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ABSTRACT 

Artificial drainage of catchments affected by acid sulfate soils (ASS) may cause significant 

generation of acidity and metal contamination of surface and ground waters. Such conditions 

are detrimental to environmental health, with effects including limited plant growth and the 

death of aquatic organisms. Geochemical and hydrological monitoring was undertaken at 

Muddy Lake, on the Swan Coastal Plain ten kilometres south of Bunbury, Western Australia, 

over a ten month period. The site has been extensively drained for agriculture, greatly 

increasing the chance of acid generation.  

Eight bores were installed within the site and soil samples were tested both in the field and 

laboratory for the existence of actual and potential ASS. The flow, pH and conductivity of an 

artificial drain next to the wetland were continuously measured and logged. Groundwater 

samples and measurements (depth, pH, conductivity and oxidation reduction potential) were 

taken approximately once per month. Elemental analysis was carried out on both surface and 

groundwater samples.  

The site exhibited geochemical variability, with acidity generation in some areas of the site 

being buffered by calcareous deposits within the soil profile, and in other areas near-surface 

pyrite oxidation with an associated acidity generation (pH <4). There was significant 

mobilisation of aluminium (>100 mg L
-1

) in acidic ground waters. Results suggested that the 

main sources of acidity were the fringes of the wetland that were waterlogged before the site 

was drained, as well as the now intermittently dry wetland itself. 

A water balance method was developed to identify the site’s dominant hydrological 

processes. This was combined with chemical analyses to develop chemical mass balances for 

acidity and acid by-products. The results of these suggested that the dominant acidity 

transport process was overland and near-surface flow from the wetland to the drain running 

through the site. Acid and salt transport diminished approaching summer. A conceptual 

model of the site was developed. During evaporation-dominated summer periods, acidity 

products accumulate at the surface of the dry wetland and surrounding soils. Once the 

wetland approaches saturation in wet periods, these products are transported into the drain by 

surface flow and off site via the drain. The conceptual model suggests that there is both 

temporal and spatial separation of acid generation and transport processes at the site.  
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1 INTRODUCTION 

Acid sulfate soils have been described as the ‘nastiest’ soils in the world; they oxidise to 

produce sulfuric acid and release toxic metals into drainage and waterways, deleterious to 

vegetation and aquatic organisms (Dent & Pons 1995). Their oxidation can in most cases be 

attributed to anthropogenic pressures, either the draining of land for agriculture or housing or 

through the unsustainable abstraction of groundwater. 

A comprehensive understanding of a site afflicted by acid sulfate soils will include 

knowledge of both acid generation and transport processes. Most important for characterising 

acidity generation is knowledge of subsurface geology and soils and the groundwater 

hydrology relative to these (White et al. 1997). Acidity transport processes are controlled by 

both surface and subsurface hydrological conditions (Johnston, Slavich & Hirst 2004). 

Acid sulfate soils have been well documented and studied on Australia’s eastern seaboard, 

with limited published research on the subject originating in Western Australia. However 

Western Australia experiences different geological and meteorological conditions, both of 

which are important in acid sulfate soil processes, meaning that findings from the eastern 

states will not necessarily be applicable to Western Australian systems. Understanding acid 

sulfate soil processes is particularly relevant to Western Australia, with much land 

development occurring in regions where acid sulfate soils are likely to exists, such as around 

the Peel Harvey Inlet (Sullivan, Bush & Burton 2006). 

This study aims to characterise the subsurface processes that lead to the oxidation of acid 

sulfate soils and to study the hydrological processes of acidity transport at Muddy Lake, an 

intermittent wetland exhibiting acidity in south-west Western Australia. The subsurface was 

investigated through an initial analysis of soil profiles which was followed by groundwater 

monitoring. Surface water and groundwater measurements were used to create a simple water 

balance and chemical mass balances to reveal dominant transport processes.  

This thesis is presented in an unconventional format for a final year research project. Firstly a 

background of both geochemical and hydrological acid sulfate soil processes is presented, 

finishing with a synopsis of where this project fits in relation to current understanding. Next, 

the full methodology of the project is outlined. This is followed by the results and a 

discussion on the subsurface investigation carried out at the study site. Following this is the 
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results and discussion of the water balance method used to indentify dominant hydrological 

transport processes at the study site. This chapter is presented in the form of a journal article 

manuscript. As such, this chapter is designed to be stand-alone and contains details of 

background and methodology covered elsewhere in the thesis. The thesis ends with 

conclusions for the whole project and recommendations for further work on the study site.  
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2 BACKGROUND  

2.1 Introduction 

Acid sulfate soils (ASS) are soils containing iron sulfides, most commonly pyrite (FeS2), that 

when exposed to air may oxidise to generate sulfuric acid (Macdonald et al. 2007). These 

soils were mostly formed following the last sea level rise, with sulfate from seawater reacting 

with organic matter and iron oxides in water logged, reducing conditions (White et al. 1997). 

When these coastal floodplains are drained (mainly for agriculture or land development) the 

soils are exposed to oxygen (Rosicky et al. 2004), and have the potential to generate acid. 

Instances of ASS have been recorded in Europe, south-east Asia, western Africa, North 

America and Australia (Dent & Pons 1995; White et al. 1997; Fanning et al. 2004). 

2.2 Acid sulfate soil formation 

The sea level rise that followed the last glacial maximum inundated coastal embayments and 

river valleys.  The sulfate in the sea water combined with coastal organic detritus and reduced 

iron minerals to form iron sulfide minerals, slowly via intermediate iron monosulfides 

(Berner 1984). Pyrite production may also occur more rapidly under alternating oxidising and 

reducing conditions, such as those that occur in an intermittent wetland (Howarth 1979).   

The production of pyrite requires a supply of sulfate, easily decomposable organic matter 

(CH2O), iron rich sediments and anaerobic conditions with  reducing microbes (White et al. 

1997). The overall reaction for pyrite production is:  

Fe2O3(s) + 4SO4
2-

(aq) + 8CH2O(s) + 1/2 O2(aq) 2 FeS2(s) + 8HCO3
-
(aq) + 4H2O(l)   (1) 

 

2.3  Reaction mechanisms  

The overall reaction for the oxidation of acid sulfate soils is given by (McElnea, Ahern & 

Menzies 2002; Appelo & Postma 2005; Macdonald et al. 2007; Green et al. 2006): 

FeS2(s) + 3.75 O2(aq) + 3.5H2O(l) → Fe(OH)3(s) + 2SO4
2-

 (aq) + 4H
+

(aq)   (2) 

The pyrite reacts with oxygen and soil moisture to produce iron (III) hydroxide (Fe(OH)3), 

sulfate ions (SO4
2-

), and hydrogen ions (H
+
). 
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The reaction involves both the oxidation of ferrous iron (Fe
2+

) and disulfide (S2
2-

) (Appelo & 

Postma 2005; Cook et al. 2004). 

First disulfide is oxidised: 

FeS2(s) + 3.5 O2(aq) + 3.5H2O(l) → Fe
2+

(aq) + 2SO4
2-

 (aq)+ 2H
+

(aq)  (3) 

The ferrous iron is then oxidised to ferric iron (Fe
3+

), in a reaction that may be 

microbiologically catalysed (Cook et al. 2004): 

Fe
2+

(aq) + H
+

(aq)+ 0.25 O2(aq) → Fe
3+

(aq) + 0.5H2O(l)   (4) 

At pH greater than 4, ferric iron will be unstable and precipitate according to: 

Fe
3+

(aq)  + 3H2O(l) → Fe(OH)3(s) + 3H
+

(aq)      (5) 

This pH reaction generates three-quarters of the acidity (H
+
) of reaction (2) (Appelo & 

Postma 2005). If the pH is below 4, however, ferric iron remains stable and may further 

oxidise pyrite (Cook et al. 2004): 

FeS2(s) + 14Fe
3+

(aq) + 8H2O(l) → 15Fe
2+

(aq) + 2SO4
2-

 (aq)+ 16H
+

(aq)  (6) 

This reaction is notable as it means that ferric iron may oxidise pyrite in the absence of 

oxygen, away from the groundwater-air interface. 

Between a pH of 2 and 4 and under oxidising conditions, the mineral jarosite 

(KFe3(OH)3(SO4)2) may also precipitate in a reaction which partially retains the acid formed 

in the reactions above (Deutsch 1997; Chu et al. 2006). The equation for the formation of 

jarosite is given below (White et al. 1997): 

3Fe(OH)3(s)  + 2H2SO4(aq) + K
+

(aq)  → KFe3[OH]3[SO4]2(s) + 3H2O(l)  + H
+

(aq) (7) 

 

 

Although the formation of jarosite partially buffers acid generation, it represented a store of 

acidity which may be later released by hydrolysis (White et al. 1997): 

KFe3[OH]3[SO4]2(s) + 3H2O(l) 3Fe(OH)3(s) + K
+

(aq)   + 2SO4
2-

(aq)  + 3H
+

(aq)   (8) 

 

Other iron or aluminium salts may also release acidity later, in a similar manner to the 

jarosite hydrolysis reaction. 
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Iron monosulfides (represented as FeS) may also be present in ASS environments, 

accumulating at the bottom of drains (Smith & Melville 2004). The reaction of their 

formation is similar to that of the production of pyrite, in that an organic carbon source, 

sulfate, iron minerals and sulfate reducing bacteria are necessary. The overall reaction is 

given by: 

4FeOOH(s) + 4SO4
2-

(aq) +9CH2O(s) + 8H
+

(aq) →4FeS(s) + 9CO2(g) + 15H2O(l)   (9) 

Iron monosulfide creation consumes acid and they may also provide a sink for contaminants, 

but this sink may not be permanent as a disturbance such as a drought or a large rainfall event 

may result in re-oxidation of sulfide and a subsequent release of acid and adsorbed 

contaminants (Smith & Melville 2004). Iron monosulfide formation has been observed in 

south-western Australia, most notably associated with the canal developments adjoining the 

Peel-Harvey inlet (Sullivan, Bush & Burton 2006).  

All of the above reactions will occur at characteristic oxidation conditions and pH ranges. 

Taking measurements of oxidation reduction potential, pH and electrical conductivity on site 

and chemical analysis will give an indication of which of these reactions are occurring.   

The same set of reactions may occur following the mining and subsequent exposure to 

oxygen of ores containing sulfide minerals. In such cases the resulting acidification is 

referred to as acid rock drainage or acid mine drainage (AMD). 

2.4 Actual and potential ASS 

Soils that may generate acid when exposed to air but as yet have not been exposed are 

referred to as potential ASS (Rosicky et al. 2004), whilst soils that have been oxidised and 

generated acid are termed actual ASS. Potential ASS may remain unoxidised indefinitely 

given the sufficient hydrological conditions (i.e. permanently remaining saturated). Titratable 

actual acidity (TAA) is a measure of the acidity that has been generated by an actual ASS, 

whilst titratable potential acidity (TPA) is a measure of the acidity that would be generated if 

a potential ASS was completely oxidised. Both are ordinarily measured as moles of H
+
 per 

tonne of soil.  

2.5 Buffering 

In assessing the environmental impact of ASS, both the total amount of acidity produced and 

the rate at which it is produced are important. If the rate at which acid is produced is slow 
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enough, natural buffering systems may be able to adequately neutralise it (Ward, Sullivan & 

Bush 2004). The most important neutralising mineral in the subsurface is calcite (CaCO3). 

Calcite dissolves in acid to form bicarbonate (HCO3
-
) and carbonic acid (H2CO3). These 

reactions neutralise the pyrite oxidation series of reactions by removing the free hydrogen 

ions from solution (Deutsch 1997): 

CaCO3(s) + H
+

(aq)  → Ca
2+

(aq)  + HCO3
-
(aq)    (10) 

HCO3
-
(aq) + H

+
(aq)  → H2CO3(aq)     (11) 

Carbonic acid is essentially the representation of dissolved carbon dioxide, which may escape 

from solution in the gaseous form: 

H2CO3(aq)  → H2O(l) + CO2(g)               (12)  

The extent to which soil materials will buffer acidity generation is expressed as its acid 

neutralising capacity (ANC), expressed as moles H+ per tonne of soil. It is likely that 

carbonate rich sands of marine origin will co-exist with coastal ASS in south-western 

Australia, and therefore providing significant neutralising material. 

2.6 Metals 

Acid generation from the oxidation of pyrite is associated with a release of heavy metals 

(such as cadmium, lead and nickel) into solution. The sorption of these metals onto iron 

oxyhydroxides and manganese oxides decreases with decreasing pH, as H
+
 ions compete with 

the metal ions for sorption sites (Appelo & Postma 2005). As pH is lowered by the acid 

generation reactions (2 to 6) described above, the metals are released into solution. Acidic 

conditions are also associated with an increase in arsenic mobilisation is regions where it is 

naturally occurring in the mineralogy (Appelo & Postma 2005). 

Aluminium may be released into solution with the chemical weathering of silicate minerals 

by acid (Deutsch 1997; Nriagu 1978). This is generally represented by: 

MeAlSiOn(s) + 4H
+

(aq)→ Me
+

(aq)+ Al
3+

(aq)+ H4SiO4
0

(aq)  (13) 

where Me represents calcium, sodium, potassium, magnesium or iron. The release of these 

species contributes to the salinisation of ASS landscapes (see section 2.7). This reaction also 
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contributes to the neutralisation of the acid generation from the oxidation of pyrite (Deutsch 

1997).  

2.7 Superficial salt accumulation 

In arid and semi-arid regions which are dominated by evapo-transpiration, the evaporative 

demand, governed by meteorological conditions, is greater than the ability of the soil to 

conduct liquid water (Gowing, Konukcu & Rose 2006). Somewhere in between the shallow 

groundwater table and the soil surface, an evaporation front develops, which represents the 

boundary between liquid and gaseous phases of water (Rose, Konukcu & Gowing 2005). 

Above the evaporation front a vapour pressure gradient causes upward movement of water 

vapour (Gowing, Konukcu & Rose 2006).   Between the evaporation front and the water 

table, capillary action transports water upward and any dissolved salts and acidity products 

from groundwater will accumulate near to the evaporation front following evaporation of the 

water (Minh et al. 1998; Schaetzl & Anderson 2005). The more soluble a salt, the further 

upwards it will travel in the soil profile (Buck et al. 2006).  Accumulation of salts in surface 

soil horizons is common in both ASS and AMD affected regions (Canovas et al. 2008; 

Hammarstrom et al. 2005; Keith et al. 2001; Bayless & Olyphant 1993). 

If the acid buffering capacity of a soil is exhausted and phytotoxic amounts of acid and/or 

aluminium accumulate in the upper soil horizon, vegetation may be killed off and excluded 

(Rosicky et al. 2004).  The resulting bare and barren soil,  known as an ASS scald, is more 

susceptible to soil evaporation (Rosicky et al. 2006), further enhancing the processes that lead 

to the accumulation of salts at the surface in the first place.  Salt crusts are commonly 

observed on ASS scalds during dry periods (Rosicky et al. 2006). These crusts are  dominated 

by sulfate salts such as gypsum (CaSO4) or even jarosite, generated during the oxidation of 

pyrite (Ducloux et al. 1994). 

The upward movement of salts within soil profiles is in itself an important transport process 

for ASS, but more importantly, acidity and associated salts are moved to a position where 

they are much more susceptible to being transported by surface water flow.  

2.8 Environmental health implications 

Both the acidity generation of ASS and the associated increase in dissolved metal 

concentrations have environmental health implications. In New South Wales, the discharge of 

water from ASS affected catchments has contributed to fish kills (Rosicky et al. 2004; Green 
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et al. 2006; Sammut et al. 1995), with high concentrations of inorganic aluminium causing 

damage to fish gills. Acidity may directly inhibit plant growth or more importantly it can 

affect the availability of plant nutrients (Rosicky et al. 2006). As already mentioned, bare 

surface scalds may be created when high levels of acidity and aluminium kill off and exclude 

vegetation (Rosicky et al. 2004). The development of iron monosulfides may lead to anoxia is 

water bodies, which is deleterious to aquatic organisms (Smith & Melville 2004). Acid 

generation may also cause corrosion of engineering infrastructure and dramatic changes to 

stream ecology (White et al. 1997). The motivation for the remediation of ASS sites is the 

restoration of ecological value lost through the acid generation processes. 

2.9 Hydrology 

The supply of oxygen to ASS systems ultimately controls the generation of acid (Ward, 

Sullivan & Bush 2004) and this is explicitly linked to site hydrological conditions. The 

exposure of ASS to air may be due to the drainage of normally flooded lands for agriculture 

(White et al. 1997). This causes groundwater levels to drop and exposes the soil materials to 

oxygen. After a rainfall event, infiltrating water will flow through these oxidised materials 

and transport the acid and associated metals. Hydrological processes therefore have a large 

impact on the generation and transport of acidic discharge. Of specific importance is the 

temporal and spatial variation of groundwater and surface water flows, and how these interact 

with the distribution of soil materials (Johnston, Slavich & Hirst 2004). The lowering of 

groundwater levels in development of land for housing or unsustainable extraction of 

groundwater will also contribute to acidity generation. 

