Inland Acid Sulfate Soil Systems Across Australia. CRC LEME Open File Report No.
249. (Thematic Volume)'. (Eds R Fitzpatrick, P Shand) pp. 75-89. (CRC for
Landscape Environments and Mineral Exploration: Perth, Australia).

Fitzpatrick R, Shand P (Eds) (2008a) 'Inland acid sulfate soil systems across
Australia ' (CRC for Landscape Environments and Mineral Exploration: Perth,
Australia).

Fitzpatrick R, Shand P (2008b) Overview and conceptual models. In ‘'Inland Acid
Sulfate Soil Systems Across Australia. CRC LEME Open File Report No. 249.
(Thematic Volume)'. (Eds R Fitzpatrick, P Shand) pp. 6-74. (CRC for Landscape
Environments and Mineral Exploration: Perth, Australia).

Fitzpatrick RW, Fritsch E, Self PG (1993) Australia's unique saline acid sulphate soils
associated with dryland salinity. In 'Proceedings National Conference on Acid
Sulphate Soils'. (Ed. RT Bush) pp. 41-56. (CSIRO, NSW Agriculture, Tweed Shire
Council: Coolangatta, QId 24-25 June 1993).

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 98



Fitzpatrick RW, Fritsch E, Self PG (1996) Interpretation of soil features produced by
ancient and modern processes in degraded landscapes: V. Development of saline
sulfidic features in non-tidal seepage areas. Geoderma 69, 1-29.

Fitzpatrick RW, Grealish G, Shand P, Simpson SL, Merry RH, Raven MD (2009b)
Acid sulfate soils assessment in Finniss River, Currency Creek, Black Swamp and
Goolwa Channel, South Australia. Report prepared for Murray-Darling Basin
Authority (MDBA). CSIRO Land and Water Report Number 26/09. CSIRO Land and
Water, Glen Osmond, SA.

Fitzpatrick RW, Merry RH, Raven MD, Shand P (2008d) Acid sulfate soil materials
and salt efflorescences in subaqueous and wetland soil environments at Tareena
Billabong and Salt Creek, NSW: Properties, risks and management. Draft
consultancy report for Murray-Darling Basin Commission (MDBC). CSIRO Land and
Water Science Report 07/08. CSIRO Land and Water Science, Glen Osmond, SA.

Fitzpatrick RW, Naidu R, Self PG (1992) Iron deposits and microorganisms in saline
sulfidic soils with altered soil water regimes in south Australia. In 'Biomineralization
processes of iron and manganese - modern and ancient environments'. (Eds HCW
Skinner, RW Fitzpatrick) pp. 263-286. (Catena Supplement No. 21. Catena Verlag:
Cremlingen-Destedt, Germany).

Fitzpatrick RW, Shand P, Marvanek S, Merry RH, Thomas M, Raven MD, Simpson
SL, McClure S (2008e) Acid sulfate soils in subaqueous, waterlogged and drained
soil environments in Lake Albert, Lake Alexandrina and River Murray below
Blanchetown (Lock 1): properties, distribution, genesis, risks and management.
Report prepared for Department of Environment and Heritage SA. CSIRO Land and
Water Report Number 46/08. CSIRO Land and Water, Glen Osmond, SA.

Fitzpatrick RW, Shand P, Merry RH (2009c) Acid sulfate soils. In 'Natural history of
the Riverlands and Murraylands'. (Ed. JT Jennings) pp. 65-111. (Royal Society of
South Australia (Inc.): Adelaide, South Australia).

Fitzpatrick RW, Shand P, Thomas M, Merry RH, Raven MD, Simpson SL (2008f)
Acid sulfate soils in subaqueous, waterlogged and drained soil environments of nine
wetlands below Blanchetown (Lock 1), South Australia: properties, genesis, risks and
management. Report prepared for South Australian Murray-Darling Basin Natural
Resources Management Board. CSIRO Land and Water Report Number 42/08.
CSIRO Land and Water, Glen Osmond, SA.

Fraser M, Whitworth K, Rees G, Baldwin D, Silvester E, Mitchell A, Hall K (2008)
Rapid formation of reduced sulfur in the sediments of inland Australian waterways -
an emerging natural resource management issue. In 'Proceedings of the Joint
Conference of the 6th International Acid Sulfate Soil Conference and the Acid Rock
Drainage Symposium'. South China Agricultural University, Guangzhou. (Eds C Lin,
S Huang, Y Li) p. 269. (Guangdong Press Group).

Gagnon C, Mucci A, Pelletier E (1995) Anomalous accumulation of acid-volatile
sulphides (AVS) in a coastal marine sediment, Saguenay Fjord, Canada. Geochimica
et Cosmochimica Acta 59, 2663-2675.

Goldhaber MB (1983) Experimental study of metastable sulfur oxyanion formation

during pyrite oxidation at pH 6-9 and 30°C. American Journal of Science 283, 193-
217.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 99



Goldhaber MB, Kaplan IR (1974) The sulfur cycle. In 'The Sea, Vol. 5. (Ed. ED
Goldberg) pp. 569-655. (Wiley-Interscience: New York).

Hall K, Baldwin DS, Rees GN, Richardson A (2006a) Distribution of sulfidic
sediments in inland wetlands of New South Wales. Final report to the NSW
Environment Trust. The Murray-Darling Freshwater Research Centre, Wodonga, Vic.

Hall KC, Baldwin DS, Rees GN, Richardson AJ (2006b) Distribution of inland
wetlands with sulfidic sediments in the Murray-Darling Basin, Australia. Science of
the Total Environment 370, 235-244.

Hicks W, Lamontange S (2006) A guide to sulfur gas emissions from wetlands and
disposal basins: implications for salinity management. CSIRO Land and Water
Scientific Report 37/06. CRC LEME Open File Report 208. CSIRO Land and Water.

Hladyz S, Watkins S (2009) Understanding blackwater events and managed flows in
the Edward-Wakool River system. Fact Sheet p. 2. (Murray-Darling Freshwater
Research Centre: Wodonga, Vic).

Holmer M, Storkholm P (2001) Sulfate reduction and sulfur cycling in lake sediments:
a review. Freshwater Biology 46, 431-451.

Howitt JA, Baldwin DS, Rees GN, Williams JL (2007) Modelling blackwater:
Predicting water quality during flooding of lowland river forests. Ecological Modelling
203, 229-242.

