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EXECUTIVE SUMMARY 
 
The aim of this guideline is to provide the basic rationale and describe a set of practical 
methods to assist environmental managers to identify and manage acid sulfate soil (ASS) risks 
in River Murray wetlands. The management guidance is particularly focussed on wetlands in the 
Riverine Recovery Project (RRP) and the South Australian Riverland Floodplains Integrated 
Infrastructure Program (SARFIIP). This guideline comprises the following 7 stages: 
 
Initial characterisation (Stage 1): The initial or screening stage involves verification of the 
presence of ASS materials at a particular site. The Atlas of Australian Acid Sulfate Soils 
(AAASS) should be used in the first instance to assess the potential presence of ASS. Standard 
field observations and laboratory tests sufficient to diagnose ASS should be undertaken and 
discussions held with key stakeholders or landholders.  
 
Problem categorisation (Stage 2): Desktop assessment by gathering reconnaissance 
information through conducting a comprehensive literature review on ASS characteristics and 
extent (e.g. the AAASS and State agency maps and data bases should be interrogated to 
estimate percentage coverage of ASS), site characteristics, historical background, background 
monitoring data and environmental values. This information is used to construct a conceptual 
site model (e.g. soil-regolith model) to identify the various types and subtypes of ASS and the 
generalised pathways of formation and exposure. 
 
Design an ASS investigation (Stage 3): Conduct a more detailed reconnaissance field ASS 
investigation in order to determine sampling plans (e.g. number of sampling sites along transect 
traverses) and choose the suite of laboratory methods to use. This can be used to address gaps 
identified in the conceptual site model in order to answer management questions. 
 
Characterise and analyse ASS (Stage 4): Conduct detailed field and laboratory investigations 
using standard field and laboratory protocols to assess and characterise ASS materials that are 
specifically suitable for the RRP wetlands. This can encompass the re-sampling or sampling of 
soil layers from geographically well-distributed and locally representative sites (soil profiles) and 
analysed using a combination of standard methods: (i) soil morphology, (ii) field pH testing, (iii) 
peroxide testing, (iv) acid-base accounting, (v) soil incubation (ageing), and (vi) selected 
samples for metal mobilisation analyses. The conceptual site model can be updated to include 
the field and laboratory assessment findings. 
 
Note: The above process was used in the RRP Phase 1 and 2 acid sulfate soil assessment to: 
(i) Report on the presence, nature and extent of observed ASS materials; (ii) Advise on potential 
hazards posed by ASS soil materials, (iii) Identify the number of samples and analysis required 
to assess the hazards. 
 
Assess hazard/risk (Stage 5): Analyse and interpret the field and analytical data to determine 
the spatial distribution of the following three relative hazards associated with the presence of 
ASS materials and the various ASS subtypes:  

 Acidification hazard:  
o High - sulfuric (pHW < 4) and hypersulfidic material. 
o Moderate – moderately acidic (4.0 < pHW < 5.5) hyposulfidic material. 
o Low – weakly or non acidic (pHw > 5.5) hyposulfidic material and non-acid 

sulfate soils. 
 De-oxygenation hazard: abundant accumulations of easily mobilised monosulfidic 

material occurring at the sediment water interface within shallow lakes or streams 
presents a high de-oxygenation hazard; the de-oxygenation hazard decreases with 
decreasing monosulfide concentration, accumulation and/or mobilisation potential. 

 Metal mobilisation hazard: the metal mobilisation hazard is considered relative to the 
acidification hazard and or de-oxygenation hazard. 

 
Develop ASS hazard maps to display (a) the spatial distribution of ASS types within a wetland 
and (b) illustrate near surface soil features (e.g. different types of cracking and salt 
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efflorescences) and the deep underlying (>~1 m to 150 cm) layers (e.g. olive grey clays, 
calcretes) to provides wetland managers with an understanding of the past and present 
conditions at a site. The presence of key risk receptors (aquatic species, vegetation, water 
supplies) and pathways should be assessed. The conceptual site model can be utilised to 
identify hazards and risks under the management scenarios being considered (e.g. drying and 
wetting of wetland). 
 
Note: In this project, ASS hazard maps and soil regolith toposequence models were constructed 
for RRP wetlands to reflect the abundance and spatial distribution of ASS types identified. 
Hazards were defined using the following colour code: red is associated with the high soil 
hazard rating class, amber with the moderate soil hazard rating class, and green with the low 
soil hazard rating class. 
 
Finally, establish the level of risk associated with each identified hazard at a wetland using a 
framework outlined in this guideline and in consultation with relevant wetland managers. In 
order to assist wetland managers in decision-making, the level of risk outlined in final reports 
should be accompanied by an explanation of the major contributing factors to the risk level (e.g. 
water management regimes, water chemistry, wetland values etc.). 

Decide on management options (Stage 6): A summary of general management principles 
and options for the main ASS hazards encountered in RRP wetlands was developed. Each of 
the following management principles identified will need to be explained and discussed to 
provide guidance to managers on how they can be applied. The hazard ratings and 
management principles need to be applicable to the mapping units identified on the ASS hazard 
maps.  

Prevent or minimise disturbance of Acid Sulfate Soils (Principle A): 
 Avoidance of exposure of high risk materials during drying cycles 
 Avoidance of mobilisation of hazardous materials 
 Avoidance of construction impacts 
 Avoidance of grazing disturbance 

 
Reduce build-up of hazardous Acid Sulfate Soil materials (Principle B) 

 Drying and wetting cycles – Wetland scale 
 Drying and wetting cycles – wetland scale in response to weir pool lowering 

 
Contain or treat hazardous acid sulfate soil materials (Principle C) 

 Isolate higher risk materials from exposure and prevent dewatering/oxidation 
 Containment on-site and/or treatment off-site to minimise risk of wetland impacts 
 Rewetting of affected wetlands 
 Neutralisation - provide an agent (e.g. limestone) to neutralise acid produced 
 Bioremediation 

 
No intervention option – erect warning signs and establish monitoring programs 
(Principle D) 
 

This stage also can involve formulation of an Acid sulfate soil management plan. 

Monitoring and reporting (Stage 7)  

Monitoring: Both soil and water quality monitoring should be undertaken to detect changes in 
ASS conditions and nature of effluent discharges, and to assess the potential impact of the 
discharge on the downstream environment. 
Establishment of stakeholder and public engagement plans: Establish and implement a 
stakeholder and public engagement plan to facilitate the timely distribution of obtained ASS 
information to a broad and relevant group of stakeholders and community groups identify soil 
subtypes with associated soil hazard rating classes.  
Documentation: Where measures are required to manage drained ASS or to protect aquatic 
environments, these should be documented and lodged with an appropriate body. 
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1. PURPOSE 
 
The aim of this guideline is to provide information to assist environmental managers to identify 
and manage acid sulfate soil risks in River Murray wetlands, in particular those in the Riverine 
Recovery Project (RRP) and selected sites under the South Australian Riverland Floodplains 
Integrated Infrastructure Program (SARFIIP). 
 
Acid sulfate soils can have catastrophic impacts on soil, water quality, aquatic ecosystems and 
water supplies if not managed appropriately. 
 
This guideline forms part of a larger project commissioned by the Department for Environment 
and Water (DEW), South Australia, to obtain information on the nature, extent, hazards and 
management of acid sulfate soil materials in 17 priority managed South Australian wetlands as 
identified by the RRP and the SARFIIP.  
 
The need for the project arose firstly because there is a limited amount of acid sulfate soil 
information in current River Murray wetland management plans. Secondly, the new 
infrastructure and hydrological changes induced in managed wetlands as part of the RRP and 
SARFIIP (i.e. reintroduction of drying and wetting cycles for improved wetland health) can 
create potential risks of adverse environmental impacts that arise from acid sulfate soils due to 
the long term static water management regimes as a result of river regulation. 
 
The accumulated knowledge incorporated into this guideline is drawn from over a decade of 
experience assessing and managing acid sulfate soil risk in key wetlands in the Murray-Darling 
Basin and elsewhere (e.g. Lamontagne et al. 2006; Thomas et al. 2009, 2011, 2019; Hicks et al. 
2009, Thomas and Fitzpatrick 2011; Fitzpatrick et al. 2008,a,b,c,d,e,f,h,I,j; 2009a,b; 
2010a,b,c,d,e; 2011a,b; 2016; 2017a,b,c; 2018a,b; Grealish et al. 2014; Creeper et al. 2013, 
2015; MDBA 2009; 2010; 2011; Mosley et al. 2014a,b,c,d,e; 2017). The recent national 
guidances1 on acid sulfate soils were also considered in the context of the current project. 
 
There are various approaches, phases, stages and steps for ensuring acid sulfate soil risks are 
identified and managed but there is no “authoritative one-size-fits-all” approach. This guideline 
provides specific information relating to acid sulfate soil management in RRP wetlands that 
have been recently re-assessed (Thomas et al. 2019) and key learnings, principles and options 
that can be used by environmental managers to identify and address existing or emerging acid 
sulfate soil hazards. This information is critical for managed wetlands in this region. However 
each wetland needs to be considered and managed individually according to the characteristics 
of the particular site (e.g. known hazards, previous wetting and drying cycles, infrastructure 
operation, water availability, infrastructure operations and climate). Many of these factors are 
dynamic and hence continual observation, assessment and adaptive management is required 
as the RRP and SARFIIP infrastructure moves into the operational phase. 
 
This guideline details management options that can be incorporated as part of wetland 
management plans and activities, to prevent the impact of acid sulfate soils on environmental 
and socio-economic values. The general principles and the strategies in the guideline may also 
be applicable to other wetlands in the Murray-Darling Basin region. 
 

  

                                                      
1 Available at http://www.waterquality.gov.au/issues/acid-sulfate-soils (accessed 26 March 
2019) 
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2. BACKGROUND 

 Riverine Recovery Project Wetlands 
 
The Department for Environment and Water’s Riverine Recovery Project (RRP) is a $98 million 
project which seeks to achieve long-term improvements in the health of the riverine environment 
between the South Australian/Victorian border and Wellington, SA. In addition, the project aims 
to provide water savings of up to 15 GL, through improved adaptive wetland management, that 
will be transferred to the Commonwealth as entitlements for environmental purposes. 
 
The Wetlands Project Element of RRP is primarily focused on management of pool-connected 
wetlands, typically implementing a regime of drying and re-wetting otherwise permanent 
wetlands to mimic the natural annual variation in river level, and is implemented through a 
phased approach. RRP Wetlands Phase 2 identified 17 priority wetlands (with five wetlands 
from Phase 1B) to receive investment in infrastructure and scientific investigation to improve 
management outcomes (Figure 2-1). Investigations aim to enable infrastructure management 
refinement, and identification of complementary measures, for the optimisation of environmental 
benefit and minimisation of risk.  
 

 Acid Sulfate Soil Assessments in RRP wetlands 
All the 17 priority wetlands (Figure 2-1) have recently received desktop assessment of historic 
information and/or detailed field and laboratory assessment (Thomas et al. 2018; Thomas et al. 
2019) using the field and laboratory methods manual for this project (Fitzpatrick et al. 2018a).  
 
The majority of the historic data was collected as part of the Murray-Darling Basin Acid Sulfate 
Soil Risk Assessment Project, between 2007 and 2011. During this period CSIRO Land and 
Water carried out a series of detailed acid sulfate soil assessments at over 146 River Murray 
wetlands, between the South Australia – Victorian border and the Lower Lakes. The main 
investigations within the South Australian River Murray wetlands region, relevant to the 17 
identified wetlands included: 

 Riverland Ramsar site (2007); 10 wetlands (35 sites, 116 soil samples and 14 water 
samples), 

 Wetlands above Lock 5 (2008);  
 Wetlands between Lock 1 and Lock 5 (2010); 56 wetlands (317 sites, 1334 soil samples 

and 96 water samples), and 
 Disconnected wetlands between Lock 1 to Lock 5 (2007-2008); 9 wetlands 370 soil 

samples and 162 water samples), and 
 Wetlands below Lock 1 to Wellington Region (2008-2010); 71 wetlands (248 sites, with 

763 soil samples and 18 water samples). 
 Gurra Gurra Complex (2007 and 2010); 4 wetlands (26 sites, with 56 soil samples and 4 

water samples). 
 