The hydrological regime of a site not only controls the generation of acid, but also the 

transport and export of acid and acidity products such as mobilised metals. If evaporation 

dominates as a dry period process, acidity and acidity products may be translocated up a soil 

profile and accumulate in surficial soil horizons (see 2.7). The relative proportion of ground 

and surface water discharges to waterways adjacent to ASS also has implications for acidity 

transport. Johnston, Slavich & Hirst (2004) present a model for the relative importance of 

surface and groundwater flows in ASS (Figure 1). This model suggests that soil hydraulic 

conductivities (Ks) and water table gradients are critical in acidity transport. Sites with high 

hydraulic conductivity and groundwater gradients will transport acidity mainly through 

groundwater seepage. If hydraulic conductivity values are low and groundwater levels are 

controlled by evapo-transpiration, surface or overland flow will be the dominant hydrological 
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component (Johnston, Slavich & Hirst 2004). This project attempts to determine the 

dominant hydrological components for Muddy Lake by developing a new and simple water 

balance method, which indirectly measures surface flow through measurement of the other 

parts of the water balance. This means that estimation of surface properties such as runoff 

coefficients and vegetation properties seen in other approaches (White et al. 1997; Wilson, 

White & Melville 1999) aren’t necessary.  

2.10 ‘First flush’ phenomenon 

For sites with surficial salt depositions that are dominated hydrologically by overland flow, 

‘first flush’ events become crucial for the transport of acidity. First flush events are large 

rainfall events following dry periods, which dissolve and flush out salts and particulates 

present at the surface.  

The importance and characteristics of first flush events has been specifically  documented for 

AMD affected waterways (Keith et al. 2001). Canovas et al. (2008) studied the discharge of 

the Spanish river the Rio Tinto, which originates in an area heavily mined for polymetallic 

sulfide deposits. Following a dry period, they found that metal concentrations peaked during 

the first rainfall event, metal loads peaked in the second rainfall event, and river discharge 

peaked in the third rainfall event, representing a progressive depletion and dilution of salts 

stored at the surface. 

First flush events have also been documented for ASS affected cane plantations in New South 

Wales. Green et al. (2006) attributed significant pH drops and metal concentration increases 

in drains seen at the beginning of rainfall events to the washing out of surface soils following 

dry periods.  There are minimal observations of first flush events in ASS affected regions in 

Australia outside of cane plantations.  
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Figure 1 Importance of surface and groundwater flows for acidity transport. K is hydraulic conductivity 

(Johnston, Slavich & Hirst 2004). 

2.11 Hydraulic conductivity 

The hydraulic conductivity of wetland sediments and their surroundings, let alone those 

affected by ASS, may vary over both space and time. Several mechanisms contribute to the 

variability of hydraulic properties of wetland peat soils, which are primarily comprised of 

vascular plant remains. These include differing degrees of plant decomposition with depth, 

and both temporal and spatial variability of botanical communities (Zeeb & Hemond 1998). 

Hydraulic conductivity also varies seasonally with moisture conditions (Bradley & Gilvear 
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2000). Spatial and temporal variability directly affects surface and groundwater exchange 

(Leek et al. 2009) through the generation of preferential flow pathways into, out of or through 

a wetland.  

There are also other reasons for variation of subsurface hydraulic conductivity related to ASS 

processes. Saturated potential ASS may experience variability in hydraulic properties due to 

soil water pH and metal ion concentrations (Le, Collins & Waite 2008). These variations may 

influence the properties of clay minerals present in potential ASS, particularly those with 

shrink swell properties such as montmorillonite (Le, Collins & Waite 2008). The oxidation of 

an ASS may change soil structure and hydraulic conductivity (Wilson, White & Melville 

1999; Le et al. 2008). 

Also relevant to the Muddy Lake site is the hydrogeology of karst or limestone formations. 

These are characterised by the existence of voids or ‘pipes’ which provide pathways of 

preferential flow in the subsurface (Worthington & Gunn 2009). This makes the point 

measurement of hydraulic conductivity in limestone terrains problematic with the results 

highly dependent on whether or not these preferential pathways exist near to measurement 

points. 

It is therefore difficult to comprehensively quantify the hydraulic conductivity of wetland 

sediments and the surrounding subsurface environment without intensive sampling across 

both space and time. 

2.12 Studies in Australia 

There is a large volume of published work on a variety of aspects of ASS on the east coast of 

Australia, especially northern New South Wales. However, there are minimal published 

studies on ASS in south-west Western Australia, which experiences quite different geological 

and climatic conditions.  Bunbury has a annual average rainfall of around 750mm, whilst 

Byron Bay in northern New South Wales, near to where much research is done on ASS, has 

an annual average rainfall of around 1700mm, occurring in higher intensity events (Bureau of 

Meteorology 2008). The drains in northern New South Wales are comparatively much bigger 

to cope with higher intensity rainfall and this has implications for the amount of ASS exposed 

to oxygen. South-west Western Australia receives the majority of its rainfall during winter, 

whilst rainfall on the east coast is relatively more spread out across the year, which may have 

implications for areas of land being seasonally or permanently waterlogged. The south-west 
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Western Australian coast has calcareous sand dunes, a significant source of alkalinity directly 

adjacent to coastal ASS.  

The Swan Coastal Plain coast doesn’t have the mangroves associated with ASS that exist on 

the east coast of Australia. Of higher concern are the peaty sulfidic sediments associated with 

inter-dunal groundwater dependant wetlands (Appleyard et al. 2004). Accordingly, any 

research into Western Australian ASS enhances the limited pool of knowledge in the subject 

in Western Australia, and may help in assessing the usefulness and applicability of 

remediation techniques trialled on the eastern seaboard. 

2.13 Muddy Lake (study site) 

Muddy Lake is part of the Minninup Lakes system, located on the Swan Coastal Plain (SCP) 

adjacent to the Indian Ocean, approximately ten kilometres south of Bunbury in south-

western Australia  (33° 26’ 30’’ S 155° 35’ 28’’E) (Figure 2).  

 

Figure 2 Location of Minninup Lakes. 

Muddy Lake is a seasonally inundated wetland that was drained for pasture prior to the 

1930’s. There have been reports of acidity in the site’s waterways as early as 1937 (Pers. 

Comm. S. Appleyard). More recently there have been reports of cow’s hocks being burnt by 

acidic soil surfaces. The site was acquired by the Western Australian Planning Commission, 

and gazetted as a conservation category wetland with aims for future restoration. It is listed in 
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the SCP Lakes Environmental Protection Policy (1992) as part of the Western Australian 

Environmental Protection Act (1986). The land surrounding the site is currently used mostly 

for horse and cattle agistment. Interestingly, the site is also reportedly home to the last 

remaining colony of quokkas outside of Rottnest Island, enhancing its ecological value 

(Environmental Protection Authority 2003). 

The SCP is characterised by superficial quaternary sand and sand/limestone dunes up to 

100m thick (Appleyard et al. 2004). Muddy Lake is located on top of these sandy deposits 

(Commander 1982), which may act as an important source of alkalinity to buffer acidity 

generated by ASS. 

The site contains an artificial drain running through it in the north-south direction that 

eventually discharges to the Indian Ocean about 2km south of the site. The area of the study 

site is about 1km
2
. Up until the start of this project, Muddy Lake had not been extensively 

sampled or studied. 

2.14 Synopsis 

The oxidation of ASS and subsequent release of acidity and mobilisation of metal ions 

happens in the subsurface (see Figure 3). Following this, the ultimate fate of the generated 

acidity is controlled by climatological and hydrological factors. In semi-arid climates, acidity 

and metal ions may be transported upwards and precipitated by evaporation during dry 

periods (see Figure 4).  In humid climates, the acidity is more likely to remain in the 

groundwater. Hydrological conditions govern how this acidity is then transported (if at all) 

away from the soil profile to adjacent waterways. Catchments dominated by overland flow 

during storm events will transport acidity and salts across the land surface, especially when 

these are accumulated at the surface. Alternatively, it is also possible that acidity may be 

transported through groundwater discharge to adjacent waterways (Figure 5). 

These processes are further complicated by the numerous chemical reactions controlling 

acidity, all of which are dependent on pH and oxidative conditions. There is also the 

possibility of buffering reactions, the existence of which is dependent on the geological 

environment in which ASS are observed. 

 



Background  D. D. Boland 

14 

 

Figure 3 The oxidation of pyrite and mobilisation of acidity and metals in the subsurface. When the 

groundwater table drops, oxygen is able to infiltrate the soil profile and oxidise pyritic material (a to b). 

When the water table rises again, this subsequent acidity and mobilised metals are dissolved into the 

groundwater (c). 
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Figure 4 Accumulation of salts and acidity near to the ground surface in an evaporation dominated 

climate. 

 

Figure 5 Acidity may either be transported across the land surface or via groundwater discharge. 

This study aims to determine which of these acidity generation and transport pathways 

prevail at the Muddy Lake site. This was approached through a simple water balance method 

which identified dominant hydrological processes. Concurrently, the subsurface at Muddy 

Lake was investigated and monitored in order to characterise the geological conditions in 

which acidity is being generated and metal ions mobilised.  

A more thorough understanding of the dominant hydrological and geochemical processes that 

are controlling acidity generation and transport at Muddy Lake will allow remediation works 

for the site to be designed in line with the Western Australian Planning Commission’s 

ultimate aims to restore the ecological value of the site.  
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3 METHODOLOGY 

The study of the Muddy Lake site was underpinned by an initial subsurface investigation 

which was followed by regular surface and groundwater monitoring. The results were used to 

compute a water balance, and later a mass balance of relevant chemical species, on the drain 

running through the site. 

3.1 Field Methods 

3.1.1 Bore Installation 

Eight groundwater bores were installed on the site from June 30
th

 to July 2
nd

 2008. During 

drilling with a hollow auger, the spoil was removed in cores and logged and tested in the 

field. A 55 mm diameter PVC pipe with a 2m screen was placed in the hole. The screen was 

contained within geofabric sock to prevent solids entering the bore. Clean sand was poured 

down the outside of the pipe to fill the hole and a bentonite clay seal installed at the top to 

prevent surface water infiltration contaminating groundwater samples. The bores formed 

three transects across the wetland and drain running through the site (Figure 6). 
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Figure 6 Bore and surface water monitoring locations. 

3.1.2 Field Soil Testing 

The soil colour and texture was recorded as successive cores were removed during the bore 

installation. These are given in Appendix A. Two grab samples of soil (around 2 cm
3
) were 

taken every 25cm down the soil profile. One of these was placed in 50mL of de-ionised water 

and the other in 50mL of a hydrogen peroxide solution. The pH (pHF for the water 

suspension and pHFOX for the peroxide) of these suspensions was measured following any 

subsequent reaction. Hydrogen peroxide will oxidise any pyritic material and a subsequent 

drop in pH represents potential acidity in the soil. The observed intensity of the reaction was 

also noted. Finally, a carbonate test was done on the soil profile. This involved adding a 

couple of drops of dilute hydrochloric acid onto the soil and observing any bubbling or 

fizzing which would  indicate the presence of carbonates in the soil profile. The results of 

these field tests are recorded in the bore logs. 

 

 

Metres 
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3.1.3 Groundwater monitoring 

Groundwater monitoring was undertaken approximately once per month. The level of water 

in the bore was measured with a plopper, a metal cylinder attached to a measuring tape that 

makes a noise when it hits the water table. A volume of approximately three bore casings was 

removed from each bore with a bailer (see Figure 7) and discarded, before a sample of about 

one litre was collected in a high density polyethylene container after washing the container 

with the sample. The pH, electrical conductivity, temperature and oxidation reduction 

potential of the sample were measured using either a calibrated TPS 90 FL-MV or Hydrolab 

(Hach Environmental) instrument. The sample was then filtered using a hand pump filter kit 

(Millipore) and mixed cellulose 0.2 μm filter paper  (Whatman) into two 125mL low density 

polyethylene bottles, and concentrated nitric acid added to one of the bottles to preserve the 

metals in solution.  

3.1.4 Hydraulic conductivity  

Hydraulic conductivity was determined using the Hvorslev slug test method (Fetter 1994).  

Around one litre of water (the slug) was poured down bores one to seven to provide an 

Figure 7 Bailing bore 7. 
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instantaneous additional head above the normal water table height (h0). The height of the 

water table above the normal level (h) was tracked using a capacitance probe (Scott Parsons 

Electronics), with the data downloaded to a laptop for processing. The conductivity was 

calculated using the equation below: 

Ks =
r2 ln 

L

r
 

2LT0
      (14) 

where Ks is the hydraulic conductivity (m s
-1

), r is the bore radius, L is the length of screen 

and T0 is the time taken for the water table to drop 37% of the change induced by the slug 

injection (s).  

The value of T0 is obtained by plotting the relative head change (h/h0) on a log scale against 

the time elapsed and a line of best fit drawn. The time where the relative head change is equal 

to 0.63 (37% recovery of the induced change) is taken to be T0.  

3.1.5 Surface water monitoring 

Surface water measuring stations were set up at two positions in the site, located at either end 

of the drain extending through the site (Figure 6). These consisted of an ISCO automatic 

water sampler, pH, conductivity and temperature probes (YSI 6583) and an Area-velocity 

(AV) module (ISCO 750). The AV measures flow depth with a pressure transducer and 

depth-averaged velocity by a Doppler method.  Flow cross sectional area was calculated 

manually from the water depth measurements (see section 3.3.2). pH and conductivity probes 

were calibrated prior to installation. The probes each logged one measurement every fifteen 

minutes. The water sampler was powered by a solar panel charged car battery (Figure 8). The 

sampler took a 200mL sample of drain water every 6 hours. The sample collection line was 

purged prior to taking a sample. Four successive samples were emptied into one 800mL 

bottle so that one bottle was filled per day. The bottles were acid washed (soaked for 24 hours 

in 10% hydrochloric acid and rinsed six times with de-ionised water) and changed at least 

once every 24 days, at which time data from the probes was downloaded. The pH, 

conductivity and temperature of each bottle were measured using a calibrated probe (TPS 90 

FL-MV) in order to confirm the results measured by the sampler probe. Minimal drift from 

calibration was confirmed so no adjustment was made to the continuous pH and conductivity 

recordings.  
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On the same dates as the groundwater monitoring and water sampler bottle changing, a 

surface water sample (500mL, low density polyethylene bottle) was collected at each of the 

surface water sites for chemical analysis.  

 

Figure 8 The northern surface water monitoring station showing from left to right the solar panel, car 

battery and water sampler. The continuous measurements are being downloaded to a laptop. 

3.1.6 Water sample chemical analysis 

Collected water samples were analysed by the Chemistry Centre of Western Australia 

(CCWA). The chemical species/parameters tested for and the test methods are shown in 

Table 1 and a description of the methods in Table 2. 

Table 1 Species measured by CCWA 

Analyte Method Code Description 

Acidity iACID1WATI Acidity as mg CaCO3 L
-1 

Al iMET1WCICP Aluminium 

Alkalin iALK1WATI Alkalinity, total expressed as mg CaCO3 L
-1 

As iMET1WCMS Arsenic 
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Analyte Method Code Description 

B iMET1WCICP Boron 

Ba iMET1WCICP Barium 

CO3 iALK1WATI Carbonate 

Ca iMET1WCICP Calcium 

Cd iMET1WCMS Cadmium 

Cl iCO1WCDA Chloride 

Co iMET1WCICP Cobalt 

Cr iMET1WCICP Chromium 

Cu iMET1WCICP Copper 

ECond iEC1WZSE Electrical Conductivity at 25 degrees Celsius 

Fe iMET1WCICP Iron 

HCO3 iALK1WATI Bicarbonate 

Hardness iHTOT2WACA Hardness, expressed as mg CaCO3 L
-1 

K iMET1WCICP Potassium 

Mg iMET1WCICP Magnesium 

Mn iMET1WCICP Manganese 

Mo iMET1WCMS Molybdenum 

N_NO3 iNTAN1WFIA Nitrogen, nitrate and nitrite fraction 

Na iMET1WCICP Sodium 

Ni iMET1WCMS Nickel 

Pb iMET1WCMS Lead 

SO4_S iMET1WCICP Sulfate, Sulfur expressed as sulfate 

TDS_calc iSOL1WDCA Total Soluble Salts Estimated from Econd 

V iMET1WCICP Vanadium 

Zn iMET1WCICP Zinc 

pH iPH1WASE pH 

 

Table 2 Description of methods used by CCWA 

Method Code   Method Description 

iACID1WATI Acidity by titration with 0.01M NaOH to pH 8.3 

iALK1WATI Alkalinity, HCO3, CO3, OH by acid titration using 0.05M HCl to pH 8.3 and 4.5 

iCO1WCDA Colorimetric analysis by discrete analyser using mercuric thiocyanate. 

iEC1WZSE Conductivity at 25degree C 

iHTOT2WACA Hardness calculated from Ca and Mg 

iMET1WCICP Metals by inductively coupled plasma emission spectroscopy.  

iMET1WCMS Metals by inductively coupled plasma mass spectroscopy.  

iNTAN1WFIA Nitrate expressed as nitrogen and determined by flow injection analysis. 

iPH1WASE pH 

iSOL1WDCA Total soluble salts calculated from conductivity (Econd * 5.5) 

 

An analysis of the measured concentrations of most of these species is not the focus of this 

thesis, but for completeness all chemical results are given in Appendix C. 
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3.1.7 Laboratory soil testing  

At the time of bore installation, samples of the soil were collected every 25cm down the 

profile, placed in zip lock bags and immediately put into a freezer. The field testing results 

were used to identify parts of soil profiles from each bore most likely to contain pyritic 

material. Samples from these parts of the profile were sent to the CCWA and tested using the 

Suspension Peroxide Oxidation Combined Acidity and Sulfate Method (SPOCAS). This is a 

standard laboratory test for ASS, detailed in Acid Sulfate Soils Laboratory Methods 

Guidelines (Ahern, McElnea & Sullivan 2004). 

