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Abstract 

Store-and-release (SAR) covers are often installed over sulfidic mine waste to limit 

the generation and transport of acidic and metalliferous drainage (AMD) by reducing 

water percolation to these wastes. SAR covers are most effective in semi-arid to arid 

regions where they are better able to reduce both the net volume and frequency of 

percolation events, effectively buffering the underlying waste from smaller rainfall 

events that would have otherwise penetrated to the waste, whilst simultaneously 

enhancing evapotranspiration of stored pore-water. While water content has been 

shown to significantly impact the rate of sulfide oxidation in numerous studies, there 

is currently no established relationship between realised acidity load and water 

percolation volumes or percolation event frequency. The aim of this project was to 

investigate whether reducing incident water percolation volume with SAR cover 

installation reduces net loading, or simply results in a more concentrated deep 

drainage containing a comparable acidity load transporting from waste, with no net 

benefit to SAR cover installation. 

Four material types were used in this study, two sulfidic (FeS2) samples and two 

sulfate (alunite & jarosite) bearing samples. Four columns were run for each material 

type, consisting of three columns leached weekly at varying water application rates 

and a fourth column leached fortnightly at the mid-range application rate. Only the 

two sulfidic samples produced acidic pH (< 2.5) drainage during leach testing and 

were able to function as hydraulically intended, and they therefore became the focus 

of this study. The sulfidic samples were 1) a pure marcasite:quartz (1:300) composite 

(PYT), and 2) a natural Mount McRae shale and quartz composite (MCS) from the 

Pilbara region of Western Australia. Over the experimental period, reported 

cumulative acidity and SO4 loads correlated very positively with the applied water 

volume for both sulfidic materials. Correlation with extracted water volume was not 

as strong, and indicated that water application volume was the primary variable 

influencing the generation and transport of sulfide oxidation products. While the two 

sulfate-bearing materials did not produce acidity, they were found to also exhibit a 

strong correlation between realised cumulative SO4 load and applied water volumes. 

SO4 and acidity loads per applied litre for the natural MCS columns decreased 

proportionately more than the percentage decrease in applied water volume, 

indicating that loading may be greatly reduced at the substantially lower level of 

water availability in a real world semi-arid waste dump compared to experimental 
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flushing conditions. Halving leach frequency from weekly to fortnightly produced 

varying results between material types; the PYT columns did not show an 

appreciable acidity or SO4 load per leach event at the lesser leach frequency 

indicating oxidation was inhibited, while the MCS fortnightly leached column had 

higher loading per leach event but a lower cumulative load over the experimental 

period. 

Secondary mineralisation under evaporative conditions was visually evident for both 

the PYT and MCS materials, with evaporated pore waters forming a yellow 

precipitate during leach testing. Geochemical simulations of pore water evaporation 

were conducted for both materials and found the secondary mineral schwertmannite 

(Fe8O8(OH)6(SO4).nH2O) was primarily forming, along with minor Na-jarosite 

(NaFe3(SO4)2(OH)6) and K-jarosite (KFe3(SO4)2(OH)6) where the donor cations Na+ 

and K+ were available. A dissolution test using a collected MCS pore water 

precipitate in DI water at ratios of 100 mg/L and 5 mg/L produced acidic pH’s of 

3.17 and 4.45 respectively after 24 hours, highlighting the readily soluble potential 

acidity load of this secondary sulfate mineral.  

The decrease in generated acidity and SO4 load primarily brought about by a 

reduction in applied water volume is a strong indication that the SAR cover design 

principle of minimising infiltration to these wastes is valid. The fact that in the field, 

SAR covers are capable of completely preventing infiltration to underlying waste in 

drier years suggests that loading to the environment may be reduced by a very large 

extent when compared to the range of acidity and SO4 release rates documented in 

this study. It is therefore recommended that further study into the effect percolation 

volume can have on realised acidity and solute loads emanating from acid forming 

mine wastes be conducted, focusing on much larger scale site-based dumps with 

hydrological conditions more representative of site conditions under both no-cover 

and SAR-cover conditions. 
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CHAPTER 1: INTRODUCTION 

1.1. Background 

The mining, transport and disposal of waste rock remain a major component of all 

operational activity conducted at any mine site worldwide. Environmentally 

responsible disposal and storage of waste rock has been legislated by governments 

the world over due to mounting environmental liabilities from past mistakes by many 

now defunct mining companies. In Canada alone, total liability from acid generating 

wastes has been estimated at C$2-5 billion (MEND 2004). In Australia, estimates of 

total liability are not well defined, however Harries (1997) estimated that the cost of 

managing acid generating wastes was estimated to be $60 million per year for mines 

operating in 1997, while a more recent estimate by Dowd (2005) put the annual 

liability at $180 million in 2000 for Queensland only. The massive economic, 

environmental and social costs to mining companies associated with mine closure 

can be drastically reduced or prevented by considering acid generating wastes 

through the planning process and actively manage them during operations and post-

closure.  

In the iron ore mining province that is the Pilbara region of Western Australia, 

mining operations are progressively heading below water table (BWT) into the 

unoxidised zone, and at some mine sites this unearths layers of pyrite-bearing (FeS2) 

shale common throughout the region (Mount McRae shale) that poses an acid and 

metalliferous drainage (AMD) risk. Where conditions prohibit sub-aqueous 

containment of this problematic material, alternative non-ideal storage conditions 

must be considered. Sub-aqueous containment may be a non-ideal material 

management strategy if a groundwater flow-through system exists that will transport 

drainage to a nearby sensitive environmental receptor. Current best practice 

management of sulfidic mine waste where site and climatic conditions preclude 

material inundation is to limit water infiltration through waste rock by installing a 

material store-and-release (SAR) cover. SAR covers limit water percolation to 

underlying waste by increasing water storage whilst simultaneously maximising 

evapotranspirative water release. The purpose of minimising infiltration through 

mine waste is to limit the availability of water for pyrite oxidation and controlling the 

capacity of water to transport the products of oxidation. However the viability of this 

objective is questionable, because we don’t know the link between deep drainage 
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volume and subsequent acidity generation and load to environment. Fourie & Tibbett 

(2007) suggested that we may have become obsessed with the prevention of water 

infiltration to waste without proper consideration of why this is an absolute 

requirement. A core question when managing potentially acid forming waste is 

asking what actual contaminant load is environmentally acceptable. Consideration 

must be given to the ecological value of the nearby mine environment, in addition to 

the potential pathways for contaminants to contact environmental receptors. As 

distance from the AMD source increases, the effects of dilution will reduce the area 

of impact substantially. 

Two large scale SAR cover trials were constructed by Rio Tinto Iron Ore (RTIO) in 

2003 at their Mount Tom Price mine site to test the efficacy of the SAR cover system 

in the Pilbara environment and the suitability of different materials for a proposed 

full-scale cover construction upon mine closure. Instrumentation of these trial cover 

systems found that during years of low annual rainfall, trial SAR covers prevented 

any net percolation to the underlying waste rock (O’Kane Consultants 2013), with 

modelling conducted by Shurniak, O’Kane & Green (2012) showing that generally 

over 50% of years were likely to have no net percolation through a SAR cover 

whatsoever. However during higher than average rainfall years, net percolation to 

waste rock does occur, indeed long term modelling of cover performance over a 100-

year period by Shurniak, O’Kane & Green (2012)  found that over 60% of net 

percolation in this period occurred in a single year. Additionally, O’Kane & Waters 

(2003) found that a significant time lag can exist between the rainfall event and the 

percolation event. The inability of SAR covers to totally restrict percolation to waste 

in very wet years begs the question of how effective they actually are at reducing 

acidity and solute load to the environment.  

1.2. Motivation and Objectives 

This project aims to determine the benefit of reducing water percolation to acid 

generating wastes with a SAR cover by evaluating if a reduced acidity load is 

realised by limiting water availability to acid forming wastes. In particular, the 

objective of solely aiming to minimise water percolation in engineered cover systems 

will be assessed. Kinetic leaching of columns at different water application rates and 

frequencies will test the dependence of acidity load on water availability and will 
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also investigate the solubility of sulfide oxidation products, and the solubility of acid 

forming sulfate wastes.  

1.3. Thesis Organisation  

Chapter 2 explores literature relevant to AMD production from unsaturated waste 

dumps and the factors that are likely to influence the generation of acidity from 

sulfidic and acid forming sulfate bearing waste rock that will rationalise the methods 

employed in this study. Chapter 3 details the specific materials and methods 

employed in this study to test the thesis question. Chapter 4 presents the results from 

the kinetic leach experiment for each material type, in addition to results from the 

short-term leach test and various mineralogical geochemical analyses. Chapter 5 

discusses the significance of the experimental results garnered, and what conclusions 

were drawn from them. Chapter 6 summarises the inferences made in the discussion 

and suggests additional experimental work that could investigate the effectiveness of 

SAR covers further. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. AMD Management in the Pilbara region, Western Australia 

AMD management refers to the practice of actively managing the environmental 

and/or human hazard posed by potentially acid forming waste rock. The principal 

focus of AMD management within this thesis is to investigate and implement 

methods for the inhibition and containment of AMD produced by sulfur bearing 

(either as sulfate, or more prominently sulfide) minerals. AMD management should 

be a consideration at all stages of mine planning, from mine conception, feasibility, 

operations to closure in order to properly attain its objective of minimising AMD 

discharge to the environment. The primary goal of mineral waste management is to 

limit the environmental impact of mining, which almost exclusively focuses on 

achieving an acceptably low risk of contaminating surface and groundwater 

resources in the vicinity of the mine whilst balancing financial implications and 

restrictions. 

This thesis focuses on AMD management for the water-limited, arid to semi-arid 

climate that prevails over the Pilbara region of Western Australia.  

 Geography 2.1.1.

The Pilbara region is located approximately 1,000 km North of the state capital of 

Western Australia, Perth (Figure 2). The Pilbara climate is classified as semi-arid to 

arid with two main seasons, a hot, wet summer (November-April), and the rest of the 

year, which is generally more mild and experiences lower rainfall (O’Kane & Waters 

2003). Cyclonic activity during the wet summer months tends to dominate rainfall 

patterns, therefore contributing to severe variability year-to-year (Figure 1). In Figure 

1, the yearly variations in rainfall patterns can be observed, with the large discrete 

rainfall events occurring in the summer months. The average yearly rainfall over this 

period was 405 mm based upon data for 1999-2012 inclusive (years with a complete 

rainfall dataset). The largest rainfall event was on 2/04/2004 at 136.4 mm. 
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Figure 1: Historical daily rainfall data from RTIO’s Tom Price mine site. 

 Geology 2.1.2.

Economic iron ores in the Pilbara region are located in three different stratigraphy’s, 

the two Hamersley Group formations of the Brockman Iron Formation and the Marra 

Mamba Formation, and channel iron deposits. The Brockman and Marra Mamba 

formations are depicted in Figure 3. Companies such as RTIO extract hematitic ore 

from each of these stratigraphical units for sea-trade export. From an AMD 

management perspective, the Mount McRae shale stratigraphical unit of the 

Hamersley Group is the most problematic geology in the entire Pilbara region and is 

present at most mine sites to some extent in its oxidised and/or unoxidised (reactive) 

form. The known stratigraphical location of particular acid forming minerals is 

detailed further in the relevant section for sulfides (section 2.5.10) and sparingly 

soluble sulfates (section 2.7.3). 
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Figure 2: RTIO operations in the Pilbara region of Western Australia (RTIO 2011). 
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 Waste Rock Dumps 2.1.3.

Mining of base metal ores such as iron produces an enormous volume of waste rock 

in the pursuit of high-grade ore. For example, RTIO operates 14 mines in the Pilbara 

region of Western Australia that combined produced 240 million tonnes of iron ore 

for calendar year 2011 (RTIO 2012). Mining of this ore required the removal of 270 

million tonnes of mostly benign waste rock (RTIO 2012). The majority of this waste 

rock is inert in the sense that when exposed to atmospheric conditions it will not 

oxidise/dissolve and produce AMD. Mined waste rock is stored in designated waste 

rock dumps for long term storage, typically located above the water table (AWT) in 

an arid environment. AWT storage is an appropriate closure option for inert waste, 

providing the storage facility itself is geotechnically stable. Waste rock classified as 

potentially acid forming (PAF) requires more active AMD management due to the 

elevated threat it poses to the environment and community following mine  
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Figure 3: Stratigraphical Sequence of the Hamersley Group (RTIO 2013a). 
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closure. Comprehensive characterisation of PAF waste rock geochemistry can give 

an indication of the likelihood a material will produce AMD, and an estimate of the 

oxidation rate or the nature of acid forming dissolution reactions. The most 

appropriate storage method depends on the type of acid forming mineral, e.g. sulfidic 

waste is best stored at saturation because it limits the oxidation reaction, unless too 

many sulfate salts have formed in the period between mining and resaturation. 

Meanwhile, sulfate-bearing wastes release acidity via dissolution; therefore limiting 

the availability of water in an unsaturated AWT waste dump will have the resultant 

effect of reducing acidity load. 

Saturated or below water table (BWT) storage, which in the Pilbara region 

constitutes in-pit backfill due to the engineering impossibility of maintaining a water 

cover over waste rock without groundwater, adds significantly to the initial economic 

cost of mine closure due to the requirement for significant double-handling of waste 

material (i.e. some pits can only be backfilled after mining is complete). An 

additional consideration of BWT storage of PAF material is the geochemical stability 

of the temporary AWT dumps where the material is placed while the pit is mined 

out. This temporary facility may be in place for a substantial period of time, 

representing an AMD risk in itself potentially requiring management. However, 

Gregory (2010) found that the generation and transport of significant AMD from 

temporary PAF waste dumps in the Pilbara is unlikely given the very long residence 

time of water in these dumps.  

Where site climatic, operational or economic conditions preclude the storage of 

sulfidic waste BWT, the alternative AWT option must be considered. Management 

of PAF sulfidic waste stored AWT typically involves limiting water percolation to 

wastes with an engineered cover system, termed a store-and-release cover. RTIO 

AWT PAF waste dump designs are specified in section 2.8.1. 

2.2. Store-and-Release (SAR) Covers 

 Concept 2.2.1.

SAR covers are installed over AWT dumps to prevent water percolation to the 

underlying waste rock. They are typically 2-4 m thick and have optimised hydraulic 

parameters designed to increase the residence time of water in the cover, enabling an 

overlying vegetation assemblage more time to effectively evapotranspirate pore 
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water within the cover and prevent deep drainage to waste. SAR covers achieve their 

goal of reducing percolation volume (VP) by optimising the water balance equation 

(Equation 1). Where P is precipitation, R is runoff, ∆S is change in storage, EV is 

evaporation and T is plant transpiration.  

 V� � P � R � ∆S � 
E�  T� Equation 1 

SAR covers restrict net percolation volume by increasing the storage term and 

maximising both evaporation and transpiration to remove this stored water between 

rainfall events. Discrete periods of high rainfall with the ability to saturate the cover 

system will still result in deep drainage to the underlying waste rock, therefore SAR 

covers are most appropriate for climates where potential evaporation exceeds 

average rainfall for all months of the year.  

The installation of SAR covers is generally assumed to inhibit AMD generation and 

acidity load from the underlying wastes, which is true if a SAR cover system 

promotes very dry waste rock conditions and completely limits net water percolation 

to underlying waste rock because no water is available for mineral oxidation or to act 

as a transport mechanism. The construction of covers in general represents one of the 

most significant costs for any mine closure project (Fourie & Tibbett 2007b), and 

their net benefit at reducing AMD generation needs to be assessed over the long 

term.  

 Importance of Vegetation 2.2.2.

A healthy cover vegetation layer is essential for optimal SAR cover functionality. 

Vegetation allows the SAR cover system to evapotranspirate stored water to the 

atmosphere, effectively pulling water upwards to the surface through extensive 

vegetation root systems (O’Kane Consultants 2003). A modelling scenario was 

conducted by O’Kane Consultants (2003) to investigate the importance of vegetation 

on a covers’ ability to reduce net percolation to the underlying wastes. Two cover 

scenarios were run based upon a 2 m thick cover and using the site conditions of 

BHP’s Mt Whaleback mine site in the Pilbara over three years. The first scenario was 

that of a bare surface cover with no vegetation, while the second scenario consisted 

of a cover system with poor vegetation with roots extending to 1 m root depth. The 

results of this modelling exercise are expressed in Figure 4, where it is shown that a 

very substantial reduction in cumulative net percolation from 125 mm total (or 4.8% 
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of total rainfall) to 37 mm (or 1.4% of total rainfall) through the 2 m cover over a 

three year period was directly attributable to the presence of vegetation at the cover 

surface.  

 

Figure 4: Net percolation predictions for consecutive wet years under varying 
vegetation scenarios (O’Kane Consultants 2003). Climate conditions for modelling 
scenario were for the BHP Billition Mount Whaleback site. Both cover scenarios 

were 2 m thick run of mine material, with the vegetation bearing cover having roots 
extending to 1 m depth. 

This modelling exercise by O’Kane Consultants (2003) also found that once rainfall 

percolates through the top 30 cm of the cover, it took extended dry periods for 

enough upwards suction to be generated sufficient to abstract water that had 

penetrated to depth. Any subsequent rainfall events reduce the level of suction in the 

cover layer and inhibit the removal of water from the initial rainfall event. The ability 

of plants to abstract water at depth in the cover profile therefore greatly complements 

the suction force common to both modelled scenarios in Figure 4. 

2.3. Pertinent Geochemistry 

 The Carbon System 2.3.1.

Atmospheric carbon dioxide (CO2) has the ability to easily exchange in and out of 

water, i.e. from its gaseous phase (CO2(g)) to its aqueous phase (CO2(aq)) (Equation 2). 

Once in solution, CO2(aq) reacts with water to create bicarbonate through the 

intermediary formation of carbonic acid as in Equation 3 & Equation 4. The 

dissolution of 1 mole of CO2(g) in water results in the release of one mole of H+ and a 
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subsequent decrease in pH as can be seen from these two equations. The equilibrium 

coefficients of each of these reactions determine the form of inorganic carbon that 

presents in solution. The type of carbon that is most stable depends on the specific 

conditions of the solution, such as pH. For example, the mildly alkaline pH of 

seawater of 8.1 favours the presence of HCO3
- over H2CO3 or CO3

2-. Bicarbonate 

(HCO3
-) can form the carbonate ion (CO3

2-) through Equation 5. 

 CO�
�� ↔ CO�
��� Equation 2 

 CO�
���  H�O
�� ↔ H�CO�
��� Equation 3 

 H�CO�
��� ↔ HCO��  H�  Equation 4 

 HCO��
���  H�
��� ↔ CO���
���  2H�
��� Equation 5 

Calcite, or CaCO3(s), is a carbonate precipitate that can occur both organically and 

inorganically. The inorganic reaction is shown below in Equation 6.  

 Ca��
���  2HCO��
��� ↔ CaCO�
��  H�O
�� Equation 6 

The increase in CO2 release to the atmosphere caused by anthropogenic action in 

contemporary times is a well-established mechanism for ocean acidification. 

However, the cycling of carbon between the atmosphere and aqueous solutions 

applies at both planetary and laboratory scales. For example, the exchange of CO2 

with DI water can easily cause its pH to drop from 7 to pH 5.5 through the 

conversion of CO2 to carbonic acid as in Equation 3. Therefore, consideration must 

be given to these carbon cycling reactions when interpreting the geochemistry of 

waters exposed to the atmosphere.  

 Mineral Saturation Index 2.3.2.

Many minerals are able to neutralise acidic water at varying rates according to their 

solubility in that water. A minerals’ solubility is governed by its saturation index (SI) 

as in Equation 7, where IAP (ion activity product) is the sum of a samples’ calculated 

ion activities and solubility product is the equilibrium constant for a specific 

dissolution reaction, otherwise termed the solubility product (Appelo & Postma 

2005). A SI > 0 indicates that a mineral is over-saturated in the target solution and 

will thermodynamically want to precipitate from solution, while a SI < 0 indicates 
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that a mineral will thermodynamically want to dissolve if it comes into contact with 

the solution. While calculating mineral solubility is very useful in understanding 

water-rock interactions, the extent to which a mineral reacts and dissolves or 

precipitates is largely dependent on the kinetics of the specific 

dissolution/precipitation reaction (Sherlock, Lawrence & Poulin 1995). 

 SI � log $IAP
&'() Equation 7 

 Mineral Armouring 2.3.3.

Armouring refers to the coating of reactive grains such that further reaction is 

hindered. In relation to AMD reactions, these coatings typically consist of secondary 

Fe3+ hydroxides forming coatings and hard layers on the mineral surface and thus 

decreasing reactive surface area oxidation rates (Huminicki & Rimstidt 2009). 

Armouring can occur for both acid generating (e.g. pyrite) and neutralising minerals 

(e.g. calcrete). Following pyrite oxidation, the mineral reactive surface may be 

covered in oxidation products to the point where reaction rate is greatly inhibited. As 

an example, Pathirage et al. (2012) found that the neutralising capacity of recycled 

concrete in contact with acidic water was decreased by ~50% due to the armouring of 

the neutralising reaction surface with secondary aluminium and iron-bearing 

minerals. Many passive limestone AMD treatment systems fail specifically because 

of these armouring reactions of iron and aluminium hydroxides on the reactive 

mineral surface. 

In the context of oxidising sulfides, it has been documented by Dold & Fontbote 

(2001) that the stability field of ferric hydroxides increases at low pH, such as in the 

microenvironment of an oxidising sulfide mineral surface. This saturation of ferric 

phases at the sulfide mineral surface may result in the coating of the reaction surface 

in ferrihydrite or goethite (Dold & Fontbote 2001). 

 Sorption and Desorption 2.3.4.

Adsorption, or sorption, refers to the surface adhesion of an adsorbate (e.g. heavy 

metal) to the surface of the adsorbent (e.g. mineral surface). Desorption refers to the 

exact reverse of this reaction. These two opposing phenomena exist because the 

relatively high surface area of particles less than about 1 µm have a significant 
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unsatisfied surface charge (Langmuir 1997a). The strength of these sorptive forces 

decreases with increasing particle size, hence the higher sorptive capacity of small 

particles (Langmuir 1997a). 