Huerta-Diaz MA, Morse JW (1992) Pyritisation of trace metals in anoxic marine
sediments. Geochimica et Cosmochimica Acta 56, 2681-2702.

Isbell, R. F. (1996), The Australian soil classification, CSIRO, Melbourne.

Johnston SG, Slavich PG, Hirst P (2004) The acid flux dynamics of two artificial
drains in acid sulfate soil backswamps on the Clarence River floodplain, Australia.
Australian Journal of Soil Research 42, 623-637.

Lamontagne S, Hicks W, Fitzpatrick R, Rogers S (2003) Sulfidic materials: an
emerging issue for the management of saline areas the River Murray floodplain. In
'‘Advances in Regolith. Proceedings of the CRC LEME Regional Regolith Symposia'.
(Ed. IC Roach) pp. 244-248. (CRC LEME).

Lamontagne S, Hicks WS, Fitzpatrick RW, Rogers S (2004) Survey and description
of sulfidic materials in wetlands of the Lower River Murray floodplains: Implications
for floodplain salinity management. CSIRO Land and Water Technical Report No.
28/04. CRC LEME Open File Report 165. CRC for Landscape Environments and
Mineral Exploration, Bentley, Western Australia.

Lamontagne S, Hicks WS, Fitzpatrick RW, Rogers S (2006) Sulfidic materials in
dryland river wetlands. Marine and Freshwater Research 57, 775-788.

Lin C, McConchie D, Bush RT, Sullivan LA, Rosicky M (2001) Characteristics of
some heavy metals in acid sulfate topsoils, Eastern Australia. Pedosphere 11, 31-37.

Macdonald BCT, Denmead OT, White |, Melville MD (2004) Natural sulfur dioxide
emissions from sulfuric soils. Atmospheric Environment 38, 1473-1480.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 100



McCarthy B, Conallin A, D'Santos P, Baldwin D (2006) Acidification, salinization and
fish kills at an inland wetland in south-eastern Australia following partial drying.
Ecological Management & Restoration 7, 221-223.

MDBA (2010) 'Detailed assessment of acid sulfate soils in the Murray-Darling Basin:
Protocols for sampling, field characterisation, laboratory analysis and data
presentation." MDBA Publication No. 57/10, 58 pp.

MDBC (2009) Water quality.
http://www2.mdbc.gov.au/nrm/water_issues/water_quality.html (last accessed
22/02/2010).

Morse JW, Arakaki T (1993) Adsorption and coprecipitation of divalent metals with
mackinawite (FeS). Geochimica et Cosmochimica Acta 57, 3635-3640.

Morse JW, Millero FJ, Cornwell JC, Rickard D (1987) The chemistry of the hydrogen
sulfide and iron sulfide systems in natural waters. Earth-Science Reviews 24, 1-42.

Moses CO, Herman JS (1991) Pyrite oxidation at circumneutral pH. Geochimica et
Cosmochimica Acta 55, 471-482.

Moses CO, Nordstrom DK, Hermann JS, Mills AL (1987) Aqueous pyrite oxidation by
dissolved oxygen and by ferric iron. Geochimica et Cosmochimica Acta 51, 1561-
1571.

NEPC (1999) National environment protection (assessment of site contamination)
measure 1999. National Environment Protection Council.

Nielsen DL, Brock MA, Rees GN, Baldwin DS (2003) Effects of increasing salinity on
freshwater ecosystems in Australia. Australian Journal of Botany 51, 655-665.

Preda M, Cox ME (2001) Trace metals in acid sediments and waters, Pimpama
catchment, southeast Queensland, Australia. Environmental Geology 40, 755-768.

Ralph TJ, Baldwin D (2009) Aerial assessment of acid sulfate soils hazards along the
Darling River corridor, western New South Wales. Summary report of aerial
assessment conducted 19th — 21st September 2008. Prepared for Murray-Darling
Basin Authority. NSW Department of Environment, Climate Change and Water
(DECCW) and Murray-Darling Freshwater Research Centre (MDFRC).

Rickard D (1995) Kinetics of FeS precipitation: part 1. Competing reaction
mechanisms. Geochimica et Cosmochimica Acta 59, 4367-4379.

Rickard D, Luther IIl GW (1997) Kinetics of pyrite formation by the H,S oxidation of
iron (1) monosulfide in aqueous solutions between 25 and 125°C: the mechanism.
Geochimica et Cosmochimica Acta 61, 135-147.

Rickard D, Morse JW (2005) Acid volatile sulfide (AVS). Marine Chemistry 97, 141-
197.

Sammut J, Callinan RB, Fraser GC (1993) The impact of acidified water on
freshwater and estuarine fish populations in acid sulphate soil environments. In
'Proceedings National Conference on Acid Sulphate Soils'. Coolangatta, Qld. 24-25
June 1993. (Ed. RT Bush) pp. 26-40. (CSIRO, NSW Agriculture, Tweed Shire
Council).

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 101



Sammut J, White I, Melville MD (1996) Acidification of an estuarine tributary in
eastern Australia due to drainage of acid sulphate soils. Marine Freshwater Research
47, 669-684.

Shand P, Merry RH, Fitzpatrick RW (2008) Acid sulfate soil assessment of wetlands
associated with Lock 8 and Lock 9 weir pools. Consultancy report for Murray-Darling
Basin Commission (MDBC). CSIRO Land and Water Science Report CLW40/08.
CSIRO Land and Water Science Glen Osmond, SA.

Shand P, Merry RH, Thomas BP, Thomas M, Fitzpatrick RW (2009) Acid sulfate soil
assessment of the Pike River system. Consultancy report for the South Australian
Murray-Darling Basin Natural Resources Management Board (SA MDB NRMB).
CSIRO Land and Water Science Report 28/09. CSIRO Land and Water Science
Glen Osmond, SA.

Simpson S, Fitzpatrick R, Shand P, Angel B, Spadaro D, Merry R, Thomas M (2008)
The acid, metal and nutrient mobilisation following rewetting of acid sulfate soils in
the Lower Murray. Prepared for the South Australian Environmental Protection
Agency. CSIRO Land and Water Bangor, NSW.

Simpson SL, Batley GE, Chariton AA, Stauber JL, King CK, Chapman JC, Hyne RV,
Gale SA, Roach AC, Maher WA (2005) Handbook for Sediment Quality Assessment.
CSIRO, Bangor, NSW.