Under this method, the sample is first dried at 80°C for 48 hours and sieved to remove 

material larger than 2mm. The remainder is ground to less than 150µm, of which sub-samples 

are were used for the remainder of the analysis. 

A sub-sample is extracted with potassium chloride solution. This is done to determine soluble 

and absorbed sulfur (non-sulfidic sulfur, SKCl%) using inductively coupled plasma atomic 

emission spectrometry (ICPAES). A titration is undertaken to determine titratable actual 

acidity (TAA). The pH is also measured at this stage (pHKCl). 

Another sub-sample is oxidised with hydrogen peroxide to produce acidity from any reduced 

sulfidic material. Sulfur is measured by ICPAES and which represents total soluble, absorbed 

and sulfide species (SP%). A titration of the oxidised sample reveals titratable potential 

acidity (TPA). The pH is again measured (pHOX). When pHOX is greater than 6.5, the sample 

is titrated against acid to determine its acid neutralising capacity (ANC), which will be 

overestimated due to the grinding of the sample.  

The peroxide oxidisable sulfur (SPOS%) is the difference between SP% and SKCl%, giving a 

measure for the amount of sulfides in the sample.  

3.1.8 Surveying 

The relative heights of the bore ground levels and the points in the drain where the flow depth 

was measured were surveyed using a dumpy level, tripod and staff.  
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Figure 9 Surveying technique. 

The person located at point 1 (Figure 9) looks through the dumpy level, which is at a height 

X1 (measured with a measuring tape) and determines X2 from the graduations on the staff. 

The value X2- X1 represents the height at point 2 relative to point 1. The person with the 

dumpy level then moves to the other side of the staff-holder and takes another measurement, 

which is used to calculate the relative height of another point, upon which the staff-holder 

moves past the dumpy level, and so on. This technique was repeated across the whole site 

with measurement points including all bores and surface water monitoring stations. This 

allowed the relative elevations of the ground level of the bores to be calculated, and thus the 

relative heights of ground and surface water, which were measured relative to their local 

ground level. The dumpy level and staff were around fifty meters apart, but this was variable 

depending on visibility.  

The surveying was done in a closed loop to give an indication of the level of error in the 

measurements. The starting point was given an elevation of 0m, and when returned to at the 

end of the loop, its calculated height was -0.025m, an error of 2.5cm. This was considered to 

be acceptable and no corrections were made for error in the surveying measurements. 

3.2 Data collection 

Daily meteorological data was collected from the Australian Bureau of Meteorology’s SILO 

gridded dataset. The collected data included calculated estimates for shallow open water 

evaporation and average areal evapo-transpiration based upon the methods of Morton (1983). 

○1  

○2  
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3.3 Data Analysis 

3.3.1 Salinity calculation 

Salinity values were calculated from measured conductivity and temperature data. Salinity is 

given by (APHA 1992): 

S = 0.008 − 0.1692R1 2 + 25.3851R + 14.0941R3 2 − 7.0261R2 + 2.7081R5 2 +

 
T−15

1+0.0162 T−15 
  0.0005 − 0.0056R1 2 − 0.0066R − 0.0375R2 − 0.0144R5 2  −

  
0.008

1+600R+ 400R 2 + 0.0005 
 

T−15

1+0.0162  T−15 
 

1+ 100R 1 2 + 100R 3 2 
    (15) 

Where T is the temperature in degrees Celsius, R is the ratio of the conductivity in the sample 

to that of sea water (42914 μS cm
-1

) and S is the salinity given in practical salinity units 

(psu). 

3.3.2 Water balance 

A water balance was carried out on the main drain with a time step of one day. The overall 

water balance equation is given by: 

∆Storage = Surfacein + Subsurfacein − Subsurfaceout − Drain discharge− Evaporation (16) 

 

Figure 10 The water balance components. The red dotted line represents the drain control volume. 

All components have units of m
3
 day

-1
. 
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The net drain discharge was calculated using the continuous water velocity and height 

measurements. At each measuring site the cross sectional profile of the drain where the AV 

module was located was characterised in order to convert a height reading to a cross-sectional 

area value. For example the southern height measurement was taken within a circular culvert 

so the area was able to be calculated from the height as follows.  

 

 

 

 

 

 

By comparing the flow depth (h) to the diameter of the pipe (d) it is able to be determined if 

the pipe is more or less than half full (Figure 11). The relevant angle and flow area (A) may 

then be calculated. 

For less than half full pipes: 

φ = 2 cos−1 0.5d−h

0.5d
 , A =

d
2

8
 φ− sin φ    (17,18) 

For more than half full pipes: 

θ = 2 cos−1 h−0.5d

0.5d
 , A =

d2

8
 2π − θ+ sinθ   (19,20) 

The drain discharge is given by:   

Drain discharge =   Drain velocity × Cross sectional area 𝑑𝑡  (21) 

Drain discharge is positive when leaving the site and negative when entering it. The flows at 

the northern and southern sites were added together at each time step.  

The storage change was calculated by daily changes in drain water depth measurements. The 

mean of the two measuring points was used. For evaporation, shallow lake evaporation from 

θ 

h 

h φ 

Figure 11 The flow depth (h) for a less than half full (left) and a more than half full (right) pipes 
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the collected meteorological data was used. Each of these values was multiplied by an 

averaged surface area of the drain to give a volumetric flux. Evaporation and storage changes 

were an order of magnitude smaller than drain discharge, so the error introduced by using the 

same drain surface area at all depths was minor. 

Subsurface flows were estimated using Darcy’s Law: 

Subsurfacein ,out = Ks
∆h

∆l
A     (22) 

Where Ks is relevant hydraulic conductivity (m day
-1

), 
∆h

∆l
 is the relevant head gradient 

calculated using relative groundwater and surface water heights (m m
-1

) and A is the area on 

the drain wall through which seepage occurs (m
2
), given by the height of the water in the 

drain. For subsurface inflows, three zones of groundwater inflows were considered (see 

Figure 12). The gradients used for each respective zone were that between bore 7 and the 

northern surface water site, bore 3 and bore 1 and bore 5 and the southern monitoring site.  

For subsurface flows out, two zones were considered using the gradient between bore 8 and 

the northern monitoring site and bore 4 and the southern monitoring site. Groundwater levels 

were assumed to linearly change between measurement points to allow a daily calculation of 

the water balance, meaning that the groundwater component represents a base flow, and 

doesn’t reflect the effects of storm events.  
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Figure 12 The three zones considered for groundwater inflow (to the east) and groundwater outflow (to 

the west). 

 

For time periods where groundwater data was available, the surface flow in to the drain was 

estimated:  

Surfacein = ∆Storage + Drain discharge + Evaporation + Subsurfaceout − Subsurfacein  (23) 

When there is no groundwater data available, the water balance allows for an estimation of 

the net surface and subsurface flows into the drain: 

Surfacein + Subsurfacein − Subsurfaceout = ∆Storage + Drain discharge + Evaporation       (24) 

3.3.3 Mass balance 

A mass balance for H
+
 ions, sulfate, aluminium and total salts was carried out on the drain 

following the completion of the water balance. The mass balance contains the same 

components as the water balance with the exception of the evaporation term, which is 

res 
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assumed to have no dissolved species mass component. The mass balance for species x is 

given by: 

∆Storagex = Surfacein x
+ Subsurfacein x

− Subsurfaceout x
− Drain dischargex   (25) 

These terms were calculated by multiplying the equivalent component of the water balance 

by a characteristic concentration for the species in question: 

Mass balance term = Water balance term × Characteristic concentration    (26) 

This will give units of mass day
-1

 for each component. The drain discharge mass flows were 

calculated using the concentrations of species in samples collected from the surface water 

monitoring points. The mean drain concentration was used for calculating the change in 

storage component of the mass balance and for the subsurface outflow component. The 

measured concentrations of samples from bores 1 and 5 were used for subsurface inflows. 

Concentrations from bore 7 were not used in the mass balance as it was decided that samples 

from this bore wouldn’t account for chemical transformations that may occur as the flow 

travels through the wetland, and bores 1 and 5 are located closer to the drain. Linear variation 

between sampling points was assumed for both concentrations and groundwater depths. 

Similar to the water balance, the mass balance was rearranged to provide estimates of surface 

fluxes alone, or net surface and sub-surface flows depending on the data available.  

3.3.4 Piper plots 

Piper plots are tri-linear diagrams which show the relative concentrations of the main cations 

and anions in water samples. The lower left-hand triangle on the piper plot (see Figure 13) 

shows the relative concentrations of cations in a water sample.  Concentrations are first 

converted into milli-equivalents by multiplying molar concentrations by the charge of the 

relevant cation. The results are totalled, and the proportion that each of the cations (Ca
2+

, 

Mg
2+

 and K
+
 and Na

+
) contributes to the total calculated. These proportions determine the 

position of a data point on the triangle.  Similarly, the lower right-hand triangle shows the 

proportion of major anions, considering sulfate (SO4
2-

), chloride (Cl
-
) and a combination of 

carbonate (CO3
2-

) and bicarbonate (HCO3
-
). The diamond shaped region in the plot combines 

cation and anion information. Piper plots are used to identify or classify what kind of 

geochemical environment a water sample has come from (Appelo & Postma 2005), as water 
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samples from a certain environment or in contact with specific types of rocks will plot on a 

typical place on the diagram. 

 

Figure 13 Piper plot showing the expected positions of sea and fresh water. Also shown is how the position 

in the centre diamond is derived from the position in the lower triangles (Appelo & Postma 2005). 

Piper plots in this project were constructed using the program GW Chart (United States 

Geological Survey). The piper plot results were used to infer what chemical processes were 

prevalent in the subsurface at Muddy Lake.  
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4 SITE CHARACTERISATION 

4.1 Site observations 

The site contains visible signs of acidity. Most significant of these are ASS scalds which 

occur in patches over the low-lying areas of the site (see Figure 14 and Figure 15). During 

summer, salt crusts were observed on top of the dry wetland bed. Observed deposits were 

identified as potentially jarosite and gypsum.  

 

Figure 14 ASS scald 16th April 2009 
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Figure 15 ASS scald 1st July 2008 

The vegetation coving the site also indicates the presence of acidity and the associated 

salinity. The majority of the site is vegetated by kikuyu grass (Pennisetum clandestinum) 

apart from barren regions affected by scalding. At the margins of these areas there is obvious 

exclusion of kikuyu grass and vegetation changes to the more acid and salt tolerant (Semple, 

Cole & Koen 2004) couch grass (Paspalum vaginatum). Growing on the dunes in the west of 

the site are Western Australian Peppermints (Agonis flexuosa), which are notable for growing 

in limestone formations (Department of Environment and Conservation 2002). Seasonally 

water logged parts of the site were identified by the existence of water logging and salt 

tolerant Melaleuca species (Water and Rivers Commission 1997). 

The drain water exhibited iron monosulfide accumulations, which are common in acidic 

waterways adjacent to acid sulfate soils (see Figure 16 and Figure 17). 
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Figure 16 Iron monosulfides near to the southern surface water monitoring site. 

 

Figure 17 Iron monosulfides near to the southern surface water monitoring site. 
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4.2 Bore logs, field and laboratory soil testing 

All the full bore logs, including the field soil testing results are given in Appendix A. The full 

laboratory soil test results are given in Appendix B. The following is a summary of 

observations of the soil profiles as deduced from the field and laboratory soil test and log 

results. The depths given in text are those relative to the ground surface at each bore, whilst 

those in square brackets are relative to the ground surface at bore 4. The relative depths allow 

for a comparison with groundwater levels given later in this chapter.  

4.2.1 Bore 1 

Bore 1 had circum-neutral pH soil for all of the sampled profile. Carbonates were present 

down to a depth of around 2m [-2.5m], at which depth there was an apparent peat layer. At 

around 3m [-3.5m] depth there were no carbonates present and there was a large pH drop (~5 

units) and a noticeable reaction observed with the addition of peroxide. The existence of 

potential acidity at this depth was validated by the laboratory testing which indicated that 

soils from 3m [-3.5m] depth down had the highest potential acidity of all of the bore samples 

tested, at 1650 moles H
+ 

/tonne soil.  

The peat layer is most likely indicative of the bottom of the Muddy Lake wetland.  This bore 

was drilled near to the middle of the wetland, on a track constructed across the wetland some 

time ago to provide access to the other side.  

4.2.2 Bores 2, 4 and 8 

These 3 bores are located on top of the sand dune systems to the west of the wetland. All of 

the profile contained sandy soils with colour changing from light grey or brown to bleached 

yellow with depth. Bores 2 and 4 had visible calcrete (calcium carbonate) layers. Deeper 

layers in these profiles contained darker grey soil. Carbonates were present throughout the 

entire profile for bores 2 and 4 and for most of bore 8 apart for parts deeper than 4.5m [-

3.6m], where there was a visible reaction and pH drop with addition of peroxide.  

Bore 2 soils had an extreme peroxide reaction at depths of 3 to 3.5m [-1.9 to -2.4m], however 

the pH drop was minimal (~1 unit). Any acidity generation at this depth is clearly being 

buffered by the soil’s inherent alkalinity. Bore 2 also contained an apparent void in its profile, 

which is possibly part of a karst limestone formation.  
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Bore 4 exhibited soil pH drops upon peroxide addition for depths from 3.8m to 5.25m[-3.8m 

to -5.25m]; however laboratory testing revealed that these parts of the profile contained the 

highest measured ANC at the site (5000 mol H
+
 tonne

-1
). 

Despite the pH drop and extreme peroxide reaction at the bottom of the sampled profile at 

bore 8, the results from the SPOCAS test suggest negligible TPA in this part of the profile, 

with relatively high ANC. The high neutralising capacity of these soils can be explained by 

their location on top of the carbonate rich sand dunes in the west of the site. The observed 

calcrete layers are most probably an outcropping of Tamala limestone, characteristic of the 

Swan Coastal Plain.  

4.2.3 Bore 3 

Most of the soil below a depth of 1m [-0.5m] for Bore 3 was unable to be recovered and 

tested. The one sample tested below 1m depth was water logged grey sand, characteristic of 

reducing conditions.  A sample from 1m depth [-0.5m] had negligible TPA and relatively low 

(220 mol H
+
 tonne

-1
) ANC.  

4.2.4 Bore 7 

Bore 7 contained actual acid sulfate soils. All soils in the first 1.25m [-0.2m to -1.45m] of the 

profile had a pH of less than 3. Red and orange mottles within the soil profile are most 

probably the ASS minerals jarosite or schwertmannite. Bore 7 contained the only soils tested 

on site to give non-negligible TAA values from the laboratory testing.   

4.2.5 Bores 5 and 6 

Bore 5 and 6 both exhibited red and yellow mottles (see Figure 18) down the soil profile, 

indicating possible deposits of jarosite, or at least iron oxide minerals.  Almost all of the soils 

in this profile didn’t contain carbonates, but the laboratory results indicated ANC at the 

surface ([+0.1m], 2520 mol H
+
 tonne

-1
) and at shallow depths ([-1.0m], 580 mol H

+
 tonne

-1
) 

at bore 6.  Both bores showed significant pH drops following the addition of peroxide for 

depths ~1.5 to 3m [-1.5 to -3m].  Despite this, the samples tested for bore 6 all had negligible 

TPA. One sample from bore 5 (2m depth [-2m]) had potential acidity above the measurement 

limit.  
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Figure 18 Sample from bore 5 exhibiting mottling (depth ~ 1.3m [-1.3m]). 

4.3 Hydraulic conductivity 

The results of the hydraulic conductivity testing are given in Table 3. 

Table 3 Hydraulic conductivity 

Bore Ks (m day
-1

) 

1 0.3 

2 1.5 

3 2.6 

4 1.6 

5 4.6 

6 6.6 

7 5.1 

 

Bore 8 wasn’t tested as it was near to being completely dry, violating the Hvorslev test 

screening requirements. These hydraulic conductivities place the soil in the silty or fine sand 

range (Fetter 1994), which is consistent with field observations. The measured values are all 

lower than those considered ‘low’ in the model presented by Johnston, Slavich & Hirst 
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(2004) (see section 2.9). Some of these values were altered as part of the calibration of the 

water balance (see chapter 5). 