Elements have various individual sorption characteristics, for example, major metals 

such as Al, Fe and Mn and minor cationic metals such as Cd, Cu and Zn show 

relationships between their concentration and pH in water (Eary 1998). These 

elements are typically present at very low concentrations under alkaline pH 

conditions specifically due to these sorption controls, however will become 

increasingly more concentrated in solution as pH lowers. Conversely, the anionic 

metalloids As and Se are more likely to desorb into solution under alkaline 

conditions (Eary 1998). The sorption of As and Se can be limited by the competition 

of other negatively charged solutes, such as SO4, for adsorption sites on minerals 

such as ferrihydrite (Eary 1999). For As, the effect of SO4 concentration on sorption 

is diminished at alkaline pH >7.5 and As can accumulate in solution (Eary 1999). Se 

on the other hand is more strongly influenced by SO4 concentrations, and modelling 

by Eary (1999) showed that a SO4 concentration >100 mg/L would prevent Se 

sorption over the entire pH range.  

Sorption can play a very important role in the concentration of various elements in 

solution. Work conducted by SRK Consulting (2011) found that the naturally high 

concentrations of iron oxides/hydroxides and clays in Pilbara materials have a high 

capacity to actually adsorb contaminants from solution, potentially limiting solute 

loading. 

2.4. Acid and Metalliferous Drainage  

 Definition  2.4.1.

AMD refers to low-pH water emanating from a site (either surface water or 

groundwater), typically with elevated concentrations of heavy metals. AMD is 

typically generated by the oxidation of sulfides, predominantly in the form of pyrite 

(FeS2), but there are alternative acid generating reactions such as the dissolution of 

highly soluble sulfates, or indeed sparingly soluble iron and aluminium sulfates such 

as jarosite or alunite respectively. Regardless of the acid generation reaction, low pH 

waters are able to liberate heavy metals ions by desorption or dissolution of 

previously insoluble minerals. The extent of metal load in drainage waters depends 
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on which mineral forms are present, their solubility in acidic drainage and the 

sorption characteristics of each metal under these conditions. Therefore the 

composition of AMD can vary enormously between sites due to the presence or 

absence of different minerals. 

 Neutral and Alkaline Mine Drainage 2.4.2.

Neutral and alkaline mine drainage (NAMD) is characterised by waters of circum-

neutral to alkaline pH that have elevated concentrations of contaminant elements 

derived from mining operations. NAMD is typically identified by its high sulfate 

(SO4) concentration, high dissolved hardness and high alkalinity (MEND 2004). 

There are two formation pathways for NAMD, the first being where generation of 

AMD is neutralised by minerals with acid consuming potential (e.g. calcite) either 

locally or downstream, however some liberated metals remain stable at neutral 

solution pH. Elevated levels of SO4 can generally identify this form of NAMD, due 

to the fact that AMD neutralisation does not usually impact SO4 concentrations 

(Rose & Cravotta 1998).  

Alternatively, NAMD can be generated from rocks that contain little or no sulfide 

minerals but have cationic metals able to desorb from their host mineral into solution 

at alkaline pH. Only a select group of elements are able to present in NAMD because 

most metals are insoluble at neutral pH and will remain relatively stable in their 

metal hydroxide form. Mobile elements at neutral to alkaline pH include As, Mn, 

Mo, Se and Zn among others (MEND 2004). Further discussion on mineral sorption 

and desorption is presented in section 2.3.3. 

2.5. AMD Generation by Sulfide Oxidation 

Acid generation from mine waste is generally considered to come from three 

different reactions, these being iron sulfide oxidation (this section), the dissolution of 

highly soluble iron sulfate salts (section 2.6), and the dissolution of less soluble 

sulfate minerals of the alunite-jarosite series (section 2.7) (Lapakko 2002). Oxidation 

of the sulfide pyrite is by far the most researched of any AMD generating reaction 

given its prominence as the most abundant metal sulfide in the earth’s crust 

(Vaughan & Craig 1978), and its status as being responsible for the majority of acid 

production from mine wastes (Stumm & Morgan 1981). The oxidation kinetics of 

pyrite and other iron sulfides such as pyrrhotite and marcasite are affected by a range 
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of interdependent chemical, physical and biological conditions, making any 

estimation of oxidation rate and acidity load inherently difficult and extremely site 

specific. Pyrite and marcasite are isochemical (FeS2), however they differ in their 

structure, mineralogy and thermodynamics (Wang, Bigham & Tuovinen 2007). 

Pyrite is isometric while marcasite is orthorhombic (Figure 5) (Uhlig et al. 2001). 

Wang et al. (2007) confirmed that marcasite is more reactive and susceptible to 

weathering and oxidation than pyrite due to these structural differences, however the 

same amount of acidity by oxidation is produced per mole of both pyrite and 

marcasite.  

Pyrrhotite is an unusual iron sulfide in that it has a variable Fe content, with official 

formula of Fe(1-x)S, where x = 0-0.2. Oxidation rates of these iron sulfides are noted 

to vary by orders of magnitude depending upon sulfide composition and microbial 

activity, in addition to the availability of oxygen and water (Lapakko 2002).  

Pyrite is the main sulfide mineral of AMD concern in the Pilbara. Pyrrhotite and 

marcasite have not been reported to any extent in the Pilbara but are included here 

for completeness given that marcasite is used in kinetic leach experiments detailed in 

section 3.3.1. This section details processes and factors pertaining to acid generation 

by sulfide oxidation, focusing specifically on pyrite, in the context of an above water 

table waste rock dump in the semi-arid environment of Western Australia’s Pilbara 

region.  

 
Figure 5: Structure of pyrite (left) and marcasite (right) (Uhlig et al. 2001). 
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 Pyrite Formation 2.5.1.

Sulfide minerals, such as pyrite, are formed under reducing conditions (Lister 1989) 

and will weather and oxidise when exposed to oxidising conditions. BWT mining 

activity effectively facilitates the transition between stable unoxidised (i.e. below 

water table) and oxidising conditions (material exposure and storage AWT). 

Manipulation of the prevailing redox conditions can favourably influence the kinetics 

of pyrite oxidation. For example, if conditions are less oxidising (reduced Fe3+ 

concentration and O2 preclusion) then the rate of pyrite oxidation will be inhibited. 

The manipulation of redox conditions to actually reform sulfides with sulfate-

reducing-bacteria has been suggested as a possible means of remediating acidic pit 

lakes and locking up generated acidity, a process termed pit lake bioremediation 

(Kumar, McCullough & Lund 2011). 

 Pyrite Oxidation 2.5.2.

Reactions governing the oxidation of pyrite and subsequent generation of AMD are 

well documented in related literature (Rimstidt & Vaughan 2003; Rose & Cravotta 

1998; Singer & Stumm 1970; Stumm & Morgan 1981) and are briefly presented 

below. 

 FeS�
��  7
2 O�
��  H�O
�� → Fe��
���  2SO.��
���  2H�
��� Equation 8 

 Fe��
���  1
4 O�
��  H�
��� → Fe��
���  1

2 H�O
�� Equation 9 

 Fe��
���  3H�O
�� → Fe
OH��
��  3H�
��� Equation 10 

 Al��
���  3H�O
�� → Al
OH��
��  3H�
��� Equation 11 

 FeS�
��  14Fe�� 
���  8H�O
�� → 15Fe��
���  2SO.��
���  16H�
��� Equation 12 

Equation 8 depicts the relatively slow chemical oxidation of pyrite by O2 at circum-

neutral pH, producing ferrous iron (Fe2+) and sulfate (SO4
2-). Dissolved Fe2+ is then 

oxidised to ferric iron (Fe3+) by O2 as shown in Equation 9. Under neutral pH 

conditions, Fe3+ is unstable and will precipitate as iron hydroxide and release 

additional acidity (Fe(OH)3) (Equation 10). The precipitation of aluminium 

hydroxides such as gibbsite (Al(OH)3) by an analogous process to Equation 10 can 

also produce H+ and subsequently lower system pH (Equation 11). The combined 
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effects of Equation 9 and Equation 12 results in a vicious cycle of pyrite oxidation by 

O2 and Fe3+ (Kleinmann, Crerar & Pacelli 1981). 

As pH lowers with increased H+ activity; the rate of oxidation by O2 according to 

Equation 8 declines (Williamson & Rimstidt 1994). However, the overall rate of 

oxidation actually increases as pH lowers due to the increased solubility and 

subsequently more active participation of Fe3+ in the oxidation of FeS2 below pH < 

4.5 (Equation 12) (Nordstrom 1982). Fe3+ oxidation of pyrite is much more rapid 

than by O2, and more rapid that O2 oxidises Fe2+ to Fe3+ in Equation 9 (Evangelou & 

Zhang 1995). It is for this reason that Equation 9 is known as the rate-limiting step in 

abiotic pyrite oxidation (Singer & Stumm 1970). This rate-limiting reaction can be 

catalysed by the action of Fe oxidising bacteria at low pH values (see 2.5.5) that are 

capable of accelerating pyrite oxidation by a factor larger than 6 orders of magnitude 

(Singer & Stumm 1970), see section 2.5.5 for further discussion of bacterial action. 

Oxygen is considered the dominant oxidant of pyrite above pH 4.5. However, it has 

been suggested that Fe3+ is the primary oxidant of pyrite at circum-neutral pH, and 

oxygen only acts to oxidise Fe2+ to Fe3+ as in Equation 9 (Evangelou & Zhang 1995). 

 O2 Availability 2.5.3.

Oxygen is the dominant oxidant of pyrite at circum-neutral pH until pH 4.5, therefore 

its availability to the pyrite reactive surface has a significant impact on the rate of 

oxidation. In a waste dump, layers of sulfidic material can locally deplete oxygen and 

thereby stymy further oxidation (Figure 6). If oxygen availability is sufficiently 

inhibited, then the rate of pyrite oxidation may slow to negligible levels. In high 

rainfall environments, a highly effective technique for managing sulfidic material is 

to design and maintain a permanent water cover over waste rock to restrict the 

transport of oxygen to the rock to the very slow diffusion of oxygen through water 

(Rose & Cravotta 1998). Under fully saturated conditions, Williamson & Rimstidt 

(1994) found that the rate of pyrite oxidation by Fe3+ is significantly affected by the 

presence of dissolved oxygen, but not its discrete concentration. 

In wetter climates, covers utilising the capillary barrier effect can be used to limit 

both water and oxygen ingress to waste. These covers function by enhancing the 

water retention in the upper cover layer to achieve a high level of saturation that 

accordingly restricts oxygen flux from the surface (Mbonimpa et al. 2003). A 
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capillary break is engineered between this layer and an underlying later of 

contrasting and larger particle size that limits the downward percolation of water, 

thereby effectively isolating waste rock from both water and oxygen and also 

preventing the upward migration of salts from potentially killing off cover 

vegetation. Further discussion on capillary barriers is presented in section 2.8.3. 

 

Figure 6: Oxygen concentration profile from the Marra Mamba black shale dump at 
Mount Tom Price (Bennett 2005). Each series represents the time (hours) elapsed 

since sensors were installed and drill hole backfilled. Red zones indicate areas where 
a sulfidic shale constituted > 50% of sample mass. 

 H2O Availability 2.5.4.

Water is critical to pyrite oxidation in any environment, acting not only as the 

medium for reaction and the solute transport mechanism, but also as an integral 

component of the oxidation reaction itself. The water content of the oxidising rock 

has been shown to have a significant impact on the rate of pyrite oxidation (Earth 

Systems 2010a; Hollings et al. 2001; León et al. 2004). As stated previously, the 

oxidation rate of sulfides is inhibited by orders of magnitude under saturated 

conditions, likewise under fully water-excluded conditions, no transport of oxidation 

products can occur. However, the spectrum of saturation conditions between 0% 

saturation and 100% saturation will oxidise sulfides more rapidly than either of these 

two extremes because both water and oxygen are relatively more available to the 

reactive particle surface than at either water content extreme. Often there is sufficient 

water in waste dump humidity alone to enable the oxidation of sulfides (Czerewko & 

Cripps 2006). However under these circumstances, the pyrite oxidation reaction is 
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impeded and hydrated iron sulfate salts such as melanterite (FeSO4.7H2O) or rozenite 

(FeSO4) may form (Czerewko & Cripps 2006). Flushing of these soluble metal salts 

can result in a very large discrete load of acidity and metals, as will be discussed in 

section 2.6. 

Leach & Carrucio (1991) found that columns run under unsaturated conditions 

produced solute loads greater than for saturated conditions (which were 92-97% less) 

or fluctuating water table conditions (which were 19-33% less). The decrease in load 

for saturated conditions confirms the effectiveness of aqueous disposal as a storage 

technique. For the Pilbara climate, this result needs to be considered in light of the 

long lead times for water table rebound following the cessation of mining and the 

potential accumulation of sulfate salts in that time. The fluctuating water table 

condition result is peculiar, because it is understandable that a fluctuating water table 

could flush oxidation products regularly and enable both water and oxygen to reach 

reactive surfaces easily, purportedly resulting in an increased solute load. The 

contrary experimental result suggests that the temporary saturation experienced in 

the fluctuating water table column inhibited the oxidation rate by a factor greater 

than the standard oxidation under unsaturated conditions. 

2.5.4.1. Water Content 

Material water content is known to have a significant impact on the rate of pyrite 

oxidation. However, the relationship between these two variables is nonlinear 

(Figure 7) and evidently highly material specific and varies over several orders of 

magnitude. Material types compiled by Earth Systems (2010a) and illustrated in 

Figure 7 appear to have a certain gravimetric water content where pyrite oxidation 

rate peaks (e.g. ~10-15% for Lower Lakes ASS - Sand). A more appropriate measure 

that could have been used here would be to plot oxidation rate against relative 

saturation, which takes into account varying material porosity and density. At water 

contents below a given peak, less water is available for reaction and oxidation 

products are unable to move far from their initial point of oxidation. Meanwhile, as 

the water content rises above the peak, a decline in oxidation rate is observed likely 

due to the limitation of oxygen supply to the pyrite reaction surface, since a greater 

proportion of the sample pore volume is taken up by water that reduces the 

interconnectedness of air-filled pore spaces.  
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León et al. (2004) found that at very low (0.1% relative saturation) and very high 

water contents (95% relative saturation), pyrite oxidation was significantly inhibited. 

At high negative pore pressures corresponding to very low water contents, water 

molecules will adhere to the surface of individual particles and still be available to 

participate in pyrite oxidation until they are fully exhausted. This concept was 

explored by León (2005) who calculated a mean nominal water film thickness for a 

very dry (0.1% relative saturation) sample of 3.1 x 10-6 cm. The oxidation rate was 

greatest at 25% relative saturation, while overall SO4 loading was less than half this 

rate at 70% saturation, and less than a quarter at 95% saturation. 

Bouzahzah et al. (2010) found that by altering the water content alone in humidity 

cells to maintain material saturation at 40-60% during operation generated a 

cumulative SO4 load 4.5 times greater than under the standard wet/dry conditions 

with no water content control of the humidity test. Such a large discrepancy further 

highlights the large influence water content can have on the oxidation rate of pyrite 

bearing material in kinetic experiments. 
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Figure 7: Pyrite oxidation rates at varying water contents. Image sourced from Earth Systems (2010a), with data from León (2005) added. See Earth 

Systems (2010a) for references of in-figure data not presented elsewhere in this report.
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2.5.4.2. Flushing Frequency 

The impact of water addition frequency to unsaturated sulfidic weathering columns 

on overall leachate quality has not been discussed extensively in AMD related 

literature. Campbell (2004) conducted a kinetic experiment where two small columns 

of identical composition were subjected to weekly or 12-weekly flushing 

frequencies. The tailings material used for these columns contained trace levels of 

pyrite and sufficient calcite to buffer solution pH in the near-neutral pH range for the 

duration of the experiment. Leachate chemistry from this experiment (Table 1) 

shows that solute concentrations were actually lower in the less frequently leached 

column, and contrary to what would be anticipated if pyrite oxidation was continuing 

throughout the experiment. The significance of this result is clearly evident when 

considering that both the concentration and loading for each discrete leach event is 

lower for the less frequently flushed columns. Thus, based on these results, the net 

solute load emanating from these wastes could be lowered by an order of magnitude 

by reducing flushing frequency and net applied water volumes as specified. 

Campbell (2004) hypothesised that the reason why solute concentrations were not 

higher for the less frequently leached columns was due to the healing of crystal 

imperfections on sulfide grain surfaces in the dry period between flushing events that 

effectively acted as a barrier to further reaction. The longer residence time may have 

allowed the precipitation of more secondary minerals that were not forming to that 

same extent at the more regular leach frequencies. The limitation of oxygen supply 

was not considered significant in this experiment due to the dry nature of the 

columns.  

Table 1: Leachate chemistry of two weathering columns flushed at weekly and 12-
weekly intervals (Campbell 2004). 

 FLUSHING-EPISODE 

 1st 2nd 3rd 

Analyte Weekly 12-Weekly Weekly 12-Weekly Weekly 12-Weekly 

pH 8.2 8.2 8.5 8.2 8.4 8.3 
EC (µS/cm) 630 660 640 570 530 450 
Na (mg/L) 32 28 49 22 15 14 
K (mg/L) 20 14 46 16 18 12 

Mg (mg/L) 43 45 110 37 32 30 
Ca (mg/L) 38 38 93 33 34 26 
SO4 (mg/L) 250 210 420 130 130 73 
As (mg/L) 13,200 8,500 28,000 9,100 12,000 8,700 



Chapter 2: Literature Review 

24 

Song & Yanful (2010) conducted four simultaneous column experiments on a 

common material type and varied the frequency at which water was applied. The 

results from this study differ slightly to those of Campbell (2004) because the solute 

concentration in the less frequently leached columns were significantly higher than 

the weekly leached columns, as evidenced by their lower pH, higher EC and greater 

Zn concentration (Figure 8). However, while drainage emanating from the less 

frequently leached material was more concentrated, the overall solute load appears to 

decline with increases in time between leaches as seen by a mediated cumulative SO4 

release trend (Figure 8).  

   
Figure 8: Variation in pH, EC, Zn concentration and cumulative SO4 release for four 

columns subjected to different flushing frequencies (Song & Yanful 2010). 

The cumulative load is the most important variable, and the lower cumulative load of 

SO4 present in leachates for the less frequently flushed columns is very significant. 
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This result indicates that the oxidation reaction is still proceeding to some extent over 

the test period, however the rate (or perhaps extent) of the reaction declines as the 

period between flush events increases. Additionally, increasing water residence time 

in the column as a result of reduced waste dump flushing frequency is likely to 

favour the participation of relatively slow silicate acid neutralisation reactions in 

determining drainage pH, with concomitant effects on drainage heavy metal load 

according to each metal’s solubility. 

 Bacterial Catalysis 2.5.5.

The primary role that bacteria play in relation to AMD generation is to catalyse 

Equation 9, whereby the rate of Fe2+ oxidation to Fe3+ is increased by a factor of up 

to 106 (Singer & Stumm 1970). In fact, the rate of this reaction is totally dependent 

on the activity of Acidithiobacillus ferrooxidans (Garcia, Bigham & Tuovinen 2007; 

Hornberger & Brady 1998). Temperature also has an effect on biological activity, 

with numerous studies noted to show decreased biological activities above 55°C 

(Hornberger & Brady 1998). 

The ability of bacteria species to oxidise ferrous iron to ferric iron is not common 

because the energetics of Fe oxidation are so poor (Karamanev 2002). The most 

prolific species of Fe oxidising bacteria is Thiobacillus ferrooxidans, an acidophilic 

(acid-loving) chemolithotrophic (“rock-eating”) organism ubiquitous to geological 

environments containing pyrite (Nordstrom 1982). Fe2+ oxidation to Fe3+ yields the 

catalytic bacteria only 29 kJ mol-1, therefore requiring them to oxidise large amounts 

of Fe2+ in order to survive and propagate (Ehrlich, Ingledew & Salerno 1991). 

Species within the Thiobacillus genus generally do not thrive to the same degree 

above pH values of 4 (Arkesteyn 1979) as they do at more acidic pH. Arkesteyn 

(1980) noted that while above pH 4 many Thiobacillus species are still able to 

oxidise sulfur products, they do not significantly catalyse the rate-limiting step.  

While these bacteria do require both carbon and oxygen for their metabolism, they 

are able to survive on relatively low concentrations of both (Hornberger & Brady 

1998). In fact it has been shown that the rate of Fe2+ oxidation is independent of 

oxygen concentration until the concentration falls below 1% (Brierley 1982; cited in 

Hornberger & Brady 1998) as can be seen in Figure 9 (Hammack & Watzlaf 1990; 

cited in R. L. P. Kleinmann 1998). They are also able to obtain carbon from the 
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cycling of carbon dioxide (CO2) from the atmosphere (Hornberger & Brady 1998). 

For further explanation of CO2 cycling processes see section 2.3.1. 

Some studies have looked at the specific impact bacteria have on the rate of sulfide 

oxidation, all other factors remaining constant. Hollings et al. (2001) found that by 

irradiating a sulfidic waste sample, the oxygen consumption rate was halved. The 

difference in mean oxidation rate between the irradiated and non-irradiated reaction 

cells was statistically significant to the 95th percentile (Hollings et al. 2001). 

 

Figure 9: Pyrite oxidation rate with and without the influence of catalysing bacteria 
(Hammack & Watzlaf 1990; cited in R. L. P. Kleinmann 1998). 

 Temperature 2.5.6.

The oxidation rate of pyrite is known to increase with increasing temperature, in 

general agreement with the Arrhenius equation (Equation 13). The Arrhenius 

equation relates the dependence of the rate constant (k) to the activation energy (EA, 

in kJ mole-1) and temperature (T, in Kelvins). Where R is the universal gas constant, 

and A is an experimentally determined factor. 

 k � Ae�67/9: Equation 13 

Schoonen et al. (2000) outlined that previous studies of pyrite temperature 

dependence have produced activation energies ranging from 56-88 kJ mol-1. The 

cause behind this discrepancy was attributed to the fact that the Arrhenius equation 

does not fully explain the dynamics of pyrite oxidation because the recorded EA 

varies depending on what progress variable is chosen to calculate it (Schoonen et al. 

2000), which should not be the case for a totally Arrhenius abiding reaction. As an 

example, experiments conducted by (Nicholson et al. 1988) had an activation energy 
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of 88 kJ mole-1, corresponding to an approximate tripling in oxidation rate with every 

10°C rise in temperature. These experiments showed that for temperatures between 

3-25°C, there is a strong correlation between temperature and oxidation rate using 

the Arrhenius equation. However the rate constant calculated at 60°C was noticeably 

less than what was anticipated from the Arrhenius equation. The reasoning behind 

this discrepancy was attributed to external factors other than temperature acting to 

limit pyrite oxidation, including the lack of oxygen availability, the build-up of a 

ferric-oxide coating on the pyrite grains or a changing oxygen-adsorption constant 

with temperature (Nicholson et al. 1988).  