A total of over 600 sites were sampled, that included 2600 soil samples described and collected 
for laboratory analysis, and 300 water samples from either surface or pit water collected for 
laboratory analyses. The samples obtained provided a baseline for the wide range of soil 
conditions present in the wetlands. The data obtained during 2007 to 2010, which included field 
observations, laboratory, and photographic data, was collated and reviewed (Thomas et al., 
2018). Risk ratings assessed for RRP priority wetlands were based on the type of acid sulfate 
soil material, acid sulfate soil sub-types, associated hazards, likelihood, consequences, 
following standard methods outlined in MDBA (2011); Fitzpatrick et al. (2011b) and Fitzpatrick 
et al. (2018a). The Desktop Review report was also used to inform field sampling requirements 
for the detailed acid sulfate soils assessment of 8 RRP wetlands which was completed in 
December 2018. During the assessment a total of 155 sites were described, with 706 soil 
samples collected for laboratory analysis. A database of field, laboratory, and photographic data 
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was compiled and interpreted to determine, and update the hazard rankings for each wetland 
(Thomas et al. 2019). 

As a note of caution, while historical information is useful, acid sulfate soil hazards can be 
dynamic over time and space so caution needs to be applied in extrapolating previous survey 
findings to current conditions. 

 

 

Figure 2-1. Map showing the location of the 17 wetlands assessed (Note: Murtho Park-Weila 
Complex and Spectacle Lakes-Beldora Wetlands are grouped in this assessment) 

 

 Acid sulfate soil formation and hazards in the Murray-
Darling Basin 

Acid sulfate soils (ASS) is the name given to those soils or unconsolidated sediments in which 
sulfuric acid may be produced, is being produced, or has been produced in amounts that have a 
lasting effect on main soil characteristics (Pons 1973).  These soils contain sulfide minerals 
(principally iron sulfides) or are affected by geochemical or biochemical transformations of 
sulfide minerals (Dent 1986) and are found globally.  
 
Acid sulfate soils can potentially  impact inland freshwater lakes, wetlands, creeks and rivers 
(Fitzpatrick and Shand 2008); as well as coastal water bodies such as estuaries in Australia. 
Other potential consequences of ASS disturbance or exposure include deoxygenation of soil or 
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surface waters and the release of metals and nutrients, which potentially pose a hazard to soils, 
water quality and living ecosystems.  They are wide-spread throughout the world in coastal and 
inland areas (Dent and Pons 1995).  Areas impacted by ASS in Australia form an estimated 
215,000 km2, 58,000 km2 is coastal ASS and 157,000 km2 is inland ASS (Fitzpatrick et al. 
2008e). 
 
The following nomenclature and definitions used for ASS materials is as defined by the 2nd 
edition of Australian Soil Classification (Isbell and National Committee on Soils & Terrain 2016): 
 

 Hypersulfidic material: Sulfidic material that had a field pH of 4 or more and the pH 
dropped by at least 0.5 units to less than 4 when incubated at field capacity for at least 
8 weeks. 

 Hyposulfidic material: Sulfidic soil material that had a field pH of 4 or more and the pH 
dropped by at least 0.5 units to not less than 4 when incubated at field capacity for at 
least 8 weeks. 

 Sulfuric material: Soil material that has a pH < 4 (1:1 by weight in water, or in a 
minimum of water to permit measurement) when measured as a result of the oxidation 
of sulfidic materials and evidence of sulfidic material such as underlying sulfidic material 
and/or the presence of yellow masses of jarosite along old root channels and faces of 
peds. 

 Monosulfidic material: Soil material containing ≥0.01% acid volatile sulfide. 
 
Hypersulfidic and hyposulfidic materials form under water logged conditions when there is a 
sufficient supply of sulfate, iron and organic matter, and sulfate-reducing bacteria are active. 
When acid sulfate soils with hypersulfidic material dry, oxidation of pyrite may cause strong 
acidification (pH <4) and form sulfuric material. Neutralising capacity can be present in the soil 
that may buffer against acidification (typically if fine limestone/calcareous material is present) if it 
is effective (i.e. not coated in Fe oxide or gypsum) and in sufficient concentration relative to the 
pyrite content. 
 
Re-saturation of sulfuric material under no flow (ponding) situations can lead to in-situ re-
formation of pyrite and pH increase due to activity of sulfate reducing bacteria, which also 
require available organic carbon (OC)(Yuan et al. 2015; Kölbl et al. 2017, 2018). However, 
rewetting of sulfuric materials in the presence of a hydraulic gradient can cause leaching and 
mobilisation of acidity and other ASS by-products to downstream environments. 
 
Acid sulfate soil hazards can be created or turn into risks due to anthropogenic activities such 
as river regulation and drainage and disconnection of wetlands. Since the 1920s, water levels in 
the River Murray and many permanently connected wetlands have been artificially managed 
using various locks, gates and levee banks along the river channel. The construction of locks, 
barrages and levee banks has allowed accumulation of acid sulfate soil materials due to: 
 

 Artificially stable water conditions in many wetlands for over 80 years that has resulted 
in considerable build-up of hyposulfidic, hypersulfidic and monosulfidic materials due to 
permanent waterlogging (i.e. lack of regular drying cycles to oxidise or “burn off” pyrite 
that would have formed naturally) 

 The evaporative concentration of sulfate (a feedstock for ASS formation) from often 
groundwater-connected river salt loads during the period of stable pool level. 

 The lack of natural scouring and seasonal flushing of wetlands 
 A plentiful supply of organic matter from aquatic vegetation (e.g. Phragmites Australis 

and Typha sp.) 
 
The RRP and SARFIIP infrastructure gives managers the ability to create more drying and 
wetting cycles in wetlands, semi-independent of the river flow and level conditions.  
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3. GENERAL MANAGEMENT PRINCIPLES FOR ASSESSMENT 
AND MANAGEMENT OF ACID SULFATE SOILS 

This section discusses how to apply the general guidelines for assessment and management of 
acid sulfate soils in inland wetlands (Table 3-1). The stages in the process of site 
characterisation of acid sulfate soils and the development of management options for particular 
sites and regions are presented in Table 3-1. 

Table 3-1. General guidelines for assessment and management of Acid Sulfate Soils in inland 
freshwater areas (from Fitzpatrick et al. 2011b) 

STAGES MAIN TASKS AND DECISIONS 
1. Initial characterisation              
 

 Verify incidence or occurrence of ASS (visual indicators and/or field measurements) 
 Conduct due diligence 

2. Problem 
categorisation 
 

 

 

 Consult stakeholders (owners, community, regulators) 
 Obtain existing historical and background information 
 Assess likely extent of regional/local investigations and develop an analysis plan  
 Desktop identification of various types and subtypes of ASS (from Atlas of Australian 

ASS), pathways of formation and exposure to develop a conceptual site model (e.g. 
soil-toposequence model) based on available data and system understanding. 

 Determine the environmental values of the ASS-affected freshwater areas, interim 
goals, possible long term vision and end results 

 Identify regulatory requirements and develop communication plans 
 If sulfuric materials are widespread, immediately proceed to step 3. 

3. 3. Design investigation 

 

 Conduct reconnaissance field investigations of ASS 
 Design rapid ASS investigation to address: 

a. Approaches based on risk (e.g. conduct detailed assessment if 
sulfuric material is identified in Stage 2) 

b. Gaps and stakeholders questions 
 Decide on: 

a. Sampling plans 
b. Laboratory methods  

4. 4. Characterise and analyse 

 
 

 Conduct rapid or detailed field and laboratory investigations 
 Interpret data: morphological, chemical (e.g. pH incubation data and acid base 

accounting) and mineralogy 
 Update conceptual site model to include field and laboratory assessment findings  

5. 5. Assess hazard/risk  
 
 
 
 

 

 List and rank hazards for each geographical area: high, moderate or low 
 Develop ASS hazard maps 
 Assess presence of key risk receptors (aquatic species, vegetation, water supplies) and 

pathways 
 Utilise conceptual site model to identify hazards and risks under the management 

scenarios being considered (e.g. drying and wetting of wetland) 
 

6. 6. Decide on management 
options 

 

 

 Determine likely management options to mitigate ASS effects, e.g.: 
o Managed wetting and drying cycles, including weir pool lowering 
o Applying limestone or organic matter amendments 
o Construction of temporary control structures 
o Pumping or reflooding water into areas to maintain water levels 
o Dredging of channels 

7. 7. Monitoring and reporting  Monitor acid sulfate soil impacts and effectiveness of management actions 
 Complete final reports and upload to public ASS websites 
 Present report to inform stakeholders and other organisations 
 Develop and implement communication plans, especially public reporting procedures (e.g. 

Information Sheet on ASS); conduct field training courses 
 Deposit project data in secure government database(s) to facilitate long-term storage and 

use. 
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4. HOW TO APPLY THIS GUIDE 
 
The flowchart in Table 3-1 contains the main tasks and decisions required to adequately 
complete a regional or site characterisation at a wetland site containing acid sulfate soil 
materials. The flowchart process starts with a preliminary investigation followed by more 
intensive investigations as required. The more detailed information provided in the sections 
below (corresponding to the stages in the flowchart) is intended to assist the user in applying 
the intent of the guideline to a real situation, with specific reference to RRP and SARFIIP 
wetlands. 
 
However caution is advised when following the checklist in Table 3-1. Each site to be 
characterised will be different, often with unique requirements, and therefore the user should not 
“blindly follow” all the stages or checklist and many of the initial assessment stages and 
protocols have already been specifically provided for RRP wetlands as part of this project 
(Fitzpatrick et al. 2018a; Thomas et al. 2019). Rather, the stages promoted in the guideline 
should be followed and an appropriate site-specific approach be formulated for each region or 
site being investigated. In general, the approach outlined allows data collected at each stage to 
be assessed and fed into planning the next stage of investigation. However, for areas where all 
the evidence suggests that sulfuric (pH<4) material or acidic water (pH<6.5) appears to be 
widespread, detailed field investigations and management should immediately commence 
(Stages 5-6). 
 

5. INITIAL CHARACTERISATION – STAGE 1 
If there is a wetland where acid sulfate soils are suspected, an investigation can be initiated. 
This initial or screening stage (Stage 1) comprises verification of the presence of these 
materials at a particular site. The Atlas of Australian Acid Sulfate Soils (AAASS2) should be 
used in the first instance to assess the potential presence of ASS. Standard tests and 
observations sufficient to diagnose ASS should be undertaken and discussions held with key 
stakeholders or landholders.  
 
The field and laboratory methods manual associated with this project (Fitzpatrick et al. 2018a) 
provides detailed description of initial and detailed acid sulfate soils characterisation methods. 
Some visual observations of acid sulfate soil materials are shown in Figure 5-1. 
 
A field recording sheet has been developed (Table 5-1), where information can be allocated to 
each soil layer (a1.1, a1.2, etc.) to identify the ‘Key soil/water features and acid sulfate 
materials’ using the question and answer format. The following 7 points are included relating to 
occurrences or interpretations of: 
 

 surface water levels — for example, subaqueous, hydrosol, unsaturated soils 
 soil colour mottling or presence of orange-brown or yellow precipitates (e.g. see Figure 

5-1 a-d) 
 slickensides (smooth/polished surfaces on soil) (e.g. see Figure 5-1f) 
 texture 
 field pH value (measured by electrode or pH indicator methods) 
 saline, sodic or salt efflorescences present (e.g. see Figure 5-1a) and specify type — 

for example, Gyp (= Gypsum) and measure field electrical conductivity (EC)  
 types of acid sulfate soil materials (e.g. monosulfidic material, e.g. see Figure 5-1e) 

 
Refer to Fitzpatrick et al. (2018a) for sampling and analysis methods and Thomas et al. (2019) 
for detailed description of acid sulfate soil materials in RRP wetlands. 
 