4.4 Groundwater monitoring results 

4.4.1 Depth 

The groundwater depth measurements are given in Figure 19. Note that these depths are 

relative to the zero point at the ground surface at bore 4.  

 

Figure 19 Groundwater depth measurements. 

The difference in depths between the bores stays relatively constant across the sampling 

period, indicating a steady groundwater head gradient. The gradient suggests that the 

superficial groundwater flows west across the site, and then south-west towards the coast, 

along the edge of the dune formation (Figure 20, Figure 21, Figure 22 and Figure 23). The 

groundwater contours suggest a steady flow direction for the length of the study period, and 

justify the use of the groundwater gradients used in the water balance (chapter 5).   
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Figure 20 Groundwater depth contours, 11
th

 September 2008. Bore locations are shown as the stars. Co-

ordinates shown are UTM zone 50. Diagram courtesy Bibhash Nash. 

 

Figure 21 Groundwater depth contours, 13
th

 November 2008. Bore locations are shown as the stars. Co-

ordinates shown are UTM zone 50. Diagram courtesy Bibhash Nash. 
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Figure 22 Groundwater depth contours, 14
th

 January 2009. Bore locations are shown as the stars. Co-

ordinates shown are UTM zone 50. Diagram courtesy Bibhash Nash. 

 

Figure 23 Groundwater depth contours, 27
th

 March 2009. Bore locations are shown as the stars. Co-

ordinates shown are UTM zone 50. Diagram courtesy Bibhash Nash. 
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4.4.2 pH 

Groundwater pH measurements are shown in Figure 24. Bore 7, the only bore exhibiting 

actual ASS at the time of bore installation, maintained a groundwater pH of just under 4 over 

the summer. The pH of the groundwater sampled from bore 3 decreased as the groundwater 

level dropped during summer. All of the other bores maintained a groundwater pH within the 

range 6.5 to 7.5. Acidic groundwater in bore 7 is to be expected given that actual ASS were 

observed at the time this bore was installed. The drop in the pH of bore 3 groundwater 

suggests that pyritic materials were exposed to oxygen when the groundwater dropped during 

summer. Near-neutral pH in the remaining bores indicates that there was either no acidity 

generation in the sub-surface as surrounding these bores or that any acid generated was 

adequately buffered.  

 

Figure 24 Groundwater pH. 

4.4.3 Oxidation reduction potential 

Oxidation reduction potential (ORP) measurements (Figure 25) correlate well with pH 

measurements and soil testing results. The groundwater with highest ORP is seen in bore 1; 

this observation confirms the oxidising environment suggested by both the low pH 
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groundwater and actual ASS observations. The groundwater conditions in bore 3 become 

more oxidising across the sampling period. This confirms suggestions from pH measurements 

that pyrite oxidation occurs following a decline in groundwater levels at this bore. It may be 

possible that the organic matter observed in the soil profile is being oxidised in bore 1 at the 

end of the sampling period, explaining the rise in the ORP of samples from that bore. 

Groundwater in bores 2, 5 and 6 experienced relatively reducing conditions across the 

sampling period, promoting pyrite creation rather than oxidation.  

 

Figure 25 Groundwater oxidation reduction potential. A change of measuring equipment meant that 

ORP data collected prior to November 2008 were incomparable with those collected afterwards. 
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b) 

d) c) 

a) 

4.4.4 Chemical species 

Piper plots 

 

Figure 26 Piper plots of groundwater chemistry for a) 11
th

 September 2008, b) 13
th

 November 2008, c) 

14
th

 January 2009 and d) 27
th

 March 2009. 

Plotting the groundwater chemistry results on Piper diagrams (Figure 26), gives insight into 

the subsurface chemical processes at the site.  Originating from oceanic vapour, rainwater at 

the Muddy lake site would have a similar relative chemical composition to seawater. The salt 

in inland rainwater comes from marine aerosols that form from the liquid droplets that are 

produced when gas bubbles burst at the sea surface (Appelo & Postma 2005).  Groundwater 
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chemical data plotting away from the typical seawater location on the Piper plot (lower right 

corner for both anions and cations, see Figure 13) must be a result of chemical additions or 

transformations to rainwater as it infiltrates the soil and becomes part of groundwater.  

Groundwater from bores 3 and 7 is dominated by sulfate (>80% of main anions). This sulfate 

enrichment is most likely the result of pyrite oxidation, a chemical reaction that generates 

sulfate.  Samples from bore 3 have relatively high calcium concentrations; this is more than 

likely a result of calcite dissolution (see section 2.5) a reaction that releases calcium ions into 

solution. This may have been initially buffering the acid generated with the oxidation of 

pyrite, but eventually being exhausted; explaining the pH drop over time in bore 3. Bore 2 is 

dominated by carbonates, as expected from their strong presence in the profile taken from 

that bore.  

Over time the remaining bores tend to move further away from carbonate species toward 

sulfate, whilst remaining at a circum-neutral pH. This is where it is important to remember 

that piper plots indicate relative rather than absolute concentrations. Inspection of the raw 

sulfate concentrations (Figure 27) reveals that the concentration of sulfate in these bores isn’t 

changing dramatically over time. This means that there was a relative depletion of carbonate 

species rather than an increase in sulfate. With cation proportions remaining relatively stable 

across the sampling period, the decrease in carbonate species may be explained by the 

prominence of reaction number 11 (2.5), in the buffering of groundwater from these bores.   

As expected bores 3 and 7 have high sulfate concentrations, a product of pyrite oxidation. 

Groundwater from bore 5 also has relatively high sulfate concentrations. 
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Figure 27 Sulfate concentration. 

Other species 

The measured dissolved iron concentrations (Figure 28) support the observations covered up 

until this point. Pyrite oxidation and the associated acidic conditions both promote iron 

release (Fe
2+

) and iron remaining dissolved (Fe
3+

). Bores 3 and 7 have the highest observed 

iron concentrations. The groundwater in bore 5 was also relatively iron-rich, most likely in 

the Fe
2+

 form due to its near neutral pH.  

Aluminium concentrations are given in Figure 29. The results correlate well to pH 

measurements, with the low pH groundwaters (bore 7, and for later times bore 3) exhibiting 

substantially higher (at least 100 times higher than other bores) aluminium concentrations. 

This is characteristic of low pH water, where aluminium is released from aluminosilicate 

minerals (see section 2.6). Aluminium may have detrimental environmental health 

implications for plants, fish and stock (see section 2.8). Aluminium may be toxic to aquatic 

life at concentrations as low as 0.1 mg L
-1 

(Sammut et al. 1995), this is exceeded in many of 

the bore samples, as well as in the drain water (see Chapter 5). 
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Figure 28 Iron concentration. 

 

Figure 29 Aluminium concentration. Note the logarithmic scale.  
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4.5 Synthesis 

The subsurface surrounding Muddy Lake exhibits geochemical variability. At the time of 

bore installation, there was actual ASS in the soil profile at bore 7 and groundwater collected 

from that bore has remained acidic since, with associated high levels of aluminium. The pH 

drop over the summer suggests that soils near to bore 3 has likely become actual ASS as 

groundwater levels have dropped. Layers of potential acidity were observed in bores 1 and 8; 

however even at its lowest level the groundwater table is safely above these layers, and they 

should remain unoxidised. Layers of potential acidity were also observed in bores 5 and 6. 

Lowest observed groundwater levels are just above these layers. The groundwater hasn’t 

become acidic over the sampling period of this study in these bores; however a particularly 

dry year with lower groundwater levels could expose these layers and generate acidity. 

Previous instances such as this occurring may explain the elevated levels of sulfate and iron 

observed in groundwater from bore 5. Bores 2, 4 and 8 appear to be well buffered by 

calcareous material over the range that the water table moves. There is equilibrium between 

the oxidation of pyrite generating acidity and the dissolution of carbonates buffering acidity. 

The state of this equilibrium is governed by the relative amounts of pyrite and carbonate, and 

the oxidative conditions governed by groundwater hydrology. 

Although the conclusion may be somewhat biased by the location of the bores, it appears that 

the strip of land directly east of the wetland contains a large degree of actual acidity. This 

area was likely either permanently or at least seasonally waterlogged prior to wetland being 

drained. These waterlogged conditions are conducive to the production of pyrite. Since the 

land has been drained, pyritic sediments which previously were permanently inundated have 

been exposed to oxygen, oxidised and released acidity. The previously inundated margin of 

the present day extent of the wetland (of which the location of bores 3, 5 and 7 forms part), 

and the wetland itself which dries out over summer are the likely sources of acidity at the site. 

The observations of iron sulfate mineral (jarosite) and calcium sulfate (gypsum) minerals at 

ASS scalds indicates the prevalence of evaporation driven accumulation of superficial salts at 

the site. 
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5 JOURNAL PAPER MANUSCRIPT1 

Determining the dominant hydrological processes of acidity transport at an acid sulfate 

soil affected wetland: A water balance approach.  

5.1 Abstract 

We propose a simple water balance approach to determine the dominant hydrological acidity 

transport processes at an acid sulfate soil affected coastal wetland in south-western Australia. 

The method required unsophisticated inputs and calibration only through adjustment of 

hydraulic conductivities. A closed water balance was used to perform mass balances on 

species relevant to acid sulfate soil acidity transport and environmental impacts. Wet period 

hydrology was dominated by overland and near surface flow; mass balances were driven by 

water flows rather than variations in chemical species concentrations. The dominant transport 

mechanisms at the site were found to be an evaporation driven accumulation of acidity and 

salts in surface soils during dry times that were washed into adjacent waterways during storm 

events.  The water balance method is especially useful for use at sites where high resolution 

soil property data and topographic information isn’t available.  

5.2 Introduction 

Acid sulfate soils (ASS) are soils containing iron sulfides, most commonly pyrite (FeS2), that 

when exposed to air may oxidise to generate sulfuric acid (Macdonald et al. 2007). These 

soils were mostly formed following the last sea level rise, with sulfate from seawater reacting 

with organic matter and iron oxides in water logged, reducing conditions (White et al. 1997). 

When these coastal floodplains are drained (mainly for agriculture or land development) the 

soils are exposed to oxygen (Rosicky et al. 2004), and have the potential to generate acid. 

Instances of ASS have been recorded in Europe, south-east Asia, western Africa, North 

America and Australia (Dent & Pons 1995; White et al. 1997; Fanning et al. 2004). The 

chemical reactions associated with ASS are the same as those seen in sites affected by acid 

mine drainage (AMD), where iron sulfide minerals associated with ores are exposed to 

oxygen through the mining process (Salmon, Oldham & Ivey 2008). 

                                                 

1
 This chapter is written in the form of a journal paper manuscript to be eventually submitted to Water 

Resources Research. It should possible to read this chapter independently of the rest of the thesis, however for 

continuity equation, figure and table numbering continues from the previous chapters. 
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The overall reaction for the oxidation of acid sulfate soils is given by (Appelo & Postma 

2005):  

FeS2(s) + 3.75 O2(aq) + 3.5H2O(l) → Fe(OH)3(s) + 2SO4
2-

 (aq)+ 4H
+

(aq)   (27) 

The pyrite reacts with oxygen and soil moisture to produce iron (III) hydroxide (Fe(OH)3), 

sulfate ions (SO4
2-

), and hydrogen ions (H
+
). If the pH drops to below 4 ferric iron (Fe

3+
) 

remains stable and may further oxidise pyrite (Cook et al. 2004): 

FeS2(s) + 14Fe
3+

(aq) + 8H2O(l) → 15Fe
2+

(aq) + 2SO4
2-

 (aq)+ 16H
+

(aq)   (28) 

This reaction is notable as it means that ferric iron may oxidise pyrite in the absence of 

oxygen, away from the groundwater-air interface. The dissolution of carbonate salts within 

the soil, most notably calcium carbonate compounds may neutralise acidity generated by 

pyrite oxidation. 

Acid generation from the oxidation of pyrite is associated with a mobilisation of metals into 

solution. They may either be released from surface sites on iron or manganese oxyhydroxides 

with a drop in pH (Appelo & Postma 2005), or from the weathering of aluminosilicate 

minerals (Nriagu 1978). The latter is generally represented by (Deutsch 1997):  

MeAlSiOn(s) + 4H
+

(aq)→ Me
+

(aq)+ Al
3+

(aq)+ H4SiO4
0

(aq)   (29) 

where Me represents calcium, sodium, potassium, magnesium or iron. The discharge of acid 

and the associated metal mobilisation in both soils and surface waters may inhibit plant 

growth by affecting the availability of nutrients (Rosicky et al. 2006) or be harmful to aquatic 

organisms (Sammut et al. 1995). 

Any attempt to remediate a site affected by ASS must begin with the identification of not 

only acidity generation processes, but also the critical acidity transport processes at that site. 

In arid and semi-arid regions which are dominated by evapo-transpiration, the evaporative 

demand, governed by meteorological conditions, is greater than the ability of the soil to 

conduct liquid water (Gowing, Konukcu & Rose 2006). Under these conditions, capillary 

action transports water upwards from a usually shallow water table where it evaporates as it 

reaches the evaporation front, the boundary between liquid and gaseous phases of water 

(Rose, Konukcu & Gowing 2005). This process leads to the precipitation and accumulation 

of any acidity products generated by ASS processes in superficial soil horizons (Minh et al. 
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1998). The accumulation of surficial salts has been specifically documented for AMD 

affected sites (Hammarstrom et al. 2005; Keith et al. 2001). In ASS soils this often leads to 

the creation of bare scalds on the soil surface (Rosicky et al. 2004).  Once at the surface, 

acidity and salts may be washed into adjacent waterways by rainfall, particularly after long 

dry periods, in the form of a ‘first flush’ rainfall event (Canovas et al. 2008). 

Alternatively, acidity transport may be dominated by groundwater seepage into waterways, 

particularly in ASS catchments adjacent to waterways which are tidally influenced (Johnston, 

Slavich & Hirst 2004). Tidal variation can set up large groundwater gradients, which if 

combined with high hydraulic conductivity may cause significant discharge of acidity via 

groundwater. Johnston, Slavich & Hirst (2004) present a model for analysing and assessing 

the relative importance of surface and subsurface flows in acidity transport, with the most 

important factors being hydraulic conductivity of the subsurface and the processes creating 

groundwater gradients.   

In this study, we propose a simple water balance method to identify the critical acidity 

transport processes at a site affected by ASS. The method requires little topographical and 

soil information other than estimates of hydraulic conductivity and groundwater gradients, 

removing the need to provide estimates for runoff coefficients and typically heterogeneous 

vegetation conditions seen in other approaches (Wilson, White & Melville 1999). The water 

balance is able to be augmented with chemical concentrations to construct chemical mass 

balances in order to investigate the flux of individual chemical species common in ASS 

environments. The method is applied to site affected by ASS in south-western Australia 

identified as needing remediation.  Results from the method may be used to make decisions 

about ASS remediation options.  

5.3 Methods 

5.3.1 Site description 

Muddy Lake is an intermittent wetland situated 10km south of Bunbury, Western Australia 

(33° 26’ 30’’ S 155° 35’ 28’’ E, Figure 30). The region has a Mediterranean climate with hot, 

dry summers (16 to 30°C) and cool, wet winters (7 to 17°C). The mean annual rainfall for the 

last 14 years is 700mm, the majority of which occurs between May and September. The 

average annual potential maximum evaporation for the area is between 1400mm and 

1600mm.  
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The wetland sits in between a number of eolian sand dune deposits of Pliocene to Holocene 

age (Commander 1982).  Most notable of these is Tamala limestone, an eolian calcarinite 

which forms elongated dunes parallel to the present coastline.  

 

 

 

The site was drained for pasture in the early 20
th

 century, reducing the extent of the 

previously permanently waterlogged wetland. Reports of acidity in waterways at the site date 

back to the 1930’s. More recently there have been reports of cow’s hocks being burnt by 

acidic soil. The wetland is surrounded by patches of scalded bare soil.  

Subsurface investigations have revealed potential and actual acidity in soil profiles sampled 

from the margins of the present day extent of the wetland. There is heterogeneity of 

subsurface acidity at the site, in some parts groundwater being permanently acidic, but in 

others acidity depending on the seasonal position of the groundwater table relative to pyritic 

sediments. Calcareous deposits in sand dunes to the west of the wetland provide significant 

acid neutralising capacity. Acidic groundwater (pH 3.7) surrounding the wetland has 

associated aluminium and arsenic concentrations of up to 100mg L
-1

 and 0.1mg L
-1 

respectively.  

Figure 30 Location of Muddy Lake. 
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Ocean 
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Acidity is transported off the site by an artificial drain which flows from approximately May 

to December, discharging eventually to the Indian Ocean. The usual flow regime in the drain 

is from north to south.  Iron monosulfide accumulations have been reported in drain water 

and in particular near to the point of ocean discharge these are associated with an offensive 

sulfide gas odour. Superficial groundwater flows across the site from east to west, through the 

drain.  