Simpson SL, Fitzpatrick RW, Shand P, Angel BM, Spadaro DA, Mosley L (2010)
Climate-driven mobilisation of acid and metals from acid sulfate soils. Marine and
Freshwater Research 61, 129-138.

Singer PC, Stumm W (1970) Acid mine drainage: the rate determining step. Science
167, 1121-1123.

Smith J (2004) Chemical changes during oxidation of iron monosulfide-rich
sediments. Australian Journal of Soil Research 42, 659-666.

Standards Australia / Standards New Zealand (2004)

Stauber J, Chariton A, Binet M, Simpson S, Batley G, Durr M, Fitzpatrick R, Shand P
(2008) Water quality screening risk assessment of acid sulfate soil impacts in the
Lower Murray, SA. Prepared for the South Australia Environmental Protection
Authority. CSIRO Land and Water Science Report 45/08. CSIRO Land and Water,
Sydney.

Sullivan L, Burton E, Bush R, Watling K, Bush M (2008a) Acid, metal and nutrient
mobilisation dynamics in response to suspension of MBOs in freshwater and to
freshwater inundation of dried MBO and sulfuric soil materials. Final Report. A report
for "The acid, metal and nutrient mobilisation following rewetting of acid sulfate soils
in the Lower Murray Project”. Prepared for the South Australian Environmental
Protection Agency. Centre for Acid Sulfate Soil Research, Southern Cross
GeoScience, Southern Cross University, Lismore, NSW.

Sullivan LA, Bush RT (1997) Quantitative elemental microanalysis of rough-surfaced

soil specimens in the scanning electron microscope using a peak-to-background
method. Soil Science 162, 749-757.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 102



Sullivan LA, Bush RT (2000) The behaviour of drain sludge in acid sulfate soil areas:
some implications for acidification of waterways and drain maintenance. In
'Proceedings of Workshop on Remediation and Assessment of Broadacre Acid
Sulfate Soils'. (Ed. P Slavich) pp. 43-48. (Acid Sulfate Soil Management Advisory
Committee (ASSMAC): Southern Cross University, Lismore).

Sullivan LA, Bush RT (2002) Chemical behaviour of monosulfidic black oozes
(MBOs) in water: pH and dissolved oxygen. In 'Proceedings of the 5" International
Acid Sulfate Soils Conference. Sustainable Management of Acid Sulfate Soils.
Conference Abstracts. Tweed Heads, NSW. 25-30 August 2002. (Eds BCT
Macdonald, AF Keene, G Carlin, LA Sullivan) pp. 14-15. (Tweed Shire Council:
Murwillumbah, NSW).

Sullivan LA, Bush RT, Burton ED (2006a) Acid sulfate soil development issues in the
Peel region. Centre of Acid Sulfate Soil Research, Southern Cross University,
Lismore, NSW.

Sullivan LA, Bush RT, Burton ED (2006b) Contemporary iron stone formation due to
acid sulfate soil processes. In 'Proceedings of the 18th World Congress of Soil
Science, July 2006'. Philadelphia, USA p. 336. (International Union of Soil Sciences).

Sullivan LA, Bush RT, Fyfe D (2002a) Acid sulfate soil drain ooze: distribution,
behaviour and implications for acidification and deoxygenation of waterways. In 'Acid
Sulfate Soils in Australia and China'. (Eds C Lin, MD Melville, LA Sullivan) pp. 91-99.
(Science Press: Beijing).

Sullivan LA, Bush RT, McConchie DM (2000) A modified chromium-reducible sulfur
method for reduced inorganic sulfur: optimum reaction time for acid sulfate soil.
Australian Journal of Soil Research 38, 729-734.

Sullivan LA, Bush RT, Ward NJ (2002b) Sulfidic sediments and salinisation in the
Murray-Darling basin. In 'Proceedings of the 5™ International Acid Sulfate Soils
Conference. Sustainable Management of Acid Sulfate Soils. Conference Abstracts,
Poster Papers'. Tweed Heads, NSW. 25-30 August 2002. (Eds BCT Macdonald, AF
Keene, G Carlin, LA Sullivan) pp. 196-197. (Tweed Shire Council: Murwillumbah,
NSW).

Sullivan LA, Bush RT, Ward NJ (2004) Sulfidic soils associated with salinity in the
Murray-Darling Basin. In 'SuperSoils 2004. Third Soil Science Conference of the
Australian and New Zealand Societies of Soil Science'. Sydney, Australia, 5-9
December 2004 p. 43.

Sullivan LA, Bush RT, Ward NJ, Fyfe DM, Johnston M, Burton ED, Cheeseman P,
Bush M, Maher C, Cheetham M, Watling KM, Wong VNL, Maher R, Weber E (2009a)
Lower Lakes laboratory study of contaminant mobilisation under seawater and
freshwater inundation (long-term study). Prepared for South Australian
Environmental Protection Authority. Southern Cross GeoScience Report 1109.
Southern Cross University, Lismore.

Sullivan LA, Fitzpatrick RW, Burton ED, Bush RT, Shand P (2008b) Assessing
environmental hazard posed by acid sulfate soil materials and other inorganic sulfide-
containing soil materials: classification issues. Plenary Paper, Joint Conference of
the 6th International Acid Sulfate Soil Conference and the Acid Rock Drainage
Symposium. South China Agricultural University, Guangzhou, China, 16-20
September 2008.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 103



Sullivan LA, Fitzpatrick RW, Bush RT, Burton ED, Shand P, Ward NJ (2009b)
Modifications to the classification of acid sulfate soil materials. Southern Cross
GeoScience Technical Report No. 309. April 2009. Lismore, NSW.

Sullivan LA, Ward NJ, Bush RT (2001) Chemical analysis for acid sulfate soil
management. In 'Proceedings of the 2nd Australia and New Zealand Conference on
Environmental Geotechnics - Geoenvironment 2001'. Newcastle, NSW. (Ed. D
Smith) pp. 109-120. (Australian Geomechanics Society Inc.).

Sullivan LA, Ward NJ, Bush RT, Lin C (2002c) Evaluation of approaches of the
chemical analysis of acid sulfate soil. In 'Acid Sulfate Soils in Australia and China'.
(Eds C Lin, MD Melville, LA Sullivan) pp. 72-82. (Science Press: Beijing, China).