Alternatively, the Q10 rule constitutes a simpler empirical guide for the temperature 

dependence of the pyrite oxidation reaction, dictating that for every 10°C rise in 

temperature, the pyrite oxidation rate increases by a factor of between 2 and 3 

(Kempton 2012). For example, Smith et al. (1992) in their experiments measured an 

approximate doubling of pyrite oxidation rate with every 10°C increase in 

temperature. The rate of pyrite oxidation in low sulfide (< 0.5 wt.%) reaction cells by 

Hollings et al. (2001) was found to increase with increasing temperature from 2.2 x 

10-10  mol O2 kg-1 s-1 at 5°C to 7.0 x 10-10 mol O2 kg-1 s-1 at 20°C. Generally 

speaking, these observations mean that if all other conditions remain constant, then 

pyrite will oxidise faster in hotter climates and summer months. Additionally, it 

highlights the fact that oxidation rates can be accelerated in sulfidic waste dumps due 

to increased internal temperatures from exothermic pyrite oxidation, which in turn 

increases the rate of oxidation and results in the further production of heat. Such a 

generation cycle can lead to excessive heat generation and spontaneous combustion, 

commonly seen on the surface as smoke rising from the ground and referred to as 

“hot ground”. It should be noted that the bacterial catalysation of pyrite is subdued 

above 55°C due to the inhospitable conditions these elevated temperatures represent 

for Fe oxidising bacteria, which does provide some measure of self-regulation that 

may suppress further temperature increases, to an extent.  

Rapid increases in internal waste dump temperature are possible for sulfidic waste. 

Increases in internal temperature documented by Andrina et al. (2006) were found to 

coincide with increases in drainage SO4 concentration. The strong correlation 

between temperature and drainage SO4 concentration can be directly attributed to the 

exothermic nature of the pyrite oxidation reaction that produces heat, lowers 
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drainage pH and produces SO4 in drainage. Bennett (2005) found significant 

temperature increases directly attributable to the presence of a highly sulfidic shale in 

drill holes into a waste dump at the Mt Tom Price mine site (Figure 10).  

 

Figure 10: Temperature profile of RTIO’s Marra Mamba waste dump. Red zones 
indicate areas where a sulfidic shale constituted >50% of sample mass. Image 

sourced from Bennett (2005) 

 Particle Size & Surface Area 2.5.7.

The size of particles participating in AMD reactions (whether acid producing or 

neutralising in nature) is a critical factor impacting the rate of these reactions due to 

the increased surface area these finer particles have. For a given sulfide mineral, the 

oxidation rate increases with the available reaction surface area (Lapakko 2002). The 

reason for this relationship is eminently obvious; a greater reaction surface means 

that a greater proportion of material is available for reaction. The mineral 

components that are exposed on the surface of the particle are the ones that will 

weather most rapidly and have the greatest influence on water quality (Geidel & 

Caruccio 1984). 

Finer particles can have orders of magnitude greater surface area. For example, two 

materials with uniform cubic particle sizes of 0.01 mm and 1 mm respectively will 

have surface areas of 600,000 m2m-3 and 6,000 m2m-3 respectively. Hollings et al. 

(2001) found particle size to be the most significant factor affecting pyrite oxidation 
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in their experiments when compared to water content, biological activity and 

temperature. Geidel & Caruccio (1984) also found a strong inverse correlation 

between particle size and acidity loads. 

 Acid Neutralisation Reactions 2.5.8.

Various minerals on the Earth’s surface are capable of consuming acidity and have 

been doing so constantly over geological history during chemical weathering 

processes (Sherlock et al. 1995). Neutralisation of AMD by minerals at the 

generation site or downstream, or indeed by mixing of AMD with alkaline surface or 

groundwater can dramatically improve water quality by mediating pH and dropping 

out a number of trace metals of environmental concern, but not all. Elevated SO4 

concentrations can be indicative of neutralised AMD because SO4 is relatively 

conservative with respect to pH and thus typically remains in solution. 

On contact with AMD, the buffering capacity of the most reactive neutralising 

minerals is depleted first, with the pH dropping following their depletion. Different 

minerals buffer the system at different pH levels as shown in Figure 11. AMD may 

be neutralised by the dissolution of the following mineral types, in order of 

reactivity: (1) calcium and magnesium-bearing carbonates; (2) oxides and hydroxides 

of Ca, Mg, Fe and Al; and (3) soluble silicate minerals (Sherlock et al. 1995). The 

dissolution of each of these minerals contributes to the measurable acid neutralisation 

capacity of the material (Buller 2011).  

 

Figure 11: Neutralising mineral reaction series (Salomons; cited in McDonald 2006). 
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2.5.8.1. Carbonates 

Calcium and magnesium bearing carbonates such as calcite/calcrete (CaCO3) are 

known to be the most reactive neutralisation agents commonly found in the natural 

environment, with a readily available buffering capacity. Other carbonate minerals 

that are capable of neutralising acidity and buffering solution pH are magnesite 

(MgCO3) and dolomite (CaMg(CO3)2). The carbonate dissolution reactions are just 

one element of the entire carbonate system; see section 2.3.1 for a more thorough 

discussion of other carbon cycling reactions. 

The dissolution of neutralising calcium carbonate has varying stoichiometry based on 

whether it occurs in an open or closed system with respect to the atmosphere. 

Limestone can react with free acidity (H+) to produce free calcium and carbon 

dioxide (CO2) as in Equation 14. The CO2 can react with more CaCO3 and H2O(l) to 

produce a calcium ion (Ca2+) and two bicarbonate ions (HCO3
-) as in Equation 15. 

The bicarbonate ions represent alkalinity. Systems open to the atmosphere are able to 

access CO2(aq) for Equation 15 even more easily. The precipitation of Fe and Al 

hydroxides through hydrolysis reactions in open to atmosphere systems represents a 

major issue for CaCO3 neutralisation systems because they can act to armour the 

neutralising particle surfaces from further reaction. 

Meanwhile for a closed system, calcite dissolution occurs as in Equation 16. The 

higher CO2 partial pressure in a closed system enhances the amount of alkalinity 

produced. Additionally, the precipitation of iron and aluminium hydroxides are 

inhibited in a closed system and therefore the extent of neutralising mineral 

armouring is greatly reduced. For both open and closed systems, the dissolution of 1 

mole of calcite results in the neutralisation of 2 moles of H+ (Weber et al. 2005). 

 Open System:    CaCO�  2H� ↔ Ca��  CO�  H�O Equation 14 

          CaCO�  CO�  H�O ↔ Ca��  2HCO�� Equation 15 

 Closed System:          CaCO�  H� ↔ Ca��  HCO�� Equation 16 

Dolomite is the second most abundant carbonate mineral after calcite and is also 

capable of neutralising acidic waters (Langmuir 1997b). Dolomite may be disordered 

or ordered, with the level of order increasing with age. Ordered dolomites typically 

have Ca/Mg ratios approaching unity, while disordered dolomites are usually 
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enriched in calcium and more reactive (Langmuir 1997a). The acid neutralising 

equation of ideal ordered dolomite dissolution is specified in Equation 17. 

 CaMg
CO���  2CO�  2H�O → Ca��  Mg��  4HCO�� Equation 17 

It is possible to discern the presence of carbonate mineral dissolution by 

investigating water quality data. The (Ca + Mg)/SO4 molar ratio can be used for this 

discernment, with a value in the range of 1-2 indicating that carbonate buffering 

activity is occurring (Linklater et al. 2012). 

The dissolution of iron bearing carbonates such as siderite (FeCO3) can consume 

acidity (Equation 18) initially, however the net reaction is neutral because the 

mobilised Fe2+ can oxidise to its ferric (Fe3+) form (Equation 9), resulting in no net 

neutralising capacity (Weber et al. 2005). 

 FeCO�  2H� → Fe��  H�O  CO� Equation 18 

2.5.8.2. Metal Hydroxides 

Following depletion of the more reactive calcium and magnesium carbonates, the 

dissolution of metal hydroxides can act to neutralise some of the remaining acidity. 

The dissolution of metal hydroxides, such as aluminium hydroxide (Equation 19) and 

iron hydroxide (Equation 20), may buffer solution pH by the consumption of H+, 

however they release soluble Al3+ and Fe3+ into solution and retains the same acidity. 

The dissolution of the aluminium hydroxide gibbsite (Al(OH)3) will occur around pH 

4 or less and can cause Al3+ concentration in leachates to rise to as high as 8-10 mg/L 

(Bottcher et al. 1985; as cited by Langmuir (1997)). 

 Al
OH��  3H� → Al��  3H�O Equation 19 

 Fe
OH��  3H� → Fe��  3H�O Equation 20 

2.5.8.3. Silicate Minerals 

Silicate minerals are composed of structures of multiple silicon atoms coordinated 

with four oxygen atoms in regular tetrahedrons with cations such as Na+, K+, Ca2+, 

Mg2+, Fe2+ and Fe3+ filling the space between silicate tetrahedrons (Sherlock et al. 

1995). Silicate minerals typically have a higher overall neutralising capacity per 

mole of material when compared to calcite, however their rate of dissolution is much 
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slower, and means that the full silicate neutralising capacity can only be realised in 

the long term (Weber et al. 2005). Increasing residence times experienced by acidic 

pore water will enable neutralising silicate minerals where present to participate to a 

greater extent in determining pore water pH. High aluminium and silica 

concentrations in AMD is a typical indicator of significant weathering and 

dissolution of these neutralising silicate minerals (Langmuir 1997a). 

The dissolution of silicates can either be congruent or incongruent, i.e. the 

dissolution can simply convert all solid components to soluble components, or can 

result in an alteration of the mineral structure and the conversion of some solid 

components to their soluble form in drainage waters. Incongruent dissolution is far 

more common in natural systems (Sherlock et al. 1995). Sherlock et al. (1995) gave 

an example of the dissolution of anorthite, the calcium end-member of plagioclase 

feldspar, which can dissolve both congruently (Equation 21) and incongruently 

(Equation 22) to consume acidity. 

 CaAl�Si�O=  2H�  6H�O
→ Ca��  2Al��  2H.SiO.  6
OH�� 

Equation 21 

 CaAl�Si�O=  2H�  H�O → Ca��  Al�Si�O>
OH�. Equation 22 

Silicate minerals containing Fe in either ferrous or ferric form may dissolve and 

consume a number of H+ ions equivalent to the valency of Fe within the silicate, 

however, the subsequent oxidation of the Fe2+ to Fe3+ and formation of ferrihydrite 

(Fe(OH)3) negates any H+ consumption from initial mineral dissolution (Weber et al. 

2005). These reactions are similar to that of siderite dissolution described in section 

2.5.8.1. It should be noted here that the dissolution of monosilicate minerals such as 

quartz has no acid consuming potential (Weber et al. 2005). 

SRK Consulting (2013) found that the neutralising capacity of silicate mineral can 

buffer acidity produced by the dissolution of alunitic wastes (see section 2.7 for 

further discussion on acid formation from alunitic wastes) if the residence time of 

pore waters is sufficiently long, i.e. percolation rates through waste dumps 

containing this material are low, as expected for a managed waste facility. Kaolinite 

(Al2Si2O5(OH4)) was found to be ineffective at influencing system pH, however 

muscovite (KAl2(AlSi3O10)(F,OH)2) was capable of raising pH given the 

opportunity. Indicative calculations by SRK Consulting (2013) found that a 
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muscovite content of around 2 wt.% was sufficient to maintain neutral pH at an 

alunite-bearing waste facility with sulfur content below 0.1% S. It should be noted 

that both alunite and kaolinite have been identified in some lithologies of the 

Hamersley Group. 

 Secondary Mineral Formation 2.5.9.

Pyrite weathering provides the primary source of Fe and acidity leading to the 

precipitation of secondary sulfate minerals by processes including oxidation, 

hydrolysis and evaporation (Hammarstrom et al. 2005; cited in Li et al. 2007). The 

products of iron sulfide oxidation (Fe & SO4) may form secondary minerals 

depending on the saturation state of potential secondary minerals in solution. As the 

volume of water in waste rock pores declines progressively in arid to semi-arid 

conditions, acidic pore waters become more and more concentrated, encouraging 

mineral precipitation as dissolved ion activities substantially increase. What kind of 

secondary sulfate minerals precipitate from sulfide oxidation products influences the 

stability and mobility of generated acidity. The amount of acid produced per unit of 

oxidised pyrite from secondary sulfates depends upon the type of the sulfates formed 

under different reaction conditions (Li et al. 2007), i.e. whether they are highly 

soluble (see section 2.6) or sparingly soluble (see section 2.7).  

Minerals such as goethite and ferrihydrite can precipitate Fe3+ out of solution and in 

doing so release the full 3H+ ions of acidity (Li et al. 2007). Under reducing 

conditions or repeated wetting and drying cycles, ferrous sulfate salts such as 

melanterite can form that retain stored acidity in the waste (Nesbitt & Jambor 1998; 

cited in Li et al. 2007). The high solubility of these salts means that a very high 

acidity load can be experienced during a significant flush event. Incomplete 

hydrolysis of Fe3+ can result in the precipitation of jarosite or related analogue 

minerals at a pH below 3.5 (Lapakko & Berndt 2003). Further discussion on soluble 

salt dissolution is presented in section 2.6 and section 2.7. 

 Occurrence in the Pilbara Region 2.5.10.

In the Pilbara region, the iron sulfide pyrite is predominantly found in unweathered 

(BWT) portions of the common Mount McRae shale stratigraphic unit (Figure 3), 

although it has been observed in other lithological units to a lesser extent. The Mount 

McRae shale unit is typically more of an AMD issue for deposits mining the ore 



Chapter 2: Literature Review 

34 

from the Brockman Iron Formation stratigraphic unit, where the ore is located in the 

lower part of the Dales Gorge member (Figure 3). In recent years, an increasing 

amount of mining activity has occurred below the pre-mining water table, requiring 

significant dewatering well in advance of mining. The exposure of regions of Mount 

McRae shale previously located BWT have been known to pose a significant AMD 

risk due to the sudden change in oxidation conditions (i.e. availability of oxygen to 

sulfide mineral surfaces).  

The typical Mount McRae shale stratigraphic unit can be further divided into three 

layers, the upper, middle and lower Mount McRae shale, each having variable 

composition (see Figure 12 for details on the MCS at Tom Price). The exact 

breakdown of the MCS as defined in Figure 12 in terms of layer thickness varies 

between individual sites. The middle Mount McRae shale unit poses a very high 

AMD and self-heating risk due to its high sulfur content (can be in excess of 7%) 

(Brown 2012). This high self-heating risk of the middle Mount McRae shale has 

necessitated its classification as ‘hot’ black shale when considered for long term 

storage in waste rock dumps. In general, the upper and lower Mount McRae shale 

pose less of a risk because of their lower sulfur content. They are still capable of 

producing significant AMD, although they are unlikely to pose such a large self-

heating risk and hence are classified as ‘cold’ black shale for storage in waste rock 

dumps. 

Material from the highly reactive middle Mount McRae shale layer was used in 

experiments detailed later in this thesis to test the thesis hypothesis regarding the 

effectiveness of infiltration limiting covers from a geochemical (solute load) 

perspective (see section 3.3.2)  
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Figure 12. Stratigraphy of the Mount McRae Shale (MCS in figure) at the Tom Price 
mine site (RTIO 2013b). 

2.6. AMD Generation by Highly Soluble Sulfate Dissolution 

The contribution of sulfate bearing secondary minerals to AMD production is often 

overlooked as a significant contributor to AMD because they are generally found in 

relatively small concentrations in the environment specifically because of their high 

solubility with respect to percolating water (Kania 1998). The role of these secondary 

sulfate minerals is eminently undervalued considering they often represent the 

intermediate step between contaminant bearing minerals (sulfides such as pyrite) and 

the release of these contaminants to the environment (Frau, Cidu & Dadea 2011; 

Harris, Lottermoser & Duchesne 2003). This section details some of the relevant 

formation and dissolution reactions of common AMD related soluble secondary 

sulfate minerals. 

In wet climates, efflorescent sulfate minerals are ephemeral unless they are formed in 

sheltered areas (Hammarstrom et al. 2005). Meanwhile in arid climates, the 

dissolution of these salts is limited, and over prolonged dry periods their 

accumulation can result in the formation of thick salt crusts (Hammarstrom et al. 

2005; Harris et al. 2003), that is partially aided by upward capillary migration of 

pore-water. In their study of AMD contaminated streams near Iron Mountain in the 

USA, Keith et al. (2001) found that efflorescent salts were the primary cause of the 
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almost instantaneous metal and acidity loads recorded in Boulder Creek. Acidity 

generation was determined to be from the hydrolysis of dissolved metals, particularly 

Fe3+. Analysis of entrained acidic pore waters found that their contribution to the 

recorded metal and acidity loads in Boulder Creek to be insignificant when compared 

to the accumulated efflorescent salts forming at the surface during the dry season. 

Harris et al. (2003) in their study of ephemeral AMD produced from the Montalbion 

silver mine in Queensland, Australia, also found that soluble efflorescent salts were 

responsible for significant “first-flush” acidity events that had pH in the range of 2.6-

3.8 and contained significant Fe, Cu and Zn. Similar very significant first flush loads 

of acidity and metals have been observed by Alpers et al. 1994 (as cited by Jamieson 

et al. 2005) at the Richmond Mine Superfund site, possibly the most disastrous 

example of AMD worldwide. 

 Formation 2.6.1.

The products of pyrite oxidation often form efflorescent metal-sulfate salts of high 

solubility that are strongly affected by climatic conditions, i.e. rainfall (Frau et al. 

2011; Hammarstrom et al. 2005; Harris et al. 2003). Such soluble salts effectively 

represent a transient store of heavy metals, able to mobilise upon contact with a 

limited amount of water (Durães, Bobos & Da Silva 2008; Nordstrom & Alpers 

1999). Ferrous sulfate salts appear as white, blue-green, yellow to orange or red 

efflorescent coatings on the surfaces of mine tailings, waste rock or in-pit workings 

(Nordstrom & Alpers 1999). These mineral phases are typically formed following 

the evaporation of AMD, or alternatively to a lesser extent when sulfides are 

oxidised by humidity alone such that the oxidation products never become soluble 

(Rose & Cravotta 1998). Under evaporative conditions that effectively concentrate 

ionic species in solution, dissolved SO4 and Fe produced from sulfide oxidation may 

reach saturation with respect to an initial iron sulfate salt such as melanterite 

(FeSO4.7H2O) and precipitate out of solution as in Equation 23 (Nordstrom 1982). 

Further dehydration of melanterite may alter the mineral structure to rozenite 

(FeSO4.4H2O), or szomolnokite (FeSO4.H2O). These minerals are able to oxidise to 

copiapite (Fe2+Fe4
3+(SO4)6(OH)2 20(H2O)) if exposed to humidity or minor volumes 

of pore water and high temperature. For example, the formation of copiapite from 

melanterite is presented in Equation 24 (Nordstrom 1982). Together these four 

efflorescent salts are the most common forms of readily leachable acidity in mine 
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sites worldwide (Nuhfer 1979; cited by D. Nordstrom 1982). An alternative 

efflorescent salt that may form is römerite via Equation 25.  

 FeS�  7
2 O�  8H�O → FeSO.. 7H�O  H�SO. Equation 23 

 5FeSO. . 7H�O  O�  H�SO.
→ Fe��Fe��.
SO.�@
OH��. 20H�O  15H�O Equation 24 

 3FeS�  11O�  16H�O → Fe��Fe���
SO.�.. 14H�O  2SO.��  4H� Equation 25 

 Dissolution Reactions & Rates 2.6.2.

The dissolution of efflorescent salts can quickly release the acidity and any heavy 

metals entrained within their mineral structure. Efflorescent salts formed from pyrite 

are typically of the iron-sulfate variety, and therefore their subsequent dissolution 

releases significant Fe3+ and SO4 into solution. Fe3+ may act to either oxidise pyrite 

(Equation 12) (Frau et al. 2011) or produce acidity by hydrolysis (Equation 10) 

(Cravotta 1994). The efflorescent iron sulfate mineral melanterite has a very high 

solubility of 156.5 g/L through Equation 26 (Lovell 1983). A similar efflorescent 

iron sulfate mineral is coquimbite (Fe2(SO4)3.9H2O), which has an extremely high 

solubility of 4,400 g/L via Equation 27 (Lovell 1983). The dissolution of another 

analogous mineral, römerite is shown in (Equation 28) (Cravotta 1994). Dissolution 

of these salts when contacted with only a very minor volume of percolation is certain 

given their extremely high solubilities.  

 FeSO. . 7H�O   14 O�  → Fe
OH��  SO.��  2H�  3H�O Equation 26 

 Fe�
SO.��. 9H�O → 2Fe
OH��  3SO.��  6H�  3H�O Equation 27 

 Fe��Fe���
SO.�.. 14H�O
→ 2Fe
OH��  Fe��  4SO.��  6H�  8H�O Equation 28 
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2.7. AMD Generation by Sparingly Soluble Sulfate Dissolution 

In contrast to the soluble efflorescent iron sulfate salts described previously, 

sparingly soluble sulfate minerals from the jarosite sub-group can be found in 

significant volumes in the environment due to their relatively low solubility (Ahern, 

McElnea & Sullivan 2004) and inherent resistance to chemical weathering. Acid 

potential from the dissolution of these minerals is significantly less per mole when 

compared to sulfidic minerals; however they are still capable of producing low-pH 

drainage with notable concentrations of heavy metals of environmental concern, 

particularly where minerals with acid neutralising capacity are absent from the 

surrounding rock. It should be noted here for completeness that there are numerous 

other sulfate minerals that are not acid-forming, with gypsum (CaSO4) being 

foremost among them.  

 Formation 2.7.1.

Alunite and jarosite are analogous minerals of the form AB3(SO4)2(OH)6. Their ideal 

form has potassium (K+) in the A space, with different cations able to occupy the B 

space (Al3+ or Fe3+ for alunite and jarosite respectively) as in Table 2 (Welch et al. 