 
  

                                                      
2 See the AAASS http://www.asris.csiro.au/mapping/viewer.htm and  
https://biological.adelaide.edu.au/acid-sulfate-soil/atlas/ for further instructions and links 
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Table 5-1. Field sheet to classify and record key soil/water features and acid sulfate materials 
 

Soil/water features and 
materials 

Code Definitions 

Subaqueous condition/soils W Surface water levels, 2.5 m below the surface water level  
Hydric condition/soils Hyd Surface water levels, 0.50 m above the surface water level 
Unsaturated condition/soils Uns Drained soils with water level below 0.50 m 

Salt efflorescences Ef Fluffy salt accumulations (e.g. gypsum and halite) 
Gypsum/Halite crusts Gyp See Glossary (Appendix 9 – Fitzpatrick et al. 2018a) 
Calcareous materials Ct See Glossary (Appendix 9 – Fitzpatrick et al. 2018a)  
Shells Sh Hard, protective outer layer created by an animal that lives 

or previously lived in the sea or inland environment 
Organic rich material/soil Or See Glossary (Appendix 9 – Fitzpatrick et al. 2018a) 
Clays Cy See Table A2-2 (Fitzpatrick et al. 2018a) 

Sands Sa See Table A2-2 (Fitzpatrick et al. 2018a) 
Loams Lo See Table A2-2 (Fitzpatrick et al. 2018a) 
Sulfuric material/soil Su See Appendix 4 (Fitzpatrick et al. 2018a) 
Hypersulfidic material/soil He See Appendix 4 (Fitzpatrick et al. 2018a) 
Hyposulfidic material/soil Ho See Appendix 4 (Fitzpatrick et al. 2018a)  
Monosulfidic wet Mow See Appendix 4, Table A4-1 (Fitzpatrick et al. 2018a) with 

n-Value greater than 1 
Monosulfidic material dry Mod See Appendix 4 (Fitzpatrick et al. 2018a), with n-Value with 

n-Value between 1 and 0.7 
Reddish Fe-rich 
precipitates/gels 

Rp Reddish-yellow Fe-rich precipitates/gels (schwertmannite-
rich) (e.g. see Figure 5-1 c-d) 

Saline soils Sal See Appendix 3, Table A3-1 (Fitzpatrick et al. 2018a) 
Sodic soils Sod See Appendix 3, Table A3-1 (Fitzpatrick et al. 2018a) 

 

 
Site 
 
a1 

Depth 
mm 

Surface 
Water 
levels 
(e.g. 
W/Hyd 
or 
drained 
Uns?) 

1Do 
mottled 
greyish 
to bluish 
colours 
occur? 

2Do 
slicken-
sides 
occur? 

What is 
the soil 
texture? 

3pH 
 

4Saline 
or 
sodic? 
Or Ef? 

Acid sulfate 
soil 
materials 
(e.g. Mow) 

a1.1 0-10 Uns NO NO Loamy >4 Gyp Non, Lo 

a1.2 10-100 Hyd NO NO Loamy <4 saline Su, Cy  

a1.3 100-500 Hyd NO YES Clayey <4 saline Su, Cy 

a1.4 500-
1000 

Hyd YES YES Clayey >4 saline He, Cy 

a1.5 1000-
1500 

Hyd YES YES Clayey >4 saline He, Cy 

 
1Is surface water 
2.5 m below the 
surface water 
level? 

1Do mottled 
greyish to bluish 
colours occur in 
the soil profile? 

2Do slickensides 
occur? 

3Measure pH  4Measure 
electrical 
conductivity 

If yes, then soil is 
subaqueous 

If yes, then soil is 
wet  

If yes, then soil is a 
cracking clay 

If pH is <4.0, 
then soil is 
sulfuric  

If EC is >0.7 
dS/m, then soil is 
saline 
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Figure 5-1. Visual indicators of acid sulfate soil materials including (a) coatings of strong brown 
iron-rich precipitates with associated white salt efflorescences on soil surfaces and vegetation 
surfaces in wetlands at Murtho Park. (b) strong brown iron-rich precipitates and sodium and 
sulfate salts at the surface of a sulfidic soil profile at Gurra Gurra. (c-d) suspended strong brown 
coloured iron-rich precipitates in drain water and groundwater discharge (dewatering) sites at 
Pyap Horseshoe. (e) and (f) monosulfidic material in drying, saline creeks at Gurra Gurra. 
 
 

(b) 

(c) 

(a) 

(d) 

(e) (f) 
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6. PROBLEM CATEGORISATION – STAGE 2 
This stage involves a desktop assessment by gathering reconnaissance information on acid 
sulfate soil characteristics and extent (e.g. the AAASS and State agency maps via NatureMaps 
> Soils and data bases such as Soil Sites SA should be interrogated to estimate percentage 
coverage of acid sulfate soils), site characteristics, historical background, background 
monitoring data and environmental values. This will provide background information on the 
likely exposure pathways and effects of ASS. If practical, it should include a brief field trip, more 
in-depth consultation with key stakeholders (e.g. landowners, community and regulators) 
followed by a comprehensive literature review on potential impacts of ASS in the range of 
existing environments present (e.g. water bodies, soil types and geology). The literature review 
may include searches of existing and historical reports and databases, stakeholder websites 
and journal articles or reports. This information will permit identification and the initial 
demarcation of acid sulfate soils in different wetlands and regions. The historical acid sulfate 
soil information assessment was completed as part of the RRP project with the findings 
contained in the report by Thomas et al. (2019) and summarised in Table 6-1. 
 
Based on all the accumulated data and ideas gained from preliminary investigations it is useful 
to construct a conceptual site model to identify the various types and subtypes of ASS and the 
generalised pathways of formation and exposure. Firstly, use all readily accessible information, 
which may include data from desktop studies such as available archival/historical published soil, 
vegetation, DEM data and geological map information. Data from the initial field 
reconnaissance, laboratory investigations and interviews, and known management factors, is 
then used to improve the model.  
 
For example, the general model shown in Figure 6-1 for a wetland under a drying scenario 
describes the sequential transformation of the following ASS subtypes at a location that has 
dried due to drought lowering water levels and then after winter rainfall partial rewetting. Under 
normal or natural wetting and drying cycles, build-up of ASS materials was likely minimised.  
However, since the completion of locks, weirs and embankments associated with river 
regulation, sulfidic materials (e.g., pyrite) are likely to have accumulated in subaqueous or 
submerged soils.  Lower water levels (e.g. due to drought or artificial lowering) can result in the 
progressive exposure of hypersulfidic material in wetlands, which in turn leads to the formation 
of sulfuric material (pH <4) (Figure 6-1). More detailed conceptual models can be progressively 
developed as described below. 
 

 

Figure 6-1.  Generalised conceptual model showing the sequential transformation of four 
classes of ASS due to lowering of water levels from:  “Deep-water ASS” to  “Subaqueous 
ASS” to  “Waterlogged and saturated ASS” (all containing sulfidic / hypersulfidic material with 
high sulfide concentrations and pH>4) to  “Drained and unsaturated ASS” containing sulfuric 
material (pH<4) in the upper soil layers (from Fitzpatrick et al. 2008b; Fitzpatrick et al. 2009a).

Subaqueous ASS in water at depths shallower than 2.5m
Sulfidic or MBO materials

Waterlogged and saturated ASS in upper parts of soil with anaerobic conditions
Sulfidic or MBO materials

Drained and unsaturated ASS in upper parts of soil with aerobic conditions
Sulfuric material (pH less than 4) or
MBO material with desiccation cracks

Deep water ASS material below a water depth of 2.5m
Sulfidic or MBO (monosulfidic black ooze) materials

Lowering of water levels to depths shallower than 2.5m due to drought conditions and evapotranspiration 
Formation of subaqueous ASS with sulfidic material or MBO in shallow water

Lowering of water levels until the soil surface is no longer under water but still saturated
Increased formation of sulfidic or MBO materials due to higher organic matter accumulation and temperatures 

Lowering of water levels and watertables resulting in upper parts of the soil becoming drier and aerobic
Progressive exposure of sulfidic material to air
Formation of sulfuric acid because pyrite in sulfidic material reacts with oxygen 
Development of sulfuric materials (pH drops below 4)

L
o

w
erin

g
 w

ater levels



Table 6-1. List of priority RRP wetlands (listed according to the wetland number), historic survey date/s, sample numbers and primary report references.  

# Wetland Site Date Surveyed # Sites  / Profiles Surveyed 
# of Samples Assessed  

Soil Water MBO Primary Reports Referenced 

1 Murtho - Weila 

July 2008 

4 15 3 1 

Thomas et al. (2011a) 
2 Lake Merreti 2 8 0 0 
3 Lake Woolpolool 3 12 0 0 
4 Woolenook Bend  4 12 1 0 

5 Goat Island & Paringa Paddock April 2010 16 69 3 7 Grealish et al. (2010) 

6 Pyap Horseshoe North Section None 
None 

DEWNR (2014a)  

7 Spectacle Lakes, Beldora Nth & Sth None DEWNR (2014b) 

8 Murbko South 
Nov 2007, 
April, July & Nov 2008 

8 28 3 0 Shand et al. (2009) 

March 2010 8 30 4 0 Grealish et al. (2010) 

9 Sugar Shack Complex August 2008 8 26   

Grealish et al. (2011) 10 Silver Lea August 2008 3 11   

11 Big Bend Sept 2008 3 9   
12 North Caurnamont Sept 2008 4 11   

13 North Purnong Jan 2008 4 18   Fitzpatrick et al. (2008g) 

14 Caurnamont Sept 2008 3 10   
Grealish et al. (2011)  15 Teal Flat Sept 2008 3 10   

16 Teal Flat Hut Sept 2008 3 12   

17 Gurra Gurra 
July 2007 17 26 4 2 Shand and Fitzpatrick (2007). Unpublished data 

July 2010 16 32 4 2 Grealish et al. (2010) 
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7. DESIGNING AN ACID SULFATE SOIL INVESTIGATION – STAGE 3 
In Stage 3 an investigation is designed to address gaps identified in the conceptual site model and to 
answer stakeholder questions. This stage should also involve a more detailed reconnaissance field 
ASS investigation in order to determine sampling plans and choose the suite of laboratory methods to 
use. 

The design of field sampling investigations for the characterisation of sites with acid sulfate soils is a 
complex subject. Sampling plans must be site-specific to account for varying site conditions, that can 
range from subaqueous to waterlogged to dried soils. 

As part of this project detailed field and laboratory methods guidance has been provided for the 
assessment of acid sulfate soils in RRP wetlands (Fitzpatrick et al. 2018a). The aim of this methods 
document is to provide the ‘basic’ rationale and describe a set of standardised methods for conducting 
detailed desktop, field and laboratory assessments of acid sulfate soils in managed wetlands in the 
South Australia River Murray region, between Wellington and the South Australian/Victorian border.  
The field and laboratory assessment protocol was conducted as a two-phase series of investigations 
involving: 

1. Phase 1 to determine whether or not ASS materials are present (or absent) for the wetland area, 
provide characterisation of the properties and subtypes of ASS present, and to provide for the 
collection of sterile samples for potential DNA extraction; and 

2. Phase 2 to determine the nature and severity and the specific hazards and risks associated with 
the ASS materials. 

Phase 2 assessment was only conducted on those acid sulfate soil materials identified during Phase 
1, which are determined to be a priority concern. The methods described in this document have been 
adapted and updated from the Murray–Darling Basin Authority (MDBA 2010) protocol document by 
incorporating contemporary ASS methods and classification systems to better fit the unique 
environmental settings of managed wetlands in the South Australian River Murray wetlands region. 
This revised ASS assessment document by Fitzpatrick et al. (2018a) consists of office appraisals 
using Google Earth images, field sampling, field characterisation, laboratory analysis, data 
interpretation and reporting protocols. 

The number of sites placed in a study area will depend on the size of the study area and a transect 
approach is to be used to locate sites within a wetland (see Fitzpatrick et al. 2018a). An example of 
transects and placement of sites is presented in Figure 7-1. Prior to transects being placed, the 
wetland as a whole should be observed to determine the likely landscape or geomorphic zones that 
occur. For example, if wetlands are in a drying phase and therefore the water level decreases and 
contracts to the lower parts of the wetland. This happens over a period of time and the retreating water 
level leaves behind a drying soil environment across a range of geomorphic landscapes within the 
wetland. In a hypothetical wetland this forms a concentric pattern like 'onion rings' around the centre or 
lowest part. There is a somewhat gradational change in soils, from the dried soils on the periphery to 
transitional moist to wet soils, and then those that are covered with water at the centre. This pattern 
identifies a sequence related to the hydrology and topography as shown in Figure 4-4. 
 
The study areas are generally lower than the surrounding landscape, either as a wetland, river, 
stream, lake, estuary, or receding shoreline. The transects and sample sites should be topographically 
related in short traverses that extend from the step-up high edge of the shore/bank (where generally 
reeds are growing and marks the old high water-level shoreline) to the lowest point (in dry wetlands) or 
to the deepest water depth (where water is present) at which it is practical to sample (e.g. see Figure 
4-5). 
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Table 7-1. Study area size and suggested approximate number of sites. Where toposequence 
transects are employed a reduction in the number of sites per hectare may be justified. In contrast, 
where extensive areas of hazardous materials have been identified, or a large amount of soil-
landscape complexity, more sites may be justified. 

 

Study area size (ha)  Number of sampled sites  

<5 2 

5 – 20 4 

20 –100 8 

100 – 500 12 

>500 20 

Other wetland features may identify zones that should be taken into consideration when selecting 
different landscapes within the wetland that require sampling. These include: 

1. soil surface condition (for example, cracks, in-filled cracks, no cracks, sandy, firm, sealed) 
2. vegetation pattern (no-vegetation, reeds, weeds, trees) 
3. location and number of water entry and exit points and the distribution of the inlet/outlet channel 

features throughout the wetland 
4. soil surface topography 
5. presence of surface gels, algae or organic matter on the soil surface underwater 
6. water depth (as an extension of the toposequence). 