Sullivan LA, Ward NJ, Bush RT, Southwell M, Fyfe DM, Cheeseman P, Sauerland C,
Bush M, Weber E, Wong VNL (2009c) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: Gwydir wetlands. Prepared for
Murray Darling-Basin Authority. Southern Cross GeoScience Report 309. Southern
Cross University, Lismore.

Sullivan LA, Ward NJ, Bush RT, Southwell M, Fyfe DM, Cheeseman P, Sauerland C,
Bush M, Weber E, Wong VNL (2009d) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: NSW Central State Forest. Prepared
for Murray-Darling Basin Authority. Southern Cross GeoScience Report 509.
Southern Cross University, Lismore.

Sullivan LA, Ward NJ, Bush RT, Southwell M, Fyfe DM, Cheeseman P, Sauerland C,
Bush M, Weber E, Wong VNL (2009e) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: Paroo River wetlands. Prepared for
Murray-Darling Basin Authority. Southern Cross GeoScience Report 709. Southern
Cross University, Lismore.

Sundstrom R, Astrom M, Osterholm P (2002) Comparison of metal content in acid
sulfate soil runoff and industrial effluents in Finland. Environmental Science &
Technology 36, 4269-4272.

Thomas BP, Creeper NL, Merry RH, Fitzpatrick RW, Shand P, Jayalath N (2009a)
Assessment of acid sulfate soil materials in RAMSAR wetlands of the Murray-Darling
Basin: Lake Albacutya. Prepared for Murray Darling-Basin Authority. CSIRO Land
and Water Science Report 22/09. CSIRO Land and Water, Adelaide.

Thomas BP, Creeper NL, Merry RH, Shand P, Thomas M, Fitzpatrick RW, Hicks W,
Jayalath N (2009b) Assessment of acid sulfate soil materials in RAMSAR wetlands of
the Murray-Darling Basin: Hattah-Kulkyne Lakes. Prepared for Murray Darling-Basin
Authority. CSIRO Land and Water Science Report 20/09. CSIRO Land and Water,
Adelaide.

Thomas BP, Merry RH, Creeper NL, Fitzpatrick RW, Shand P, Raven MD, Jayalath
N (2009c) Acid sulfate soil assessment of the Lower Loddon River and Burnt Creek,
Central Victoria. Draft report prepared for Murray Darling-Basin Authority. CSIRO
Land and Water Science Report 18/09. CSIRO Land and Water, Adelaide.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 104



Thomas BP, Merry RH, Creeper NL, Shand P, Thomas M, Marvanek S, Fitzpatrick
RW, Hicks W, Jayalath N (2009d) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: Barmah Forest. Prepared for Murray
Darling-Basin Authority. CSIRO Land and Water Science Report 22/09. CSIRO Land
and Water, Adelaide.

Thomas BP, Merry RH, Creeper NL, Shand P, Thomas M, Marvanek S, Fitzpatrick
RW, Hicks W, Jayalath N (2009e) Assessment of acid sulfate soil materials in
RAMSAR wetlands of the Murray-Darling Basin: Gunbower Forest. Prepared for
Murray Darling-Basin Authority. CSIRO Land and Water Science Report 23/09.
CSIRO Land and Water, Adelaide.

Tulau M (2009) NSW inland wetlands assessed for ASS. In '"ASSAY - a newsletter
about acid sulfate soils'. (Ed. S Walsh) pp. 8-9. (Industry & Investment NSW:
Wollongbar, NSW, Australia).

Vairavamurthy MA, Orr WL, Manowitz B (1995) Geochemical transformations of
sedimentary sulfur: an introduction. In '‘Geochemical Transformations of Sedimentary
Sulfur'. (Eds MA Vairavamurthy, MAA Schoonen) pp. 1-12. (American Chemical
Society: Washington, DC).

van Breemen N (1973) Soil forming processes in acid sulphate soils. In 'Proceedings
of the International Symposium on acid sulphate soils. 13-20 August 1972,
Wageningen, The Netherlands'. Wageningen, The Netherlands. (Ed. H Dost) pp. 66-
129. (International Institute for Land Reclamation and Improvement).

Ward N, Bush R, Sullivan L, Burton E, Cheeseman P (2009) Study of Monosulfidic
Black Ooze (MBO) in the Geographe Bay area, Western Australia. Prepared for
Department of Environment and Conservation, Western Australia. Southern Cross
GeoScience Report 909. Southern Cross University, Lismore, NSW.

Ward NJ (2004) Sulfide oxidation in some acid sulfate soil materials. Unpublished
Ph.D. Thesis, School of Environmental Science and Management, Southern Cross
University, Lismore, Australia.

Ward NJ, Bush RT, Burton ED, Appleyard S, Wong S, Sullivan LA, Cheeseman PJ
(in press) Monosulfidic black ooze accumulations in the Geographe Bay area,
Western Australia. Marine Pollution Bulletin.

Ward NJ, Sullivan LA, Bush RT (2002) Sulfide oxidation and acidification of acid
sulfate soil materials treated with CaCO3; and seawater-neutralised bauxite refinery
residue. Australian Journal of Soil Research 40, 1057-1067.

Ward NJ, Sullivan LA, Fyfe DM, Bush RT, Ferguson AJP (2004) The process of
sulfide oxidation in some acid sulfate soil materials. Australian Journal of Soil
Research 42, 449-458.

Warren E (2010) National guidance for inland acid sulfate soils. In 'ASSAY - a
newsletter about acid sulfate soils'. (Ed. S Walsh) Issue 51, p. 2. (Industry &
Investment NSW: Wollongbar, NSW, Australia).

White I, Melville MD (1993) Treatment and containment of potential acid sulphate

soils. Consultants report to the roads and traffic authority. CSIRO Centre for
Environmental Mechanics Technical Report No. 53.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 105



Wilson BP, White I, Melville MD (1999) Floodplain hydrology, acid discharge and
changing water quality associated with a drained acid sulfate soil. Marine and
Freshwater Research 50, 149-157.