5.3.2 Sample collection and analysis 

Surface water measuring stations were set up at either end of the drain’s extent on the site 

(Figure 32). These consisted of an ISCO automatic water sampler, pH, conductivity and 

temperature probes (YSI 6583), and an Area-velocity (AV) module (ISCO 750). pH and 

conductivity probes were calibrated prior to installation. Salinity was calculated from 

conductivity and temperature according to standard methods (APHA 1992).  Flow area and 

deduced flows were calculated manually from the flow depth and velocity measurements. 

Velocity, height, pH, conductivity and temperature measurements were collected once every 

fifteen minutes. The water sampler took a 200mL sample of drain water every 6 hours. The 

sampler purged the sample collection line prior to taking a sample. Four successive samples 

were emptied into one 800mL bottle so that one bottle was filled up per day. The bottles were 

acid washed (soaked for 24 hours in 10% hydrochloric acid and rinsed six times with de-

ionised water) and changed at least once every 24 days. The pH, conductivity and 

temperature of each bottle were measured using a calibrated probe (TPS 90 FL-MV) in order 

to confirm the results measured by the automatic equipment. There was minimal drift from 

calibration and no adjustment was made to continuous pH and conductivity measurements. 

Drain water grab samples were taken (following purging of the collection line) at both 

surface water locations at the same time water sampler bottles were taken. These were 

collected into 500mL polyethylene bottles.  

Groundwater samples were collected from eight bores surrounding the wetland (Figure 32). 

A volume of approximately three bore casings was removed from each bore with a bailer and 

discarded, before a sample of about one litre was collected in a high density polyethylene 

container. The pH, electrical conductivity and temperature of the sample were measured 

using either a two point calibrated TPS 90 FL-MV or Hydrolab (Hach Environmental). The 

sample was then filtered using a hand pump filter kit (Millipore) and mixed cellulose 0.2 μm 

filters (Whatman) into two 125mL polyethylene bottles, and concentrated nitric acid added to 
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one of the bottles to preserve the metals. Al, K, Na, and SO4-S were measured by inductively 

coupled plasma emission spectroscopy (ICPAES). In order to assess the contribution of 

dilution and evapo-concentration in controlling drain water quality variation, daily changes in 

salinity and H
+
 concentrations were computed. H

+
 concentrations were calculated from drain 

water pH. Salinity and H
+
 at both surface water sites were averaged over 24 hour periods.  

These daily average values were used to calculate daily percentage changes in salinity and 

H
+
.  

Groundwater depth measurements were taken immediately prior to sample collection, and the 

site surveyed to allow comparison of depths and the calculation of gradients.  Subsurface 

hydraulic conductivity was determined at seven of the eight bores using a Hvorslev slug test 

(Hvorslev 1951).  

5.3.3 Water balance calculations 

In order to determine the dominant hydrological processes at the site and in order to perform 

a mass balance, we carried out a water balance on the drain. The water balance was 

calculated with a daily time step with the following components (see Figure 31): 

 

 

∆Storage = Surfacein + Subsurfacein − Subsurfaceout − Drain discharge− Evaporation  (30) 

All terms have units of m
3
 day

-1
. In each case a negative value indicates a loss of water from 

the control volume. 

Figure 31 Water balance components. The thick dotted line represents the drain control 

volume. 

Surfacein Evaporation 

ΔStorage 

Subsurfacein 

Drain discharge 

Drain discharge 
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The drain discharge was calculated from the velocity and water depth recordings measured at 

the two surface water monitoring sites. The storage change was calculated by daily changes 

in drain water depth measurements. The mean of the two measuring points was used. For 

evaporation, Morton shallow lake evaporation was calculated (Morton 1983) from 

meteorological data. Both of these were multiplied by an average drain surface area to give 

volumetric flux. The surface area would in reality vary with depth however the evaporation 

and changes in height were smaller than the drain discharges to the extent that any error 

introduced here didn’t have a significant bearing on the results of the water balance. For 

periods where groundwater gradient data weren’t available (July to September), the water 

balance allowed for an estimation of net surface and subsurface flows into the drain: 

Surfacein + Subsurfacein − Subsurfaceout = ∆Storage + Drain discharge + Evaporation  (31) 

For periods when groundwater depth data was available (September to January), the 

subsurface flows were estimated using Darcy’s Law: 

Subsurfacein ,out = Ks
∆h

∆l
A                                          (32) 

where Ks is hydraulic conductivity (m day
-1

), 
∆h

∆l
 is the head gradient calculated using relative 

groundwater and surface water heights (m m
-1

) and A is the area on the drain wall through 

which seepage occurs (m
2
), given by the height of the water in the drain. For subsurface 

flows into the drain, 3 zones of groundwater flow were used, using the gradient and relevant 

hydraulic conductivity between bore 5 and the southern surface site, bores 3 and 1 and bore 7 

and the northern monitoring site. For subsurface out flows, two zones were considered, the 

gradient between the southern surface site and bore 4, and the between the northern site and 

bore 7 (Figure 32). Gradients were varied linearly between measurement points to allow 

calculation with a daily time step.  

This gives an estimate of surface flows into the drain (i.e. flow entering the drain over the 

sides):  

Surfacein = ∆Storage + Drain discharge + Evaporation + Subsurfaceout − Subsurfacein  (33) 

Hydraulic conductivity values were varied to calibrate the water balance. Water balance 

calculations were not undertaken after the drain become dry at the start of January. A 
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comparison of water balance results and the rainfall experienced by the site allowed for 

inference of the catchment response to rainfall events.  

For comparison with groundwater table movement, average areal evapo-transpiration was 

calculated from meteorological data using the methods of Morton (1983). This allowed for an 

investigation of hydrology during dry times, a period also crucial to the transport of acidity 

within the soil profile.  

 

Figure 32 The location of the bores, surface water sites and the zones used for subsurface flow estimation. 

5.3.4 Chemical mass balance calculations 

Once the water balance was closed, we were able to calculate surface mass flow estimates for 

H
+
, SO4, Al and total salts. The mass balance contains the same components as the water 

balance with the exception of the evaporation term, which is assumed to have no dissolved 

species mass component. The mass balance for species x is therefore: 

∆Storagex = Surfacein x
+ Subsurfacein x

− Subsurfaceout x
− Drain dischargex    (34) 

Metres 
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Each of these terms is calculated using the corresponding water balance term and a 

characteristic concentration: 

Mass balance term = Water balance term × Characteristic concentration               (35) 

For the storage change and subsurface outflows, the mean drain concentration was used. For 

drain discharge, the concentration at measured at the north and south stations was multiplied 

by the discharge at that point and then these terms added together to give the net drain mass 

discharge. For subsurface inflows, the mean of concentrations at bores 1 and 5 was used as 

the characteristic concentration. The concentration of bore 7’s groundwater was not included 

as we decided that this bore was too far away from the drain, and may not accurately 

represent flow into the drain due to chemical transformations that may occur as flow travels 

across the wetland. H
+
 concentrations were calculated from pH measurements. The practical 

salinity scale was approximated as being equivalent to g L
-1

 for the purpose of the salt mass 

balance. SO4 and Al concentrations in both surface and groundwaters were assumed to vary 

linearly between measurements. Groundwater pH and salinity was assumed to vary linearly 

between measurements.  

5.4 Results 

5.4.1 Drain water 

Throughout the sampling period, drain water at the southern site had a lower pH than the 

northern site (Figure 33), and the difference increased over the sampling period. This 

indicates a source of H
+
 over the course of the drain which is quantified in the mass balance 

calculations. There was also an apparently complementary inverse relationship between pH 

and salinity. This relationship points toward dilution and evapo-concentration being 

important processes in observations of pH variation. If the drain was diluted by fresh water, 

H
+
 concentration would decrease and therefore the pH increase. At the same time, 

concentrations of all other dissolved species which contribute to salinity would decrease, 

giving a decrease in salinity. The reverse would occur in the case of evapo-concentration of 

drain water. Variation in drain pH controlled solely by these physical effects would therefore 

expected to be associated with changes of H
+
 concentration and salinity of the same 

magnitude at the same time. This effect is more pronounced at the northern monitoring site 

(Figure 34). The best correlation is seen during July (the wettest period) at the northern site. 

In most cases at both sites, there is a co-occurrence of peaks, but the H
+
 peak is bigger. At 
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both sites on average the H
+
 change is bigger by 5%.  Physical effects alone do not account 

for drain pH and salinity variation.  

In addition to lower pH, the southern surface water site also has higher Al, Fe, Na and SO4. It 

has mostly higher K and total acidity (Table 4). All of these species are either products of 

pyrite oxidation (Fe & SO4, Equations 27 and 28) or are associated with the weathering of 

minerals under acidic conditions (Equation 29). There is obviously a source of these species 

that enters the drain as the water flows from north to south, and this is justifies the use of the 

mass balances. Notably, Al is above 0.1 mg L
-1

 at the southern site, the level considered toxic 

for aquatic life (Sammut et al. 1995).  

 

Figure 33 pH and salinity measured at the northern (top) and southern (bottom) surface water sites. 
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Figure 34 Daily changes in acid concentration (H+) and salinity at the northern (top) and southern 

(bottom) surface water sites. 

Table 4 Drain water chemical species concentrations. All are mg L
-1

. Acidity is expressed as CaCO3. 

  

 Al Fe Na SO4-S K Acidity 

Date North South North South North South North South North South North South 

11/09/2008 0.28 1.9 12 85 101 137 500 879 22.9 18.8 15 73 

1/10/2008 0.088 1.2 4 69 79.2 116 430 809 23.2 18.9 15 30 

13/11/2008 0.07 0.32 5.6 38 65.4 78 309 423 20.8 19 11 9 

22/12/2008 0.009 0.18 0.78 55 54.7 97.4 208 545 14.7 22.3 9 24 

14/01/2009 0.017 0.88 7.2 100 84.2 137 797 1070 10.5 39.7 8 97 



Journal paper manuscript  D. D. Boland 

57 

5.4.2 Water Balance  

Peaks in surface and subsurface flows (the ‘lumped term’) into the drain (Equation 31, shown 

in Figure 35) correlated well with rainfall events from July until October. Every major 

rainfall event during this period corresponded to a peak of net surface and subsurface flows. 

This correlation was much less pronounced as the net surface and subsurface flows value 

became negative, which upon inspection of Equation 31 reveals that subsurface outflows 

from the drain must have been higher than surface and subsurface flows into the sides of the 

drain.  This period forms part of the range covered where there was data available to separate 

the subsurface and surface flows (Figure 36). This separation revealed a dominance of 

surface flow during September and into October. Following this, the surface flow in is 

matched by subsurface flow out.  

Calibration of the water balance required us to increase subsurface hydraulic conductivities to 

the west of the drain by a factor of ten (Table 5) above what was measured with the slug tests. 

Equation 33 reveals that the calculated surface flow term may become negative if the 

subsurface outflow term isn’t high enough to overcome a negative total from the other terms. 

This term being negative is a physical impossibility unless the drain had flooded and water 

overtopped its banks, which didn’t happen during the sampling period. The adjustment of 

hydraulic conductivity allowed the water balance to be calibrated to reflect physical 

possibilities. The groundwater outflows peaked in November when drain water levels 

remained approximately stable as groundwater tables started to fall, the drain being recharged 

from flows higher up in the catchment.  

Table 5 Measured hydraulic conductivities (Ks) and the adjusted values used in the water balance. Bore 8 

violated the conditions of the Hvorslev test and wasn't tested. The Ks values of bores 2 and 4 where used 

for bore 8 in the water balance. 

Bore 
Measured Ks 

(m day
-1

) 

Adjusted Ks 

(m day
-1

) 

1 0.3 0.3 

2 1.5 14.5 

3 2.6 2.6 

4 1.6 15.8 

5 4.6 4.6 

6 6.6 6.6 

7 5.1 5.1 
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Figure 35 Net surface and subsurface flow into the drain (top) and rainfall over the same period (bottom). 

 

Figure 36 Surface and subsurface water balance components. 
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5.4.3 Mass balances 

The net surface and subsurface H
+
 and salt fluxes (Figure 37) have the same peaks as the 

water balance, at times of rainfall events (Figure 35). The lumped water balance term became 

negative during November, and this is reflected in the mass balance results, but to a lesser 

extent. This is because the general decline in salinity and rise in pH over the sampling period 

dampen the influence of the negative water balance term.  Similarly, the separation of surface 

and subsurface mass flows (Figure 38) gives results that resemble the equivalent water flows 

(Figure 36). The aluminium surface fluxes in particular approach zero during November and 

December, reflecting the declining drain aluminium concentrations.  

Calculation of the aluminium flux formed the basis for not using bore 7 for characteristic 

groundwater concentrations. Aluminium levels in bore 7 exceeded 100 mg L
-1

, orders of 

magnitude higher than concentrations in the drain (Table 4) and other groundwater bores. 

Concentrations this high cannot be accounted for by drain water aluminium concentrations 

and the closed water balance. Computationally, the high aluminium concentrations in bore 7 

were causing the subsurface inflow component of the mass balance to be high enough so that 

surface flow of aluminium was estimated to be negative, which isn’t physically possible.  
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Figure 37 Net surface and subsurface H
+
 (top) and salt (bottom) fluxes. 
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Figure 38 From top: H
+
, salt, SO4 and Al fluxes. 
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5.4.4 Evapo-transpiration 

Cumulative evapo-transpiration was calculated from meteorological data and compared to 

groundwater levels to assess the impact this process has on subsurface hydrology (Figure 39). 

The drop in groundwater levels appears to follow a similar shape as the independently 

calculated evapo-transpiration, especially from January onwards. The calculated evapo-

transpiration simply gives a quantification of the meteorological forcing of evapo-

transpiration. 

 

Figure 39 Cumulative average areal evapo-transpiration and the average drop in groundwater levels at 

Muddy Lake. 

The site experienced minimal rainfall (a total of 20mm) from January to April. Evapo-

transpiration is therefore the only component of the water balance of the soil surface.  The 

rise in cumulative evapo-transpiration relative to groundwater drops can be explained by the 

rainfall experienced during September (Figure 35), which replenished groundwater stores, 

resulting in a rise of groundwater levels, as seen by the negative value at the start of October.   

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Sep-08 Oct-08 Nov-08 Dec-08 Jan-09 Feb-09 Mar-09 Apr-09 May-09

E
v

a
p

o
-t

r
a

n
sp

ir
a

ti
o

n
/D

r
o

p
 i

n
 g

r
o

u
n

d
w

a
te

r
 l

e
v

e
l 

(m
)

Cumulative Evapo-transpiration

Groundwater level change



Journal paper manuscript  D. D. Boland 

63 

5.5 Discussion  

5.5.1 Dominant hydrological processes 

Despite surface flows not being separated and quantified for the wettest part of the year, 

much can be inferred from the net surface and subsurface water and mass flows lumped term 

calculated in the water balance (i.e. Figure 35 and Figure 37). The peaks of this term occur on 

the same day as rainfall events, with no lag. This indicates that the catchment feeding the 

drain is responding quickly to rainfall events. The majority of this water is almost certainly in 

the form of overland flow. If the rainfall was to infiltrate the soil and flow to the drain 

through subsurface seepage, there would be a lag between the event and an observed peak of 

drain inflows. Flow into the drain from the adjacent wetland confirms the geochemical 

component of drain quality variation.  

Despite surface and subsurface flows not being separated for July and August, the period for 

which they were separated (Figure 36), reveals their likely proportion for the earlier period. 

During September the dominant component of flows (>90%) into the sides of the drain are 

surficial. During the same period in Figure 35 the lumped balance term is at around one third 

to one half of the maximum peaks seen in July. Groundwater outflow and inflow gradients 

are relatively stable in the periods which they were measured. It is unlikely that during the 

wetter July and August that if groundwater flows were separated from the lumped terms there 

would be a result other than surface flows being found to be dominant. This result is 

supported by the same day response to rainfall events seen in the lumped term. 

In the case of Muddy Lake, the drain is directly adjacent to a wetland. The wetland would 

likely wet up with the first rainfall events of winter. Once the wetland is saturated it would 

overflow straight into the drain, resulting in the large proportion of both flow and mass fluxes 

observed during rainfall events. 

The nature of the available data meant that linear variations in drain and groundwater 

concentrations and groundwater heights needed to be made. In the case of groundwater flows, 

this meant that groundwater flows didn’t accurately reflect the effect of storm events on 

groundwater gradients, with calculated flows being base conditions. Because of this, the 

calculated surface flows could be thought of as a combination of both actual overland and 

near surface subsurface flows associated with storms. Both of these have the same 

implications for acidity transport, with products that have been transported upwards through 
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evaporation being not only on the soil surface but also in the surficial soil horizons. 

Groundwater depth data collection frequency could be improved by installing capacitance 

probes in bores, giving higher resolution groundwater gradient data.  