 

Once potential zones of interest have been identified in a wetland, one or more transects may be 
located depending on the study area size and variability. Sites for sampling are then placed along the 
transect and located within each of the zones that the transect crosses. In this way the site sample 
data can be associated with the topographic position in the wetland and other associated wetland 
features that determined the zone. This will assist with providing an understanding of where ASS 
materials occur in the landscape and extrapolating from the site to similar areas. 
 
The site locations and the number of sites placed along the transect traverses will be determined by a 
person equivalently skilled but should take into account the following: 

1. Safe access to a sampling site location (farm tracks, gates, proximity to public roads) and any 
necessary permissions from landholders, SA government (e.g. research permit) and 
indigenous community as required. 

2. Visually observed variability (vegetation habitat changes, soil surface condition changes, water on 
the surface, topography changes) and observed variability on remotely sensed image maps 
and other mapped information. 

3. Information about the area supplied by the landholder and relevant State/Territory staff. 
4. Data from the earlier wetland assessment sampling event, if conducted. 
5. All sites are to be accurately geo-referenced and notes made as to the rationale behind the 

transect position and site locations, including a cross-section sketch showing the transect and 
features. 

If necessary other ad hoc sites can be placed in the study area to capture particular sites of interest.  

See Fitzpatrick et al. (2018a) for detailed guidance as required and the reader is also referred to the 
new national guidance on sampling and assessment of acid sulfate soils (Sullivan et al. 2018a,b). 
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Figure 7-1. Generalised schematic cross-section diagram displaying the sampling locations for wet 
wetlands in the rapid assessment method (Modified from MDBA 2009).  
 

8. CHARACTERISE AND ANALYSE ACID SULFATE SOIL – STAGE 4 
Detailed field and laboratory investigations (Stage 4) should be conducted according to standard field 
and laboratory protocols, for example, as outlined in MDBA (2010), the RRP wetlands in Fitzpatrick et 
al. (2018a), and national guidance material (Sullivan et al. 2018a). The sampling and analytical 
methods used must be suited to the sites, soil types and acid sulfate soil materials present. Table 8-1 
provides a list of laboratory parameters that were used in the RRP Phase 1 and 2 assessment. 
 
Information emanating from Phase 1 Assessment was used to: 

a. Report on the presence, nature and extent of observed ASS materials; 

b. Advise on potential hazards posed by ASS soil materials where possible; 

c. Make recommendations on the requirement for further analyses through Phase 2, 
including the number of samples to be analysed. 
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Table 8-1. Phase 1 and 2 methods and objectives for RRP wetlands (from Fitzpatrick et al. 2018a) 

Data and Analysis Objective Method 

Phase 1   

pHwater (pHW) Measures the current sampled status of 
the soil acidity or alkalinity 

pH meter; 1:1 soil:water 
(Rayment and Higginson 
1992; Rayment and Lyons 
2010) 

pHperoxide (pHOX) Measures the potential end oxidized 
status of the soil pH  

pH meter; Method 4E1 
(Rayment and Higginson 
1992; Rayment and Lyons 
2010) 

pHincubation (pHInc) Represents a scenario for soil sample on 
exposure to air (oxygen) for a specified 
period of time 

Fitzpatrick et al. 2010b 

Electrical conductivity Measure of the soil salt content (Rayment and Higginson 
1992; Rayment and Lyons 
2010) 

Soil texture  Assessment of texture to assist with 
interpretation of acid base accounting 
results 

Hand texture determination 
placed into 3 classes – 
coarse, medium, fine (see 
Table 10-5) 

Phase 2   

pHKCl  pH value.  Provides trigger value (pHKCl 
>6.5) for deciding to test for acid 
neutralising capacity. Part of acid base 
accounting suite. 

pH meter. Method 23A  
(Ahern et al. 2004) 

Chromium reducible sulfur 
(SCR) 

Identifies presence of sulfides.  For acid 
base accounting suite. 

Method 23B  (Ahern et al. 
2004) 

Titratable actual acidity 
(TAA) 

Identifies soil acidity. For acid base 
accounting suite. 

Method 23F  (Ahern et al. 
2004) 

Acid neutralising capacity 
(ANC) (where pHKCl >6.5) 

Identifies neutralising capacity of soil. 
For acid base accounting suite. 

Method 19A2  (Ahern et al. 
2004) 

Retained acidity (RA) Identifies stored soil acidity. For acid 
base accounting suite. 

Method 20J  (Ahern et al. 
2004) 

Net acidity (NA) Identifies the soil acidity (or alkalinity). 
Calculated in acid base accounting 
method & liming rate supplied. 

Calculated (Ahern et al. 
2004) 

Acid volatile sulfur (AVS) Identifies indicative presence of 
metastable iron monosulfide minerals 

Method 22A  (Ahern et al. 
2004) 

Metal mobilisation Risk of metal release following rewetting Adapted from Simpson et 
al. (2010) 

Total Carbon and Nitrogen Measure of content in soil  (Rayment and Higginson 
1992, Rayment and Lyons 
2010) 
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Following the field assessment, the conceptual site model can be improved, which is valuable to both 
technical and non-technical observers and can be used to demonstrate the most basic or the most 
intricate details of a site. These models can also show the vertical and horizontal relationships 
between surface and subsurface ASS features, demonstrate where certain areas are changing with 
time and finally where areas of uncertainty or concern exist at a site. They also provide the framework 
for detailed analyses between areas of known and interpreted results to be displayed. Conceptual site 
models in the form of soil-regolith toposequence models have the ability to display both detailed 
surface features (e.g. different types of cracking and salt efflorescences) and the deep underlying (>~1 
m to 1.50 cm) layers (e.g. olive grey clays, calcretes). 

Two examples of soil regolith models (CSM) for (i) lacustrine settings and (ii) deeper pools in a drying 
flood runner creek setting are shown in Figure 8-2 and Figure 8-3 for the RRP wetlands. 

These models can also be used to convey the past, present and potential future conditions at a site, 
and can be extremely useful for devising a path forward to rehabilitate a site or demonstrating 
compliance to a regulatory agency.  
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Figure 8-1. Site plan showing pH incubation data for Gurra Gurra lakes sampling sites and the 
location of transect K-L. Field indicators of ASS conditions are summarised in Table 8 2 for the 
landscape position. A conceptual soil regolith model for transect K-L is illustrated in Figure 8 2. 
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Table 8-2. Summary of field ASS indicators for Gurra Gurra Lakes based on landscape position 
 

  Site position 
Dominant 

cover type 

(Aerial 

mappable) 

Dominant 

Texture 

Class 
Matrix 

Munsell Matrix colour 
Mottles 

Quantity 

(redox) 
Mottle 

Munsell Mottle Colour 
MBO 

(Gel) 

observed 
MBO 

(mottles) 

observed 

Gurra Gurra 

(Lakes, lagoons 

and streams) 

High point   Veg-typa   Silty clay, 

peaty 
10YR 

6/1 
Light yellowish 

brown <1% to 15% 2.5Y 

4/4 
Moderate 

olive brown    

Mid point   SubAq Sed   Clay 10YR 

6/1 
Light yellowish 

brown 2-5% 5B 4/1 Dark bluish 

grey yes yes 
Low point   SubAq Sed   Clay N 4/2 Grey 2-15% N 4/4 Grey yea yes 
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Figure 8-2 Conceptual site (soil-regolith toposequence) model for transect K-L at the Gurra Gurra lakes illustrating typical soil characteristics. 



 

A Guide to Managing Acid Sulfate Soil Risks in South Australian River Murray Wetlands                                        

24

 
Figure 8-3 Conceptual site (soil-regolith toposequence) model for transect GS-GS’ at the Gurra Gurra wetland (Lyrup) illustrating typical soil characteristics. 
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9. HAZARD AND RISK EVALUATION – STAGE 5 
Stage 5 comprises investigations and interpretations that are primarily focussed on determining 
the relative hazards associated with the presence of ASS materials and more importantly with 
the various ASS subtypes.  

 Defining and Assessing Hazards 
Acid sulfate soil materials when disturbed can lead to the following hazards:  
 

 Acidification hazard:  
o High - sulfuric (pHW < 4) and hypersulfidic material. 
o Moderate – moderately acidic (4.0 < pHW < 5.5) hyposulfidic material. 
o Low – weakly or non acidic (pHw > 5.5) hyposulfidic material and non-acid 

sulfate soils. 
 De-oxygenation hazard: abundant accumulations of easily mobilised monosulfidic 

material occurring at the sediment water interface within shallow lakes or streams 
presents a high de-oxygenation hazard; the de-oxygenation hazard decreases with 
decreasing monosulfide concentration, accumulation and/or mobilisation potential. 

 Metal mobilisation hazard: the metal mobilisation hazard is considered relative to the 
acidification hazard and or de-oxygenation hazard. 

 

The hydrogeochemical processes that are responsible for these hazards are inherently linked, 
in that both acidification and redox status are likely to influence the mobilisation of metals and 
metalloids. Acid sulfate soil materials may present a ‘current’ hazard to an environment where 
the hazard has been measured or observed, or present a ‘potential’ hazard to a particular 
environment where laboratory analyses of soil properties indicates that a hazard is likely to 
eventuate if environmental conditions change. It is acknowledged that there are other hazards 
associated with acid sulfate soil materials such as the production of odours, noxious gases and 
dust. These hazards may be identified and acknowledged in reports emanating from the 
detailed assessment of acid sulfate soil materials. These form the basis for determining risk 
when taken alongside a range of other factors and impacts e.g. to environmental values and 
water quality. The outcomes of the acid sulfate soil hazard assessments for the 17 RRP 
wetlands considered in the current project (refer Thomas et al. 2019) are summarised in Table 
9-1. 
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Table 9-1. Phase 1 and 2 methods and objectives for RRP wetlands (from Fitzpatrick et al. 
2018a). 

RRP 
wetland 
no. 

Assessment 
Completed 

Wetland Name 
Acidification 
Hazard 

De-oxygenation 
Hazard 

Metal 
Mobilisation 
Hazard 

1 Phase 1 & 2 Murtho-Weila Low to high Moderate to high High 

2 Phase 1 & 2 Lake Merreti Low to moderate Moderate Moderate 

3 Phase 1 & 2 Lake Woolpolool Moderate Moderate Low to moderate 

4 Phase 1 & 2 
Woolenook Bend 
Complex 

Moderate to high Moderate to high Low to moderate 

5 Phase 1 
Goat island & Paringa 
Paddock Moderate to high Low to high Moderate 

6 Phase 1 & 2 Pyap Horseshoe Moderate to high Low to high Moderate 

7 Phase 1 & 2 
Spectacle Lakes (Beldora 
Nth and Sth) Moderate to high Low to high Moderate 

8 Phase 1 Murbko South Moderate Moderate Low 

9 Phase 1 & 2 
Sugar Shack (Swan 
Reach Complex) 

Moderate Moderate Moderate 

10 Phase 1 & 2 
Swan Reach Ferry (Silver 
Lea) 

Moderate Moderate Moderate 

11 Phase 1 Big Bend Low Moderate Low 

12 Phase 1 North Caurnamont Moderate to high Moderate Moderate 

13 Phase 1 North Purnong Moderate to high High Moderate 

14 Phase 1 Caurnamont Low to moderate High Low 

15 Phase 1 Teal Flat Low High Low 

16 Phase 1 Teal Flat Hut Moderate High Moderate 

17 Phase 1 & 2 Gurra Gurra High high high 

 

It is important to note that hazards are often not uniform across a particular wetland. Hazards 
can vary due to different morphological (e.g. deep channel, lake or wetland setting), 
hydrological (e.g. previous wetting and drying history), or other factors (e.g. vegetation type and 
cover). Figure 9-1 shows an example of acid sulfate soil characteristics (representing 
acidification hazard) at sampling sites across the Sugar Shack Wetland Complex.  
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Figure 9-1. Sugar Shack Wetland showing ASS characteristics (soil field pHf, incubation pHinc 
and net acidity. These characteristics are 3 key components used for defining hazards 
associated with ASS, and are used to prepare hazard maps, such as the example provided in 
Figure 9 2 for Sugar Shack. 
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Figure 9-2. Acid sulfate soil hazard map interpreted for the Sugar Shack Wetland Complex. 
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 Defining and Assessing Risk 
According to MDBA (2010), risk is a measure of both the consequences of a hazard occurring, 
and the likelihood of its occurrence. Consequence is the impact of the acid sulfate soil materials 
being expressed, and primarily takes into account environmental and water quality impacts, 
both to the wetland and adjacent waters. Level of consequence will be determined in 
consultation with wetland managers for each identified hazard at a wetland using a 
standardised method (Table 9-2). 