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 106



APPENDICES

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 107



APPENDIX 1: LABORATORY ANALYTICAL SOIL DATA
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Table 9-1: Table showing pH data, acid sulfate soil materials, classification, Scg, lime
calculation and risk for Murray River below Blanchetown (Lock 1) (source: Fitzpatrick
et al. 2008e).
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Table 9-2: Selected sulfur-based acidity and acid neutralising capacity analyses and
calculations for Murray River below Blanchetown (Lock 1) (source: Fitzpatrick et al.
2008e).
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Table 9-3: Laboratory soil data summary including pH testing and acid-base
accounting for Finniss River, Currency Creek, Black Swamp and Goolwa Channel

samples (source: Fitzpatrick et al. 2009b).

Parameter Description Units Minimum Median  Maximum No. of
Samples
EC Electrical conductivity mS/cm <0.01 5 756 119
pHw pH in water 2.00% 5.80 8.60 119
PHEox pH after peroxide 1.00 1.87 7.59 119
treatment
pHincubation DH after ageing 20 1 00 300 790 1 19
weeks
pHka pH in KCI 2.89 545 948 119
Sulfate mg SO / kg 112 2700 109650 119
TAA Total actual acidity mole H™/ 0 6 2420 119
tonne
ANC Acid neutralising mole H™/ 0 0 3563 119
capacity as %CaCO3 fonne
Scr Cr-reducible sulfur mole H™/ 3 89 2696 119
tonne
NA Net acidity; retained mole H*/ 2277 72 2575 119
acidity not included tonne
Lime Calculated, with a 1.5 kg CaCOs/ -171 5 193 119
Calculation safety factor tonne

*Several salt efflorescences, surface precipitates and sandy surface materials adjacent to streamlines in wetlands near
Wally's Landing (e.g. FIN 26 sites), which underwent rewetting from rainfall events in May 2009 measured pH levels of
0.5to 1.3 in the field and laboratory.
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Table 9-4: pH of field soils in water (pHy), after treatment with hydrogen peroxide
(pPHeox) and after incubating for 16 weeks (pHaging) for Mundic Creek (Pike 1-15), Salt

Lake (Pike 16), Pike River (Pike 17-23), Snake Creek (Pike 24) and Col Col area (Pike 25-
27) (source: Shand et al. 2009).
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Table 9-5: Acid-base accounting data for Mundic Creek (Pike 1-15), Salt Lake (Pike 16),
Pike River (Pike 17-23), Snake Creek (Pike 24) and Col Col area (Pike 25-27) (source:
Shand et al. 2009).

Titratable Reduced Reduced NET LIME
Moisture | pHka | Actual Acidity Inorganic Inerganic ACIDITY CALCULATION
Sulfur Chromium
Sample Site Depth Content | (TAA) (TAA) Sulfur (Scr) ANCBT a-ANCE Suite Chromium Suite
(% Cr mole mole mole kg CaCOs/tonne
(cm) (%) mole H*/tonne | reducible S) Hltanne | %CaCO; | H'tonne | H/tonne DW
(based on (includes 1.5
(to pH 6.5) %Sca(note 2) %Sca) safety factor)
| Method 23A 23F 228 a- 228 19A2 a-19A2 note 5 note §
PIKE 1.1 0-15 629 4.92 24 0.118 74 0.00 0 98 7
PIKE 1.2 15-30 494 4.61 34 0.125 78 0.00 0 112 3
PIKE 1.3 30-60 449 4.76 30 0.095 59 0.00 0 89 7
PIKE 2.1 015 56.6 528 18 0.111 69 0.00 0 87 7
PIKE2.2 15-45 50.1 5.06 27 0.075 47 0.00 0 73 5]
PIKE 2.3 45-60 428 502 28 0.036 22 0.00 0 50 4
PIKE 3.1 0-10 54.8 5.01 22 0.074 46 0.00 0 68 5
PIKE 3.2 10-25 53.9 4.94 33 0.093 58 0.00 0 91 7
PIKE 4.1 0-15 528 532 12 0111 69 0.00 0 81 6
PIKE 4.2 15-25 218 542 12 0.022 14 0.00 0 26 2
PIKE 5.1 0-15 49.2 5.33 13 0.088 55 0.00 0 68 5
PIKE 52 15-30 27.5 546 10 0.043 27 0.00 0 37 3
PIKE7.1 0-5 458 5.01 25 0.038 24 0.00 0 49 4
PIKE 7.2 515 31.9 5.11 24 0.015 9 0.00 0 33 2
PIKE 7.3 15-30 31.7 4.87 28 0.011 7 0.00 0 35 3
PIKE 8.1 0-8 55.3 5.52 14 0.024 15 0.00 0 29 2
PIKE 8.2 8-25 74.3 547 12 0.012 7 0.00 0 19 1
PIKE 9.1 0-10 31.3 575 8 0.005 3 0.00 0 11 1
PIKE 9.2 30-40 312 561 11 0.003 2 0.00 0 13 1
PIKE 10.1 0-15 78.5 5.61 31 0.324 202 0.00 0 233 17
PIKE 10.2 50-90 29.3 5.93 4 0.014 9 0.00 0 13 1
PIKE 11.1 0-8 57.7 5.37 21 0.135 84 0.00 0 105 3
PIKE 11.2 8-20 283 531 17 0.014 9 0.00 0 26 2
PIKE 11.3 20-30 26.6 5.34 16 0.006 4 0.00 0 20 1
PIKE 12.1 0-5 46.8 522 15 0.148 92 0.00 0 107 i)
PIKE 12.2 5-30 30.5 5.38 11 0.023 14 0.00 0 25 2
PIKE 13.1 0-8 487 5.04 17 0.135 84 0.00 0 101 3
PIKE 13.2 8-23 33.4 5.24 11 0.099 62 0.00 0 73 5
PIKE 14.1 0-3 225 5.66 1 0.006 4 0.00 0 5 0
PIKE 14.2 35 19.7 543 3 0.010 6 0.00 0 9 1
PIKE 14.3 5-30 21.1 5.50 2 0.008 5 0.00 0 7 1
PIKE 15.1 0-5 18.5 6.05 0 0.013 8 0.00 0 3 1
PIKE 15.2 5-20 20.1 6.41 0 0.014 9 0.00 0 9 1
PIKE 16.2 1.5-4 29.8 7.18 0 0.158 99 0.62 123 17 1
PIKE 16.3 4-20 259 6.54 0 0.012 7 0.40 80 -46 -3
PIKE 16.4 20-40 20.7 575 6 0.012 7 0.00 0 13 1
PIKE 171 0-8 47.8 6.06 3 0.512 319 0.00 0 322 24
PIKE 17.2 8-25 32.7 6.62 0 0.234 146 0.58 115 69 5
PIKE 17.3 25-50 201 £.46 0 0.073 46 0.00 0 46 3
PIKE 18.1 0-10 50.3 5.68 7 0.181 113 0.00 0 120 9
PIKE 18.2 10-25 31.0 6.28 1 0.072 45 0.00 0 46 3
PIKE 19.1 0-10 55.5 517 16 0.107 67 0.00 0 83 6
PIKE 19.2 10-30 30.1 546 15 0.012 7 0.00 0 22 2
PIKE 20.1 0-12 513 5.26 16 0.087 54 0.00 0 70 5
PIKE 20.2 12-30 30.0 5.69 11 0.026 16 0.00 0 27 2
PIKE 21.1 0-15 53.3 517 18 0.095 59 0.00 0 77 5]
PIKE 21.2 15-25 30.4 5.38 19 0.030 19 0.00 0 38 3
PIKE 22.1 0-15 333 5.31 15 0.012 7 0.00 0 22 2
PIKE 22.2 15-40 28.7 5.15 16 0.012 7 0.00 0 23 2
PIKE 23.1 0-10 52.3 5.66 9 0.088 55 0.00 0 64 5
PIKE 23.2 10-30 63.3 568 10 0.154 96 0.00 0 106 3
PIKE 23.3 30-40 354 £6.23 2 0.046 29 0.00 0 31 2
PIKE 24.1 0-5 442 5.56 6 0.029 18 0.00 0 24 2
PIKE 24.2 5-25 22.4 578 3 0.016 10 0.00 0 13 1
PIKE 25.1 0-10 245 7.38 0 0.011 7 0.44 a7 -51 -4
PIKE 25.2 10-25 22.4 6.20 1 0.004 2 0.00 0 3 0
PIKE 26.1 0-8 43.2 7.22 0 0.195 122 0.96 191 6 0
PIKE 26.2 8-30 30.5 5.37 ] 0.005 3 0.00 0 11 1
PIKE 27.1 0-3 48.5 6.69 0 0.579 361 0.71 142 267 20
PIKE 27.2 3-25 31.3 5.79 [§] 0.025 16 0.00 0 22 2