2007). However other elements are able to substitute into the A space, e.g. when Na+ 

substitution into the A space exceeds the proportion of K+ in the mineral structure, 

the mineral is referred to as natro-alunite (Na-alunite) or natro-jarosite (Na-jarosite) 

(Table 2). In addition to Na+, other chemical species that may substitute into the A 

space include Ag+, Rb+, H3O
+, Pb2+, NH4

+, Ca2+ and Sr2+ (Stoffregen & Cygan 1990; 

Swayze et al. 2008). Other species are able to substitute for SO4, however their 

prominence and significance in relation to AMD generation is low given the SO4 

dominated nature of AMD affected waters. 

Minerals in the alunite-jarosite series are common to acid forming mine wastes, 

formed partly from Fe2+ and SO4
2- released into solution from iron sulfide oxidation, 

with subsequent oxidation of Fe2+ to Fe3+ (Equation 9). The secondary formation of 

minerals from the jarosite sub-group occurs when the concentration of component 

species (e.g. Fe3+, Al3+, K+, SO4
2-) cause the solution to be super-saturated with a 

saturation index (SI) above > 0 for K-jarosite or K-alunite analogues, and redox 

conditions are favourable to their formation, causing their precipitation. The 

formation of alunite or jarosite minerals requires acidic conditions so that Al3+ and 
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Fe3+ are mobile in solution, which is possible from the oxidation of known iron 

sulfides in the Pilbara region. Importantly, this process requires a suitable source of 

K+, or some other species able to occupy the A space from either the solution or from 

the neighbouring rock mass (Brown 2012). Such precipitation reactions essentially 

act as a sink for Fe3+, Al3+, K+ and SO4
2- (Cravotta 1994). Cravotta (1994) also found 

that ground water at a reclaimed surface coal-mine in Pennsylvania was 

supersaturated (SI > 0) with respect to jarosite and natro-jarosite, suggesting that 

sulfides such as pyrite were reacting at a faster rate than SO4 could precipitate out of 

solution as a jarositic type mineral, implying some kinetic barrier to mineral 

precipitation. Intriguingly, the recent discovery of jarosite on Mars has generated 

considerable interest into its genesis (Swayze et al. 2008).  

Table 2: Sparingly soluble sulfate minerals of the alunite-jarosite series, plus the 
meta-stable schwertmannite and ferrihydrite. 

Mineral Formula 

K-alunite (ideal) KAl3(SO4)2(OH)6 

Natro-alunite NaAl3(SO4)2(OH)6 

Hydronium-alunite (H3O)Al3(SO4)2(OH)6 

K-jarosite (ideal) KFe3(SO4)2(OH)6 

Natro-jarosite NaFe3(SO4)2(OH)6 

Hydronium-jarosite (H3O)Fe3(SO4)2(OH)6 

Schwertmannite Fe8O8(OH)6(SO4).nH2O 

Ferrihydrite 5Fe2O3.9H2O 

 

Naturally formed minerals from the jarosite sub-group are almost impossible to 

segregate as a pure sample therefore making it difficult to study these minerals in 

isolation (Desborough et al. 2010). This encountered difficulty has promoted the 

synthetic production of jarosites to assess the solubility and dissolution kinetics of 

this mineral series (see section 2.7.4 for more detail on these synthesis procedures). 

The minerals schwertmannite (Fe8O8(OH)6(SO4).nH2O) and ferrihydrite 

(5Fe2O3.9H2O) are poorly crystalline minerals that can form from the rapid oxidation 

of Fe in surface and ground water (Dold 2003). The poorly crystalline nature of these 

minerals makes them difficult to identify by x-ray diffraction (see section 3.6.3), 

indeed, schwertmannite was only relatively recently discovered by Bigham, Carlson 

& Murad (1994). Ferryhydrite forms at neutral to alkaline pH, while schwertmannite 
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forms from AMD between pH 2.8-4 (Dold 2003). Both minerals are meta-stable and 

are commonly associated with goethite (Fe-OOH), while schwertmannite may also 

co-exist with jarosite because its formation pH range overlaps that of jarosites (pH < 

3). Ferrihydrite transforms at pH 4 preferentially to goethite, while at lower and 

higher pH, up to a limit of pH 7-8, hematite is formed (Dold & Fontbote 2001). 

Both schwertmannite and ferrihydrite are thought to play an important intermediary 

role in AMD mobility due to their instability caused by their high specific surface 

area and reactivity (Dold 2003). They are also capable of adsorbing trace elements of 

environmental concern or indeed incorporating these elements into their mineral 

structure (Dold & Fontbote 2001; Webster, Swedlund & Webster 1998). As such, the 

formation of these mineral phases can have a very large influence on metal retention 

and discharge in AMD environments (Dold & Fontbote 2001). 

Dold & Fontbote (2001) found that K-jarosite and schwertmannite were both 

forming in a sulfide oxidation zone in Chile. They found that schwertmannite formed 

in fine grained horizons or at the interface between fine to coarse textured material, 

while K-jarosite was observed to be disseminated in the oxidation zone itself closer 

to the oxidation site. The schwertmannite distribution suggested that its formation 

was specifically associated with water preferential flow paths within the waste (Dold 

& Fontbote 2001), while K-jarosite formed as a result of in-situ replacements at 

lower pH. This finding is consistent with the pH stability fields of these two minerals 

as described earlier, where K-jarosite is known to form at lower pH (< 3) while 

schwertmannite is formed at pH 2.8-4. K-jarosite was preferentially forming initially 

at the oxidation site, while schwertmannite was forming at a distance from the 

oxidation site, where dilution of pore waters would likely have raised pore water pH 

and allowed its precipitation. Dold & Fontbote (2001) also found that where K was 

unavailable for K-jarosite formation, then schwertmannite was the next 

supersaturated mineral phase if the formation of goethite was suppressed (due to 

kinetics). 

 Dissolution Reactions & Rates 2.7.2.

The dissolution of jarosite is incongruent, with K and SO4 selectively dissolving 

compared to Fe (Smith et al. 2006). This incongruent dissolution makes the confident 

calculation of a jarosite solubility product difficult, and is the reason why the jarosite 
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solubility product has been documented to vary by orders of magnitude (Desborough 

et al. 2010). Again, the difficulty in isolating natural jarosite contributes further to 

the variance in documented solubility products, with the presence of only minor 

amounts of acid generating salts very likely to influence any dissolution experiment 

and confound solubility product calculation. 

The dissolution of jarosite and alunite analogue minerals, if coincident with the 

precipitation of iron and aluminium hydroxide minerals such as ferric oxide 

(Fe(OH)3) (Equation 29), (Al(OH)3) (Equation 30), or boehmite (AlO(OH)), has the 

potential to produce acidity in the form of releasing H+ ions into solution (SRK 

Consulting 2013). Gibbsite and kaolinite can often be found in close association with 

alunite in the Pilbara, with gibbsite forming from alunite weathering as in Equation 

30 and kaolinite being the antecedent potassium source for alunite formation (Brown 

2012). These dissolution reactions buffer system pH in the region of 4-4.5 (Brown 

2012) and increase the concentration of various chemical species soluble at this 

range. Linklater et al. (2012) found that the dissolution of alunite is not significantly 

constrained kinetically, but rather almost solely dependent on mineral solubility. 

Therefore, the net acidity released from the dissolution of sparingly soluble sulfate 

minerals is directly dependent on the water contact ratio, or more simply, the volume 

of water percolating through them. This is because an increased volume of 

infiltrating water will act to dilute the pore water solution and decrease relative 

concentrations of soluble chemical species, further decreasing mineral SI’s and 

encouraging additional mineral dissolution. Exceptions to this case include situations 

where the percolating water is rich in one or more elements that constitute the 

dissolving mineral, e.g. potassium, which may suppress further dissolution because 

the high K concentration will increase the SI (see section 2.3.2 for information 

regarding SI’s). 

 KFe�
SO.��
OH�@  3H�O → 3Fe
OH��  K�  3H�  2SO.�� Equation 29 

 KAl�
SO.��
OH�@  3H�O → 3Al
OH��  K�  3H�  2SO.�� Equation 30 

SRK Consulting (2013) conducted an investigation into the impact that silica activity 

could have on the stability of alunite (Figure 13). This study found that at low levels 

of silica activity (Figure 13a), Al activity was controlled by jurbanite 

(AlSO4(OH)5H2O), alunite and gibbsite. The dissolution of alunite to gibbsite is the 
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acid forming reaction of Equation 30. However, when silica activity increases 

(Figure 13b), the dissolution of kaolinite becomes the dominant control on Al 

activity and the acid forming dissolution reaction of alunite to gibbsite no longer 

exists. The stability field of alunite is also smaller at high silica activity (Figure 13b). 

a) b)  

Figure 13: Stability fields for aluminium aqueous minerals and species as a function 
of pH at a) low silica activity and b) high silica activity by Claire Linklater as 

detailed in SRK Consulting (2013). 

The relative stability and reactivity of the jarosite-group minerals largely depends on 

the degree of substitution of other ions into the A, B and tetrahedral sites compared 

to their idealised structure (Welch et al. 2007). For example, the hydronium-jarosite 

(Table 2) lattice structure is known to be significantly less stable than the ideal K-

jarosite and therefore will dissolve more readily into solution. Desborough et al. 

(2006) conducted several dissolution experiments using four synthetic jarosites with 

varying H3O
+ substitution in the A space and one hydronium free jarosite. Analysis 

of experimental leachates found that the hydronium free jarosite generated the least 

acidity, whilst the jarosite with the highest level of hydronium substitution generated 

the most acidity, confirming the influence that chemical species substitution can have 

on mineral solubility. 

The solubility-constrained production of acidity from alunite and jarosite type 

minerals means that acidity release is proportional to incident water volume and will 

not occur in discrete high concentration pulses (as opposed to the soluble sulfate 

minerals described in section 2.6.2). Even if low pH drainage emanates from alunitic 

wastes, the actual dissolved acidities of this drainage would be low, and very likely 



Chapter 2: Literature Review 

43 

to be neutralised by mixing with any moderately alkaline water (SRK Consulting 

2013) or by any minor acid neutralising capacity present in the sample.  

As has been described previously, the minerals schwertmannite and ferrihydrite are 

metastable and will form and precipitate rapidly with changing pH conditions. At 

low pH < 3, K-jarosite is thermodynamically favoured to form prior to 

schwertmannite, however if all soluble K is exhausted in the system then 

schwertmannite will form (Dold & Fontbote 2001). Where this has occurred, it is 

possible that if new incident water is able to dissolve schwertmannite and contains 

some K in solution, then a portion of the precipitated schwertmannite will be 

converted to K-jarosite. The solubility product of the schwertmannite reaction 

specified in Equation 31 ranges between 1018-1010 (Bigham et al. 1996; Yu, Park & 

Kim 2002). While the dissolution of ferrihydrite as specified in Equation 32 has 

documented solubility products ranging between 103 to 105 (Nordstrom et al. 1990). 

 Fe=O=
OH�=��D 
SO.�D  
24 � 2E�H�
↔ 8Fe��  ESO.��  
16 � 2E�H�O Equation 31 

 0.5Fe�O�  3H� ↔ Fe��  1.5H�O Equation 32 

Rock samples with low sulfur content are typically characterised as being non-acid 

forming. For example, RTIO use a boundary of 0.1% S for all waste material; with 

the exception of sulfidic banded iron formation from the Marra Mamba Formation 

which uses a boundary of 0.3% S to delineate waste as non-acid forming or acid 

forming (Green & Borden 2011). However for materials containing alunite or 

jarosite, sulfur content below 0.1% S can still result in a pH between 4-5 where acid 

neutralising minerals are completely absent (SRK Consulting 2013). However, the 

actual acidities of this alunitic AMD are very low and can be neutralised easily by 

contact with rainfall, groundwater or minerals with mild acid neutralising capacity. A 

geochemical modelling exercise conducted by Buller (2013) found that the mixing of 

a worst-case alunitic AMD of pH 4 (the lowest pH ever recorded by RTIO from 

alunite leach test work) with groundwater mediated the pH to above 6 with only a 

10% dilution (10% groundwater + 90% alunitic AMD), while even rainwater 

mediated pH to above 6 with a 75% dilution (75% rainwater + 25% alunitic AMD) 

(Figure 14). A study conducted by SRK Consulting (2013) for RTIO found that for 

wastes bearing sulfate minerals with sulfur content less than 0.1%, a modest readily 
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available carbonate-based acid neutralising capacity ranging from 2-4 kg H2SO4/t 

was sufficient to buffer system pH. Geochemical modelling conducted in this study 

showed that even without such readily available neutralisation capacity, the presence 

of slow reacting silicate minerals can still provide sufficient neutralisation capacity 

given the long residence times likely in RTIO’s waste rock piles (SRK Consulting 

2013). 

 

Figure 14: Resultant pH from mixing of worst-case alunitic AMD with groundwater 
or rainfall by Buller (2013). 

The presence of jarosite bearing material in waste rock makes the common wet 

climate sulfidic PAF waste management strategy of material inundation completely 

inappropriate given that this policy may result in additional reaction and release of 

acidity to drainage due to the enhanced dissolution of acid generating secondary 

sulfate minerals (White et al 1997; cited in Welch et al. 2008). Care should be taken 

when managing the AMD potential of waste rock where both sulfides and 

jarosites/alunites are present in a given lithology. Such a material is not uncommon 

given the known genesis pathway of pyrite to jarosite/alunite, whereby the secondary 

sulfate mineral has formed from the reaction products of sulfide oxidation. 

While particle size is known to very significantly influence reaction kinetics due to 

an increase in reactive surface area, the solubility limited dissolution nature of the 
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jarosite and alunite mineral series means that mineral solubility is the primary 

determinator of acidity release and largely negates the impact of particle size. 

It has been shown that K-jarosite dissolution does have some temperature 

dependence as illustrated in Figure 15 (Baron & Palmer 1996), however it is 

relatively insignificant when compared to the impact of temperature on pyrite 

oxidation (section 2.5.6). The lower log IAP with increasing temperature shown in 

Figure 15 signifies that K-jarosite is becoming less soluble, but this relationship is 

evidently non-linear with increasing temperatures. 

 
Figure 15: Temperature dependence of the ion activity product (log IAP) for 

synthetic K-jarosite dissolution at 4, 15, 25 and 35°C at an initial pH 2 (Baron & 
Palmer 1996). 

 Occurrence in the Pilbara 2.7.3.

The detection and acknowledgement of alunite, and to a lesser extent jarosite, as 

acid-forming minerals in the Pilbara region is a relatively recent development. 

Alunite has been associated with stratigraphic units of the Brockman Iron Formation 

such as the Whaleback Shale, Dales Gorge member and the Mt McRae Shale, with 

each of these units either currently containing pyrite or considered to have done so in 

the past (Brown 2012). Jarosite has been documented by (Green 2008) to occur 

simultaneously with alunite and siderite as in Figure 16. Two samples of waste rock 

thought to contain alunite from units of the Brockman Iron Formation at RTIO’s 

greater Paraburdoo iron ore mine were used in the experiments detailed later in this 

thesis (see section 3.3.4). 
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Figure 16: Alunite, jarosite and siderite co-precipitation on an Fe oxide (Green 
2008). 

 K-Jarosite Synthesis & Solubility 2.7.4.

Synthetic jarosites typically have a deficiency in potassium (K) due to the 

substitution of hydronium (H3O
+) to achieve a jarosite composition close to the ideal 

formula (Baron & Palmer 1996). Other chemical species are able to substitute into 

the A space as discussed in section 2.7.1. The inadvertent formation of small 

proportions of hydronium jarosite ((H3O)Fe3(SO4)2(OH)6) is a significant concern 

when synthesising K-jarosite for kinetic experiments, because of the greater 

reactivity and higher solubility in water of jarosite with H3O
+ in the alkali position 

(Desborough et al. 2006). It has been hypothesised that the presence of small 

portions of hydronium jarosite in synthesised K-jarosite material has led to larger 

than expected initial pulses of acidity in kinetic experiments due to the greater 

reactivity of the H3O
+ ion (Swayze et al. 2008).  

The K-jarosite synthesis method is described in section 3.3.3, and simply involves 

the reaction of potassium hydroxide (KOH) with ferric sulfate hydrate 

(Fe2(SO4)5(H2O)). To minimise the extent of hydronium substitution in K-jarosite 

synthesis, an excess of KOH is added to mitigate hydronium substitution by 

simultaneously increasing K+ activity and lowering H3O
+ activity (by increasing OH- 

activity) (Baron & Palmer 1996). Experimental synthesis of K-jarosite with varying 

contributions of KOH has shown that with increasing KOH addition, the composition 

of the precipitate becomes closer to that of the ideal K-jarosite formula, with a 100% 

of jarosite present in its potassium form with the addition of 5.6 g KOH to 17.2 g of 

ferric sulfate hydrate (Driscoll & Leinz 2005) as in Figure 18. Baron & Palmer 

(1996) reported in their dissolution experiments that the majority of jarosite 
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dissolved into solution in the first week of application, with dissolution rates 

decreasing with time.  

 

Figure 17: Scanning electron microscope image of synthetic jarosite (Smith et al. 
2006). 

Desborough et al. (2006) found that the common jarosite synthesis method of drying 

at just above 100°C can result in a significant alteration to the desired natural mineral 

structure by removing water molecules from vacated alkali or protonated hydroxyl 

sites. These changes could affect mineral solubility and may have impacted drainage 

quality of kinetic experiments detailed later in this thesis. 

 

Figure 18. K-molar portion in K-jarosite synthesis with progressively greater KOH 
addition to 17.2 g of ferric sulfate hydrate (Data sourced from Driscoll & Leinz 

2005). 
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2.8. Unsaturated Waste Dumps 

This section details the specific factors of unsaturated waste dumps that may be 

influenced by the installation of an infiltration limiting SAR cover. 

 RTIO Unsaturated PAF Waste Dump Design 2.8.1.

The design of RTIO waste dumps under saturated or unsaturated conditions are 

specified in their Spontaneous Combustion and Acid Rock Drainage Management 

Plan (SCARD) (RTIO 2013c) to inform mine planning and site personnel of the 

appropriate design requirements for specific conditions. RTIO categorises sulfidic 

PAF waste rock into two categories, Category S waste and Category SR waste. 

Generally, Category S waste is any waste capable of producing low pH drainage but 

is unlikely to present a self-heating (spontaneous combustion) issue (RTIO 2013c), 

while Category SR material represents waste material of high sulfur content and 

significant potential for spontaneous combustion. For each waste category there are 

different waste dump design requirements, with the requirements for Category SR 

waste evidently being more stringent. More stringent design conditions are required 

for PAF waste stored above the water table when compared to in-pit below water 

table storage principally due to the risk of erosion exposing previously encapsulated 

sulfidic PAF waste.  

The below sections detail the specific dump construction criteria used by RTIO 

(WA) in the construction of their above water table sulfidic waste dumps for both 

Category S and Category SR material as specified in the RTIO (2013c). 

2.8.1.1. Category S 

The RTIO (WA) dump design for above water table conditions for Category S waste 

material is depicted in Figure 19 and specifies that a minimum of 5 metres of inert or 

net neutralising waste rock must be placed on the original land surface at the base of 

the dump (RTIO 2013c). Sufficient inert waste rock must be placed against hillsides 

so that Category S material is not located within 5 metres of the hillside as measured 

both vertically or horizontally (RTIO 2013c). The thickness of each lift of Category 

S material must not exceed 10 metres, creating a vehicle compacted layer every 10 

metres in the dump to inhibit water movement and convective oxygen transport 

(RTIO 2013c). A layer of inert of neutralising rock should be placed on the outer 

skin of the Category S waste dump such that no Category S material is located within 
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5 metres of the final slope at closure (RTIO 2013c). A final layer on top of a 

Category S waste rock dump must be composed of a minimum 2 m thick inert or net 

neutralising layer that will prevent runoff water from contacting the underlying 

material until the minimum 4 metre-thick store and release cover can be constructed 

(RTIO 2013c). Finally, upon closure surface water management structures should be 

installed such that the upper dump surface does not receive runoff from adjacent 

areas.  

 

Figure 19: Example of the minimum design criteria for Category S dumps (RTIO 
2013c). 

2.8.1.2. Category SR 

The requirements for creating a Category SR waste dump are similar to that for 

creating a Category S waste dump, with the exception of the following criteria. The 

thickness of each Category SR lift must not exceed 2.5 m and must be interlaid by a 

minimum 2 m lift of inert or net neutralising waste rock (RTIO 2013c).  Each lift is 

to be constructed by paddock dumping so that the Category SR sulfidic material can 

cool and additionally so that incident vehicle traffic helps create a compacted layer 

every 2 to 2.5 m to inhibit water movement and convective oxygen transport (RTIO 

2013c). 
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Figure 20: Example of the minimum design criteria for Category SR dumps. 

 Preferential Flow Paths 2.8.2.

Preferential flow paths are conduits within the unsaturated zone where the 

percolation rate is enhanced. Flow through these preferential flow paths can also be 

referred to as macro-pore flow. A typical mode of genesis for preferential flow paths 

in covers is the vegetation growth-death cycle, whereby plants grow, establish roots, 

die and decompose over their life cycle. Following decomposition throughout the 

rooting zone, preferential flow paths may remain where the roots were. For this 

reason, shallow rooting plants are often chosen for water-limiting cover designs 

(Campbell 2004). The influence of termites on mine waste cover systems has also 

been noted to induce preferential flow through these covers (Fourie & Tibbett 2007a; 

Lamoureux & O’Kane 2012).  

Preferential flow can also exist in the waste rock dump itself and very significantly 

impact waste dump hydrology and therefore the generation and transport of AMD. 

Firstly, preferential flow through PAF waste means that a smaller portion of the 

overall waste is being flushed, i.e. the contact area has been diminished. Eriksson & 

Destouni (1997) (cited in Fala et al. 2005) found that peak AMD loads were reduced 

and dispersed over a longer time frame as a direct result of preferential flow. 

However, an obvious adverse result of significant macro-pore flow with respect to 

SAR covers is the negation of the original cover objective, to reduce infiltration to 

the underlying waste. 
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 Capillary Barriers 2.8.3.

A capillary barrier system is an alternative form of infiltration limiting engineered 

system where a material with strong capillarity (moisture retention layer) overlays a 

material of weak capillarity (capillary break layer). The moisture retention layer is a 

uniform layer of fine particle size, while the capillary break layer has a coarser 

relative particle size. The difference in capillarity at the boundary between these two 

layers means that pore water remains in the upper layer, until such point where the 

capillarity is overcome by pore water pressure. End dumping of material can often 

result in capillary barriers inadvertently forming between fine and coarse material 

layers. Compaction by earth-moving equipment is also capable of creating internal 

drainage slopes within a waste rock emplacement. Capillary barrier systems can also 

prevent upward migration of salts capable of impacting cover vegetation.  