Table 9-2: Standardised table used to determine the consequence of a hazard occurring 
(MDBA 2010). 

Descriptor Definition 

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

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

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

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

Insignificant Negligible impact on wetland values and/or adjacent waters; no detectable 
impacts on species 

 

Likelihood is the probability of disturbance of the acid sulfate soil material requiring an 
understanding of both the nature and severity of the acid sulfate soil materials (e.g. extent, net 
acid generating potential, etc) as well as contributing factors influencing the risk (e.g. 
disturbance of acid sulfate soil materials, wetland management regime).  

Level of likelihood will be determined separately for each hazard type. This is due to the 
variability of contributing factors for each hazard. Likelihood will be determined by assessing the 
probability of disturbance of the acid sulfate soil materials (Table 9-3).  

Examples of disturbance include: 

 re-wetting of acid sulfate soil materials after they have oxidised; 

 acid sulfate soil materials that are currently inundated but may be oxidised upon 
drying/draining; or 

 acid sulfate soil materials that are currently inundated but may be dispersed by flushing 
(e.g. scouring flows mobilising monosulfidic material) 

Table 9-3. Likelihood ratings for the disturbance scenario (from 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 

 

Risks are ranked using a standardised risk assessment matrix (Table 9-4) as the product of the 
likelihood of disturbance of the acid sulfate soil materials and the consequences to wetland 
values and/or adjacent waters. This must also take into account the scientific assessment of the 
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nature and extent of the acid sulfate soil materials present at the site as confirmed through the 
field and laboratory analyses through Phases 1 and 2 analyses. 

According to MDBA (2010), Acid sulfate soil scientists conducting detailed assessments cannot 
alone determine the level of consequence or likelihood at a given wetland – input of relevant 
wetland managers will be critical. As such, assessment of risk through Phase 2 must be made 
in consultation with wetland managers. This is to ensure that acid sulfate soil scientists have an 
understanding of the wetland values and context of wetland management for the site.  

Table 9-4: Risk assessment matrix (Standards Australia/Standards New Zealand, 2004). 

Likelihood category 
Consequences category 

Extreme Major Moderate Minor Insignificant 

Almost Certain Very High Very High High High Moderate 

Likely Very High High High Moderate Moderate 

Possible High High Moderate Moderate Low 

Unlikely High Moderate Moderate Low Low 

Rare High Moderate Low Low Low 

Legend:  
Very High:  Very High Risk - immediate action recommended; 
High:    High Risk - senior management attention needed; 
Moderate:   Moderate Risk - management action may be recommended. Agency 

responsible must be specified; 
Low:    Low Risk - manage by routine procedures (should be monitored 

            regularly to determine whether the hazard is increasing). 
 
Reports of Phase 2 assessments establish the level of risk associated with each identified 
hazard at a wetland using the framework outlined here and in consultation with relevant wetland 
managers. In order to assist wetland managers in decision-making, the level of risk outlined in 
final reports should be accompanied by an explanation of the major contributing factors to the 
risk level (e.g. water management regimes, water chemistry, wetland values etc.). Predictive 
regolith-toposequence models are also a useful tool to communicate risk under particular 
scenarios. 

Action criteria define the existing or potential acidity levels beyond which ASS requires 
management, in conjunction with the volumes of disturbance involved (Table 9-5). 

Table 9-5: Texture-based acid sulfate soil action criteria (from Dear et al. 2014)
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Action criteria based on net acidity values of 18 mol H+/t are adopted for Riverine Wetlands 
hazard maps. This is irrespective of the soil texture for riverine landscapes, based on the 
assumption that management by wetland wetting and drying cycles has potential to disturb 
considerably larger soil volumes than 1000 t. 
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10. DECIDE ON MANAGEMENT OPTIONS – STAGE 6 
A summary of general management principles and options for the main acid sulfate soil hazards 
encountered in RRP wetlands are presented below. 

 

 
 
Successful management of acid sulfate soils requires following the above management 
principles and careful assessment of the relative importance of a range of interconnected 
biophysical and biogeochemical contributing factors at each site. The general biophysical and 
biogeochemical processes in hypersulfidic, sulfuric and monosulfidic materials in wetlands are 
well understood, and essentially relate to the presence of sulfide minerals, neutralising capacity, 
soil saturation and soil aeration. Appropriate management of ASS can minimise degradation of 
discharge water quality, and protect infrastructure and the environment. Reducing sulfide build-
up can also promote healthier wetland environments (i.e. reduce sulfide toxicity and anoxia in 
sediment and water). 
 
A summary of generalised acid sulfate soil management principles specific to RRP wetlands is 
shown in Table 10-1. Each of these management principles will be discussed below to provide 
guidance to managers on how they can be applied. The hazard ratings indicated in in Table 
10-1 management principles are applicable to the mapping units identified on the acid sulfate 
soil hazard maps (such as  

The following general management principles should be applied to managing acid 
sulfate soils risks in RRP wetlands (adapted from Dear et al. 2014): 
 
1. The disturbance of ASS should be avoided wherever possible. 
2. Where disturbance of ASS is unavoidable, preferred management strategies are 

followed (see below) 
3. Works should aim to achieve best practice environmental management, when it has 

been shown that the potential impacts of works involving ASS are manageable, to make 
sure that the potential short- and long-term environmental impacts are minimised.  

4. The material being disturbed (including the in situ ASS and surface water and 
groundwater systems), and any potentially contaminated waters associated with ASS 
disturbance, must be considered in developing a management plan for ASS and/or in 
complying with the general environmental duty.  

5. Receiving river waters are not to be used as a primary means of diluting and/or 
neutralising ASS or associated contaminated waters 

6. Management of disturbed ASS is to occur if the ASS action criteria listed in Table 9-5 of 
these guidelines are reached or exceeded.  

7. Placement of untreated ASS above the permanent watertable, with or without 
containment, is not an acceptable long-term management strategy. For example, soils 
that are to be stockpiled, disposed of to landfill, used as fill, placed as temporary or 
permanent cover on land or in waterways, sold or exported off the treatment site or used 
in earth bunds, that exceed the ASS action criteria listed in Table 9-5 should be 
treated/managed. 

8. The following issues should be considered when formulating ASS environmental 
management strategies: 

a) the sensitivity and environmental values of the receiving environment. This 
includes the conservation, protected or other relevant status of the receiving 
environment – whether groundwaters and/or surface waters are likely to be 
directly or indirectly affected 

b) the heterogeneity, geochemical and textural properties of soils on site 
c) the management and planning strategies of local and/or state government, 

including statutory planning instruments.  
 
Moving beyond the first management principle of avoidance needs to be justifiable. Short- 
and long-term environmental and economic costs must be considered. Assessment 
managers will expect scientific justification as part of a development application involving 
ASS disturbance. 
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Figure 10-1). The management principles are described in Section 9.4-9.7. 
 

Table 10-1. Summary of generalised Acid Sulfate Soil management principles for 17 Priority 
RRP wetlands 

RRP 
wetland 
no. 

Wetland Name 
Acidification 
Hazard 

De-oxygenation 
Hazard 

Metal 
Mobilisation 
Hazard 

Management 
Principles 

1 Murtho-Weila low to high moderate to high high A, B 

2 Lake Merreti low to moderate moderate moderate A, B 
3 Lake Woolpolool Moderate moderate low to moderate A, B 

4 
Woolenook Bend 
Complex 

moderate to high moderate to high low to moderate A, B 

5 
Goat island & Paringa 
Paddock 

moderate to high low to high moderate A, B 

6 Pyap Horseshoe moderate to high low to high moderate  

7 
Spectacle Lakes 
(Beldora Nth and Sth) 

moderate to high low to high moderate A, B 

8 Murbko South Moderate moderate low A, B 

9 
Sugar Shack (Swan 
Reach Complex) 

Moderate moderate moderate A, B 

10 
Swan Reach Ferry 
(Silver Lea) 

Moderate moderate moderate A, B 

11 Big Bend Low moderate low A, B 
12 North Caurnamont moderate to high moderate moderate A, B 
13 North Purnong moderate to high high moderate A, B 

14 Caurnamont low to moderate high low A, B 

15 Teal Flat Low high low A, B 

16 Teal Flat Hut Moderate high moderate A, B 

17 Gurra Gurra High high high A, B, C 

 
§Management principles – indicated by “x” relate to Hazard Mapping Units (e.g.  
Figure 10-1) 
(A)  Prevent or minimise disturbance of ASS materials identified as presenting a High Acidification Hazard. 
(B)  Reduce build-up of Acid Sulfate Soil materials by controlled and monitored drying, where possible. Monitoring 

requirements should reflect the risk profile of the ASS materials and receptors. Impacts may require 
containment, monitored re-flooding or treatment. 

(C)  Contain or treat High Acidification or MBO Hazard materials if disturbed. This applies to any oxidation products, 
such as impacted water draining from disturbed sites or water pooling in deeper areas of a drying wetland. 

(D)  No intervention option possible / feasible – erect warning signs and establish monitoring programs. 
 
Note: monitoring of soil and water is also an essential component of all ASS management 

 
 

Finally, we emphasise that within the below management strategies there is still a degree of 
risk, and that some may not suit the circumstances of a particular site. Innovative management 
strategies other than those listed may be considered, but sufficient information and trials 
regarding their successful implementation, environmental impacts and scientific merit should be 
provided, before they can be considered. 
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Figure 10-1. Acid sulfate soil hazard map for the Gurra Gurra Wetland Complex showing the 
spatial distribution of ASS subtypes (defined from pH, pHinc and net acidity) 
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 Prevent or minimise disturbance of Acid Sulfate Soils 
(Principle A) 

As highlighted above a key principle with acid sulfate soil management is “prevention is better 
than the cure”. Hence prevention from disturbing acid sulfate soil hazards should be a strategy 
that applies to all wetlands at all times. Some wetlands have higher amounts of different 
hazards (Table 10-1) so this principle is more important to apply in those wetlands. 
 

 Avoidance of exposure of high risk materials during drying 
cycles  

The RRP work plan could expose high risk materials in a few wetlands (in particular Gurra 
Gurra, see Table 10-1). Assessment of spatial distribution of these risk relative to water levels 
under drying scenarios should be assessed to analyse the scale and potential risk of these 
hazards and disturbance avoided where possible. However, as drying and wetting cycles in 
RRP wetlands are a desired outcome and may produce ecological benefits, then the strategy of 
reducing hazards to lower levels could be generally achieved by following principles (B) below, 
with greater caution and monitoring for high risk wetlands. 
 
The avoidance strategy was used with success in the Lower Lakes and underpinned the 
installation of the main temporary flow regulator across the Goolwa Channel in 2009 at Clayton 
Bay Currency Creek as management options to mitigate ASS impacts in the Goolwa Channel 
(see Fitzpatrick et al. 2018b; Muller et al. 2018). These temporary regulators allowed water 
levels in the Goolwa Channel, Finniss River and Currency Creek region to rise rapidly in 2010 
due to pumping from Lake Alexandrina (along with inflows from tributaries) and saturate the 
existing exposed sulfuric material (Figure 10-2). Pumping water from Lake Alexandrina to Lake 
Albert to maintain water levels above pre-defined trigger water levels for exposure of high risk 
material was a successful management option for preventing more sulfidic material in Lake 
Albert oxidising to form sulfuric material and subsequently leading to potential whole of lake 
acidification. 

 

 

Figure 10-2. Main temporary flow regulator across the Goolwa Channel - looking eastwards 
from Clayton Bay to Hindmarsh Island. Public notice in foreground explaining the “Goolwa 
Channel Water Level Management Project” with information on acid sulfate soils, which 
included the following statement: “Keeping ASS wet is a proven and effective management 
technique” (from Fitzpatrick et al. 2018b). 
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 Avoidance of mobilisation of hazardous materials 

Monosulfidic material may accumulate in channels and behind regulating structures under non-
flow or low flow conditions. Opening up of regulator structures may mobilise these materials into 
the receiving environment, potentially creating deoxygenation and metal mobilisation risks 
(Simpson et al. 1998; Sullivan et al. 2018c). Risks can be reduced by lowering water velocity to 
reduce mobilisation (e.g. via partial opening of structures rather than full opening). Drying of 
channels periodically if practical may also reduce the monosulfide hazard. A national guidance 
on managing monosulfidic material risks has recently been released (see Sullivan et al. 2018c). 