NOTES

1 - All analysis is Dry Weight (DW) - samples dried and ground immediately upon arrival

2- Samples analysed by SPOCAS method 23 (i.. Suspension Peroxide Oxidation Combined Acidity & sulfate) and "Chromium Reducible Sulfur’ technique (Scr - Method 22B)
3 - Methods from Ahern, CR, McEinea AE , Sullivan LA (2004). Acid Sulfate Soils Laboratory Methods Guidelines, QLD DNRME.

4 - Bulk density was determined immediately on arrival to laboratory (in situ bulk density is preferred)

5 - ABA Equation: Net Acidity = Potential Sulfidic Acidity (i.e. Scror Sox) + Actual Acidity + Retained Acidity - measured ANC/FF

6 - For Texture: coarse = sands to loamy sands; medium = sandy loams to light clays; fine = medium to heavy clays and silty clays

7-CRS, TAA and ANC are NATA certified but other SPOCAS segments are currently not NATA certification

8 - Results at or below detection limits are replaced with "0’ for calculation purposes

9 - Projects that disturb =1000 tonnes of soil, the =0.03% S classification guideline would apply
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Table 9-6: Summary of laboratory analysis of soil samples including pH and acid-base

accounting for the Loddon River (source: Thomas et al. 2009c).

Parameter Units Minimum Median Maximum n
“pH,, pH 3.82 6.26 9.03 32
*pHeox pH 1.55 2.59 6.74 32
*PHsierd pH 2.2 3.9 5.0 12
°DHincubation pH 2.5 4.0 7.0 43
®EChieiq dSm™ 0.04 0.1 2.28 9
"PHkai pH 3.39 4.91 8.62 32
5TAA mole H* tonne™ 0 27.4 120.0 32
S0, mg kg™ SO, 80.7 833 10125 32
9Scr %S 0 0.018 0.108 32
°ANC %CaCO; 0 0 0.806 32
"Net Acidity mole H' tonne™ -103 54.5 168 32

'n: number of samples. “pH,: pH water. *pHrox: pH after peroxide treatment. *pHse: pH
measured in field with pH strips (detailed assessment). 5pHincubaﬁon: pH measured on chip tray
samples kept moist for 19 weeks. ®ECqq: electrical conductivity measured on top soil layer
(rapid assessment). ‘pHke: pH in KCI. ®TAA: total actual acidity pHwc. *Scr: chromium
reducible sulfur. "ANC: acid neutralising capacity. "*Net acidity does not include retained
acidity.

Table 9-7: Summary of laboratory analysis of soil samples including pH and acid-base

accounting for Burnt Creek (source: Thomas et al. 2009c¢).

T

Parameter Units Minimum Median Maximum n

“pH,, pH 2.83 4.68 6.99 10
*PHeox pH 1.95 2.41 3.00 10
*PHiiela pH 1.9 4.4 6.5 12
°PHincubation pH 2.5 3.6 6.5 17
®ECfieid dSm™ 0.18 0.36 5.50 9
"pHci pH 2.84 4.6 6.22 10
5TAA mole H* tonne™ 2.61 42.4 878 10
S0, mg kg™ SO, 303 2805 47700 10
°Scr %S 0 0.023 6.25 10
°ANC %CaCOs 0 0 0 10
"Net Acidity mole H* tonne™ 7.01 66.3 3930 10

'n: number of samples. *pH,: pH water. ®pHrox: pH after peroxide treatment. *pHies: pH
measured in field with pH strips (detailed assessment). 5pHincubaﬁon: pH measured on chip tray
samples kept moist for 19 weeks. ®ECqq: electrical conductivity measured on top soil layer
(rapid assessment). 'pHke: pH in KCI. ®TAA: total actual acidity pHwc. “Scr: chromium
reducible sulfur. *°ANC: acid neutralising capacity. *'Net acidity does not include retained
acidity.
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Table 9-8: pH of field soils in water (pHy) and after treatment with hydrogen peroxide
(pHeox) for Carr’s Creek (Site 954), Cappits Creek (Site 1014), Walpolla Creek (Site 1026)
and Darling Anabranch (Sites 220 and 3470) (source: Shand et al. 2008).
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Table 9-9: Acid-base accounting data for Carr’'s Creek (Site 954), Cappits Creek (Site
1014), Walpolla Creek (Site 1026) and Darling Anabranch (Site 3470) (source: Shand et
al. 2008).