Fala et al. (2005) found that inclined capillary barriers are preferable to strictly 

horizontal layers. This conclusion was based upon modelling showing that horizontal 

capillary barrier layers are susceptible to localised build-up of water pressure and 

subsequent water breakthrough of the barrier layer. This initial breakthrough area can 

cause vertical preferential flow zones to develop and significant net percolation 

through the capillary barrier and the underlying waste (Fala et al. 2005). 

Contrastingly, inclined moisture retention layers were shown to retain incident 

percolation and be able to transport additional flow down slope. Interestingly, the 

coarse particle layer of capillary barrier systems have been documented to act as 

ideal conduits for oxygen transport (see section 2.8.4) (Andrina et al. 2006). 

 Oxygen & Heat Transport 2.8.4.

The transport of oxygen within a waste rock dump via thermal convection, 

advection, diffusion and barometric pumping has the potential to significantly 

catalyse sulfide oxidation (Wels, Lefebvre & Robertson 2003). Barometric pumping 

refers to the impact that variations in atmospheric pressure have upon airflow in the 

subsurface, typically more active in the unsaturated zone. When barometric pressure 

falls, the atmospheric pressure at the surface diminishes, resulting in the upward flow 

of air, with the opposite phenomenon occurring when barometric pressure rises. 

Barometric pumping and advection can act over significant depths and is capable of 
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effectively resupplying oxidising sulfides with oxygen, while diffusion typically only 

occurs at shallow depths (Wels et al. 2003).  

Dumps that are constructed by end-dumping can actually enhance the oxidation of 

sulfides within a waste dump due to the preferential deposition of larger 

rocks/boulders at the base of the pile, promoting oxygen transport through the larger 

sized particles located at the base of the pile to any acid generating sulfides contained 

within. Convective gas flow in these end-dumped waste rock dumps is a relatively 

simple and classical application of convective heat flow and is driven by heat 

generated deep within the waste rock dump by pyrite oxidation. As heat is released 

from these reactions, a temperature gradient is created between the layers 

immediately above, and this warmer air will rise. As the warm air rises, cooler 

surface air is drawn through the interconnected pore spaces of the waste dump toe 

into the centre of the waste rock pile forming of a classic convective cell. The reason 

why convective transport is a significant issue with respect to AMD generation from 

waste rock piles is the fact that it is a significant and sustainable mechanism of 

oxygen supply to iron sulfides, promoting their oxidation and the generation of 

AMD. In RTIO waste dumps in the Pilbara, gas transport processes are dominated by 

diffusion and not convection or advection (Bennett 2005). 

Similarly, the placement of coarse rock layers between sulfidic wastes to act as a 

capillary barrier has been observed to promote oxygen transport to sulfides. Andrina 

et al. (2006) found that layering acid material and acid neutralising limestone using 

truck dumping methods did not have the desired effect of decreasing oxidation rates, 

because the coarse-grained limestone material created a convenient pathway for O2 

and vapour transport. The presence of this transport pathway outweighed the 

significance of having a higher neutralising capacity associated with the limestone. 

Conversely, for the same acid and limestone material types, it was found that a well-

blended mix significantly reduced pyrite oxidation; as evidenced by drainage pH>6 

and internal dump temperatures remaining stable at 20°C. Significant armouring of 

sulfide minerals by the well mixed limestone particles was the primary factor 

attributed to the lower oxidation rates. It should be noted however that a well-

blended mix is difficult to achieve from an operational perspective. 
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2.9. Store-and-Release Covers: Impact on AMD Generation 

 Impact on Presiding Flow Scheme 2.9.1.

Properly designed and constructed SAR covers are known to be capable of 

significantly reducing the volume of water infiltration to underlying waste rock 

(O’Kane Consultants 2011; O’Kane & Waters 2003). For above water table rock 

dumps with a large depth to water table, how SAR covers alter the presiding 

hydrological regime is evidently tremendously important to the transport of AMD. 

SAR covers are implemented at sites where oxygen control through material 

inundation is prohibitively expensive, and the limitation of incident water is the only 

viable measure for inhibiting AMD. Other alternative cover options for these sites 

also include water shedding covers and alkalinity covers (see Earth Systems (2010b) 

for further information on alkalinity covers).  

The main objective of a SAR cover is to simply limit the volume of water percolating 

to the underlying waste rock, although what also occurs is a lowering of saturation 

level in waste (due to increased water removal by evapotranspiration) and a decrease 

in the frequency of percolation events (i.e. number of occasions where the underlying 

waste rock is exposed to cover drainage). The decrease in percolation frequency is 

caused by the buffering effect of the SAR cover’s increased water storage capacity. 

A higher SAR cover water storage capacity means that lower rainfall events are less 

likely to be able to pass through the cover to the waste rock, the end result being that 

the underlying PAF waste rock is only exposed to water during higher rainfall 

events, thereby decreasing overall flushing frequency. However, when the cover does 

fail during an extreme rainfall event (e.g. a cyclonic event), the cover layer can 

become saturated to the point where it is no longer able to apply an upwards suction, 

resulting in significant percolation to the waste rock below. These strong percolation 

events are likely to have the ability to transport significant quantities of AMD 

reaction products in PAF waste rock to the local groundwater system and potentially 

further, depending on local hydrogeology. 

In summation, a SAR cover designed to reduce the net volume of water infiltrating 

through a waste rock facility alters the hydrological regime by i) reducing the net 

percolation volume, ii) reducing the saturation level of the waste rock; and iii) 

reducing the frequency of flushing events.  



Chapter 2: Literature Review 

54 

 SAR Cover Case Study - Tom Price (Rio Tinto) 2.9.2.

In 2003, two field trial test-plot (TP) SAR covers (TP1 & TP2) were installed at 

RTIO’s Mount Tom Price mine to investigate the hydraulic performance of different 

cover thicknesses made from run-of-mine (ROM) material over a long time period 

(Shurniak et al. 2012). This cover trial study is currently ongoing. The TP1 cover 

consisted of a 4 m thick relatively coarse textured ROM material, while the TP2 

cover was constructed from a 2.4 m thick layer of a finer ROM material (O’Kane 

Consultants 2010).  

In a period of 1,000 days following cover construction and instrumentation in 2003, 

the Mt Tom Price site experienced extremely high rainfall totalling 1,530 mm (see 

Table 3), more than 50% higher than what was expected under average long-term 

rainfall conditions (O’Kane Consultants 2010). Furthermore, over 178 mm fell on a 

single day in March 2004, and over 750 mm fell in 120 days from 20th December 

2005 to 18th April 2006. Significant cover vegetation development was not noted at 

the site until mid-2006, meaning that there was limited transpirative aided release of 

water from the cover profile during these initial very wet years. 

Following this wet period, repeated drier years reduced cover saturation to near 

residual water contents. Monitoring of cover volumetric water content and matric 

suction in 2010 found that moisture cycling during rainfall events was limited to the 

top 30cm of the cover profile (O’Kane Consultants 2011), a negligible distance 

considering cover thicknesses of 2.4 m and 4 m. Almost no net percolation was 

estimated to have occurred in the 2010 monitoring period (Table 3). Simulations of 

cover performance over a 100 year period depict a scenario where net percolation to 

waste through the cover is restricted to less than 5% of annual rainfall (Shurniak et 

al. 2012), with most percolation falling in discrete high intensity rainfall events. 

Both cover systems were found to be effectively storing moisture after rainfall events 

and subsequently evapotranspirating this stored water in the 2012 calendar period 

(O’Kane Consultants 2013). Annual rainfall for this period of 621 mm was 

significantly higher than the annual average at this site since the cover trial began 

(448 mm), but far below the potential evaporation of the period of 2,416 mm 

(O’Kane Consultants 2013). Moisture cycling was most evident for the TP1 and TP2 

covers in the top 1 m and 0.5 m respectively. Water balance calculations led to the 
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estimate that 39 mm (6% of total rainfall) of rainfall percolated through the TP1 

cover, and 26 mm (4% of rainfall) through the TP2 cover (O’Kane Consultants 

2013). This low rate of percolation is impressive given that rainfall was 47% greater 

than average. 

Table 3: Summary of estimated net percolation at RTIO’s TP1 and TP2 trial covers 
at Tom Price detailed in O’Kane Consultants (2013). Average rainfall detailed in this 
table is only over the period monitored and does not represent the long-term average. 

 

 SAR Cover Case Study – Mt Whaleback (BHP Billiton) 2.9.3.

O’Kane & Waters (2003) constructed a similar cover trial at BHP’s Mount 

Whaleback mine in 1997. Two SAR covers of 2 m and 4 m thickness were built to 

test the efficacy of the store-and-release objective under the prevailing site 

conditions. Again, the cover trial was exposed to extraordinarily high rainfall in the 

years immediately following cover construction, with 870 mm falling in year 2 and 

1,160 mm falling in year 3 (Figure 21), leading to cover percolation rates greater 

than predicted from prior modelling (O’Kane & Waters 2003). This is unsurprising 

given that in the previous 35 years no more than 500 mm of rainfall had ever been 

reported in one calendar year.  

Figure 21 presents the variation in the water height in the TP#1 bare cover system of 

2 m height based upon water content and matric suction sensors installed in the cover 

(O’Kane & Waters 2003). The average net percolation was approximately 5% of 

rainfall (O’Kane & Waters 2003). It is interesting to note the lag time between high 

rainfall years and the associated increased percolation years as can be seen when 

comparing year 5 to year 2 in Figure 21. In year 2, total rainfall is over twice that of 
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year 5, however net percolation is higher in year 5 as a result of the high rainfall in 

the prior year 3 and year 4 (O’Kane & Waters 2003). 

 

Figure 21: Change in stored water volume and measured net percolation in BHP’s Mt 
Whaleback TP#1 trial SAR cover as detailed in O’Kane & Waters (2003). 

2.10. RTIO Acid Base Accounting Data Review 

RTIO undertakes regular Acid Base Accounting (ABA) testwork on both brownfield 

(established) and greenfield (new) mine sites. A thorough description of this testwork 

is provided in section 3.6.4. This testwork typically involves standard static testing of 

a specific samples’ propensity to produce acid drainage using sulfur content as a 

proxy. As mentioned in section 2.7.2, RTIO use a boundary of 0.1% sulfur to 

delineate waste as non-acid forming or acid forming (%S>0.1% infers PAF) for all 

waste material, with the exception of sulfidic banded iron formation from the Marra 

Mamba Formation which uses a boundary of 0.3% S (Green & Borden 2011). Sulfur 

content is used as a proxy for acidity potential because it can indicate the presence of 

the acid forming minerals pyrite, jarosite or alunite; however consideration must also 

be paid to the potential for other sulfur bearing non-acid forming minerals to be 

contributing an elevated sulfur content, such as gypsum (CaSO4).  
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A summary of all available ABA data from RTIO and other competitor iron ore 

operators in the Pilbara is presented in Figure 22 from data compiled and analysed by 

Buller & Macintosh (2013). Data was obtained from the RTIO central acQuire 

database and from freely available mine approval documents online that were 

compiled by Erin McIntosh (RTIO) in January 2013. Figure 22 shows an excellent 

correlation between sulfur content and recorded paste pH (the pH returned from 

leaching sample with deionised water, see section 3.6.1 for more information) 

considering the RTIO standard sulfur cutoff value of 0.1% S. This sulfur cutoff value 

conforms extremely well to the large dataset provided, with only one sample from 

the oxidised Mount McRae Shale (MCS(ox)) yielding a pH considered to be acidic 

of pH 4.4 (pH below 4.5 is considered acidic). Therefore, this data suggests that the 

current sulfur cutoff level of 0.1%S used to delineate waste rock as acid forming is 

very appropriate for the local lithologies.  

 
Figure 22: Plot of sulfur content against pH for all available Pilbara lithologies from 

all RTIO data and that of freely available competitor iron ore operations in the 
Pilbara (FMG, FerrAus, BHP and Brockman Mining). Lithologies mentioned in the 

key are explained in Table 4 below. 

What is very apparent from analysis of Figure 22 is that the black Mount McRae 

Shale is the most significant AMD issue in the Pilbara. While it is true that ABA 

testwork is often conducted with the specific aim of characterising this material and 

hence potentially biasing the data, it is abundantly clear that the lower paste pH 
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results and higher sulfur contents are dominated by MCS(bk) samples, hence 

highlighting the particularly poor problematic nature of this lithology. 

Table 4: Lithology codes of the Pilbara and their associated Geological Formations. 
See Figure 3 for the stratigraphical sequence of these geological members. 

Lithology Full Name Geological Formation 

DET Detritals - 

NEW Mount Newman Member Marra Mamba Formation 

DG Dales Gorge Member Brockman Iron Formation 

WD Wittenoom Dolomite - 

MCS (ox) Oxidised Mount McRae Shale - 

CID Channel Iron Deposit - 

WS Whaleback Shale Brockman Iron Formation 

JOF Joffre Member Brockman Iron Formation 

MCS (bk) Black Mount McRae Shale - 

MAC MacLeod Member Marra Mamba Formation 

FWZ Footwall Zone - 

DOR Dolerite - 

ANG West Angela Member Wittenoom Formation 

NAM Nammuldi Member Marra Mamba Formation 

WW Weeli Wolli Formation Weeli Wolli Formation 

CAL Calcrete - 

MTS Mount Sylvia Formation Mount Sylvia Formation 

JER Jeerinah Formation Jeerinah Formation 

Black Mount McRae Shale has been the subject of a significant amount of ABA test 

work throughout the Pilbara given its confirmed almost ubiquitous pyrite content and 

high carbon content. EGI (2012) conducted a study characterising the acid-forming 

propensity of high sulfur Mount McRae shale samples. In Figure 23 and Figure 24, 

results from kinetic leach columns of this sulfidic black Mount McRae shale are 

presented. The two samples presented here were taken from different zones of the 

reactive Mount McRae Shale, with the Middle zone having the higher sulfur content 

(13.8%S) than the Lower zone (3%S). Figure 23 and Figure 24 show that very acidic 

drainage can be produced from the Mount McRae Shale immediately. Of particular 

interest is that acceleration in the release of heavy metals aluminium (Al) and iron 

(Fe) from week 2 to week 3, accompanied by a significant increase in sulfate 

concentrations (SO4, used as a proxy for pyrite oxidation) for both columns. The 

sulfidic black Mount McRae Shale used in these columns was from the exact same 

location and stratigraphy of the black shale used in the experiments detailed later in 
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this thesis, and therefore the data is presented here as a point of reference for 

comparison of leaching trends. 

   

Figure 23: Example leach column of Middle Mount McRae Shale from RTIO's Tom 
Price mine. Data for this column can be found in (EGI 2012). 

   

Figure 24: Example leach column of Lower Mount McRae Shale from RTIO's Tom 
Price mine. Data for this column can be found in (EGI 2012). 

2.11. Waste Characterisation Methods 

 AMIRA Column Leach Test 2.11.1.

The AMIRA (2002) column leach test is the standard method for identifying the 

kinetic geochemistry of waste rock samples. These leach columns are used to 

complement static ABA test work as described in section 3.6.4. The conditions of the 

AMIRA (2002) column leach test involve the placement of a 2 kg sample in a 2,100 

mL capacity Buchner funnel with filter paper used to support the sample. Prior to 

addition to the Buchner funnel, the sample is typically crushed to -4 mm to eliminate 

large particles that could adversely impact column percolation rates. Heat lamps are 
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installed over the columns to ensure they dry out between weekly wetting events 

AMIRA (2002). Water is applied to columns in monthly cycles, with a water 

application rate of 100 mL/kg/week in weeks 1-3, and a flushing cycle in week 4 of 

400 mL/kg/week to produce a leachate for chemical analysis. The leach columns are 

designed to enable the sample to freely drain, and at the flushing water application 

rate of 400 mL/kg/week a leachate volume sufficient for analysis should be 

produced. However, some samples with very fine clays are unable to conduct water 

sufficiently and therefore the AMIRA (2002) leach column method is inappropriate. 

The leachate collected in then analysed for a range of chemical parameters over a 

period of time, yielding a time series of data for geochemical interpretation.  

The environmental conditions of the laboratory used for these leach column 

experiments should be controlled such that variations in temperature and humidity do 

not impact the test results as has been documented by Buller (2013b), where analysis 

of a large set of sulfidic AMIRA (2002) leach columns identified significant 

increases in the sulfide oxidation rate as a direct result of the lack of temperature 

control, given the temperature sensitive nature of the sulfide oxidation process (see 

section 2.5.6). 

It must be noted that the specific composition of leachate water quality is not 

necessarily predictive of what would occur in a mine site context given the 

significant variability in conditions between a laboratory and mine site waste dump. 

The experiments detailed in this thesis use a variation of the established AMIRA 

(2002) leach test as described in section 3.7. 
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Figure 25: Diagram of AMIRA (2002) leach column setup as specified in AMIRA 

(2002). 

 Humidity Cell Test 2.11.2.

The humidity cell test is another method for characterising the chemical weathering 

of waste rock. The humidity cell test is commonly used worldwide, although it has 

seen limited use in the characterisation of waste rock samples from the Pilbara region 

of Western Australia. 

The humidity cell test is similar to the AMIRA (2002) column leach test in that 

regular leach of samples can be conducted to produce a time series of leachate data. 

While again it must be noted that the specific composition of leachate water quality 

is not necessarily predictive of what would occur in a mine site context given the 

significant variability in conditions between a laboratory and mine site waste dump. 

Samples are typically crushed to -6 mm, with a 1 kg sample being placed in a 

specially designed humidity cell and subjected to controlled environmental 

conditions (air moisture & temperature). The humidity cell is designed to pump air at 

a constant rate through a sample. The material is subjected to a weekly cycle of three 
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days of dry air, three days of wet air and a seventh day flushing event with deionised 

water to collect a leachate sample for analysis (Bouzahzah et al. 2010). 

Bouzahzah et al. (2010) found that humidity cells may underestimate the acid 

potential of waste rock samples due to an excessive drying of the sample. Bouzahzah 

et al. (2010) conducted both a standard humidity cell test under the conditions 

specified and an alternate test where material saturation was controlled to between 

40-60% saturation. This alternate procedure resulted in a 4.5 times greater 

cumulative loading of sulfate generated compared to the standard dry and wet air 

conditions with no water content control. The maintenance of constant temperature 

that is required in the humidity cell test negates the potential for outside 

environmental factors such as temperature to introduce seasonality to the results as is 

possible under the AMIRA (2002) column leach method (Buller 2013b). 

 Oxygen Consumption (OxCon) Test  2.11.3.

The Oxygen Consumption (OxCon) test was developed by Earth Systems 

environmental consultants as a new method to precisely determine sulfide 

weathering rates (Earth Systems 2012). The primary advantage of the OxCon method 

is a very accurate and direct measurement of a samples’ oxidation rate using oxygen 

consumption as a proxy for sulfide oxidation (Bourgeot, Piccinin & Taylor 2011), 

given that the oxidation of sulfides such as pyrite consumes both water and oxygen 

as in Equation 8, Equation 9 and Equation 10. This use of oxygen consumption as a 

proxy for sulfide oxidation is far more precise than the use of sulfate release as a 

proxy for sulfide oxidation because oxygen consumption is solely controlled by the 

oxidation rate, while sulfate release is susceptible to large variances related to 

secondary sulfate mineral precipitation and dissolution reactions (Bourgeot et al. 

2011).  

The OxCon test involves the placement of a known mass of a sulfidic sample into the 

sealed sample chamber (Figure 26) with a known volume of oxygen connected to the 

displacement chamber and fluid reservoir. As the sulfidic material oxidises and 

consumes oxygen, the internal pressure of the sample chamber decreases and water is 

drawn from the fluid reservoir into the displacement chamber (Bourgeot et al. 2011). 

The sulfide oxidation rate can then be calculated from the mass of fluid transferred 

into the displacement chamber by this process (Bourgeot et al. 2011). 
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The OxCon test can be conducted over a very short time frame of 1-8 weeks, 

compared to other tertiary waste characterisation tests such as the humidity cell 

(typically six months) and the AMIRA (2002) column leach experiment (typically 

twelve months). The disadvantage of the Oxcon test principally resides in the fact 

that no time series water quality data can be obtained.  

a) b)  

Figure 26: a) OxCon apparatus consisting of sample chamber (left), displacement 
chamber (middle) and fluid reservoir (right) (Bourgeot et al. 2011); b) OxCon 

apparatus in situ with data and temperature loggers (Bourgeot et al. 2011). Images 
sourced from Bourgeot et al. (2011). 

2.12. Project Significance 

The experiments of this study were designed to either ratify or refute the industry-

standard procedure for mitigating AMD production from AWT sulfidic waste rock 

by installing SAR covers as a viable and functional solution to reducing net 

geochemical load to the environment, a question that has not been previously 

addressed. This project is intended to inform further study regarding the impact of 

lower net infiltration rates on the quality of discharge through sulfidic rock dumps. 

More specifically, the findings of this study are intended to inform the design of 

larger field scale trials under site conditions and using actual waste rock. 
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CHAPTER 3: MATERIALS & METHODS 

3.1. Introduction 

Four different material types were used in this study to investigate the impact of SAR 

cover installation on the net acidity load presenting to drainage waters. Two synthetic 

acid forming material mixtures were prepared (PYT and JAR) and two natural AMD 

producing materials (MCS and ALU) from RTIO’s Pilbara operations were 

collected. Detailed below are the methods for sampling, sample preparation, 

characterisation and analysis of the infiltration dependence of net acidity load for 

these four purportedly acid generating materials. 

3.2. Material Selection Criteria 

Four acid forming material types were sought for this study to gain an understanding 

of how acid generation from acid forming waste rocks responds to changes in water 

availability simulating the installation of a SAR in the field. Given the two main acid 

forming mineral classes are sulfidic minerals (see Section 2.5) and sulfate minerals 

(see Section 2.7), it was deemed appropriate to source two examples of each of these 

mineral classes for experimentation to yield a wider dataset. For each of these 

datasets, a natural waste material type from RTIO’s Pilbara operations and a 

composite material type were selected (see Section 3.3). Natural waste rock was used 

to better simulate what would occur on site with actual acid forming waste rock, 

while composite materials were used to produce simple geochemistry that would 

ideally yield interpretable results and strong relationships not influenced by various 

unknown secondary reactions within a natural waste rock sample. Additionally, the 

physical characteristics of the composite waste rock samples could be controlled and 

optimised to yield the desired results. 