 

 Avoidance of construction impacts 

Construction works should be planned to minimise the need for excavation or disturbance of 
ASS materials by undertaking shallow excavations for drainage measures or foundations if 
feasible, and avoid lowering groundwater table that may result in exposure of soils. Strategies 
for avoiding impacts on groundwater are provided in the national guidance in this area (Shand 
et al. 2018). 

 

 Avoidance of grazing disturbance 

Generally it is recommended that animals are excluded from wetlands as they can disturb acid 
sulfate soil materials and create additional environmental impacts (e.g. destruction of native 
vegetation, water pollution). Specifically livestock grazing in wetlands can lead to decreased soil 
surface structure and reduced vegetation cover, which may reduce the soil’s capacity to have 
functioning geochemical cycles (e.g. organic matter cycling that is important to reduce 
acidification, Yuan et al. 2015; Jayalath et al. 2016) and resist erosive forces.  
 
Recommendations and provision of a manual of appropriate best management practices for 
Inland ASS seepages in other locations (e.g. Mount Lofty Ranges, Woorndoo region in Victoria, 
and Lower Murray floodplains - Cox et al. 1999; Fitzpatrick et al. 1997; 2003a,b; 2017b) where 
fencing and protecting saline-sulfidic wetlands from physical disturbance (i.e. cattle) has: 
 
1. Facilitated reestablishment of reducing soil conditions in degraded soils 
2. Decreased the amount of pyrite oxidation in degraded soils 
3. Allowed rapid recovery of wetland vegetation in degraded soils 
4. Prevented water erosion 
5. Allowed a return to circum-neutral pH (pH = 6.5 to 7).
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 Reduce build-up of hazardous Acid Sulfate Soil materials 
(Principle B) 

 

 Drying and wetting cycles –wetland scale 

As highlighted in section 2.3, build-up of hypersulfidic and monosulfidic materials and hazards 
can occur during waterlogged conditions. During drying cycles these materials can oxidise and 
transform to different materials, including hazardous sulfuric (pH<4) materials in the case of 
oxidation of hypersulfidic materials (pyrite). Hence the pyrite is “burned off” during drying cycles 
and created during wetting cycles. Longer duration wetting cycles may result in a higher “fuel 
load” (i.e. pyrite concentration) in the wetland soil prior to “burn off” and more severe or 
widespread wetland acidification. This is essentially what happened in the Lower Lakes and 
several River Murray wetlands which severely acidified during the Millennium Drought following 
a prolonged period of waterlogging (due to river regulation). 
 
The principle behind reducing acid sulfate soil hazards in wetlands via wetting and drying cycles 
is to do smaller scale and more regular “build ups” and “burn offs”. By doing so, the creation of 
large acidification, metal mobilisation and deoxygenation risks can be minimised. 

 
The key hydrological factors that can be used to manage risks during wetting and drying cycles 
in wetlands are: 

 Magnitude – if hazards are identified then smaller wetting and drying cycles can be 
undertaken that expose a portion of the hazard at a time rather than all of the hazard. 
Monitoring of basic field soil and water parameters and indicators can be used to 
assess risk during this operation. 

 Frequency – smaller and more frequent wetting and drying events can be used to 
progressively “burn off” the hypersulfidic material rather than one large “burn off” that 
may create major acidification risks. Hypersulfidic materials can build up to hazardous 
levels within a period of 6-8 months under ideal experimental conditions (Yuan et al. 
2015), although timeframes for build up in RRP wetlands are uncertain at present. 
However an annual drying and wetting cycle of some form is recommended. 

 Duration – pyrite (hypersulfidic material) oxidation is a kinetic process and reducing the 
time that the oxidation process can occur is beneficial. Based on RRP soil incubation 
experiments, many hypersulfidic soils can oxidise to produce sulfuric (pH<4) materials 
within a period of 8-12 weeks on average. Hence in a high risk wetland a shorter drying 
period would be beneficial to reduce risk. 

An adaptive management strategy applying these principles needs to be trialled and tested over 
time for RRP wetlands. However, a good example of this strategy being successfully applied to 
managed wetlands in the RRP region is for the Banrock wetland. This is shown in Figure 10-3 
as a series of toposequence and chronosequence conceptual models adapted from Fitzpatrick 
et al. (2016). The main Banrock lagoon wetland was permanently flooded between 1925, when 
Lock 3 was constructed, and 1993 when partial drying phases were introduced as a wetland 
management tool. From 1993 to September 2013 the wetland has been partially dried each 
winter (to introduce semi-natural wetting-drying cycles). The wetland almost completely dried 
from 2007 to June 2008 (18 months) during extreme drought conditions. The wetland was re-
flooded in June 2008 and a drying cycle introduced in October 2008. From October 2008 to 
September 2013 (~5 years) the wetland underwent at least 4 cycles of re-wetting and drying of 
the whole wetland. This transformed the wetland from having hazardous sulfuric and 
hypersulfidic materials, to relatively benign hyposulfidic materials. 
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The Banrock Wetland 
Complex cycled 
between natural wetting 
and flushing, and partial 
drying conditions in 
response to seasonal 
(i.e. winter/summer) 
and climatic (e.g., 
drought/flood) cycles 
occurring in the upper 
Murray-Darling Basin 

 

The river and wetland 
systems were managed 
using locks. The 
installation of locks 
enabled considerable 
build-up of sulfidic and 
monosulfide materials 
in the wetland. 

 

The wetland effectively 
became hydraulically 
disconnected from the 
river and dried during 
extreme drought. 
This resulted in the 
formation of sulfuric 
material (pH<4) and 
deep desiccation 
cracks. 

 

Complete rewetting 
took place by pumping 
water into the wetland, 
the dried sulfuric soils 
on the edges of the 
wetland became 
inundated and 
transformed to sulfuric 
subaqueous soils. 

Four cycles of re-
wetting and drying over 
the past 5 years 
resulted in a decrease 
in pyrite content and/or 
increase in carbonate 
content with a 
transformation from 
hypersulfidic material to 
hyposulfidic material. 

 
Figure 10-3. Conceptual site (soil-regolith toposequence) models for Banrock wetland illustrating natural 
wetting and anthropic influences on wetting and drying cycles from pre-colonial times (pre-1880s) to 
present (modified from Fitzpatrick et al. 2016). 
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 Drying and wetting cycles – Wetland scale in response to weir 
pool lowering 

The general principles outlined above for the drying and wetting cycles at the wetland scale also 
relate to weir pool lowering activities. Lowering weir pools can achieve more regional wetland 
and river channel margin drying, as opposed to just lowering individual wetland water levels. 
 
We conducted a GIS-based assessment to assess potential impacts of weir pool lowering on 
ASS risk in the 17 Priority RRP wetlands. Outputs included predictive scenario maps of how 
weir pool lowering will transform ASS risk. 
 
An example of this is shown in Figure 10-4 and Figure 10-5 below created for Gurra Gurra 
wetland. The hazard map units illustrate that the majority of soil / sediment exposed during weir 
pool lowering is hyposulfidic (Gurra Gurra Lakes) and therefore are unlikely to acidify below pH 
5.5 (moderately acidic). Some sandy soils and sediments located within and along Gurra Gurra 
creek were mapped as sub-aqueous hypersulfidic soils (Figure 10-1, Figure 10-4 and Figure 
10-5) and have potential to become sulfuric (pH<4) upon weir pool level lowering. 
 
Soil incubation experiments indicated that hypersulfidic materials at Gurra Gurra is 
predominantly located in near surface soil layers (upper 0-20 cm) and may acidify within 4 – 12 
weeks of initial exposure under ideal conditions (Figure 10-6). These soils potentially present a 
high risk to localised water quality during weir pool lowering of 0.4 m or greater, however under 
natural condition the transformations will likely to be slower and regulated by additional factors 
such as the degree and depth of cracking. 
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Figure 10-4. Gurra Gurra ASS Hazard Map showing the area of hypersulfidic and hypersulfidic soils that 
would be exposed during a lowering of pool level by 0.4 m. The majority of ASS material (hyposulfidic, 
moderately acidic) is exposed at the shoreline of the Gurra Gurra Lakes  
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Figure 10-5. Gurra Gurra ASS Hazard Map showing the area of hypersulfidic and hypersulfidic soils that 
would be exposed during a lowering of pool level by 0.8 m. A significant additional area of hyposulfidic 
(moderately acidic) soil would be exposed  
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Figure 10-6. Results of soil incubation experiments for Gurra Gurra wetland soils, showing the 
rate of oxidation and acidification vs depth. 
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 Contain or treat hazardous acid sulfate soil materials 
(Principle C) 

If disturbance of acid sulfate soils has occurred it may be necessary to treat risks that have 
materialised. Depending on the nature of the disturbance and risks that have materialised, 
different strategies may be applicable as outlined below. 
 

 Isolate higher risk materials from exposure and prevent 
dewatering/oxidation 

Oxidation of hypersulfidic material can be reduced by covering it with an impermeable barrier 
(e.g. clay), or placing any excavated material quickly back into an anaerobic environment, 
usually below the water table. This may also include covering ASS materials with soil, water or 
mulch to reduce oxygen availability and control the movement of water. 

The amount of ASS requiring excavation and/or dewatering can be minimized through 
reconsideration of the design for a proposed development. See the national guidance by Shand 
et al. (2018) for more details on strategies to manage dewatering risks. This consideration will 
relate to an understanding of where exactly, both laterally and with depth, ASS is located on the 
site. Dewatering impacts can be minimised through installation of hydraulic impediments to 
dewatering such as engineered ‘curtains’ (e.g. shoring), re-injection wells and galleries, 
infiltration basins, and wet excavations.  

Dredging of channels to create or maintain connections with the main River Murray channel, or 
adjacent wetland areas can also create risks of ASS disturbance. Management of dredging 
operations and dredge spoil containing acid sulfate soil materials is provided in the national 
guidance by Simpson et al. (2018). 
 

 Containment on-site and/or treatment off-site to minimise risk of 
significant wetland impacts 

Acidity and oxidation products that cannot be retained on-site may be managed by other 
techniques such as acidity barriers or using regulating structures to intercept and treat 
contaminated water before it is discharged into the River Murray. In the simplest case, it may 
also involve the operation of RRP control structures to cease discharge and manage rewetting. 
However, acidic water may corrode control structures rapidly so this should be applied only 
temporarily while other targeted and controlled management actions occur to re-instigate and 
maintain wetland quality. 

Off-site treatment typically involves spreading the ASS materials in a thin layer on a bunded 
limestone or impervious pad area. Rainfall or irrigation can leach the material and any acidic 
leachate must be collected and treated (e.g. by liming). To reduce this it may be important to 
minimise the quantity and duration of ASS storage, minimise the surface area that can be 
oxidised, and subsequently cover the soil to minimise rainfall infiltration, control stormwater and 
erosion. 

 

 Rewetting of affected wetlands 

Rewetting is an option to reverse the oxidation of sulfuric materials but it does not come without 
risks and barriers to success. While drainage of hypersulfidic material is the principal cause of 
the formation of sulfuric materials, one would expect that the principal management option 
would be to reverse the situation (i.e. keep materials anoxic or under anaerobic conditions) or to 
slow or stop the rate and extent of pyrite oxidation). However, the selection of appropriate 
management options to prevent oxidation of sulfides will depend on the nature and location of 
the ASS materials, and their position in the landscape such as availability of sufficient amounts 
of water to either maintain or generate anoxic or waterlogged conditions. Care needs to be 
taken with rewetting large areas of sulfuric (pH<4) materials as the acidity may mobilise and 
create acidified water that can create an even greater management challenge and risk (ie.. 
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mobile acid and metals) than the acidified soil (Simpson et al. 2008, 2010; Mosley et al. 
2014a,b,c,d,e). 

Reversing the process by rewetting even if water acidification does not occur, is also not 
straightforward. Recent detailed studies (Baker et al. 2010; Shand et al. 2010a, 2010b; Mosley 
et al. 2017) have also shown that the timescales of reversal are difficult to predict, but may be 
much longer (decadal) than the oxidation which generated the problem (months to years). This 
is why prevention of acid sulfate soil hazards developing is so important. The lack of available 
organic matter and low pH (<5) has been shown to be major barrier to recovery of acid sulfate 
soils (Yuan et al. 2015, Kölbl et al. 2017; 2018) following reflooding. Bioremediation strategies 
that encourage this recovery are discussed below.  
 