Table 9-10: Acid-base accounting data for Darling Anabranch (Site 220) (source: Shand
et al. 2008).
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Table 9-11: pH of soils in water (pHw) and after treatment with hydrogen peroxide
(pPHeox) (Ahern et al. 2004) for sites sampled at Salt Creek (source: Fitzpatrick et al.
2008d).
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Table 9-12: Selected sulfur-based acidity and acid neutralising capacity analyses and

calculations for sites sampled at Salt Creek (source: Fitzpatrick et al. 2008d).

Distribution and ecological risk of reduced inorganic sulfur compounds in river and creek channels Page 118



Table 9-13: Summary of laboratory sulfide data for Wakool River collected in 2009

(source: Bush unpublished data).

Site Sample Sav Scr
No. (%) (%)
Glenmore Hole Pool <0.005 0.02
T1 <0.005 0.01
T2 <0.005 0.01
T3 <0.005 0.01
T4 <0.005 0.02
Coonamite Bridge Pool <0.005 0.01
T1 <0.005 0.04
T2 <0.005 0.01
T3 <0.005 0.01
T4 <0.005 0.01
Bryans Pool <0.005 0.04
T1 <0.005 0.03
T2 <0.005 0.02
T3 <0.005 0.01
T4 <0.005 0.01
Merran Junction Pool <0.005 0.03

Table 9-14: Summary of laboratory sulfide data for the Niemur River collected in 2009

(source: Bush unpublished data).

Site Sample Sav Scr

No. (%) (%)

Site 1 la <0.005 0.01
1b <0.005 0.01

2a <0.005 0.01

2b <0.005 0.01

3a <0.005 0.01

3b <0.005 0.03

4a <0.005 0.03

4b <0.005 0.01

Site 2 la <0.005 0.02
1b <0.005 0.02

2a <0.005 0.03

2b <0.005 0.02

3a <0.005 0.02

3b 0.007 0.02
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Table 9-15: Summary of laboratory data including soil pH, soil electrical conductivity

(EC) and sulfide levels in channels sampled in February/March 2004 in the Murray-

Darling Basin (source: Sullivan unpublished data).

Site (Depth) F\’NHat(;f I\E/vcr'slt(;r)5 Scr Say

@ds m?) (%) (%)
Dishers (0-10 cm) 8.45 28.70 0.19 0.078
Dishers Creek A (10-30 cm) 8.43 551 0.08 <0.005
Dishers Creek B (10-30 cm) 8.31 6.82 0.45 0.032
Picaminy Creek, Kerang 8.73 2.86 0.49 0.327
Kerang irrigation channel 1 7.18 0.58 0.58 0.540
Kerang irrigation channel 2 8.16 1.73 0.70 0.324
Kerang irrigation channel 3 8.25 1.53 0.74 0.417
Kerang irrigation channel 4 7.80 4.26 0.46 0.351
Beni, Talbragar River 8.95 0.30 0.02 0.022
Ballimore, Talbragar River 8.12 0.39 0.02 0.008
Boomley, Talbragar River 8.85 0.28 0.01 <0.005
Cobbora, Talbragar River 7.52 0.54 <0.01 <0.005
Craboon, Talbragar River 8.21 0.30 <0.01 <0.005
Scenic Hill Grit, Griffith 8.34 0.24 0.57 0.243
Hanwood Grit, Hanwood 8.03 0.41 0.11 0.069
Little Rd Grit, Hanwood 7.71 0.67 0.13 0.134
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Table 9-16: Summary of laboratory data for Talwood-Mungindi region and Whyenbah channels in Queensland (source: Qld DERM unpublished

data).
4 7 AT
Site MDBA Date Depth 'EC o | e (TA;A SCRS | °ANC Ne(t Acl'd'ty AVS C-Ia-\?kt)?)ln (Su”ate
Wetland ID | Sampled & ke {meliz 9 9 el 9 mg SO,
B )| ekt H'itonne) | (#Ser) | (WCACO3) | wyonney | (S | g0y /kg)
Irrigation channel, Talwood-
Mungind region 80051 23-Sep-08 | 0.00-0.05 | 653 | 7.9 7.7 0 0.03 1.50 -181 <0.005 1.33 3810
:\rll”gat."’”. channel, Talwood- 80052 23-Sep-08 | 0.03-0.11 | 366 | 7.8 6.8 0 <0.02 0.80 - <0.005 0.62 3210
ungindi region
:\;”gat.'on. channel, Talwood- 80053 23-Sep-08 | 0.10-0.30 | 4.89 | 7.8 7.1 0 <0.02 0.90 - <0.005 0.45 3900
ungindi region
Irrigation channel, Talwood- - 30-Jul-07 | 0.000.02 | 3630 | 7.7 | 76 0 <0.02 0.80 - - 0.46 -
Mungindi region
Irrigation channel, Talwood- } 30-Jul-07 0.02-0.10 6.88 6.2 55 <10 <0.02 <0.5 - - 0.35 -
Mungindi region ' ’ ’ ’ ' ' ' ’
Irrigation channel, Talwood- - 30-Jul-07 | 0.02-0.10 | 14.00 | 7.5 7.4 0 0.03 0.90 -101 - 0.71 -
Mungindi region
Irrigation channel, Talwood- - 30-Jul-07 | 0.10-020 | 17.40 | 72 | 69 0 0.07 0.80 -63 - 0.69 -
Mungindi region
Irrigation channel, Talwood- - 14-Mar-07 | 0.00-0.10 | 756 | 7.7 | 7.6 0 0.13 1.00 52 - 0.80 -
Mungindi region
Irrigation channel, Talwood-
Mungind region - 14-Mar-07 | 0.00-0.10 | 6.76 | 7.6 7.4 0 0.03 0.90 -101 - 0.64 -
Whyenbah channel 80127 30-Oct-08 | 0.00-0.05 | 045 | 8.2 8.2 0 0.02 2.00 -254 0.005 1.65 -
Whyenbah channel 80128 30-Oct-08 | 0.00-0.08 | 039 | 82 8.1 0 0.04 5.00 -641 0.114 1.41 -

'EC: electrical conductivity (1:5 soil:water). pH,;: pH water (1:5 soil:water). *pHxci: pH in KCI. “TAA: total actual acidity. *CRS: chromium reducible sulfur. *ANC: acid neutralising capacity. "Net
acidity does not include retained acidity. 8AVS: acid-volatile sulfide.
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Table 9-17: Summary of acid sulfate soils rapid assessment data for Talwood-Mungindi

region and Whyenbah channels in Queensland (source: MDBA unpublished data).