3.3. Material Collection & Synthesis 

 Marcasite 3.3.1.

A sample of marcasite-quartz (section 2.5) rock was sourced from Jeff Taylor of 

Earth Systems Consulting. This material was characterised by x-ray diffraction to be 

65.4% marcasite, and 34.6% quartz. The sample presented as a single hard 

concretion (Figure 27). A scanning electron image of this crushed and milled 
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marcasite sample is depicted in Figure 28, with both quartz and marcasite particles 

highlighted. 

 

Figure 27: Marcasite sample supplied by Earth Systems Consulting. 

 

Figure 28: Scanning electron microscope image of the crushed and milled marcasite 
sample. Location of marcasite and quartz particles shown. 

 Sulfidic Mount McRae Shale 3.3.2.

Pyrite-bearing samples were taken from the Mount McRae Shale (MCS) member at 

RTIO’s Mount Tom Price mine site (see Figure 3). This pyritic shale was collected 

from the western end of the southern limb of the South East Prongs (SEP) pit wall. 

The SEP has been continuously mined for the past 40 years and has mined PAF 

material that has been placed into specially designed waste rock dumps. The 

percentage of PAF material compared to total tonnes mined is minor however. 

Samples taken by site personnel were considered to be from the middle MCS 

lithological unit (see Figure 12) due to their observable pyrite content, known 
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position relative to neighbouring lithological units (pers. comm. Jim Gordon, RTIO 

Senior Geologist, Tom Price) and high reactivity in kinetic tests. The sampler noted 

that the MCS material was from a freshly exposed surface (pers. comm. Jim Gordon, 

RTIO Senior Geologist, Tom Price). Over 150 kg of MCS material was collected and 

transported to Perth in sealed 20 L plastic buckets. 

 K-Jarosite Synthesis 3.3.3.

Jarosite synthesis was conducted in accordance with methods established by Baron & 

Palmer (1996). This method involves the reaction of 5.6 g potassium hydroxide 

(KOH) with 17.2 g ferric sulfate hydrate (Fe2(SO4).5H2O) in 100 mL 18 megaohm 

purity water. The solution was then transferred to a covered 400 mL glass beaker and 

placed on a stirring hot plate regulated to maintain water temperature at 95°C. A 

moderate boil was achieved for 4 hours and following this the solution was removed 

from heat and agitation to allow the precipitate to settle. Upon settling of precipitate 

the overlying liquid phase was carefully decanted and discarded. The precipitate was 

then rinsed at least three times with deionised (DI) water and the solid remains were 

placed in an aluminium tray and oven-dried at 110°C for 24 hours. This procedure 

was found to produce approximately 12 g of jarosite, slightly more than the 9 g 

produced by Baron & Palmer (1996) in their synthesis experiments.  

 

Figure 29: Scanning electron microscope image of synthesised K-jarosite. 

The mass of KOH added in this synthesis methodology is well in excess of the mass 

of KOH required (~1 g KOH) to provide more than sufficient potassium for the 
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precipitation of ~10 g of K-jarosite based upon the molar portion of K in pure K-

jarosite. This synthesis procedure was replicated until a total of 100 g of K-jarosite 

was synthesised. 

 Elevated-Sulfur Banded Iron Formation 3.3.4.

Material containing alunite was sourced from drilling at RTIO’s Eastern Range mine 

(37E5 pit) on 18th September 2012, and from waste dumps containing similar high 

sulfur material at Channar (84E3 pit) on 14th September 2012. Both samples were 

taken from areas of banded iron formation (BIF) likely from the Dales Gorge 

member (see Figure 3) known to have elevated sulfur content attributable to alunite 

occurrence. Fifteen kilograms of each of these alunite-bearing materials were 

sampled by site personnel and transported to Perth in two separate sample buckets. 

The two samples were of significantly different particle size, with the 84E3 sample 

presenting as large rock chips and the 37E5 sample having a much larger spectrum of 

particle sizes (Figure 30).  

a)  b)  

Figure 30: a) 37E5 sample and b) 84E3 sample. 

 Quartz Sand 3.3.5.

Quartz sand (99.58% SiO2) was obtained from Cook Industrial Minerals, Jandakot. 

Fine grade sand (<300 µm) was chosen as the inert filler material for kinetic 

experiments based upon preliminary kinetic tests using a range of sand sizes. The 

quartz sand was immersed in 10% H2O2 overnight to remove any trace organic 

matter prior to successive rinsing with DI water and drying at 105°C overnight. 

Particle size distribution data is presented in Appendix 3: Particle Size Distribution 

Data Tables. 
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3.4. Sample Preparation 

Preparation of synthetic and natural rocks for use in kinetic experiments principally 

focused around creating a material of uniform particle size and homogenous 

chemical composition, whilst optimising column hydraulic function. The desired 

chemical composition of the two synthetic rock mixtures was designed using 

expected oxidation rates for marcasite, and mineral solubilities sourced from Baron 

& Palmer (1996) for K-jarosite. These values were used to ensure that leachate 

acidities produced from the kinetic experiments were observable but not extreme, 

allowing for any variances in acidity load to be quantified. Where mixing of 

materials was required, samples were mixed together manually in 1 kg batches prior 

to sequential placement and packing in the column. 

 PYT Sample: Marcasite – Quartz 3.4.1.

The marcasite rock sample was crushed to -6 mm using a jaw crusher at the UWA 

geology labs (Figure 31a). The crushed rock was then pulverised with a ring and 

puck mill (Figure 31b) to maximise the reactive surface area. Material below the 150 

µm size fraction was chosen for use in subsequent experiments. The marcasite 

sample was added to inert quartz sand to construct a material mixture of well-known 

chemical composition at a mass ratio of 199:1, yielding a sample of 0.327% (w w-1) 

marcasite (based upon XRD composition) and 0.175% sulfur (w w-1). 

Homogenisation was conducted vigorously in 1 kg batches manually.  

a)  b)  

Figure 31: a) UWA Geology jaw crusher plate; b) Ring and puck mill.  
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 MCS Sample: McRae Shale – Quartz 3.4.2.

The MCS material was initially sieved to remove the limited mass of particles greater 

than 4 mm. Preliminary kinetic experiments conducted on this sieved material alone 

found that the sample had very low hydraulic conductivity and did not freely drain in 

preliminary kinetic column experiments. To remediate this issue, the sample was 

mixed with <300 µm quartz sand at a mass ratio of 1:1, which significantly improved 

drainage conductance. 

 JAR Sample: Synthetic K-Jarosite – Quartz 3.4.3.

K-jarosite was synthesised using the method of Baron & Palmer (1996) as outlined in 

section 3.3.3. A K-jarosite solubility of 0.2 mmol/L (equivalent to 0.1 g/L) derived 

from Baron & Palmer (1996) was used to calculate the required mass of material to 

be synthesised and used in kinetic experiments. Under planned experimental 

conditions, it was predicted that a maximum mass of 3.24g K-jarosite would dissolve 

in each 6kg kinetic column over the planned 12-week duration of the experiment. To 

ensure an excess of K-jarosite was available and allowing for significant error, 15 g 

of the synthesised material was added to each 6 kg column, yielding a material 

0.25% K-jarosite (in a 6 kg column) with a sulfur content of 0.032%. 

 ALU Sample: Alunite bearing BIF – Quartz 3.4.4.

Each alunite bearing BIF sample was crushed to -6 mm by jaw crusher initially. The 

two alunite bearing samples were then mixed together at a mass ratio of 1:1. 

Preliminary kinetic testing found this mixed material to have severe difficulty freely 

draining following an initial leach event and drying period. A vacuum pump was 

used to aid drainage, however to no effect. For this reason, it was decided that quartz 

sand would again be used as an inert filler to enhance drainage collection. The 

combined alunitic material was mixed together with quartz sand at a 1:1 ratio, 

producing a material with sulfur content of 0.53% (by LECO sulfur method, see 

section 3.6.2.2). A second preliminary column test for this ALU composite mixture 

found that drainage was occurring with vacuum pump assistance, however to a much 

lesser extent than the three other materials.  
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3.5. Physical Characterisation 

Samples were physically and chemically characterised prior to the commissioning of 

kinetic experiments to aid in the analysis of experimental results. 

 Determination of Particle Density (ρp) and Specific Gravity (SG) 3.5.1.

Particle density (ρp) was determined using the pycnometer method to initially 

determine specific gravity (SG). In this case, SG is the relative density of rock 

particles to water with an idealised density of 1 gcm-3. Particle density refers to the 

density of the particles that make up the sample, rather than the density of the sample 

as a whole (i.e. the bulk density which includes the air and water-filled voids/pores). 

A pycnometer is a glass flask with stopper that can be filled to an exact volume, in 

this case a 100 mL pycnometer was used. The pycnometer method to determine SG 

and thereafter ρp involves weighing a pycnometer on four occasions: 

1. when empty; (V0) 

2. when full of water only (Vw), at a specific temperature (T); 

3. when containing 20 g of sample only (VS); and 

4. when containing 20 g sample mass and completely filled with water of 

specific temperature (VS&W). 

From these measurements, SG can be determined using Equation 33. SG can then be 

converted to ρp by considering the water density at the specific temperature T that the 

experiment was conducted under through Equation 34. SG has no units, while ρp is 

measured in units of g.cm-3. 

 SF � VG � VH
VG � VH� � 
VG&J � VJ� Equation 33 

 ρL � SM  N ρO�PQR �P :° Equation 34 

 Determination of Dry Bulk Density (ρD) 3.5.2.

Dry bulk density (ρD) is the density of the sample as a whole including particles and 

voids, whether air or water filled. The core method is very common for determining 

ρD and involves filling cylindrical tubes (cores) of a known volume, in this case 

made from PVC, with the sample and weighing the core both empty and full of 

sample and using Equation 35 to calculate ρD. ρD is also measured in units of g.cm-3. 
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 ρT � mass dry sample
core volume � mass dry sample

V^_`ab Lcdeaf`g^  Vcad h_ab^  Vicegd h_ab^ Equation 35 

 Determination of Porosity (j) 3.5.3.

Porosity is defined as the volume occupied by both air and water in a sample, i.e. the 

non-solid portion, with the ratio between these two void components dependent on 

moisture content. Porosity can influence moisture distribution, water flow and gas 

movement in a waste rock dump context (Demers et al. 2008). 

Porosity (j) was determined through the established relationship between porosity, 

dry bulk density and particle density shown in Equation 36, where ρD is the bulk 

density, and ρp is the particle density. 

 j � 1 � kTk(  Equation 36 

3.6. Geochemical Characterisation 

 Paste pH & Paste Electrical Conductivity 3.6.1.

The paste pH and paste electrical conductivity (EC) test is essentially a DI water 

leach, with a water:sample ratio of 2:1 that gives an indication of the inherent acidity 

and salinity that would be expected from the sample material when initially exposed 

in a waste dump (AMIRA 2002).  

Standard paste pH & EC procedure (AMIRA 2002) involves the use of a pulverised 

sample sieved to <75 µm. A 25 g aliquot of this pulverised material was placed in a 

beaker and 50 g of DI water was added as the leach solution. A magnetic stirring 

apparatus was added and run for 5 minutes to adequately mix the sample. Following 

stirring, the slurry was left to stand overnight prior to direct measurement of slurry 

pH and EC using calibrated instruments. 

 Sample Assay 3.6.2.

3.6.2.1. Four Acid Digest and ICP analysis 

Acid digestion was used to dissolve almost all of a sample prior to analysis by ICP 

methods. The four acids used were hydrochloric acid (HCl), nitric acid (HNO3), 

hydrofluoric acid (HF) and perchloric acid (HClO4). The acid digestion methodology 
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is a very effective dissolution procedure for multi-element analysis for trace metals 

and is referred to as a ‘near-total-digestion’ due to the ability of hydrofluoric acid to 

dissolve usually insoluble silicate minerals (SGS 2013). All acid digestion test work 

was completed by SGS, Newburn. Following digestion, the following elements were 

analysed by inductively coupled plasma atomic emission spectroscopy (ICPAES): 

Al, B, Ca, Cr, Fe, K, Mg, Na and Sr. 

Inductively coupled plasma mass spectrometry (ICPMS) was used to determine the 

concentrations of the following trace elements in the digested solution: 

Ag, As, Ba, Cd, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, U and Zn. 

3.6.2.2. Chloride by Digestion and IC 

Water extractable chloride (Cl) was determined by placing the sample in a 1:5 

sample:water leach, and testing the leachate water for chloride concentration via ion 

chromatography (IC). This test work was conducted by SGS, and is referred to as 

method AN274. 

3.6.2.3. X-Ray Fluorescence Assay 

X-ray fluorescence (XRF) refers to the emission of secondary X-rays from a sample 

whose electrons have been excited by incident high energy X-rays. The secondary x-

rays emitted are a result of electron dislodgement from an elements’ atomic structure, 

and are emitted with very precise and characteristics energies. An XRF machine 

works by detecting these characteristic energy levels and associating them with 

specific elements, producing a value for elemental concentration in the sample being 

analysed. 

3.6.2.4. LECO Total Sulfur and Total Organic Carbon 

The LECO method for measuring sulfur and total organic carbon (TOC) 

concentrations refers to the use of the application-specific LECO analyser. The 

LECO analyser works by combusting a sample at high temperature in a furnace then 

detecting the emitted infra-red waves to return a sulfur and TOC concentration for 

the sample. 
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3.6.2.5. Geochemical Abundance Index 

The geochemical abundance index (GAI) is used to give a comparison of a samples’ 

assay result to the mean crustal abundance figures produced by Bowen (1979). The 

purpose of GAI calculation is generally to indicate the relative enrichment of various 

metals in the sample that may pose an environmental hazard. The GAI calculation is 

based upon a log scale (Equation 37), where for example a GAI of 6 or above 

represents an enrichment of approximately 100 times the crustal abundance. An 

element with a GAI above 3 is considered enriched in the target sample. In the 

equation, C represents the concentration of the element in the sample and S 

represents the crustal abundance. The relevant crustal abundances are presented in 

Table 9 with the calculated GAI’s. The GAI value is always rounded down to the 

lower whole number, i.e. a calculated GAI of 2.85 would yield a GAI of 2. 

 GAI � log� m C
1.5 N  Sn Equation 37 

GAI = 0-1 represents 1.5-3 times reference value 

GAI = 1 represents 3 to 6 times reference value 

GAI = 2 represents 6 to 12 times reference value 

GAI = 3 represents 12 to 24 times reference value 

GAI = 4 represents 24 to 48 times reference value 

GAI = 5 represents 48 to 96 times reference value 

GAI ≥ 6 represents more than 96 times reference value 

 X-Ray Diffraction 3.6.3.

X-ray diffraction (XRD) is a technique used for the identification of specific mineral 

phases within a sample. XRD can only identify crystalline material, with no ability to 

process the remaining amorphous material. The general theory behind XRD is that 

crystalline atoms in the formation of a repeating lattice will diffract a focused 

incident x-ray beam in a fashion characteristic of their particular structure. The end 

result of XRD testing is to return a relative abundance of any specific minerals found 

in the sample. An initial round of XRD test work was conducted by Microanalysis 

Australia in Victoria Park, Western Australia. However, this XRD analysis did not 

find any sulfur bearing minerals in two samples known to contain significant sulfur 

content (McRae shale and alunitic brockman iron formation). These two samples 
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were re-tested by XRD at the Curtin University X-Ray Laboratory (see 8.1.5), and 

these later results are considered correct in this thesis. 

 Acid Base Accounting 3.6.4.

Acid base accounting (ABA) refers to the broad practice of characterising materials 

according to their ability to generate or consume acidity, with a particular focus on 

the hazard these materials may pose to the surrounding environment. ABA is often 

performed as a first pass tool for screening rocks and thereby providing a point of 

reference to decide whether additional more detailed and costlier test work should be 

conducted. All ABA test-work was conducted by SGS Newburn. 

3.6.4.1. Maximum Potential Acidity 

Maximum potential acidity (MPA) is generally calculated using the stoichiometry of 

the acid producing pyrite oxidation reaction. This calculation generally assumes that 

all sulfur is present in the sample in sulfide form (as pyrite). As such, this 

methodology has a well-recognised potential to overestimate the MPA of samples 

where alternative non-sulfate minerals are present, such as gypsum (CaSO4.2H2O) 

(Weber et al. 2004; cited in Li et al. 2007). However, while the dissolution of 

gypsum and other alkaline earth sulfate minerals does not contribute to acidity 

(Kania 1998), the dissolution of sulfates from the alunite-jarosite series, or 

alternatively from the highly soluble melanterite-type iron sulfate salts does release 

acidity as has been explained previously (Sections 2.6 & 2.7). However, estimation 

of acid release by assuming all sulfur is present as pyrite will still always 

overestimate MPA, therefore this technique remains valid as a conservative first-pass 

overestimate of the acid producing potential of a rock sample (Linklater et al. 2012).  

The calculation of MPA assuming all sulfur is present as sulfide simply involves 

multiplying the percentage sulfur assay result (preferably from the LECO sulfur 

result) by 30.6, in line with the stoichiometry of the acid producing reaction 

(Equation 38). The units of MPA are kg H2SO4/tonne. 

If secondary sulfate minerals such as alunite and jarosite are known to be present in a 

sample, a more refined estimate of MPA can be obtained using the stoichiometry of 

their dissolution reactions. For alunite, 2 moles of sulfur produces 1.5 moles of 

H2SO4 and 0.5 moles of the non-acidic K2SO4 salt, and acidity produced can 

therefore be calculated using Equation 39 (Linklater et al. 2012).  
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 MPA^o`pabg � S%^o`pabg ∗ 30.6 Equation 38 

 MPAc`osaeg � S%c`osaeg ∗ 22.9 Equation 39 

3.6.4.2. Acid Neutralising Capacity 

Acid neutralising capacity (ANC) is calculated to investigate the extent to which acid 

generation may be neutralised locally by minerals in the sample itself. The ANC test 

outlined below is the AMIRA (2002) method, which is adapted from the method 

developed by Sobek et al (1978). Testing for ANC requires the addition of a 

measured volume of hydrochloric acid (HCl) to an accurately weighed sample mass. 

Time is allowed for this reaction to proceed and heating is applied to speed up the 

reaction. This acidified solution is then back-titrated with standardised sodium 

hydroxide (NaOH) to determine the portion of HCl neutralised through the samples’ 

inherent ANC. The end result of this test is a value for ANC in units of kg 

H2SO4/tonne (the same as MPA), giving an indication of the maximum potential for 

acid neutralising minerals (typically carbonates) to buffer system pH. More specific 

experimental methods are available in AMIRA (2002). 

Results from these tests must be interpreted correctly with respect to the rate of 

neutralisation. Carbonate minerals (e.g. calcite) typically act to buffer pH rapidly 

when present in sufficient amounts to exceed the generated acidity. The dissolution 

of silicate minerals can also buffer system pH, albeit at a significantly slower rate 

that is typically not observed in ANC testing. The vast majority of buffering capacity 

in the earth’s crust is sourced from the weathering of silicate minerals (Sherlock et al. 

1995).  

3.6.4.3. Net Acid Producing Potential 

Net acid producing potential (NAPP) represents the idealised balance between acid 

generating and consuming potential of a samples, and is simply derived from the 

relative values of MPA and ANC calculated for a particular sample, as calculated in 

Equation 40. A net negative NAPP indicates that a sample has a higher potential to 

consume acid than produce it. In contrast, a positive NAPP indicates that acid 

producing potential is larger than neutralising potential, and if these processes are not 

limited in some fashion, then at some point in the future when the neutralising 

capacity of a sample is exhausted, acidity will be produced. 
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 NAPP � MPA � ANC Equation 40 

3.6.4.4. Net Acid Generation Test 

The net acid generation (NAG) test is a simple test designed to evaluate the acid 

potential of a sample by inducing simultaneous acid producing and acid consuming 

reactions through the use of a strong oxidant (hydrogen peroxide) to oxidise any 

sulfides present. The methodology used to conduct the NAG test was the standard 

AMIRA (2002) method. 

The NAG procedure involves adding a 2.5 g aliquot of pulverised sample to a 500 

mL conical flask and adding 250 mL of 15% hydrogen peroxide (H2O2). The sample 

is allowed time to react, and when observable reaction ceases it is placed on a hot 

plate and gently heated to induce further reaction. When the reaction again ceases, 

the sample is removed from the hot plate and allowed to cool to room temperature. 

DI water is added to remake the solution to 250 mL and the pH is recorded. This pH 

recording is referred to as the NAGpH (AMIRA 2002). The solution is then back-

titrated with standardised sodium hydroxide (NaOH) to pH 4.5 and 7.0 to 

differentiate between the sources of acidity. Titration to pH 4.5 represents acidity 

caused by Fe, Al and most of the hydrogen ion present in solution, while titration to 

7.0 represents acidity from soluble metals such as Cu and Zn (AMIRA 2002). 

 Chromium Reducible Sulfur 3.6.5.

Testing for chromium reducible sulfur (SCR) provides an accurate determination of 

non-sulfate inorganic sulfur that predominantly targets iron disulfides such as pyrite, 

but can also include other forms of non-sulfate sulfur (e.g. elemental sulfur) (Ahern 

et al. 2004). A study by Schumann et al. (2012) found that SCR was a much better 

indicator of actual and potential acidity from mine wastes because the SCR method 

does not overestimate acid production by assuming the entire sample is sulfide (as in 

MPA calculation). The method is even more accurate when coupled with the 

measurement of jarositic sulfur. 

The test for SCR involves converting reduced inorganic sulfur (i.e. iron sulfides) to 

hydrogen sulfide (H2S) by a hot acidic chromium chloride (CrCl2) solution, and then 

trapping the H2S in a zinc acetate solution as zinc sulfide (ZnS) (Schumann et al. 
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2012). The portion of ZnS is then determined through an iodine titration (Ahern et al. 

2004). 

 Scanning Electron Microscopy & Energy Dispersive X-Ray 3.6.6.

Spectroscopy 

A scanning electron microscope (SEM) was used to investigate the surface 

morphology of samples. All samples investigated with a SEM were oven-dried at 

40°C and mounted on carbon tape attached to standard SEM stubs (Figure 32). The 

stubs required carbon-coating because they were not naturally conductive, and 

without coating would result in significant sample charging, inhibiting effective SEM 

analysis. The SEM was used to produce secondary electron (SE) images, which 

involves firing a high energy beam of electrons at a conductive sample and collecting 

the scattered electrons to delineate surface topology and particle morphology (Buller 

2011). An accelerating voltage of 20 kV was used for all images in this study. 