Similar to groundwater gradients, Al and SO4 concentrations weren’t measured daily in 

surface and groundwaters. The effect of storm events is therefore not specifically taken into 

account in mass fluxes. However, salt and H
+
 concentrations were measured daily and taken 

into account in flux calculations (Figure 37). These showed the same responses to rainfall as 

the lumped water balance term, indicating that it is the water balance component, rather than 

the characteristic concentration (Equation 35), that is driving mass fluxes into the drain. Al 

and SO4 are contributors to salinity in the drain, and if concentrations were measured daily 

for the entire period of this study, it would be expected for the flux of all dissolved species to 

have characteristics similar to those seen in the total salt fluxes which are controlled by the 

water balance terms.  

The decline in H
+
 and salt loads over time may be interpreted as a successive depletion and 

dilution of surface species at the site. This is a characteristic of first flush event driven 

systems (Canovas et al. 2008), where most surface products are dissolved and washed away 

in the first rainfall event(s) following extended dry periods. Less surface salts are available as 

the wet season proceeds, resulting in lower salt (and acidity) surface fluxes. The first flush 

event at Muddy Lake may be somewhat delayed however, due the role of the wetland in the 

hydrology of the drain. The wetland would need to first become saturated before flow 

overtopped into the drain, carrying with it dissolved species. How much rain needed before 

the wetland became saturated would depend on the length and intensity of the dry period 

preceding the first rainfall events. 

The hydrology of dry periods is also critical to acidity transport. The calculated evapo-

transpiration values may be thought of as an indication of the meteorological forcing causing 

evapo-transpiration at the site, whether or not these are calibrated to match site conditions is 

not essential.  Groundwater levels dropping in a fashion that matches this meteorological 

forcing indicates that evaporative processes play the critical role in controlling groundwater 

levels at the site.  Extended dry periods where evapo-transpiration dominates hydrology as 

seen at the site will result in the upward translocation and accumulation of acidity and salts 

out of groundwater.  
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5.5.2 Water balance calibration 

The water balance had to be calibrated in order to reflect realistic physical conditions through 

an adjustment of measured hydraulic conductivity values.  An adjustment of hydraulic 

conductivity values is justified given the geological setting of the site. The western side of the 

drain, where hydraulic conductivity was scaled upwards as part of the water balance 

calibration, contains outcropping of limestone in its subsurface. Karst landscapes such as this 

are characterised by the existence of voids which provide pathways of preferential flow in the 

subsurface (Worthington & Gunn 2009).  It is possible that the two bores on top of this 

formation at which slug tests were undertaken didn’t accurately represent the existence of 

these preferential pathways. Adjusting the measured hydraulic conductivity by a factor of ten 

is acceptable given the wide range that may been seen in this parameter at a single site, let 

alone across geological settings (Fetter 1994).  

In addition to the karst landscape, the wetland and ASS environments exhibited at the site 

may experience significant spatial and temporal variation, related to heterogeneity of plant 

communities and decomposition (Zeeb & Hemond 1998) and changes in soil structure 

following ASS oxidation (Le et al. 2008). Hydraulic conductivities were only measured once 

in this project; measuring hydraulic conductivities during different seasons and in more 

locations would most likely mean that less adjustment would be necessary to calibrate the 

water balance. Despite this, the water balance is still able to characterise flows at the site 

through the lumped term which gives meaningful results without requiring calibration.  

5.5.3 Synthesis 

The observed dominance of evapo-transpiration in dry periods and surface flow during wet 

periods allows for the creation of a conceptual model of acidity transport at the study site. 

Acidity is generated in the subsurface through the oxidation of pyritic material. The acidity 

then weathers subsurface minerals releasing metallic salts into solution. During extended dry 

periods, the acidity and salts are transported upwards by capillary action and accumulate in 

surface soils following evaporation. The accumulation of these products is observed at the 

site in the form of scalded bare soil. Rainfall events mostly flow across the land surface or 

near surface into adjacent rains, dissolving and transporting acidity into the drain once the 

wetland becomes saturated. This creates a gradient of both pH and salinity in the drain as it 

flows from north to south. Any remediation technique implemented on site would need to 
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aim to stop the accumulation of the acidity and salts on the ground surface where it is 

susceptible to water flows.  

This conceptual model remains valid despite a relatively large amount of simplification and 

approximation. The water balance method appears to give more definitive results during 

periods of larger flows. During drier periods, due to their magnitudes alone, the flow 

approximations, especially when surface water flow is separated, are affected by 

simplifications and approximations to a larger extent. However with salt products being 

washed from surface soils, it is the larger rainfall and water flow events which are most 

important for transport and these are less affected by approximations.  

5.6 Conclusions 

The conceptual model highlights the timelines associated with acidity generation and 

transport in acid sulfate soil environments dominated by evaporative processes. Soil materials 

are oxidised by falling groundwater levels. The oxidation products become dissolved when 

the groundwater is replenished in the next wet season. As the groundwater table drops during 

the next dry period, the oxidation products are translocated upwards and accumulate in 

surface soil horizons through evaporation, before being washed out in the next wet season. 

For a Mediterranean climate such as that experienced in the study site, there is an 18 month 

lag between oxidation to produce acidity and the transport of that acidity to waterways. There 

is a seasonal equilibrium with both spatial and temporal separation of acidity generation and 

transport in surface transport dominated acid sulfate soil catchments. Consequently, any 

remediation measures would likely have lags between implementation and successful 

remediation, requiring the establishment of a new equilibrium. 

The water balance method we propose for flows into a drain is able to adequately identify 

dominant hydrological processes. It provides a method of quantification of surface flow 

volumes without direct measurement. It requires minimal calibration and doesn’t require 

sophisticated spatial information. By considering also the effect of evaporation on dry period 

groundwater levels, we were able to create a conceptual model of a site affected by runoff 

from ASS using the results of the water balance and its associated mass balances. The water 

balance method may also be used to identify time periods needing higher resolution results, 

for which a more sophisticated physical model may be applied. This may reduce time and 

computing costs for land and water managers.  
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6 CONCLUSIONS AND RECOMMENDATIONS 

Understanding the dominant acidity generation and transport mechanisms at a site affected by 

acid sulfate soils is a critical first step to remediation. This study utilised initial observations, 

subsurface investigations and subsequent surface and groundwater monitoring in order to 

determine these mechanisms for the previously unstudied Muddy Lake site, south of 

Bunbury. 

The site exhibited obvious signs of acidity, with scalded soil, excluded vegetation and iron 

monosulfide accumulations in groundwater. Sub-surface investigation and subsequent 

monitoring revealed significant geochemical variability; acidity appears to be generated in 

the surroundings of the former wetland and the wetland itself. There appears to be 

equilibrium between pyrite oxidation generating acidity and calcite dissolution buffering 

acidity, the state of this equilibrium varies across the site.  By identifying the source zones of 

acidity and potential acidity, these findings allow for a more focused approach when 

designing remediation and management techniques for the site. 

The results of the water and mass balances suggested that transport of both water and 

dissolved acidity products was dominated by surface flows into the drain during large rainfall 

events, possibly following saturation of the wetland. The water balance method provided 

means to infer surface water flows without measuring them directly, achieved by either 

examining the response of the drain to rainfall events and calculating surface waters flows 

into the drain as the balancing term. As such the method didn’t require detailed spatial 

information such as soil characteristics or detailed topography. It provided a simple method 

to identify dominant hydrological processes, knowledge of which can focus remediation 

attempts on site.  

The conceptual model of the site, which was based upon site observations, subsurface 

investigation and the water and mass balance results, highlighted the time lag between 

oxidation of acid sulfate soils creating acidity and the transport of that acidity.  Pyrite is 

oxidised by a falling groundwater table during a dry period and the subsequent acidity 

dissolved into groundwater in the following wet period. In the next dry period acidity 

accumulates at the surface through evaporative transport, and this is washed away by the 

subsequent wet period. There is both spatial and temporal separation of acidity generation 

and transport in surface transport dominated acid sulfate soil catchments.  
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The conclusions of this study could be furthered strengthened and validated by further work 

on the study site. The data for this study only covered a maximum of 10 months, and in some 

cases (groundwater depths, chemical composition) even shorter periods. It would be 

beneficial to continue the project so that there is a longer data set, ensuring that observed 

phenomena aren’t just one off events, different to the normal regime of the site. The data in 

this project didn’t include May and June, the time most likely that first flush rainfall events 

occur, which have been identified by this project as critical to acidity transport. Such first 

flush events may be captured with more focused sampling campaigns. For example, in 

anticipation of a large rainfall event, an automatic water sampler could be installed in the 

drain, taking separate samples once every fifteen minutes. The collected samples would be 

analysed to reveal changes in water chemistry during the rainfall event.  

Drain water results identified significant differences between the two surface water 

monitoring sites. Conducting sampling at more locations along the drain would better identify 

the sources of these variations.  

The work would also be further strengthened by improving the resolution of some of the data 

sets. Installing capacitance probes in each of the bores would result in much higher resolution 

groundwater depth information (say one reading per hour), removing the need to interpolate 

between readings in the water balance. Installing capacitance probes would allow for the 

effect of rainfall events on groundwater flow to be reflected in the water balance.  

None of the bores installed in the study site were within the current day wetland, which has 

been identified by this project as an acidity source. It would be beneficial to install bores into 

the wetland (during dry times for ease) both to study the wetland sediment profile and to 

monitor wetland water depth. X-Ray diffraction could be carried out on samples collected 

from salt crusts during dry period to specifically identify the salts accumulating in surficial 

soils during evaporation-dominated dry times.  
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APPENDIX A: BORE LOGS 

Explanation of notation in bore logs: 

pHF : pH of soil suspension in distilled water 

pHFOX : pH of soil suspended in hydrogen peroxide solution, following any reaction 

Material reaction: reaction intensity of soil with peroxide. N is no reaction, L is low intensity, 

M is medium intensity, H is high intensity, X is extreme; the solution heats up and bubbles 

over 

Carbonate Reaction Test:  result of adding 1-2 drops of dilute hydrochloric acid to soil, Y is 

fizzing or bubbling following acid addition, N is no observed reaction.  
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Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate Reaction 

Test 
Description 

0.05 

6.6 8.8 L Y 

Brown 

sand, 

organic 

matter 

increasing 

with depth 

to around 

1m, water 

table (WT) 

@ 0.6m 

0.1 

0.15 

0.2 

0.25 

0.3 

6.6 8.7 L Y 

0.35 

0.4 

0.45 

0.5 

0.55 

    

0.6 

0.65 

0.7 

0.75 

0.8 

6.5 7.7 N Y 

0.85 

0.9 

0.95 

1 

1.05 

    

1.1 

1.15 

1.2 

1.25 

Bore 1 30-Jun-08 

Coordinates (UTM, Zone 50) 

Easting (m) 368754 

Northing (m) 6298431 

Depth of bore below 

ground level (BGL)  (m) 

2.5 
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1.3 

    

1.35 

1.4 

1.45 

1.5 

1.55 

5.3 6.6 X Y 

1.6 

1.65 

Peat layer? 
1.7 

1.75 

1.8 

    

1.85 

 

1.9 

1.95 

2 

2.05 

    

2.1 

2.15 

2.2 

2.25 

2.3 

    

2.35 

2.4 

2.45 

2.5 

2.55 

2.4 6.7 X N Fine light 

grey sand, 

darker with 

depth 

2.6 

2.65 

2.7 

2.75 

2.8 

1.4 6.8 X N 2.85 

2.9 
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2.95 

3 
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Bore 2 30-Jun-08 

Coordinates (UTM, Zone 50) 

Easting (m) 368643 

Northing (m) 6298536 

Depth of bore BGL 

(m) 

4.3 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate Reaction 

Test 
Description 

0.05 

6.6 7.9 M Y 

Sand, loamy 

Organic 

0.1 

0.15 

0.2 

0.25 

0.3 

6.6 8.5 M Y 

0.35 

0.4 

0.45 

0.5 

0.55 

6.2 8.4 M Y 
Light 

grey/brown 

sand 

0.6 

0.65 

0.7 

0.75 

0.8 

6.4 8.6 N Y 

0.85 

Light grey 

sand 

0.9 

0.95 

1 

1.05 

6.6 8.8 N Y 1.1 

1.15 
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1.2 

1.25 

Bleached 

yellow sand 

1.3 

6.8 8.9 N Y 

1.35 

1.4 

1.45 

1.5 

1.55 

6.5 9.3 N Y 

1.6 

1.65 

1.7 

1.75 

1.8 

6.5 9.2 N Y 

1.85 

Calcrete, 

WT @ 2.15 

1.9 

1.95 

2 

2.05 

6.85 9.2 N Y 

2.1 

2.15 

2.2 

2.25 

2.3 

6.8 8.4 N Y 

2.35 

2.4 

2.45 

2.5 

2.55 

    Void? 

2.6 

2.65 

2.7 

2.75 

2.8 
    



Appendix A: Bore logs  D. D. Boland 

80 

2.85 

2.9 

2.95 

3 

3.05 

6.2 7.8 X Y 

Grey clayey 

sand 

3.1 

3.15 

3.2 

3.25 

3.3 

6.8 7.8 X Y 

3.35 

3.4 

3.45 

3.5 
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Bore 3 30-Jun-08 

Coordinate (UTM, Zone 50) 

Easting (m) 368974 

Northing (m) 6298311 

Depth of bore BGL (m) 2.75 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate Reaction 

Test 
Description 

0.05 

5.3 7.1 N 
 

Top soil, 

organic 

black sand 
0.1 

0.15 

Reddish 

grey sand 

0.2 

0.25 

0.3 

6.1 7.8 N 
 

0.35 Orange band 

0.4 

Reddish 

orange sand 

0.45 

0.5 

0.55 

6.1 8.2 N Y 

0.6 

0.65 

0.7 

0.75 

Reddish 

grey sand 

(mottles) 

0.8 

5.8 7.8 N Y 

0.85 

0.9 

0.95 

1 

1.05 

    

Grey sand 

with red 

mottles 

1.1 

1.15 

1.2 
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1.25 

1.3 

     

1.35 

1.4 

1.45 

1.5 

1.55 

5.3 6.6 X Y 

Waterlogged 

grey brown 

sand 

1.6 

1.65 

1.7 

1.75 
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Bore 4 1-Jul-08 

Coordinate (UTM, Zone 50) 

Easting (m) 368236 

Northing (m) 6298083 

Depth of bore BGL 

(m) 

3.62 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate 

Reaction Test 
Description 

0.05 

6.1 8.4 L/M Y 

Black organic 

sandy loam 

0.1 

0.15 

0.2 

0.25 

0.3 

6.5 9.1 L/M Y 

0.35 

0.4 

0.45 

0.5 

0.55 

6.6 9.3 L Y 

Silty dark 

brown sand 

0.6 

0.65 

0.7 

0.75 

Light brown 

fine sand 

0.8 

6.7 9.7 N Y 

0.85 

0.9 

0.95 

1 

1.05 
6.6 9.7 N Y 

Bleached 

yellow coarse 1.1 
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1.15 sand 

w/quartz, 

shell 

1.2 

1.25 

1.3 

6.7 9.9 N Y 

1.35 

1.4 

1.45 

1.5 

1.55 

6.6 9.3 N Y 

1.6 

1.65 

1.7 

1.75 

1.8 

6.9 9.2 N Y 

1.85 

1.9 

1.95 

2 

2.05 

7.7 9.3 N Y 

2.1 

2.15 

2.2 

2.25 Moist, 

yellowy 

coarse sand 

2.3 

6.8 8.4 N Y 

2.35 

2.4 

 

2.45 

2.5 

2.55 

    

2.6 

2.65 

2.7 

2.75 
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2.8 

    

2.85 

2.9 

2.95 

3 

3.05 

6.1 8.2 L/M Y 

Grey, 

waterlogged 

sand 

3.1 

3.15 

3.2 

3.25 

3.3 

6 8.1 M Y 

3.35 

3.4 

3.45 

3.5 

3.55 

6 8.3 L/M Y 

3.6 

3.65 

3.7 

3.75 

3.8 

2.3 8 X Y 

3.85 

3.9 

3.95 

4 

4.05 

5.5 7.3 L Y 

4.1 

4.15 

4.2 

4.25 

4.3 

5.8 7.3 M Y 4.35 

4.4 
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4.45 

4.5 

4.55 

2.4 7.5 X Y 

4.6 

4.65 

4.7 

4.75 

4.8 

4.5 8 L Y 

4.85 

Green/grey 

sand with 

black mottles 

4.9 

4.95 

5 

5.05 

2.8 7.8 L Y 

5.1 

5.15 

5.2 

5.25 

5.3 

5.8 7.6 L Y 

5.35 

5.4 

5.45 

5.5 

5.55 

6.3 8.9 L Y 

5.6 

5.65 

5.7 

5.75 
Calcrete layer 

5.8 

6.4 8.2 L/M Y 

5.85 
Green/grey 

sand with 

black mottles 

5.9 

5.95 

6 

6.05 7.2 8.6 H Y Yellow/grey 
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6.1 sand 

6.15 

6.2 

6.25 

6.3 

6.9 8.4 H/X Y Yellow sand 

6.35 

6.4 

6.45 

6.5 
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Bore 5 1-Jul-08 

Coordinate (UTM, Zone 50) 