 Neutralisation - Provide an agent (e.g. limestone) to soil and 
water to neutralise acid produced  

Neutralisation of acid sulfate soils involves the thorough mixing of sufficient amount of suitable 
alkaline materials into the soil and/or water. The amount of neutralising agent added must be 
sufficient to neutralise all existing acidity that may be present and all potential acidity that could 
be generated from complete oxidation of the pyrite present over time. Liming requirements are 
typically provided as part of the “acid-base accounting” done in commercial laboratories. An 
appropriate safety factor is included in that amount to account for variability in the soil and 
neutralising materials to be used. Note that while the liming rates provided by laboratories give 
a measure of net soil acidity, they are not necessarily a recommended lime rate for 
management purposes, as this requires consideration of other information such as the acidity 
the surface or receiving waters. Measuring acidity of surface waters for informing liming 
requirements is also routinely performed in commercial laboratories, and can also be estimated 
with reasonable accuracy by simple field kits (Mosley et al. 2014a,b,c). 

Once a liming rate is determined, practically this option involves mixing an excess of limestone 
(CaCO3) into the sulfuric or hypersulfidic materials to neutralise the acidity generated already or 
will be generated upon oxidation. Practically this can also pose a problem as the lime needs to 
be mixed in with the soils to be most effective but getting machinery out on wetland soils can be 
difficult and create additional adverse environmental impacts. 

Another issue with this option is the large amount of limestone (agricultural lime) that is 
sometimes required and the effects it could have on biota and surrounding ecosystems. This 
would mean churning up soil/wetland beds causing further disturbance of the soils. However, 
surface application could effectively neutralise acid soil formed at the surface, which is the 
material most prone to erosion or to which animals and humans may be directly exposed. Use 
of caustic neutralising agents (e.g. hydrated lime, CaOH2) is also not recommended for RRP 
wetlands due to risks to sensitive receptors being exposed to very high pH values. 
 
There are some successful examples in the Lower Lakes wetlands of applications of fine 
limestone to neutralise acidity. For example, limestone barriers were created in the upper 
Finniss River to neutralize potential acidic waters from the upstream wetland and channel. 
Aerial dosing of fine agricultural limestone was successfully used for large-scale acid water 
neutralisation in Currency Creek and Boggy Lake (Lake Alexandrina) (Figure 10-7). Mosley et 
al. (2014b) provide more details on the liming operation and associated water quality 
measurements for Boggy Lake. 
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Figure 10-7. Aerial application of limestone in Boggy Lake, SA (left hand side photo) and 
photos on right land side showing mechanism used to upload fine agricultural limestone into the 
aircraft in a nearby paddock (from Fitzpatrick et al. 2011b, 2018b). 
 
 

 Bioremediation 

Bioremediation refers to actions that aim to promote microbial activity (specifically sulfate-
reducing bacterial activity) to convert dissolved sulfate to sulfide minerals, while consuming acid 
and immobilising metals. This is essentially a reversal of the oxidation reactions that generate 
acidity in exposed ASS. 
 
Key examples of this strategy are provided from the Lower Lakes wetland management during 
the Millennium Drought (Muller et al. 2018). During this time, low lake levels had desiccated 
most of the aquatic vegetation, and there was a strong imperative for using native plants for 
bioremediation to re-establish plants and habitat resources around the lake shore. Site surveys 
and mapping in 2008–2009 showed, however, that it was not feasible to plant the entire 
exposed area (c.15 000~–20 000 ha) with local native species. Organic matter was decided to 
be added to the exposed ASS as quickly as possible to control acidic hot spots and delay the 
decision to undertake larger- scale and higher-risk interventions. Extensive trials were 
undertaken which led to a combination of direct seeding (aerial and surface) and tube-stock 
planting being used. Seeds of native wetland plants and some terrestrial species used on the 
margins of the Lower lakes region were sourced and grown locally (e.g. at community nurseries 
established for this project) with selection based on the plant’s capacity to: 
 

 Tolerate dynamic and extreme conditions 
 Create cover to reduce soil temperature and evaporation 
 Maintain soil moisture (e.g. via selecting plants with shallow rooting depths)  
 Reduce soil erosion by trapping sand 
 Improve visual appearance 
 Improve subsequent revegetation success 
 Contribute to long-term ecological improvement. 

 
Bevy Cereal Rye was the cover crop used for aerial seeding because of its shallow root 
structure; fast growth; tolerance to waterlogging, salinity and acidity; and existing local use; and 
because of the ability to prevent reseeding (non-viable seed was utilised) to ensure that no 
ongoing environmental hazard was created. The organic matter left after die-off in summer was 
a driver of sulfate -reduction and protected the lake bed from further wind erosion and moisture 
loss. 
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A range of revegetation treatments (different species and timing of plantings) and un-vegetated 
controls were assessed at several locations around the Lower lakes. Sullivan et al. (2011, 2013) 
showed that planting on exposed lake beds promoted microbial activity by providing carbon and 
reduced mobilisation of metals and metalloids to the water body by physically binding these 
toxins. The four sedges in the trial accumulated similar rates of carbon (between 580–1 050 kg 
C ha-1 y-1). Plant growth also increased pH in the surface sediments compared to bare soil, 
bringing the pH up from acidified conditions (< 4) to near neutral (pH ≥ 6). The effect of the 
vegetation persisted to approximately 30 cm soil depth, below which pH dropped again in some 
soils depending on the rate and depth of acidification. Different soil types affected the depth of 
acidification in exposed soils, with acidification occurring at deeper layers in the cracking clay at 
Tolderol (Lake Alexandrina) compared to the sands at Campbell Park (Lake Albert). Perennial 
species that survived inundation (e.g. reeds such as Phragmites australis) continuously 
supplied organic matter to the sediments before and after the Lakes refilled. By contrast, annual 
or relatively short-lived plants that did not survive inundation (e.g. Bevy rye, rushes, colonising 
species like Cotula coronopifolia) supplied limited organic matter, mostly at die-off. Sullivan et 
al. (2011) concluded that the ongoing supply of organic carbon to the sediments was more likely 
to drive effective bioremediation and establish new habitats.  
 
Another direct strategy to encourage bioremediation is to apply mulch or organic matter direct to 
wetland soils where it will break down and also act as a buffer to counteract the acidity of 
sulfuric materials. Laboratory experiments have elucidated the key controls on organic matter 
breakdown in River Murray acid sulfate soils, with organic matter availability (ie.. can be 
provided by fresh organic matter addition)  and pH>5 being important to “kickstart” the process 
(Yuan et al. 2015; Jayalath et al. 2016; Kölbl et al. 2017, 2018). 
 
Biochar can also be used to increase pH and remove metals from acid drainage water (Mosley 
et al. 2015).  

 

 No intervention option – erect warning signs and 
establish monitoring programs (Principle D) 

One option for managing acid sulfate soils is the no intervention option where, if risks to 
ecosystems and people are minimal, a site is left in a disturbed state. 
 
One local example of this strategy was in Loveday Bay (Lake Alexandrina) where hypersulfidic 
materials were exposed and turned into sulfuric materials (pH<4) during the Millennium 
Drought. With winter rains, water flowed over and through the sulfuric soils and collected in the 
depression areas to form more than 200 ha of very acidic water (pH 2.5 to 2.8) with the soils 
below this water remaining sulfuric and not reducing to sulfidic material. No management 
options were applied to remediate the acidic water. A ‘no further action or minimum intervention’ 
option was adopted because at this stage Loveday Bay had no apparent major risk to adjacent 
water bodies, wetlands, agricultural lands, stock or humans – due its remote location. However, 
warning signs were erected (e.g. Figure 10-8) and regular monitoring of water quality occurred. 
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Figure 10-8. Public notification of risk in Boggy Lake (background) adjacent to Lake 
Alexandrina, South Australia because of the widespread occurrence of both Acid Sulfate Soils 
with sulfuric materials (pH <2.5) on beaches and ponded acidic water (pH <4). (From Fitzpatrick 
et al. 2011b, 2018b). 

 Acid sulfate soil management plan 
If excavation or disturbance of acid sulfate soil material is unavoidable, the proponent may be 
required to prepare an Environmental Management Plan (EMP) to the satisfaction of the local 
Environment Protection Authority (EPA), e.g. in accordance with the SA EPA Guideline: 
Environmental management of on-site remediation (e.g. 
www.epa.sa.gov.au/pdfs/guide_remediation.pdf’). The EMP should be a document that 
describes how the proponent will achieve acceptable environmental outcomes for the protection 
of soils, surface water and groundwater, the receiving environment and the community. The 
EMP should clearly: 

 
 summarise the environmental condition of the site and adjacent areas and potential impacts 

of the work to be conducted 
 summarise the proposed development and works 
 describe the proposed acid sulfate soil management measures for all phases of 

construction and operation 
 outline a monitoring program for soils, surface water, groundwater and air during 

construction and operations, including parameters, monitoring locations, monitoring 
frequency, laboratory analysis and reporting protocols 

 summarise new technologies that are proposed and, if applicable, include results of trials 
 demonstrate effectiveness of the procedures used 
 describe contingency procedures to deal with unexpected events and failure of 

management measures and Remedial Management Plan (RMP) 
 
The suitability of management measures will depend on the nature of the receiving environment 
and the characteristics of the acid sulfate soil. Management costs for acid sulfate soils may be 
reduced where it can be demonstrated that the subtypes of acid sulfate soils are self-
neutralising or there are other mitigating factors to prevent acid discharge to the environment. 
Finally, it is generally recommended that prior to submission of the EMP, the proponent should 
contact the EPA to discuss the contents of the plan and identify other information that may be 
required. 
 
The new national acid sulfate soil guidance materials provide more specific details on 
developing acid sulfate soil management plans (http://www.waterquality.gov.au/issues/acid-
sulfate-soils). 



 

11. MONITORING AND REPORTING – STAGE 7 

 Monitoring 
Similarly, unless ASS properties and groundwater levels/hydrogeochemistry and drain water quality 
are monitored and recorded, the efficacy of ASS and water management cannot be gauged and 
changes in acid and salt loads cannot be understood. Consequently, an effective documentation 
mechanism is essential and should be appropriate to manage the various potential risks and the 
assumptions made. 

Both soil and water quality monitoring should be undertaken to detect changes in ASS quality and 
nature of effluent discharges, and to assess the potential impact of the discharge on the downstream 
environment. During the construction phases of drains or regulators, monitoring must be undertaken to 
determine whether site management practices and mitigation measures are successful in preventing 
ASS materials, waters or pollutants from entering drainage lines, groundwater and waterways (e.g. 
Fitzpatrick et al. 2011b; Shand et al. 2008, 2009; 2010a,b; Mosley et al. 2014a,b,c,d,e). The level of 
monitoring required is determined by evaluation of the nature of a threat from a discharge (i.e. via 
water or wind) and the level of protection required for the environment. Generally, the greater the 
potential environmental risk posed by a project, the more rigorous and complex the monitoring 
requirements become. An acid sulfate soil management plan should identify the level of monitoring 
required for the particular circumstance. 

Comparison of monitoring data to national guideline trigger levels (e.g. ANZECC 2018 guidelines for 
water quality of maintaining pH 6.5-9.0 and metal(loid)s within specified levels for protection of aquatic 
ecosystems). 

 Establishment of stakeholder and public engagement plans 
It is important to establish and implement a stakeholder and public engagement plan to facilitate the 
timely distribution of obtained ASS information to a broad and relevant group of stakeholders and 
community groups. Such a communication or engagement plan should be structured to ensure that as 
information becomes available it is rapidly provided to all stakeholders and immediately applied to 
support best practice management. The wide range of target communication products should include 
all tiers of government, non-government bodies, land managers and the broader community. For 
example, successful communication products should include: (i) focussed presentations to advisory 
committees, (ii) material for conducting special field ASS training courses and (iii) general community 
information such as for example the fact sheet titled “Acid Sulfate Soils Along the Lower Murray” (see 
http://www.clw.csiro.au/acidsulfatesoils/).  Workshops can also be conducted for community volunteers to 
teach them how to collect soil and water samples for ASS monitoring (Thomas and Fitzpatrick 2011). 
The conceptual site (e.g. soil-regolith toposequence) models can be a very useful tool to communicate 
hazards and risks in relation to the particular wetland environment. 