 

Figure 32: SEM chamber (left) and six sample stubs in SEM chamber (right). 

Energy dispersive x-ray spectroscopy (EDS) was conducted to give a qualitative 

assessment of the elemental composition of particular particles within the overall 

sample. The EDS probe allowed backscattered electron (BSE) imaging to be 

conducted on samples. BSE imaging can interrogate the composition of a sample by 

delineating heavier elements from lighter elements (where heavy elements have a 

higher atomic number). These heavy elements present as relatively brighter locations 

on the BSE image, and aid in analysis of minerals distribution and classification. 

Spot EDS analysis of very discrete areas of the sample enable the classification of 
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particles as particular minerals when used in conjunction with XRD results, e.g. a 

high Si reading for the PYT composite material indicates that the interrogated 

particle is quartz sand, while a high Fe or S qualitative result indicates that the 

particle is either an iron sulfide or precipitated iron sulfate salt. 

All electron microscopy work completed for this project was conducted on a 

TESCAN VEGA3 SEM microscope equipped with an Oxford Instruments X-Max 50 

Silicon drift EDS system with AZtec and INCA software. The INCA software is 

capable of producing detailed element distribution maps. 

3.7. Long-Term Column Leach Experiment 

A methodology for kinetic column leaching was devised to address the thesis 

question that reducing infiltration to sulfidic and sulfate bearing wastes reduces the 

net acidity and solute load emanating from them. The methodology used was loosely 

based upon the industry standard AMIRA (2002) leach procedure, with a few 

adjustments to negate the influence of seasonality and to decrease overall test 

duration. The experimental design was targeted to easily enable a comparison of 

acidity and solute loads at different water availability conditions, simulating the 

changed water availability conditions that would result due to the installation of a 

SAR in the field. Variations in leaching volume and frequency were conducted to 

investigate the realised acidity and solute load was dependent on either of these 

factors, and to yield some relationship between these variables if possible. 

This experiment was not intended to replicate site conditions, and therefore no 

leachate solution in any of the results detailed below should be interpreted as such. 

The focus of this experiment was to simply investigate the effect that varying 

flushing volumes has on acidity and solute loads, in an attempt to identify whether 

there are net benefits to the SAR cover objective of minimising infiltration. Measures 

were taken to ensure that all kinetic experiments within each material type were 

exposed to the same controllable oxidising conditions (temperature, particle size and 

water content) to negate the impact of these factors on result interpretation. The 

relationship between these three factors and sulfide oxidation rate are presented in 

section 2.5, and in section 2.7 for sparingly soluble sulfates.  
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 Procedural Design 3.7.1.

The four material types (PYT, MCS, JAR and ALU) were prepared and loaded into 

four 6 L columns each, for a total of 16 columns housed in plastic Buchner funnels 

(Kartell brand, 240 mm diameter). A total of exactly 6 kg of sample was added to 

each column, with filter paper (240 mm-MN615) used to support the sample mass 

over the perforated column base. The four columns of each material type are 

hereafter referred to as a column series. The experimental setup is shown in Figure 

33. A list of the columns tested is presented in Table 5. The positioning of each 

column is shown in Figure 34. 

  

Figure 33: Kinetic column leach experiment set up. 

Each series experienced three varying water application rates that were applied 

weekly. The water application rates were designed to produce three very specific 

volumes of seepage for analysis, these being 0.4 L, 0.7 L and 1 L. An additional 

fourth column for each material type was run at the mid-range drainage rate of 0.7 L, 

however it was leached fortnightly instead of weekly to investigate the influence of 

leach frequency on seepage quality and solute load.  
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Table 5: List of columns and their experimental conditions. 

Column Acid Forming Mineral 

Desired 

Drainage 

Volume (mL) 

Leach 

Frequency 

Experiment 

Duration 

(weeks) 

PYT1 Marcasite (FeS2) 400 Weekly 12 

PYT2 Marcasite (FeS2) 700 Weekly 12 

PYT3 Marcasite (FeS2) 700 Fortnightly 12 

PYT4 Marcasite (FeS2) 1,000 Weekly 12 

MCS1 Pyrite (FeS2) 400 Weekly 13 

MCS2 Pyrite (FeS2) 700 Weekly 13 

MCS3 Pyrite (FeS2) 700 Fortnightly 13 

MCS4 Pyrite (FeS2) 1,000 Weekly 13 

JAR1 K-Jarosite (KFe3(SO4)2(OH)6) 400 Weekly 11 

JAR2 K-Jarosite (KFe3(SO4)2(OH)6) 700 Weekly 11 

JAR3 K-Jarosite (KFe3(SO4)2(OH)6) 700 Fortnightly 11 

JAR4 K-Jarosite (KFe3(SO4)2(OH)6) 1,000 Weekly 11 

ALU1 Alunite (KAl3(SO4)2(OH)6) 400 Weekly 1 

ALU2 Alunite (KAl3(SO4)2(OH)6) 700 Weekly 1 

ALU3 Alunite (KAl3(SO4)2(OH)6) 700 Fortnightly 1 

ALU4 Alunite (KAl3(SO4)2(OH)6) 1,000 Weekly 1 

 

DI water was applied to the column surface and left in the column for 24 hours prior 

to vacuum extraction. This residence time was chosen to allow adequate time for 

mineral dissolution. Such an experimental methodology allows for both the oxidation 

of sulfides and dissolution of any formed secondary sulfates under identical 

conditions (water content, temperature, particle size) for each column of a material 

series between leach events. The only variance in oxidising conditions between 

columns of each series was the water content during the 24-hour dissolution and 

extraction phase between mid-day 1 to mid-day 2 as shown in Table 6. 
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Figure 34. Column design and heat lamp configuration. 

Table 6: Weekly experimental schedule. 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Activity 

Apply DI 
water 

~10-11am 

Extract drainage &  
test for pH and EC 

~9am-12pm 

Test for 
Acidity 

- - - - 

Heat Lamp 

Operation 
Off 

On after extraction 
~12pm 

On On On On 
Off at 
5pm 

 

DI water was applied on day 1 of the leach cycle and extracted 24 hours later (Table 

6). Heat lamps were used to dry out the column during the inter-leach period from 

mid-day 2 to end-day 7 as specified in Table 6. The heat lamps were turned off 17 

hours prior to water addition to eliminate any unintended evaporation at the column 

surface upon water application. Water was extracted using a vacuum pump (Figure 

35) at the highest vacuum pressure achievable for the material (e.g. 50-60 kPa for the 

MCS and 30-40 kPa for quartz sand samples). By using vacuum suction to extract 

additional pore water, a lesser volume of applied water was required to achieve the 

minimum volume of drainage required to conduct all chemical analyses (400 mL). 

Vacuum extraction typically lasted 3-5 minutes for each column, and was 

discontinued when water yield became negligible. The head of the column remained 

unsealed to the atmosphere for the duration of the experiment, meaning that oxygen 

was readily available for sulfide oxidation and not a limiting factor in this 

experiment.  
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Figure 35: 240mm Buchner funnels attached 1L filter flask and vacuum pump. 

Following water extraction, all columns had a comparable volume of water in their 

pores due to the vacuum aided extraction of all columns to the same water content. 

The volume of water in column pores was measured be weighing the entire column 

and comparing to its known dry weight. This vacuum extraction procedure possessed 

the added advantage of lowering column water content between leach events to 

levels more representative of disposal in a waste rock dump context when compared 

to the standard AMIRA (2002) procedure. The minimum applied volume of water in 

this project (to produce 400 mL of drainage) averaged between 140 mL/kg (JAR1) 

and 201 mL/kg (MCS1), significantly lower than the 400 mL/kg leaching volume 

used in the standard AMIRA procedure. 

Prior to column commissioning, samples were flushed at a rate of 500 mL/kg 

initially to remove salts. Subsequent rinsing was conducted if required to increase pH 

to above 5 and lower leachate electrical conductivity to below 500 µs/cm. Rinsing 

continued until these target conductivity and pH levels were achieved. 

3.7.1.1. PYT Flush Event 

In addition to the standard leaching process described above, the four PYT columns 

were subjected to a high volume flush event on the 12th and final week of operation. 

This leach event was designed to determine whether there were more products of 

sulfide oxidation present in the column that were not being transported at the regular 

applied water volumes. A total of 1.44 pore volumes (2,100 mL) were applied to all 

four PYT columns, and subsequent extraction volumes were greater than 1PV for 

each column, varying between 1-1.1 pore volumes (1497-1620 mL) in the columns. 
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The composition of each column was not comparable at the time of this leach, given 

that in the preceding 11 weeks each column was subject to different hydrological 

conditions and had oxidised and transported different quantities of sulfides within 

each sample.  

3.7.1.2. JAR Acid Leach 

The final two weeks of the JAR column leach experiment (weeks 10 & 11) were 

conducted using a different water application strategy. DI water was altered to pH 4 

via the drop-wise addition of concentrated perchloric (HClO4) acid. This acidic water 

was applied to each of the JAR columns in the standard fashion. This acidic leach 

was conducted because the pH of all JAR leachates were neutral up until this point. 

 Temperature Control 3.7.2.

Between leach events, 150W heat lamps were used to dry out the columns. The heat 

lamp configuration is shown in Figure 34. Heat lamps were installed 300 mm from 

the column surface and 300 mm apart. The heat lamp configuration was designed to 

ensure that the sulfidic columns (PYT & MCS) were subjected to the same oxidising 

conditions, and to ensure that all columns within a series were dried evenly, e.g. the 

four ALU columns were placed in pairs at each edge of the bench (Figure 34) so that 

each ALU column only had one heat lamp drying out the sample. The lamps were 

used in conjunction with a thermostat located at the column surface to regulate 

surface temperatures between 28-32°C. Heat lamps were switched off 17 hours 

before water application to prevent undue surface evaporation, and restarted 

following water extraction 24 hours after application (see schedule in Table 6). In 

total, the heat lamp-thermostat apparatus was regulating column temperature for 75% 

of the experimental period (125 hours per week). 

This method of heat lamp operation is a significant departure from the standard 

method detailed in AMIRA (2002), where heat lamps are run for only 12-hours per 

day with no regulation for temperature. The procedure followed in this experiment 

better achieves the desired aim of drying out columns between leach events whilst 

maintaining a constant temperature throughout the duration of the experiment. The 

objective of simulating night and day time conditions by switching the heat lamps on 

and off daily was not considered appropriate for this experiment because it added an 

additional element of uncertainty to the interpretation of results. The variation in 
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ambient temperature over time experienced during the lamp-off phase can be 

extremely significant between summer and winter months, and easily capable of 

significantly influencing experimental results. An air-conditioned room was used to 

ensure that the ambient temperature did not rise above 32°C; however the specific 

temperature of the room was not set. This was not an issue however given that the 

regulated heat lamps controlled the local temperature influencing the columns. 

The known temperature dependence of the pyrite oxidation reaction (section 2.5.6) 

was the primary reason for controlling the temperature of this experiment. A recent 

study by Buller (2013) found that the lack of temperature control in some sulfidic 

column leach experiments led to anomalously elevated oxidation rates (using SO4 

load as a proxy) during warmer summer months, that subsequently declined 

following this period and peaked during the next summer period. Campbell, 

Haymont & Amoah (2011) have independently found similar adverse results from 

variations in column surface temperature from the standard AMIRA methodology. 

 Water Quality Analysis 3.7.3.

Drainage from the columns was analysed for volume, temperature, pH and EC 

immediately following sampling on calibrated instruments. A calibrated TPS WP-

80D pH meter was used to measure pH, while an HACH conductivity TDS meter 

(Model 44600) was used for EC measurement. Samples were split into three sample 

bottles for chemical analysis. Two of the samples were filtered (0.45 µm) to remove 

particulate content using either disposable field filters or a vacuum pump assisted 

paper filtration system. One of the filtered bottles was acidified to pH < 2 with drops 

of concentrated HNO3 for cation analysis (ICPAES) and trace metal analysis 

(ICPMS), with the other filtered sample left un-acidified for anion analysis by ion 

chromatography. These water samples were stored at 4°C immediately after 

sampling, and transported to SGS laboratories, Newburn for analysis. A third un-

filtered sample was also taken and stored at 4°C to determine hot acidity by titration 

as in section 3.7.3.1.  

3.7.3.1. Hot Acidity Titration 

The acidity of column leachates was determined using the standard hot acidity 

titration method (American Public Health Association 1998). This method was 
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chosen over the ‘cold’ acidity due to the likely presence of hydrolysable metals in 

water samples that will contribute significantly to net acidity.  

The hot acidity titration procedure was conducted on unfiltered volumes of column 

leachates. Samples that were initially at a pH above 4 were acidified by the addition 

of 5 mL sulfuric acid (0.02N) until the pH was lowered to below 4. All samples were 

then strongly oxidised by adding 3 drops of 50% H2O2 and boiling for 3-4 minutes 

on a magnetic stirring hot plate. Following boiling, the sample was cooled to room 

temperature prior to titration with sodium hydroxide (NaOH) to determine acidity. 

Water samples were titrated to pH 4, 5.5 and 8.3 endpoints with NaOH (0.02-0.1N) 

using a 775 Dosimat Auto-Titrator. The 0.1N NaOH titrant solution was produced by 

dissolving 4 g of solid NaOH pellets in 1000 mL of 15 megaohm pure water. The 

precise normality of this solution was measured by titration against potassium 

hydrogen pthalate solution. This normality was then used in the calculation of 

measured acidity as in Equation 40, where A and C are the volumes (in mL) of 

standard NaOH and H2SO4 used respectively, and B and D are the normality of these 

two solutions respectively. The volume referenced is the volume of the sample used 

in the titration. 

 Acidity�P vwxQyzv{|yP  
mg L⁄ CaCO�� � �
A ∗ B� � 
C ∗ D�� ∗ 50000
Volume 
mL�  

Equation 41 

 Calculated Acidity 3.7.4.

An alternative method to produce an acidity concentration in mg CaCO3/L is to use 

the concentrations of dissolved solutes. The four chemical species used in this acidity 

calculate were Al, Fe, Mn and pH as in Equation 42. For this particular acidity 

calculation, all Fe is assumed to be present as Fe3+. Comparing the result of acidity 

calculated using this formula to the titrated acidity is helpful to validate data and 

improve confidence in data quality. 

 Acidity�������PQz
mg L⁄ CaCO��     
�  50 �3Fe��

56  3Al��
27  2Mn��

55  1000
10�vw�� 

Equation 42 
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 Physical Parameters 3.7.5.

Water content for all columns was measured most days by weighing the entire 

column with an OHAUS Valor 1000 (model V11P15T) scale. The scale produced 

data in 2 g increments. Columns were always weighed prior to water application and 

following water extraction, and intermittently during the remainder of the week. 

3.8. Short-Term Column Leach Experiment 

 Motivation  3.8.1.

The motivation for conducting this short-term leach experiment was to further 

investigate a trend observed for the synthetic PYT material in the long-term column 

leach experiment (section 3.7). Results from this experiment suggested that there 

might be some optimum water application volume above which acidity load realised 

in drainage did not increase (section 4.2.1.2). This experiment was designed to assess 

the existence of such an optimum water application rate. This experiment in effect 

gave a greater resolution of the relationship between solute loads and water 

application rate. See section 5.2.1 for a more detailed discussion on this hypothesis.  

 Procedure 3.8.2.

This leach experiment was run over 1 week, from 20th-27th June 2013 and was 

composed of 8 columns made from the same Buchner funnels used in section 3.7. 

The setup for the short-term leach column experiment was in effect identical to the 

longer term leach experiment, with the significant exception that the sample mass 

was reduced to a mere 3 kg instead of 6 kg. The constant cool maximum daily 

temperature throughout the experiment (19-21°C) meant that temperature regulation 

of heat lamps was less important, given that the heat lamps were incapable of raising 

column surface temperature above 28°C. The heat lamps were nevertheless 

temperature regulated for the duration of this experiment, and the upper temperature 

bound of 32°C was never exceeded. Nevertheless, great care was taken in the setup 

of this experiment to ensure that no variances in controllable oxidation conditions 

(water content, particle size and temperature) existed between the columns. 

The eight columns were made up of the PYT composite material (H2O2 washed 

quartz sand with marcasite). During column setup, a total of 2,000 mL of DI water 
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was leached through each column to flush any soluble salts from the sample. This 

volume was enough to raise pH above 5 and EC below 150 µS/cm for all columns. 

The eight water application rates were designed to achieve column drainage ranging 

from 100-450 mL, in 50 mL increments. Scaling the column size up to the 6 kg 

longer-term PYT leach columns, these drainage volumes were equivalent to 200-900 

mL. Given the similar solute load exhibited between the columns run at 700 mL and 

1,000 mL drainage in the longer-term experiment, the intended drainage rate range of 

100-450 mL in this leach experiment was deemed appropriate. Drainage from each 

of the columns was analysed for volume, pH, EC, SO4 and acidity only. See Table 7 

for a list of column names and leaching rates.  

Table 7: List of column names and desired drainage volumes for the short-term leach 
experiment. 

Column 
Desired Drainage 

Volume (mL) 

STP100 100 

STP150 150 

STP200 200 

STP250 250 

STP300 300 

STP350 350 

STP400 400 

STP450 450 

3.9. MCS Precipitate Dissolution Test 

A total of 0.099 g of precipitate formed from post-extraction drainage of the MCS 

columns was collected. This precipitate was initially thought to be a type of iron 

sulfate salt (see section 4.2.2.3); however later geochemical modelling determined it 

to be predominantly schwertmannite. The convenience of possessing this material 

absolutely necessitated a test of its solubility in water and its ability to alter system 

pH. 

Two dissolution experiments were conducted. Dissolution test 1 (D1) involved 

dissolving 10 mg of the MCS precipitate in 100 mL of DI water at a normalised 

dissolution ratio of 100 mg/L. The second dissolution test (D2) was run by adding 5 

mg of the MCS precipitate to 1,000 mL of DI water, giving a normalised dissolution 

ratio of 5 mg/L, 20 times more dilute than D1. Both of these dissolution tests were 



Chapter 3: Materials & Methods 

88 

measured for pH at four time intervals following precipitate addition, these being 

after 1 minute, 10 minutes, 1 hour and 24 hours.  

 

Figure 36: D1 dissolution test (left), and 5 mg of MCS precipitate used in D2 test. 

3.10. Geochemical Modelling 

The geochemical modelling suite of programs The Geochemist’s Workbench (GWB) 

(Release 8.0.12 – Build 4427) was used to analyse water quality from the column 

experiments. Modules within the GWB software suite read datasets of 

thermodynamic equilibrium constants similarly to other common modelling 

programs such as PHREEQC to calculate chemical equilibria. A custom 

thermodynamic database was supplied by Cecilia Lazo-Skold from RTIO that 

included solubility data for schwertmannite (Fe8O8(OH)6(SO4).nH2O), another iron-

oxyhydroxyl-sulfate mineral which can present in secondary mineralogy from 

evaporates of AMD. 

In the scope of this project, GWB was employed to determine what minerals were 

likely to form from the evaporation of column leachates. The evaporation of 

leachates was simulated using the React module of GWB and simulated by 

decreasing the mass of water in the system and thus concentrating the ions within 

solution. All geochemical modelling was conducted while simulating equilibrium 

between CO2 in the atmosphere and in the sample. Because the column surface was 

exposed to the atmosphere this assumption was deemed valid. 
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CHAPTER 4: RESULTS 

4.1. Material Characterisation 

 Bulk Density & Porosity 4.1.1.

The density and porosity of marcasite-quartz (PYT) and jarosite-quartz (JAR) 

composites were considered to be equivalent to that of quartz sand alone, considering 

the extremely minor contribution of the pure marcasite/jarosite content (≤ 0.5%) to 

the overall mass and volume of these samples, hence the SG and ρP were not 

determined specifically for these materials. Averaged duplicate results of SG, ρP, ρD 

and φ for the raw MCS, ALU and quartz sand samples are presented in Table 8.  

The most important piece of information gained from these tests is a measure of the 

porosity of each material, which can be used to calculate the pore volume. The 

calculated pore volumes refer to a material mass of 6kg. The pore volume value is 

used later in this chapter to interpret geochemical loadings. 

Table 8: Sample density and porosity. All values presented are an average of 
duplicate experiments. 

Item Units MCS ALU Quartz Sand 

SG - 2.75 2.60 2.64 

ρP g cm-3 2.74 2.59 2.63 

ρD g cm-3 1.52 1.68 1.60 

φ - 0.45 0.35 0.39 

Pore Volume L 1.76 1.63 1.46 

 Chemical Composition 4.1.2.

Assessment of major and trace element concentrations for each sample is vital to 

adequately interpret kinetic geochemistry observed in the more detailed leach 

experiments. This section details the chemical composition of all samples used in this 

project and provides data from acid digestion and metal analysis by ICP, and XRF 

analysis as discussed in section 3.6.2. LECO sulfur and carbon are presented in 

section 4.1.3 in the context of acid base accounting where they are of primary 

importance. 

The XRF and acid digestion results are presented in Table 9. There is general 

agreement in the results returned from both data sets. The detection limit is always 
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equal or significantly lower for the acid digestion results. GAI’s were calculated for 

each element analysed from the two natural samples. Bowen (1979) does not specify 

a crustal abundance for chloride, therefore a GAI for Cl was not calculated. 

The McRae shale was found to be significantly enriched (i.e. GAI ≥ 3) in Ag, As, 

Mo, P, S, Sb and Se. Other elements which were elevated above the crustal 

abundance but with a GAI<3 were B, Cr, Cu, Fe, Pb and U. Fe, As, Sb and Se are 

known to be naturally elevated in local geology. 

The alunitic BIF sample was significantly enriched (i.e. GAI ≥ 3) in As, B, P, S, Sb 

and Se; and also had concentrations of Ag, Cr, Fe, K, Mo, Pb and U above the 

established crustal abundances of Bowen (1979).  
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Table 9: Assay results by both XRF and acid digestion for raw natural and synthetic samples used to construct composite samples. GAI’s 
for natural samples are shown relevant to established global abundances (Bowen 1979). GAI’s were calculated from the higher 

concentration that was above the detection limit from either the XRF or acid digest assay results. 