Water Water Water
Site oAl pate | oe | Soil EC W;;er EC EC | Sulfate
D Sampled (dS/m) (field) (field) (lab) (mg
(dS/m) (dS/m) | SO, /kg)
Irrigation channel,
Talwood-Mungindi 80051 23-Sep-08 | 40-7.4 1.46 - 3.42 7.95 8.10 7.68 498
region*
Irrigation channel,
Talwood-Mungindi 80052 23-Sep-08 | 48-7.3 0.74-6.72 8.67 18.50 18.49 1968
region
Irrigation channel,
Talwood-Mungindi 80053 23-Sep-08 | 45-7.1 0.37-12.20 6.75 5.27 3.29 219
region*
Whyenbah 80127 | 30-Oct-08 | 6.9-7.7 | 020-1.40 | 860 | 1.22 1.22 448
channel
Whyenbah 80128 | 30-Oct-08 | 6.2-8.1 | 027-043 | 910 | 1.07 1.08 431
channel

Triggers Exceeded: 'EC soil: high; EC water high; pH soil: moderate; Sulfate water: high. 2EC soil: high;
Sulfate water: high. ®EC soil: moderate; Sulfate water: high. * As determined by both in-field
measurements and subsequent analysis of samples collected in chip-trays.

Table 9-18: Summary of laboratory data including pH and acid-base accounting for

Butlers Creek (source: Baldwin 2008b).

Sample | Texture pH Scr TAA ANC Net Acidity
(1:5 (%) (mole H* (mole H* based on Scr
water) tonne™) tonne™) (mole H" tonne™)
1 Fine 5.04 0.017 16 24 10
2 Fine 4.91 0.012 21 0 28
3 Fine 4.84 0.014 18 5 23

Table 9-19: Summary of laboratory data including pH and acid-base accounting for
Washpen Creek, NSW (source: Baldwin et al. 2008).

Sample Texture Scr TAA Net Acidity
(%) (mole H" tonne™) based on Scg
(mole H tonne™)
1 Medium 0.036 15 38
2 Fine 0.012 27 34
3 Fine 0.018 46 57
4 Medium <0.005 21 21
5 Fine 0.026 41 58
6 Medium 0.038 14 38
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APPENDIX 2: ACID-BASE ACCOUNTING METHODOLOGY
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Acid-base accounting is used to assess both the potential of a soil material to
produce acidity from sulfide oxidation and also its ability to neutralise any acid formed
(Sullivan et al. 2001, 2002c). The standard acid-base accounting approach
applicable to acid sulfate soil from Ahern et al. (2004) is:

Net Acidity = Potential Sulfidic Acidity + Existing Acidity — Acid Neutralising
Capacity/Fineness Factor

An explanation of the components of this acid-base accounting approach is given
below.

e Potential Sulfidic Acidity (PSA): The Potential Sulfidic Acidity is most easily
and accurately determined by assessing the Chromium Reducible Sulfur.
This method was developed specifically for analysing acid sulfate soil
materials (Sullivan et al. 2000) to assess their Potential Sulfidic Acidity (PSA).
This is also known as the ‘acid generation potential’ (AGP). The method is
also described in Ahern et al. (2004), which includes the chromium reducible
sulfur (Scr: Method Code 22B) and its conversion to PSA.

e Existing Acidity: This is the sum of Actual Acidity and Retained Acidity
(Ahern et al. 2004). Titratable Actual Acidity (TAA) is a measure of the actual
acidity in acid sulfate soil materials that has already been oxidised. TAA
measures the sum of both soluble and exchangeable acidity. The Retained
Acidity is the acidity ‘stored’ in minerals such as jarosite, schwertmannite and
other hydroxysulfate minerals. While these minerals are stable under acidic
conditions, acidity can be released under altered environmental conditions.
The methods for determining both TAA and Retained Acidity are given by
Ahern et al. (2004).

e Acid Neutralising Capacity (ANC): Soils with pH > 6.5 may potentially have
ANC in the form of (usually) carbonate minerals, primarily of calcium,
magnesium and sodium carbonates. The carbonate minerals present are
estimated by titration, and alkalinity present is expressed in calcium
carbonate (CaCOs3) equivalents. Any acid sulfate soil material with a pH < 6.5
has a zero ANC (Ahern et al. 2004). The methods for determining ANC are
given by Ahern et al. (2004).

e Fineness Factor (FF): This is defined by Ahern et al. (2004) as “a factor
applied to the ANC result in the acid-base account to allow for the poor
reactivity of coarser carbonate or other acid neutralising material. The
minimum factor is 1.5 for finely divided pure agricultural lime, but may be as
high as 3.0 for coarser shell material”. Fine grinding of soil materials may
lead to an over-estimate of ANC when carbonates are present in the form of
hard nodules or shells. In soils they may provide little effective ANC when
exposure to acid may result in the formation of surface crusts (iron oxides or
gypsum), preventing or slowing further neutralisation reactions. The use of
the “Fineness Factor” also applies to those naturally occurring alkalinity
sources in soil materials as measured by the ANC methods.
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APPENDIX 3: SUMMARY OF ACID SULFATE SOIL RAPID
ASSESSMENT SITES IN RIVER AND CREEK CHANNELS
WITHIN THE MURRAY-DARLING BASIN
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Figure 9-1: Map showing the acid sulfate soil rapid assessment sites in river and creek

channels in South Australia (source: MDBA).

Figure 9-2: Map showing the acid sulfate soil rapid assessment sites in river and creek

channels in Victoria (source: MDBA).
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Figure 9-3: Map showing the acid sulfate soil rapid assessment sites in river and creek

channels in New South Wales (source: MDBA).

Figure 9-4;. Map showing the acid sulfate soil rapid assessment sites in river and creek

channels in Queensland (source: MDBA).
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