Easting (m) 368472 

Northing (m) 6297972 

Depth of bore BGL 

(m) 

4 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate 

Reaction Test 
Description 

0.05 

6.5 8.8 X Y 

Black organic 

sand 

0.1 

0.15 

0.2 

0.25 

Grey silty 

sand 

0.3 

6.4 8.6 L N 

0.35 

0.4 

0.45 Dark brown 

sand 0.5 

0.55 

6.4 8.4 L N 

Grey sand 

0.6 

0.65 

0.7 

0.75 

0.8 

4.1 5.3 L N 

0.85 

0.9 

0.95 

Brown/red 

mottled layer 

1 

1.05 

2.6 3.7 L N 
1.1 

1.15 Yellow 

(possibly 1.2 
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1.25 jarosite) 

mottled layer 

with red 

mottles 

1.3 

1.4 4.3 X N 

1.35 

1.4 

1.45 

Grey sand 

with mottles 

1.5 

1.55 

1.5 4 X N 

1.6 

1.65 

1.7 

1.75 

1.8 

1.6 6.1 X N 

Grey sand 

1.85 

1.9 

1.95 

2 

2.05 

    

2.1 

2.15 

2.2 

2.25 

2.3 

2.2 6.2 M N 

2.35 

2.4 

2.45 

2.5 

2.55 

    

2.6 

2.65 

2.7 

2.75 

2.8 

    2.85 
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2.9 

2.95 

3 

3.05 

2 6.3 M 
 

Light brown 

sand 

3.1 

3.15 

3.2 

3.25 

3.3 

1.9 5.9 M 
 

3.35 

3.4 

3.45 

3.5 

3.55 

3.9 6.8 M 
 

3.6 

3.65 

Green/brown 

sand 

3.7 

3.75 

3.8 

3 6.7 M N 

3.85 

3.9 

3.95 

4 

4.05 

     

4.1 

4.15 

4.2 

4.25 

4.3 

5.3 6.2 L N 
Brown coarse 

sand 
4.35 

4.4 
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Bore 6 1-Jul-08 

Coordinate (UTM, Zone 50) 

Easting (m) 368703 

Northing (m) 6297888 

Depth of bore BGL (m) 4 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate Reaction 

Test 
Description 

0.05 

7 8.3 H Y 
Peaty black top 

soil 

0.1 

0.15 

0.2 

0.25 

0.3 

5.9 8 L N 

Grey peaty 

sand with 

red/orange 

mottles 

0.35 

0.4 

0.45 

0.5 

0.55 

5.6 7.6 L N Red/orange 

mottled sand 

0.6 

0.65 

0.7 

0.75 

0.8 

4 6.8 L N 

0.85 Organic 

grey/black 

layer 
0.9 

0.95 

Brown sand 

with 

red/orange 

mottles 

1 

1.05 

3.6 5 L N 
1.1 

1.15 

1.2 
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1.25 

Light brown 

sand with 

yellow/orange 

mottles 

1.3 

4.8 4.7 L N 

1.35 

1.4 

1.45 

1.5 

1.55 

4.1 6 H N 

1.6 

1.65 

Light grey 

sand with 

orange mottles 

1.7 

1.75 

1.8 

1.9 6.2 M N 

1.85 

1.9 

1.95 

2 

2.05 

1.8 6.4 X N 

Light grey 

sand 

2.1 

2.15 

2.2 

2.25 

2.3 

1.8 6.9 X N 

2.35 

2.4 

2.45 

2.5 

2.55 

1.6 6.6 X N 

2.6 

2.65 

2.7 

2.75 

2.8 
1.6 6.6 H N 

2.85 
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2.9 

2.95 

3 

3.05 

 
3.1 

3.15 
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Bore 7 2-Jul-08 

Coordinate (UTM, Zone 50) 

Easting (m) 369136 

Northing (m) 6298710 

Depth of bore BGL 

(m) 

3.1 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate Reaction 

Test 
Description 

0.05 

3.2 2.5 L N 

Top soil 

organic/black 

sand 

0.1 

0.15 

0.2 

0.25 
Grey sand 

0.3 

2.2 2.95 L N 

0.35 

Grey sand, 

red/brown/orange 

mottles 

0.4 

0.45 

0.5 

0.55 

2 2.8 M N 

0.6 

0.65 

Grey sand black 

mottles 

0.7 

0.75 

0.8 

1.8 2.6 M/H N 

0.85 

0.9 

0.95 

Light brown sand 
1 

1.05 

1.2 3 X N 
1.1 

1.15 
Dark grey sand 

1.2 
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1.25 

1.3 

1.5 4 X N 

1.35 

1.4 

1.45 

1.5 

1.55 

1.7 4.2 M N 

Green-brown-

grey sand 

1.6 

1.65 

1.7 

1.75 

1.8 

1.6 4 M N 

1.85 

1.9 

1.95 

2 

2.05 

1.6 4.4 H N 

2.1 

2.15 

2.2 

2.25 

2.3 

    

Coarse light 

brown sand 

2.35 

2.4 

2.45 

2.5 

2.55 

2 4.4 H N 

2.6 

2.65 

2.7 

2.75 

2.8 

    2.85 
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2.9 

2.95 

3 
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Bore 8 2-Jul-08 

Coordinate (UTM, Zone 50) 

Easting (m) 368739 

Northing (m) 6298916 

Depth of bore BGL 

(m) 

2.6 

 

Depth 

(m) 
pHFOX pHF 

Material 

Reaction 

Carbonate Reaction 

Test 
Description 

0.05 

6.1 8.3 H Y 

Top soil, dark 

black 

0.1 

0.15 

0.2 

0.25 

0.3 

6.4 8.5 L/M Y 

0.35 

0.4 

0.45 

0.5 

Brown sand 

0.55 

6.6 8.9 L Y 

0.6 

0.65 

0.7 

0.75 

0.8 

6.5 8.9 L Y 

0.85 

0.9 

0.95 

Light/grey 

brown sand 

1 

1.05 

6.4 9.3 L Y 
1.1 

1.15 

1.2 
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1.25 

1.3 

6.7 9.1 L/N Y 

1.35 

1.4 

1.45 

Grey/yellow 

sand 

1.5 

1.55 

6.8 9.1 L Y 

1.6 

1.65 

1.7 

1.75 

1.8 

6.8 8.8 L Y 

1.85 

1.9 

1.95 

2 

2.05 

7 8.9 L/N Y 

White/grey sand 

2.1 

2.15 

2.2 

2.25 

2.3 

7.3 8.2 L/N Y 

2.35 

2.4 

2.45 

2.5 

2.55 

7.3 8 L/N Y 

2.6 

2.65 

2.7 

2.75 

2.8 
7.3 8.1 L Y 

2.85 
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2.9 

2.95 

3 

3.05 

    

3.1 

3.15 

3.2 

3.25 

3.3 

6.9 7.4 L/N Y 

3.35 

3.4 

3.45 

3.5 

3.55 

    

3.6 

3.65 

3.7 

3.75 

3.8 

6.7 7.4 L Y 

3.85 

3.9 

3.95 

Grey/brown 

sand 

4 

4.05 

6.7 7.8 L Y 

4.1 

4.15 

4.2 

4.25 

4.3 

6.5 7.4 L/M Y 

4.35 

4.4 

4.45 

4.5 
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4.55 

    

4.6 

4.65 

4.7 

4.75 

4.8 

5.9 7.2 H/M N 

4.85 

Dark grey sand 

4.9 

4.95 

5 

5.05 

1.6 6.8 X N 

5.1 

5.15 

5.2 

5.25 

5.3 

3.8 7.1 X N Grey/red sand 

5.35 

5.4 

5.45 

5.5 
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APPENDIX B: SPOCAS RESULTS 

See section 3.1.7 for description of method and explanation of notation.  

Bore 

Sample 

depth 

(m) 

Fraction

>2mm 

(%) 

pHKCl pHOX SP (%) 
SKCl 

(%) 

SPOS 

(%) 

ANCe 

(Moles 

H+ 

tonne
-1

) 

TAA  

(Moles 

H+ 

tonne
-1

) 

TPA 

(Moles 

H+ 

tonne
-1

) 

1 3.00 <1 6.7 2.0 2.36 0.11 2.25 <2 <2 1650 

2 3.25 30 9.1 7.6 0.08 0.01 0.07 4480 <2 <2 

3 1.00 <1 9.3 7.7 0.01 <0.01 0.01 220 <2 <2 

4 4.00 <1 9.5 8.4 0.44 0.05 0.39 860 <2 <2 

4 6.25 69 9.6 8.2 0.04 0.01 0.03 5100 <2 <2 

5 1.25 <1 9.0 7.2 0.04 0.03 0.01 83 <2 <2 

5 2.00 <1 7.7 2.8 0.25 0.04 0.21 <2 <2 97 

6 0.25 <1 9.5 8.8 0.06 0.04 0.02 2520 <2 <2 

6 1.25 <1 9.8 8.0 0.02 0.01 0.01 580 <2 <2 

6 2.00 <1 9.5 7.1 0.07 0.02 0.05 61 <2 <2 

7 0.50 <1 6.0 6.4 0.05 0.05 <0.01 5 8 <2 

7 1.50 <1 4.8 2.4 0.52 0.03 0.49 <2 52 310 

8 5.00 <1 9.7 8.3 0.35 0.04 0.31 956 <2 <2 
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APPENDIX C: CHEMICAL ANALYSIS RESULTS 

All concentrations listed are mg L
-1

. Electrical conductivity is given as mS m
-1

. See section 3.1.6 for description of analytes and analytical methods. 

Location Date Acidity Al Alkalin As B Ba CO3 Ca Cd Cl Co Cr Cu ECond Fe HCO3 Hardness 

Bore 1 11/09/2008 20 0.11 220 0.004 0.02 0.67 <1 77.7 <0.0001 141 <0.005 <0.001 <0.002 87.7 7.4 268 290 

Bore 2 11/09/2008 13 0.067 225 0.002 0.05 0.2 <1 86.6 <0.0001 77 <0.005 <0.001 <0.002 88.1 0.26 275 290 

Bore 3 11/09/2008 90 0.83 <1 0.033 0.04 0.082 <1 184 <0.0001 72 <0.005 <0.001 <0.002 178 250 <1 510 

Bore 4 11/09/2008 10 0.073 263 0.002 0.07 0.16 <1 154 0.0001 96 <0.005 <0.001 <0.002 114 0.13 320 500 

Bore 5 11/09/2008 57 0.6 235 0.006 0.06 0.057 <1 251 0.0001 268 <0.005 <0.001 <0.002 286 110 287 950 

Bore 6 11/09/2008 15 0.82 215 0.066 0.03 0.085 <1 87.9 <0.0001 58 <0.005 <0.001 0.006 87.4 10 262 260 

Bore 7 11/09/2008 230 110 <1 0.006 0.1 0.03 <1 108 <0.0005 187 <0.005 0.01 <0.002 362 610 <1 470 

Bore 8 11/09/2008 22 0.036 223 0.002 0.08 0.06 <1 94.7 <0.0001 189 <0.005 <0.001 <0.002 121 <0.005 271 370 

Surface - south 11/09/2008 73 1.9 <1 <0.001 0.11 0.016 <1 135 <0.0001 200 <0.005 <0.001 <0.002 265 85 <1 490 

Surface - north 11/09/2008 15 0.28 <1 <0.001 0.05 0.072 <1 103 <0.0001 143 <0.005 <0.001 <0.002 171 12 <1 350 

Bore 1 1/10/2008 <5 0.14 175 0.002 <0.02 0.53 <1 31.7 <0.0001 71 <0.005 <0.001 <0.002 69.6 4.9 214 160 

Bore 2 1/10/2008 <5 0.12 175 <0.001 0.03 0.22 <1 63 <0.0001 64 <0.005 <0.001 0.003 66.1 0.64 214 220 

Bore 3 1/10/2008 16 0.41 125 0.009 0.03 0.055 <1 173 0.0002 48 <0.005 0.003 0.007 103 43 153 490 
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Location Date Acidity Al Alkalin As B Ba CO3 Ca Cd Cl Co Cr Cu ECond Fe HCO3 Hardness 

Bore 4 1/10/2008 21 0.034 250 0.001 0.06 0.11 <1 144 <0.0001 88 <0.005 <0.001 <0.002 105 0.39 305 470 

Bore 6 1/10/2008 16 4.8 150 0.027 0.02 0.078 <1 87 <0.0001 59 <0.005 0.011 <0.002 79.1 21 183 260 

Bore 7 1/10/2008 1100 120 <1 0.1 0.09 0.03 <1 111 0.0001 189 <0.005 0.027 <0.002 417 510 <1 490 

Bore 8 1/10/2008 <5 0.1 150 0.002 0.06 0.058 <1 50.7 <0.0001 176 <0.005 <0.001 0.006 107 0.99 183 250 

Surface - south 1/10/2008 30 1.2 <1 <0.001 0.09 0.017 <1 114 0.0003 181 <0.005 0.002 <0.002 238 69 <1 420 

Surface - north 1/10/2008 15 0.088 <1 <0.001 0.03 0.083 <1 82.9 <0.0001 119 <0.005 <0.001 <0.002 148 4 <1 290 

Bore 3 24/10/2008 <5 0.52 50 0.021 <0.02 0.064 <1 181 <0.0001 59 <0.005 0.003 <0.002 NSS 120 61 510 

Bore 6 24/10/2008 <5 0.99 250 0.09 <0.02 0.055 <1 212 <0.0001 59 <0.005 0.003 0.002 118 17 305 580 

Bore 7 24/10/2008 13 78 <1 0.14 0.06 0.038 <1 97 0.0002 177 <0.005 0.017 <0.002 334 280 <1 420 

Bore 1 13/11/2008 15 0.019 225 0.003 0.02 0.32 <1 72.9 <0.0001 180 <0.005 <0.001 <0.002 144 3.2 275 330 

Bore 2 13/11/2008 5 0.032 200 <0.001 <0.02 0.2 <1 50.1 0.0001 60 <0.005 0.001 <0.002 57.8 1.1 244 170 

Bore 3 13/11/2008 9 0.67 25 0.018 0.03 0.074 <1 199 0.0004 65 <0.005 0.002 <0.002 133 120 31 560 

Bore 4 13/11/2008 7 0.025 150 0.002 0.05 0.11 <1 92.7 <0.0001 91 <0.005 <0.001 <0.002 90.6 0.51 183 330 

Bore 5 13/11/2008 8 0.17 100 0.001 0.04 0.056 <1 191 <0.0001 192 <0.005 <0.001 <0.002 200 94 122 730 

Bore 6 13/11/2008 5 0.34 150 0.03 0.02 0.06 <1 78.8 0.0004 57 <0.005 0.002 <0.002 75.6 21 183 250 

Bore 7 13/11/2008 460 67 <1 0.13 0.05 0.037 <1 59.3 0.0007 148 <0.005 0.034 0.005 267 280 <1 250 
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Location Date Acidity Al Alkalin As B Ba CO3 Ca Cd Cl Co Cr Cu ECond Fe HCO3 Hardness 

Bore 8 13/11/2008 5 0.072 175 0.002 0.06 0.057 <1 53.7 <0.0001 157 <0.005 <0.001 <0.002 116 0.12 214 270 

Surface - south 13/11/2008 9 0.32 <1 <0.001 0.04 0.037 <1 59.4 <0.0001 108 <0.005 0.002 <0.002 162 38 <1 230 

Surface - north 13/11/2008 11 0.07 <1 <0.001 0.02 0.071 <1 56.8 0.0004 89 <0.005 <0.001 <0.002 122 5.6 <1 210 

Bore 3 4/12/2008 <5 0.69 50 0.024 0.02 0.064 <1 190 0.0001 65 <0.005 0.002 <0.002 124 100 61 470 

Bore 6 4/12/2008 <5 0.077 150 0.036 <0.02 0.054 <1 67.8 <0.0001 56 <0.005 <0.001 <0.002 66.4 15 183 210 

Bore 7 4/12/2008 12 66 <1 0.13 0.04 0.039 <1 66.9 0.0002 160 <0.005 0.014 <0.002 303 310 <1 290 

Bore 1 22/12/2008 <5 0.024 250 0.003 <0.02 0.45 <1 103 <0.0001 124 <0.005 <0.001 <0.002 110 7.3 305 350 

Bore 2 22/12/2008 <5 0.015 200 <0.001 <0.02 0.18 <1 47.2 <0.0001 59 <0.005 <0.001 <0.002 58.1 1.3 244 160 

Bore 3 22/12/2008 8 0.96 25 0.037 0.03 0.073 <1 186 0.0002 62 <0.005 0.002 <0.002 123 110 31 520 

Bore 4 22/12/2008 7 0.01 175 0.002 0.06 0.11 <1 123 <0.0001 84 <0.005 <0.001 <0.002 114 0.37 214 410 