 Documentation 
Where measures are required to manage drained ASS or to protect aquatic environments, these 
should be documented and lodged with an appropriate body. For example, unless approvals and 
compliance with licensing or legislation is documented, it may be difficult to manage future changes in 
imposed conditions.   
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APPENDIX A – RRP WETLAND HAZARD AND MANAGEMENT MAPS 
 
Figure A 1 – Wetland locations 

Sites assessed during 2007-08 or 2010 and 2018 

Figure A 2 – Murtho Park Complex ASS Hazard Map 

Figure A 3 – Murtho Park Complex ASS Hazards Exposed at Pool Level 

Figure A 4 – Murtho Park Complex ASS Hazards Exposed at Bank Full level 

Figure A 5 – Murtho Park Complex ASS Hazards Exposed at 25GL / day flow 

Figure A 6 – Lake Merreti ASS Hazard Map (Full dry) 

Figure A 7 – Lake Merreti ASS Hazards Exposed at Pool Level (16.3 mAHD) 

Figure A 8 – Lake Merreti ASS Hazards Exposed at Lowest Target Drying (15.2 mAHD) 

Figure A 9 – Lake Woolpolool ASS Hazard Map (Full dry) 

Figure A 10 – Lake Woolpolool ASS Hazards Exposed at Pool Level (16.3 mAHD) 

Figure A 11 – Lake Woolpolool ASS Hazards Exposed at Partial Drying (15.85 mAHD) 

Figure A 12 – Woolenook Bend Complex ASS Hazard Map (Full dry) 

Figure A 13 – Woolenook Bend Complex ASS Hazards Exposed at Pool Level (16.3 mAHD) 

Figure A 14 – Woolenook Bend Complex ASS Hazards Exposed at Partial Drying (15.5 mAHD) 

Figure A 15 – Pyap Horseshoe ASS Hazard Map (Full dry) 

Figure A 16 – Pyap Horseshoe ASS Hazards Exposed at Pool Level (9.8 mAHD) 

Figure A 17 – Pyap Horseshoe ASS Hazards Exposed at Lowest Target Drying (9.25 mAHD) 

Figure A 18 – Pyap Horseshoe ASS Hazards Exposed at Partial Drying Low Sill Level (9.25 mAHD) 

Figure A 19 – Spectacle Lakes (Beldora Nth and Sth) ASS Hazard Map (Full dry) 

Figure A 20 – Spectacle Lakes (Beldora Nth and Sth) ASS Hazards Exposed at Pool Level (9.8 mAHD) 

Figure A 21 – Spectacle Lakes (Beldora Nth and Sth) ASS Hazards Exposed at Partial Drying (9.4 mAHD) 

Figure A 22 – Sugar Shack (Swan Reach Complex) ASS Hazard Map (Full dry) 

Figure A 23 – Sugar Shack (Swan Reach Complex) ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 24 – Sugar Shack (Swan Reach Complex) ASS Hazards Exposed at Partial Drying (0.35 mAHD) 

Figure A 25 – Silver Lea (Swan Reach Ferry) ASS Hazard Map (Full dry) 

Figure A 26 – Silver Lea (Swan Reach Ferry) ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 27 – Silver Lea (Swan Reach Ferry) ASS Hazards Exposed at Partial Drying Low Sill Level (0.35 mAHD) 

Figure A 28 – Gurra Gurra ASS Hazard Map 

Figure A 29 – Gurra Gurra ASS Hazards Exposed at Pool Level (13.2 m AHD) 

Figure A 30 – Gurra Gurra ASS Hazards Exposed at Partial Drying (12.8 mAHD) 

Figure A 31 – Gurra Gurra ASS Hazards Exposed at Partial Drying (12.4 mAHD) 

 

Sites assessed during 2007-08 or 2010 

Figure A 32 – Big Bend ASS Hazard Map 

Figure A 33 – Big Bend ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 34 – Big Bend ASS Hazards Exposed at Partial Drying (0.25 mAHD) 

Figure A 35 – Big Bend ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 

Figure A 36 – Caurnamont ASS Hazard Map (Full dry) 

Figure A 37 – Caurnamont ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 38 – Caurnamont ASS Hazards Exposed at Partial Drying (0.3 mAHD) 

Figure A 39 – Caurnamont ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 

Figure A 40 – Murbko South ASS Hazard Map (Full dry) 

Figure A 41 – Murbko South ASS Hazards Exposed at Pool Level (3.2 mAHD) 

Figure A 42 – Murbko South ASS Hazards Exposed at Partial Drying (2.8 mAHD) 
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Figure A 43 – Murbko South ASS Hazards Exposed at Lowest Target Drying (1.95 mAHD) 

Figure A 44 – North Caurnamont ASS Hazard Map (Full dry) 

Figure A 45 – North Caurnamont ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 46 – North Caurnamont ASS Hazards Exposed at Partial Drying (0.3 mAHD) 

Figure A 47 – North Caurnamont ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 

Figure A 48 – North Purnong ASS Hazard Map (Full dry) 

Figure A 49 – North Purnong ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 50 – North Purnong ASS Hazards Exposed at Partial Drying (0.33 mAHD) 

Figure A 51 – North Purnong ASS Hazards Exposed at Lowest Target Drying (0.05 mAHD) 

Figure A 52 – Paringa Paddock ASS Hazard Map (Full dry) 

Figure A 53 – Paringa Paddock ASS Hazards Exposed at Pool Level (13.2 mAHD) 

Figure A 54 – Paringa Paddock ASS Hazards Exposed at Partial Drying (12.8 mAHD) 

Figure A 55 – Paringa Paddock ASS Hazards Exposed at Lowest Target Drying (12.4 mAHD) 

Figure A 56 – Teal Flat Hut ASS Hazard Map (Full dry) 

Figure A 57 – Teal Flat Hut ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 58 – Teal Flat Hut ASS Hazards Exposed at Partial Drying (0.3 mAHD) 

Figure A 59 – Teal Flat Hut ASS Hazards Exposed at Lowest Target Drying (0.08 mAHD) 

Figure A 60 – Teal Flat ASS Hazard Map (Full dry) 

Figure A 61 – Teal Flat ASS Hazards Exposed at Pool Level (0.75 mAHD) 

Figure A 62 – Teal Flat ASS Hazards Exposed at Partial Drying (0.3 mAHD) 

Figure A 63 – Teal Flat ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 

 

 

 

 



 
Figure A-1 – Wetland locations 



 

 

 

Figure A-2 – Murtho Park Complex ASS Hazard Map 



 

 

 

Figure A-3 – Murtho Park Complex ASS Hazards Exposed at Pool Level 



 

 

 

Figure A-4 – Murtho Park Complex ASS Hazards Exposed at Bank Full level 



 

 

 

Figure A-5 – Murtho Park Complex ASS Hazards Exposed at 25GL / day flow 



 

 

 

Figure A-6 – Lake Merreti ASS Hazard Map (Full dry) 



 

 

 

Figure A-7 – Lake Merreti ASS Hazards Exposed at Pool Level (16.3 mAHD) 



 

 

 

Figure A-8 – Lake Merreti ASS Hazards Exposed at Lowest Target Drying (15.2 mAHD) 



 

 

 

Figure A-9 – Lake Woolpolool ASS Hazard Map (Full dry) 



 

 

 

Figure A-10 – Lake Woolpolool ASS Hazards Exposed at Pool Level (16.3 mAHD) 



 

 

 

Figure A-11 – Lake Woolpolool ASS Hazards Exposed at Partial Drying (15.85 mAHD) 



 

 

 

Figure A-12 – Woolenook Bend Complex ASS Hazard Map (Full dry) 



 

 

 

Figure A-13 – Woolenook Bend Complex ASS Hazards Exposed at Pool Level (16.3 mAHD) 



 

 

 

Figure A-14 – Woolenook Bend Complex ASS Hazards Exposed at Partial Drying (15.5 mAHD) 



 

 

 

Figure A-15 – Pyap Horseshoe ASS Hazard Map (Full Dry) 



 

 

 

Figure A-16 – Pyap Horseshoe ASS Hazards Exposed at Pool Level (9.8 mAHD) 



 

 

 

Figure A-17 – Pyap Horseshoe ASS Hazards Exposed at Lowest Target Drying (9.25 mAHD) 



 

 

 

 

Figure A-18 – Pyap Horseshoe ASS Hazards Exposed at Partial Drying Low Sill Level (9.25 mAHD) 



 

 

 

 

Figure A-19 – Spectacle Lakes (Beldora Nth and Sth) ASS Hazard Map (Full dry) 



 

 

 

Figure A-20 – Spectacle Lakes (Beldora Nth and Sth) ASS Hazards Exposed at Pool Level (9.8 mAHD) 



 

 

 

Figure A-21 – Spectacle Lakes (Beldora Nth and Sth) ASS Hazards Exposed at Partial Drying (9.4 mAHD) 



 

 

 

Figure A-22 – Sugar Shack (Swan Reach Complex) ASS Hazard Map (Full dry) 



 

 

 

Figure A-23 – Sugar Shack (Swan Reach Complex) ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-24 – Sugar Shack (Swan Reach Complex) ASS Hazards Exposed at Partial Drying (0.35 mAHD) 



 

 

 

Figure A-25 – Silver Lea (Swan Reach Ferry) ASS Hazard Map (Full dry) 



 

 

 

Figure A-26 – Silver Lea (Swan Reach Ferry) ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-27 – Silver Lea (Swan Reach Ferry) ASS Hazards Exposed at Partial Drying Low Sill Level (0.35 mAHD) 



 

 

 

Figure A-28 – Gurra Gurra ASS Hazard Map 



 

 

 

Figure A-29 – Gurra Gurra ASS Hazards Exposed at Pool Level (13.2 m AHD) 



 

 

 

Figure A-30 – Gurra Gurra ASS Hazards Exposed at Partial Drying (12.8 mAHD) 



 

 

 
Figure A-31 – Gurra Gurra ASS Hazards Exposed at Partial Drying (12.4 mAHD) 



 

 

 

Figure A-32 – Big Bend ASS Hazard Map 



 

 

 

Figure A-33 – Big Bend ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-34 – Big Bend ASS Hazards Exposed at Partial Drying (0.25 mAHD) 



 

 

 

Figure A-35 – Big Bend ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 



 

 

 

Figure A-36 – Caurnamont ASS Hazard Map (Full dry) 



 

 

 

Figure A-37 – Caurnamont ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-38 – Caurnamont ASS Hazards Exposed at Partial Drying (0.3 mAHD) 



 

 

 

Figure A-39 – Caurnamont ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 



 

 

 

Figure A-40 – Murbko South ASS Hazard Map (Full dry) 



 

 

 

Figure A-41 – Murbko South ASS Hazards Exposed at Pool Level (3.2 mAHD) 



 

 

 

Figure A-42 – Murbko South ASS Hazards Exposed at Partial Drying (2.8 mAHD) 



 

 

 

Figure A-43 – Murbko South ASS Hazards Exposed at Lowest Target Drying (1.95 mAHD) 



 

 

 

Figure A-44 – North Caurnamont ASS Hazard Map (Full dry) 



 

 

 

Figure A-45 – North Caurnamont ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-46 – North Caurnamont ASS Hazards Exposed at Partial Drying (0.3 mAHD) 



 

 

 

Figure A-47 – North Caurnamont ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 



 

 

 

Figure A-48 – North Purnong ASS Hazard Map (Full dry) 



 

 

 

Figure A-49 – North Purnong ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-50 – North Purnong ASS Hazards Exposed at Partial Drying (0.33 mAHD) 



 

 

 

Figure A-51 – North Purnong ASS Hazards Exposed at Lowest Target Drying (0.05 mAHD) 



 

 

 

Figure A-52 – Paringa Paddock ASS Hazard Map (Full dry) 



 

 

 

Figure A-53 – Paringa Paddock ASS Hazards Exposed at Pool Level (13.2 mAHD) 



 

 

 

Figure A-54 – Paringa Paddock ASS Hazards Exposed at Partial Drying (12.8 mAHD) 



 

 

 

Figure A-55 – Paringa Paddock ASS Hazards Exposed at Lowest Target Drying (12.4 mAHD) 



 

 

 

Figure A-56 – Teal Flat Hut ASS Hazard Map (Full dry) 



 

 

 

Figure A-57 – Teal Flat Hut ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-58 – Teal Flat Hut ASS Hazards Exposed at Partial Drying (0.3 mAHD) 



 

 

 

Figure A-59 – Teal Flat Hut ASS Hazards Exposed at Lowest Target Drying (0.08 mAHD) 



 

 

 

Figure A-60 – Teal Flat ASS Hazard Map (Full dry) 



 

 

 

Figure A-61 – Teal Flat ASS Hazards Exposed at Pool Level (0.75 mAHD) 



 

 

 

Figure A-62 – Teal Flat ASS Hazards Exposed at Partial Drying (0.3 mAHD) 



 

 

 

Figure A-63 – Teal Flat ASS Hazards Exposed at Lowest Target Drying (0.1 mAHD) 



 

 

 

 