Bore 5 22/12/2008 7 0.14 125 0.001 0.04 0.06 <1 165 <0.0001 162 <0.005 <0.001 <0.002 NSS 71 153 610 

Bore 6 22/12/2008 <5 0.19 125 0.033 <0.02 0.063 <1 75 0.0001 56 <0.005 <0.001 <0.002 71.7 6 153 220 

Bore 7 22/12/2008 490 60 <1 0.11 0.06 0.034 <1 79.6 0.0002 171 <0.005 0.012 <0.002 300 290 <1 340 

Bore 8 22/12/2008 35 0.049 225 0.005 0.05 0.058 <1 112 <0.0001 139 <0.005 <0.001 <0.002 120 0.096 275 440 

Surface - south 22/12/2008 24 0.18 <1 <0.001 0.02 0.03 <1 52.3 <0.0001 151 <0.005 <0.001 <0.002 191 55 <1 210 

Surface - north 22/12/2008 9 0.009 <1 <0.001 <0.02 0.061 <1 41.4 <0.0001 61 <0.005 <0.001 <0.002 76.2 0.78 <1 150 
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Location Date Acidity Al Alkalin As B Ba CO3 Ca Cd Cl Co Cr Cu ECond Fe HCO3 Hardness 

Bore 1 14/01/2009 <5 0.045 225 0.007 <0.02 0.3 <1 49.3 <0.0001 56 <0.005 <0.001 <0.002 73.8 6.8 275 180 

Bore 2 14/01/2009 <5 0.01 200 <0.001 <0.02 0.2 <1 50.9 <0.0001 59 <0.005 <0.001 <0.002 60.1 0.99 244 180 

Bore 3 14/01/2009 6 1.5 <1 0.041 0.04 0.1 <1 250 0.0001 67 <0.005 0.002 <0.002 182 140 <1 700 

Bore 4 14/01/2009 <5 0.005 125 0.002 0.06 0.097 <1 97.2 0.0005 84 <0.005 <0.001 <0.002 92.4 0.24 153 340 

Bore 5 14/01/2009 5 0.14 150 0.002 0.03 0.078 <1 176 0.0002 167 <0.005 <0.001 <0.002 NSS 70 183 650 

Bore 6 14/01/2009 33 0.097 100 0.031 <0.02 0.079 <1 89.6 0.0002 58 <0.005 <0.001 <0.002 82.7 26 122 290 

Bore 7 14/01/2009 350 51 <1 0.11 0.04 0.03 <1 72.2 0.0002 153 <0.005 0.011 <0.002 295 230 <1 310 

Bore 8 14/01/2009 <5 0.018 125 0.006 0.05 0.062 <1 61.7 0.0001 128 <0.005 <0.001 <0.002 104 0.063 153 300 

Surface - south 14/01/2009 97 0.88 <1 <0.001 0.06 0.065 <1 92.2 <0.0001 213 <0.005 <0.001 <0.002 323 100 <1 360 

Surface - north 14/01/2009 8 0.017 <1 <0.001 0.05 0.095 <1 179 0.0001 80 <0.005 <0.001 <0.002 201 7.2 <1 560 

Bore 1 28/02/2009 <5 0.024 250 0.006 <0.02 0.36 <1 40.3 <0.0001 53 <0.005 <0.001 <0.002 60.7 4.5 305 150 

Bore 2 28/02/2009 7 0.008 225 0.001 <0.02 0.25 <1 58.2 <0.0001 61 <0.005 <0.001 <0.002 65.1 1.8 275 200 

Bore 3 28/02/2009 82 6.3 <1 0.046 0.03 0.088 <1 104 0.0001 66 <0.005 0.002 <0.002 129 140 <1 300 

Bore 4 28/02/2009 10 0.01 200 0.003 0.06 0.11 <1 165 <0.0001 87 <0.005 <0.001 <0.002 111 0.35 244 520 

Bore 5 28/02/2009 <5 0.14 100 0.003 0.04 0.084 <1 213 <0.0001 194 <0.005 <0.001 <0.002 205 79 122 770 

Bore 6 28/02/2009 <5 0.063 125 0.052 0.02 0.076 <1 68.1 <0.0001 55 <0.005 <0.001 <0.002 74 17 153 210 
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Location Date Acidity Al Alkalin As B Ba CO3 Ca Cd Cl Co Cr Cu ECond Fe HCO3 Hardness 

Bore 7 28/02/2009 <5 36 <1 0.14 0.12 0.072 <1 70.9 0.0001 159 <0.005 0.009 <0.002 265 200 <1 300 

Bore 1 27/03/2009 <2 0.13 195 0.002 0.03 0.31 <1 41.7 <0.0001 51 <0.005 0.003 0.005 50.5 3 238 150 

Bore 2 27/03/2009 110 0.006 190 0.001 0.03 0.19 <1 51.4 <0.0001 59 <0.005 <0.001 <0.002 58.4 0.12 232 180 

Bore 3 27/03/2009 50 12 <1 0.047 0.04 0.084 <1 77.5 0.0001 71 <0.005 0.003 0.005 109 140 <1 230 

Bore 4 27/03/2009 30 0.057 135 0.003 0.07 0.1 <1 97.2 0.0002 87 <0.005 0.014 0.003 102 0.13 165 330 

Bore 5 27/03/2009 60 0.2 140 0.004 0.06 0.08 <1 204 <0.0001 200 <0.005 <0.001 0.006 184 71 171 720 

Bore 6 27/03/2009 40 0.1 230 0.034 0.03 0.083 <1 121 <0.0001 54 <0.005 0.001 0.017 88.5 5.9 281 340 

Bore 7 27/03/2009 220 35 <1 0.12 0.07 0.051 <1 66.2 0.0002 180 <0.005 0.01 0.007 195 220 <1 280 

 

Location Date K Mg Mn Mo N_NO3 Na Ni Pb SO4_S TDS_calc V Zn pH 

Bore 1 11/09/2008 30.2 24.3 0.87 <0.001 0.04 52.7 <0.001 0.0002 74.9 480 <0.005 0.016 7.2 

Bore 2 11/09/2008 16.9 18.4 0.15 0 0.02 53.2 <0.001 0.0004 118 480 <0.005 0.015 7.3 

Bore 3 11/09/2008 8.4 13.4 0.21 <0.001 <0.01 47.7 0.011 0.0003 846 980 0 0.063 3.3 

Bore 4 11/09/2008 19.3 27.5 0.28 0 1.2 47.9 0.002 0.0003 208 630 <0.005 0.026 7.4 

Bore 5 11/09/2008 67.3 78 2.3 <0.001 <0.01 193 0.002 0.0009 1010 1600 0 0.032 6.7 



Appendix C: Chemical analysis results  D. D. Boland 

107 

Location Date K Mg Mn Mo N_NO3 Na Ni Pb SO4_S TDS_calc V Zn pH 

Bore 6 11/09/2008 27 9.7 0.098 <0.001 0.03 42 0.002 0.0017 155 480 0 0.016 7 

Bore 7 11/09/2008 46.2 49 0.35 <0.005 <0.10 141 0.028 0.035 2040 2000 0.7 0.097 2.5 

Bore 8 11/09/2008 13.8 32.5 0.044 0 2.6 121 0.008 0.0004 124 660 0 0.012 7.2 

Surface - south 11/09/2008 18.8 37.9 2.1 <0.001 <0.01 137 0.018 0.0002 879 1500 <0.005 0.037 2.6 

Surface - north 11/09/2008 22.9 23.6 1 <0.001 0.01 101 <0.001 <0.0001 500 940 <0.005 0.009 2.9 

Bore 1 1/10/2008 21.7 18.7 0.67 <0.001 1.4 50.7 0.001 0.0003 61.1 380 <0.005 0.013 7.9 

Bore 2 1/10/2008 18 14.5 0.17 <0.001 0.31 52.8 0.001 0.0002 63.2 360 <0.005 0.006 8 

Bore 3 1/10/2008 6 14.7 0.16 0 0.05 40.8 0.007 0.0004 434 560 0 0.046 7.7 

Bore 4 1/10/2008 17.6 25.7 0.21 0 1.6 46 0.002 0.0001 176 580 <0.005 <0.005 7.6 

Bore 6 1/10/2008 19.6 11.2 0.11 <0.001 0.63 43 0.002 0.0027 169 440 0 0.37 7.7 

Bore 7 1/10/2008 51.5 52.3 0.37 <0.001 3 150 0.008 0.02 2130 2300 1.1 0.12 2.4 

Bore 8 1/10/2008 13.9 31.2 0.024 0 1.8 102 0.002 0.0002 128 590 0 0.01 7.6 

Surface - south 1/10/2008 18.9 32.4 1.8 <0.001 <0.01 116 0.002 0.0002 809 1300 <0.005 0.018 2.7 

Surface - north 1/10/2008 23.2 19.6 0.77 <0.001 <0.01 79.2 <0.001 <0.0001 430 810 <0.005 0.009 3 

Bore 3 24/10/2008 7.7 15 0.17 <0.001 0.05 35.2 0.007 0.0003 640 

 

0 0.057 4.3 

Bore 6 24/10/2008 20.5 12.4 0.09 <0.001 0.05 40.7 0.001 0.001 442 650 0 0.055 7.2 
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Location Date K Mg Mn Mo N_NO3 Na Ni Pb SO4_S TDS_calc V Zn pH 

Bore 7 24/10/2008 47.3 42.5 0.38 <0.001 0.07 141 0.006 0.0072 1480 1800 0.6 0.27 3 

Bore 1 13/11/2008 33.4 35.5 0.4 <0.001 0.01 107 0.003 0.0002 198 790 <0.005 0.015 7.8 

Bore 2 13/11/2008 17.8 11.7 0.14 <0.001 0.03 48.2 0.001 0.0002 39.3 320 <0.005 0.01 8.2 

Bore 3 13/11/2008 11.8 16.1 0.19 <0.001 0.02 35 0.007 0.0002 663 730 0 0.047 5 

Bore 4 13/11/2008 15.2 23.8 0.19 0 0.64 45 0.002 0.0003 191 500 <0.005 0.013 7.5 

Bore 5 13/11/2008 48.6 60.7 1.5 <0.001 0.02 137 0.002 0.0001 744 1100 <0.005 0.033 6.9 

Bore 6 13/11/2008 17.1 12 0.079 <0.001 0.03 44.2 0.009 0.0005 191 420 0 0.053 7.8 

Bore 7 13/11/2008 39.3 25.5 0.24 <0.001 0.41 121 0.005 0.0042 1190 1500 0.5 0.13 4 

Bore 8 13/11/2008 16.1 33.5 0.032 <0.001 0.17 91.8 0.006 0.0002 156 640 <0.005 0.02 7.8 

Surface - south 13/11/2008 19 19.4 1 <0.001 <0.01 78 0.001 <0.0001 423 890 <0.005 0.012 2.9 

Surface - north 13/11/2008 20.8 15.9 0.49 <0.001 0.01 65.4 0.002 0.0003 309 670 <0.005 0.01 3.1 

Bore 3 4/12/2008 10.7 14.8 0.19 <0.001 0.07 28.9 0.007 0.0003 556 680 0 0.054 4.8 

Bore 6 4/12/2008 16.3 9.9 0.075 <0.001 0.1 46.8 <0.001 0.0001 161 370 0 0.022 7.9 

Bore 7 4/12/2008 43.1 29.9 0.2 <0.001 0.26 117 0.003 0.0071 1300 1700 0.6 0.097 2.7 

Bore 1 22/12/2008 26.7 22.6 0.41 <0.001 0.04 90.7 0.001 <0.0001 140 610 <0.005 0.028 8.1 

Bore 2 22/12/2008 17 11.4 0.14 <0.001 0.04 47.5 <0.001 0.0001 34.5 320 <0.005 0.027 8.1 



Appendix C: Chemical analysis results  D. D. Boland 

109 

Location Date K Mg Mn Mo N_NO3 Na Ni Pb SO4_S TDS_calc V Zn pH 

Bore 3 22/12/2008 14.1 13.2 0.14 <0.001 0.03 31.8 0.009 0.0002 585 680 0 0.045 5.3 

Bore 4 22/12/2008 15.1 26.1 0.31 0 0.25 43.9 0.002 <0.0001 266 630 <0.005 0.009 7.8 

Bore 5 22/12/2008 43.4 49.3 1.3 <0.001 0.06 119 <0.001 0.0001 577 

 

<0.005 0.024 7.3 

Bore 6 22/12/2008 19 8.8 0.067 <0.001 0.42 43.9 <0.001 0.0001 155 390 <0.005 0.022 8.3 

Bore 7 22/12/2008 46.3 34.4 0.16 <0.001 0.05 119 0.003 0.0043 1260 1700 0.4 0.093 3 

Bore 8 22/12/2008 18.1 39.1 0.06 <0.001 0.08 99.1 0.003 0.0001 202 660 <0.005 0.021 7.8 

Surface - south 22/12/2008 22.3 20.5 0.77 <0.001 <0.01 97.4 <0.001 <0.0001 545 1100 <0.005 0.01 2.8 

Surface - north 22/12/2008 14.7 12.3 0.17 <0.001 <0.01 54.7 <0.001 <0.0001 208 420 <0.005 <0.005 3.7 

Bore 1 14/01/2009 24.1 13.8 0.29 <0.001 0.24 43.9 <0.001 0.0001 14.1 410 <0.005 0.028 7.8 

Bore 2 14/01/2009 17.4 12.1 0.14 <0.001 0.03 47.9 <0.001 <0.0001 40.5 330 <0.005 0.007 8.3 

Bore 3 14/01/2009 16.6 17.5 0.16 <0.001 0.01 34.9 0.015 0.0006 848 1000 0 0.076 3.5 

Bore 4 14/01/2009 14.3 24.4 0.47 0 <0.01 45.8 0.001 0.0001 240 510 <0.005 0.13 7.6 

Bore 5 14/01/2009 44.4 52.3 1.4 <0.001 0.05 123 0.001 0.0002 632 

 

<0.005 0.038 7.4 

Bore 6 14/01/2009 19.6 15.2 0.14 <0.001 0.27 45 0.01 0.0003 253 450 <0.005 0.024 7.8 

Bore 7 14/01/2009 48.9 32.6 0.12 <0.001 0.05 114 0.004 0.0052 1090 1600 0.4 0.31 8 

Bore 8 14/01/2009 21.2 35.9 0.08 <0.001 0.25 79.5 0.003 <0.0001 204 570 <0.005 0.016 8.1 
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Location Date K Mg Mn Mo N_NO3 Na Ni Pb SO4_S TDS_calc V Zn pH 

Surface - south 14/01/2009 39.7 31.6 1.5 <0.001 0.02 137 0.001 0.0004 1070 1800 <0.005 0.04 2.5 

Surface - north 14/01/2009 10.5 26.6 0.85 <0.001 <0.01 84.2 0.002 0.0003 797 1100 <0.005 0.011 3 

Bore 1 28/02/2009 23.6 12.8 0.28 <0.001 0.03 40.4 0.001 0.0002 10.4 330 <0.005 0.03 7.6 

Bore 2 28/02/2009 18.2 13.7 0.17 <0.001 0.02 50.2 <0.001 <0.0001 52.7 360 <0.005 0.015 7.8 

Bore 3 28/02/2009 13.5 9.1 0.08 <0.001 0.01 35.7 0.011 0.0012 557 710 0 0.068 3.4 

Bore 4 28/02/2009 14.5 25.3 0.35 0 0.07 45.2 0.001 <0.0001 243 610 <0.005 0.009 7.9 

Bore 5 28/02/2009 46.6 58.7 1.6 <0.001 0.02 143 0.001 0.0001 773 1100 <0.005 0.027 6.6 

Bore 6 28/02/2009 19.9 9.8 0.071 <0.001 0.32 43.4 <0.001 0.0004 177 410 <0.005 0.048 7.1 

Bore 7 28/02/2009 44.4 30.8 0.11 <0.001 0.03 116 0.003 0.0081 931 1500 0.3 0.29 3.1 

Bore 1 27/03/2009 23.4 11.3 0.27 <0.001 0.09 38.7 0.002 0.0015 13.4 280 <0.005 0.037 7.8 

Bore 2 27/03/2009 16.4 11.8 0.14 <0.001 0.06 46.9 <0.001 0.0006 36.4 320 <0.005 0.019 8.2 

Bore 3 27/03/2009 11.2 8.9 0.068 <0.001 0.04 34.9 0.011 0.0017 447 600 0 0.13 4.3 

Bore 4 27/03/2009 13.6 21.1 0.4 0 0.19 39.7 0.001 0.0003 183 560 <0.005 0.019 7.7 

Bore 5 27/03/2009 43.1 52.2 1.5 <0.001 0.14 129 <0.001 0.0003 651 1000 <0.005 0.036 7.5 

Bore 6 27/03/2009 19.9 8.9 0.054 0 0.02 44.5 0.003 0.0005 176 490 <0.005 0.073 7.3 

Bore 7 27/03/2009 41.2 28.5 0.11 <0.001 0.12 106 0.004 0.0075 776 1100 0.3 0.21 4.2 
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