Element Units 
Detection Limit 

Global 

Abundance 

(Bowen 
1979) 

Natural McRae Shale Natural Alunitic BIF 
Synthesised K-

Jarosite 

Natural 

Marcasite 

Quartz 

Sand 

XRF Acid XRF Acid GAI XRF Acid GAI XRF Acid XRF Acid Acid 

Al % 0.01 0.01 8.2 7.45 7.8 0 5.94 6.5 0 0.1 0.12 0.25 0.29 0.17 

Ca % 0.01 0.0005 4.1 0.04 0.03 0 0.04 0.034 0 0.02 0.006 0.02 0.007 0.032 

Fe % 0.01 0.01 4.1 13 13 1 9.41 10 1 30.1 30 26.4 29 1.8 

K % 0.01 0.01 2.1 1.02 0.98 0 2.34 2.4 0 7.65 6.9 0.05 0.053 0.063 

Mg % 0.01 0.002 2.3 0.26 0.27 0 0.33 0.35 0 0.07 0.065 0.04 0.023 0.013 

Mn % 0.01 0.00005 0.095 0.02 0.016 0 0.01 0.014 0 0.02 0.019 0.02 0.016 0.016 

Na % 0.01 0.005 2.3 0.04 0.02 0 0.07 0.06 0 0.1 0.03 0.11 0.02 0.03 

P % 0.005 - 0.00001 0.075 - 12 0.045 - 12 <0.005 - 0.017 - 0.0003 

S % 0.005 - 0.026 3.29 - 6 1.2 - 5 13.3 - 21.4 - - 

Si % 0.01 - - 24 - - 29.7 - - 0.32 - 16.8 - - 

Ag ppm - 0.1 0.07 - 0.6 3 - 0.2 1 - 0.1 - <0.1 <0.1 

As ppm 100 1 1.5 100 150 6 200 290 7 <100 1 <100 4 4 

B ppm - 20 10 - 60 2 - 95 3 - <20 - 80 <20 

Ba ppm 100 2 500 <100 63 0 100 190 0 <100 19 <100 26 17 

Cd ppm - 0.1 0.11 - <0.1 - - <0.1 - - <0.1 - 0.1 <0.1 

Cl ppm 50 5 - 70 <5 - 190 270 - 80 14 120 270 12 

Co ppm 100 0.1 20 <100 20 0 <100 4.6 0 <100 18 <100 15 2.8 

Cr ppm 100 5 100 600 460 2 300 220 1 <100 14 900 880 490 

Cu ppm 100 2 50 <100 120 1 <100 30 0 <100 6 <100 14 6 

Hg ppm - 0.1 0.05 - <0.1 - - <0.1 - - <0.1 - 0.3 <0.1 

Mo ppm 100 0.1 1.5 100 9.4 5 <100 9.7 2 300 0.6 <100 0.8 0.8 

Ni ppm 100 2 80 <100 61 0 <100 24 0 <100 9 100 100 9 
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Element Units 
Detection Limit 

Global 
Abundance 

(Bowen 

1979) 

Natural McRae Shale Natural Alunitic BIF 
Synthesised K-

Jarosite 

Natural 

Marcasite 

Quartz 

Sand 

XRF Acid XRF Acid GAI XRF Acid GAI XRF Acid XRF Acid Acid 

Pb ppm 100 1 14 <100 29 0 <100 62 2 <100 <1 100 14 - 

Sb ppm 100 0.1 0.2 <100 5.8 4 <100 9 5 <100 0.1 <100 0.4 0.2 

Se ppm - 2 0.05 - 4 6 - 3 5 - <2 - 2 <2 

Sn ppm 100 - 2.2 <100 - - <100 - - <100 - <100 - - 

Sr ppm 100 1 370 <100 13 0 <100 47 0 <100 <1 <100 <1 5 

U ppm 50 0.05 2.4 <50 5.8 1 <50 3.4 0 <50 <0.5 110 5.3 0.22 

Zn ppm 100 5 75 <100 57 0 <100 33 0 <100 36 <100 42 21 
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Table 10: Concentration of various major and trace elements in composite samples based upon component sample ratios and acid digest 
concentrations. 

Element Units 
Global Abundance 

(Bowen 1979) 
MCS Composite ALU Composite  PYT JAR 

Mass Ratio 
Materials McRae Shale:Quartz Alunitic BIF:Quartz Marcasite:Quartz K-Jarosite:Quartz 

Ratio 1:1 1:1 1:199 1:399 

Al % 8.2 3.985 3.335 0.1706 0.1699 

Ca % 4.1 0.031 0.033 0.03188 0.03194 

Fe % 4.1 7.4 5.9 1.936 1.871 

K % 2.1 0.5215 1.232 0.06295 0.08009 

Mg % 2.3 0.1415 0.1815 0.01305 0.01313 

Mn % 0.095 0.016 0.015 0.016 0.01601 

Na % 2.3 0.025 0.045 0.02995 0.03 

Ag ppm 0.07 0.3 0.1 <0.1 0.00025 

As ppm 1.5 77 147 4 4 

B ppm 10 30 47.5 0.4 <0.1 

Ba ppm 500 40 104 17 17 

Cd ppm 0.11 <0.1 <0.1 0.0005 <0.1 

Cl ppm - 6 141 13 12 

Co ppm 20 11.4 3.7 2.9 2.8 

Cr ppm 100 475 355 492 489 

Cu ppm 50 63 18 6 6 

Hg ppm 0.05 <0.1 <0.1 0.002 <0.1 

Mo ppm 1.5 5.1 5.25 0.8 0.8 

Ni ppm 80 35 16.5 9.5 9 
Pb ppm 14 16 33 3 3 
Sb ppm 0.2 3 5 0.201 0.200 
Se ppm 0.05 2 2 0.01 <2 
Sr ppm 370 9 26 5 5 
U ppm 2.4 3.01 1.8 0.25 0.22 
Zn ppm 75 39 27 21 21 
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 XRD 4.1.3.

In the initial round of XRD testing at Microanalysis, both the natural McRae shale 

and Alunitic BIF samples did not report any crystalline sulfur-bearing minerals (see 

8.1.1 and 8.1.2) (Table 11). This result conflicts with the recorded sulfur content in 

both these samples (Table 13) and does present an issue with regard to the 

interpretation of geochemical results, because the distinct mineralogy of the acid 

forming mineral is not certain. Whilst it is clearly evident that sulfur bearing 

minerals are present from XRF and LECO S results, these minerals may not have 

been identified by XRD due to their relatively low concentration in the sample or 

possibly their presence as non-crystalline (amorphous) material, or a combination of 

both. It is worth noting here that acid base accounting results for the MCS material 

discussed later confirm the presence of sulfides (from the measurable SCR). 

Table 11: Raw material mineralogy as determined by XRD. The superseded XRD 

results for the McRae shale and alunitic BIF from Microanalysis Laboratories are 

highlighted in grey. The potentially acid forming minerals are highlighted by red 

text. 

Mineral McRae Shale Alunitic BIF 
K-Jarosite Marcasite 

 Microanalysis Curtin Microanalysis Curtin 

Units % % % % % % 

Quartz 65.5 27.7 48.5 48 - 34.6 

Kaolinite-1A (Al2Si2O5(OH)4) 20.8 24.1 12.7 8.3 - - 

Muscovite-2M1 
(KAl2(Si3Al)O10(OH,F)2) 

10.5 14.3 24.3 25.8 - - 

Haematite (Fe1.98H0.06O3) 3.2 10.5 - 4.9 - - 

Goethite (Fe(III)O(OH)) - 1.6 14.6 3.5 - - 

Jarosite, synthetic 
(K0.87(H3O)0.13Fe2.6(SO4)2(OH)6) 

- - - - 100 - 

Marcasite (FeS2) - - - - - 65.4 

Alunite - - - 5.4 - - 

Pyrite (FeS2) - 3.4 - - - - 

Magnetite - - - 0.6 - - 

Amorphous - 18 - 3 - - 
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An alternative explanation for the lack of sulfur bearing minerals in these two 

samples could be due to operator error, which is feasible given the complexity of 

XRD operation and interpretation. Regardless, the geological units from where the 

samples were obtained are known to contain pyrite (within the McRae shale) and 

alunite (in BIF), therefore the presence of these minerals was assumed to occur at 

low concentrations for the both natural samples used in this project. To investigate 

the possibility of operator error causing the lack of sulfur mineral identification, an 

additional round of XRD was conducted on the McRae shale and Alunitic BIF 

samples at a different laboratory, the Curtin University X-Ray Laboratory. From 

these results (Table 11), it is clear that the iron sulfide pyrite is present in the McRae 

shale as hypothesised at 3.4% of sample mass, and that the aluminium sulfate 

mineral alunite is present in the alunitic BIF sample at 5.4% of sample mass. The 

difference in XRD analysis quality between the two laboratories was surprisingly 

large, especially considering that the second round of XRD analysis was less 

expensive. 

Both the pure synthesised K-jarosite and marcasite samples produced XRD results 

from the initial round of test work that were better aligned with their anticipated 

mineralogy, and hence were not re-tested. The synthesised jarosite was found to be 

100% potassium jarosite with minor (13%) substitution of the hydronium ion into the 

A space of the mineral formula. The marcasite sample was simply composed of one-

third quartz to two-thirds marcasite (Table 11).  

The mineralogy of the four composite materials at the specified mixing ratios is 

presented in Table 12. While the quartz sample was not assessed by XRD, it was 

assumed to be 100% pure quartz given its 99.58% SiO2 content. Any other minerals 

present would thus be at trace levels only that would not have been visible by XRD. 
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Table 12: Composite material mineralogy as determined by XRD. The potentially 
acid forming minerals are highlighted by red text. 

Mineral MCS ALU PYT JAR 

Materials 
McRae Shale: 

Quartz 
Alunitic BIF: 

Quartz 
Marcasite: 

Quartz 
K-Jarosite: 

Quartz 

Ratio  1:1  1:1   1:199 1:399  

Units % % % % 

Quartz 63.85 74 99.673 99.75 

Kaolinite-1A (Al2Si2O5(OH)4) 12.05 4.15 - - 

Muscovite-2M1 
(KAl2(Si3Al)O10(OH,F)2) 

7.15 12.9 - - 

Haematite (Fe1.98H0.06O3) 5.25 2.45 - - 

Goethite (Fe(III)O(OH)) 0.8 1.75 - - 

Jarosite, synthetic 
(K0.87(H3O)0.13Fe2.6(SO4)2(OH)6) 

- - - 0.25 

Marcasite (FeS2) - - 0.327 - 

Alunite - 2.7 - - 

Pyrite (FeS2) 1.7 - - - 

Magnetite - 0.3 - - 

Amorphous 9 1.5 - - 
 

 Acid Base Accounting 4.1.4.

General acid base accounting tests conducted on the four composite samples are 

presented in Table 13. Composite XRF sulfur was calculated using the XRF sulfur 

percentage from each of the pure materials based upon their proportion of quartz 

sand, and assuming the XRF sulfur of quartz sand was zero (not actually tested). The 

LECO sulfur value was used in the calculation of MPA.  
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Table 13: Static geochemical results for composite samples. 

Method Units MCS ALU JAR PYT 

Paste pH AMIRA pH 2.55 6.44 5.22 6.91 

Paste EC (µS/cm) AMIRA µS/cm 3820 424 709 284 

pHOX (NAG pH) AN216 - 2.3 6.4 5.2 3.2 

ECOX (NAG Conductivity) AN216 µS/cm 2500 45 50 290 

NAG as kg H2SO4/tonne to pH 4.5 AN216 kg H2SO4/tonne 35 <0.5 <0.5 3.2 

NAG as kg H2SO4/tonne to pH 7 AN216 kg H2SO4/tonne 41 <0.5 0.8 4 

Acid Neutralising Capacity 
AN214 % CaCO3 <0.1 0.4 0.1 0.2 

AN214 kg H2SO4/tonne <1 3.6 1.2 2.4 

Total Sulfur by XRF XRF78S % 1.65 0.6 0.033 0.11 

LECO Total Organic Carbon AN203 % 1.8 0.03 <0.02 <0.02 

LECO Sulfur AN202 % 1.6 0.53 0.008 0.12 

Maximum Potential Acidity (MPA) AN202 kg H2SO4/tonne 49 16.2 0.245 3.67 

Standard NAPP AN215 kg H2SO4/tonne 48 12.6 -0.955 1.2 

Chromium Reducible Sulfur (SCR) AN217 % 0.98 <0.005 <0.005 0.12 

Non-Sulfide Sulfur (LECO S-SCR) AN217 % 0.62 0.53 0.008 - 

MPAA – Sulfide Sourced (SCR)1 - kg H2SO4/tonne 30.0 - - 3.67 

MPAB – Sulfate Sourced2 (LECO S –SCR)1 - kg H2SO4/tonne 14.2 12.1 0.183 - 

Total Acid Potential (MPAA + MPAB) - kg H2SO4/tonne 44.2 12.1 0.183 3.67 

Revised NAPP - kg H2SO4/tonne 44 8.5 -1.02 1.2 
1 = Values less than detection limit treated as zero. 
2 = Assumes that all non-sulfide minerals are present as alunite/jarosite type 
minerals. MPAB is calculated by multiplying sulfate % by 22.9 (stoichiometry of 
acid generating reaction).  

4.1.4.1. PYT Summary 

The neutral paste pH of the PYT composite was surprising, given the known 

presence of acid generating marcasite in the sample from XRD and the acidic pH 

seen in leaches from this material in later kinetic test work. The hypothesised cause 

for this neutral paste pH results was the particular material handling techniques 

employed in the preparation of the PYT composite material. More specifically, 

during crushing and milling, the acid generating marcasite was in water-limited 

conditions, and was at no point exposed to water given that it was locked up in a hard 

concretion before milling and stored in an air-and-moisture tight container 

immediately afterwards. When the marcasite was added to oven-dried sand to form 

the PYT material, the water-limited conditions continued. The paste pH test was 

conducted shortly after the PYT material composition, and enforced water-saturated 
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but oxygen limited conditions on the sample. This rapid transition from water-limited 

to oxygen-limited conditions was likely to have precluded the oxidation of marcasite 

in this sample and caused the neutral paste pH observed. The acidic PYT pHOX of 3.2 

showed that there were indeed sulfides available for oxidation and acid generation in 

this material that were not seen in the paste pH test. An alternative reason for this 

neutral paste pH is the presence of ANC in the sample able to buffer acidity. While 

ANC was measured and found to be equivalent to 65% of the MPA, the confidence 

in this value is not high given that there are no known minerals in this chemically 

simple column able to contribute ANC, indeed the only two minerals found in the 

sample from XRD analysis were quartz and marcasite (Table 12). Quartz should not 

contribute to the neutralising capacity because its dissolution does not result in the 

consumption of acidity (Weber et al. 2005). Regardless, the neutral paste pH result 

was not emulated at any stage of the kinetic experiments reported later in this thesis, 

therefore the significance of this neutral paste pH and the measured ANC is 

considered to be low. 

All sulfur in the sample was present in sulfide form as shown by SCR being equal to 

LECO S. LECO total organic carbon content (LECO C) was below the detection 

limit of 0.02% as expected from the chemically simple sample composition. The 

NAPP of the sample was calculated to be 1.2 kg H2SO4/tonne, which in conjunction 

with a NAGpH < 4.5 resulted in the classification of this material as PAF-low 

capacity in the sample classification plot in Figure 37. 

4.1.4.2. MCS Summary 

The paste pH of 2.55 for the MCS was very acidic as expected, and an even more 

acidic pHOX of 2.3 was recorded (Table 13), indicating the presence of oxidisable 

sulfides in the sample. The recorded pyrite content from XRD analysis (Table 11) 

agrees with this result. This assertion was further reinforced by the SCR result which 

indicated that 61% of the available sulfur was present in sulfide form, with the other 

39% of sulfur presenting as some form of sulfate. This SCR result confirms the 

assumption that the iron sulfide pyrite was present in the sample and thus informs 

later interpretation of geochemical results. The paste EC for this sample was also 

very high, indicating the significant presence of salts within the sample. No 

measurable ANC was recorded for this material, as was expected from the highly 

acidic paste pH. Given that the exact mineralogy of the non-sulfide portion of the 
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sample is unknown, the standard MPA value was considered more appropriate for 

the calculation of NAPP, i.e. it was assumed that the entire sulfur content was due to 

the presence of sulfides. Therefore the NAPP was 48 kg H2SO4/tonne and resulted in 

a sample classification of PAF (Figure 37). The MCS composite was the only sample 

with elevated carbon content, which is in agreement with other characterisation 

studies of this material (EGI 2012).  

4.1.4.3. JAR Summary 

The JAR composite had a more mild paste pH of 5.22, with all sulfur in the sample 

being present in the non-sulfide form as already known from the simple synthetic 

composition of this sample. The pHOX test resulted in the same pH of 5.2 being 

recorded, further confirming the lack of oxidisable minerals in the sample. This 

result was again backed up by the SCR value less than the detection limit. Like the 

PYT sample, the JAR sample did have some minor ANC of 1.2 kg H2SO4/tonne that 

must have come from the quartz mineral itself.  

Given the complete lack of sulfides in the sample, the revised NAPP value using 

sulfate-sourced potential acidity of -1 kg H2SO4/tonne was used for sample 

classification, and resulted in a non-acid forming sample classification (Figure 37). 

4.1.4.4. ALU Summary 

The ALU composite returned rather neutral paste pH and pHOX test results of 6.44 

and 6.4 respectively, confirming the lack of oxidisable minerals in the sample. The 

SCR below the detection limit supports this assertion. XRD analysis found that alunite 

was indeed present in the sample at 5.4% of the mass content (Table 11). A 

subsidiary paste pH test conducted on the natural alunitic BIF rock with no quartz 

sand added returned a slightly more acidic paste pH result of 5.98. Simple dilution of 

the alunitic BIF sample with quartz sand to the extent conducted in this project 

should not significantly alter pH due to the solubility-limited dissolution of alunite. 

The dilution of sulfur content from 1.06% to 0.53% in the natural and composite 

samples respectively should still constitute a very significant amount of alunite 

available for dissolution. 

The ALU composite had the highest ANC of all samples tested, however it was still 

classified as a net acid generating material due to its positive revised NAPP result of 

12.1 kg H2SO4/tonne (Table 13). The positive NAPP in conjunction with the neutral 
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NAGpH of 6.44 resulted in the ALU material being classified as having an uncertain 

acid-forming propensity (Figure 37). The positive NAPP result was at odds with the 

neutral paste pH’s recorded in static acid base accounting tests and the more detailed 

column leach experiment detailed in the following section. 

 

Figure 37: Characterisation plot of sample acid forming capacity. 

4.2. Long-Term Column Experiment 

The below sections detail the results returned from the long-term kinetic column 

leach experiment. 

 Marcasite – Quartz Columns (PYT) 4.2.1.

Normal column operation ceased on week 11, with the twelfth week consisting of a 

large flush event. During column commissioning, a total of 3L of water was run 

through each of the four PYT columns to flush any soluble salts that may have been 

present. This initial flush was not tested apart from ensuring that drainage pH was 

above 5 and EC was below 500 µS/cm, indicating that all readily soluble minerals 

had been removed from the system. The three designed water application rates for 

the columns were able to produce the specific drainage volumes desired in the 

experimental design. The ability to achieve and replicate these drainage volumes 

improved with each weekly iteration. In week 11, the wrong volume of water was 

accidentally applied to PYT3. The higher PYT4 drainage rate was actually applied to 

the PYT3 column in this week, which resulted in the largest acidity load that any 
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PYT column had yet generated (see Figure 41). A SEM image of the PYT composite 

with a close-up of the marcasite grains is presented in Figure 38. 

 
Figure 38: Scanning electron microscope image of material from PYT1 column with 

a close-up of three marcasite grains on the right. 

4.2.1.1. Solute Load and pH trends 

Water quality data for the PYT columns is presented in Figure 39. The PYT columns 

produced drainage of acidic pH from the very first week to the end of the experiment 

ranging from pH 2.3-3.3. Solute loads for all major and trace elements except Fe and 

SO4 decreased over the experiment duration, with the majority of the net solute 

loading apart from these two minerals complete by week 5. It is important to note 

that the plots in Figure 39 are produced in units of mg/kg/week, therefore loads for 

the PYT3 column are generally spread over 2 weeks, resulting in the significantly 

lower loads for each discrete leach event (with the exceptions of week 1 and week 

12). 

A very clear peak and then downward trend in Fe load exists for the weekly leached 

columns, with the peak occurring at around week 5 (Figure 39). The subsequent 

decline in Fe load was most likely caused from the reaction of a significant portion of 

the available marcasite. Many of the finer sulfide grains were likely to have 

completely reacted throughout the experiment given that a significant portion of 

sample sulfur content was collected in drainage waters over the experiment duration 

(see Table 16 and discussion later in this section), meaning that only larger sulfide 

grains were still available for reaction. These larger grains may only react at their 

external particle surface, and therefore the effective surface area available for 

reaction will decrease as the more readily reactable sulfide grains are oxidised.  

A slightly different trend was evidenced for the fortnightly leached PYT3 column, 

with a lower level of Fe loading that was observed to plateau after week 7 up to week 
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12. This plateaued trend was directly caused by the decreased leaching frequency of 

the PYT3 column, and it would be anticipated that Fe loading would peak and then 

decrease eventually if the experiment were run for a longer period. All columns 

showed a sharp rise in Fe load during the final leach event, which was most notable 

for PYT1. 

The trend in SO4 load for the weekly leached columns was different to all other 

chemical species in Figure 39, and showed that each column had a peak level of SO4 

loading at different times according to their applied water volume. The SO4 loading 

trend exhibited the earliest peak in column PYT4 in week 2, then for PYT2 in week 5 

and week 6 for PYT1. 

Analysis of the correlation between various leachate parameters is presented in Table 

14. The correlation analysis presented in Table 14 compares data produced from all 

PYT columns over the entire experimental duration. Correlation coefficients above 

0.9 (and below -0.9) are highlighted and were considered statistically significant. A 

negative correlation coefficient indicates an inverse relationship (one variable is high 

while the other is low and vice versa). It can be seen that very good positive 

correlations exist between many of the comparative pairs assessed. Many of the 

metals correlated very well with each other (Al, Cr, Mn, Ni and Zn) and produced 

multiple statistically significant correlation coefficients. Two statistically significant 

negatively correlated pairs also existed, being Mn-K and Zn-K. 

Interestingly, Fe and SO4 did not produce a statistically significant correlation 

coefficient in Table 14. Fe and SO4 were very active chemical species in all leachates 

and their concentrations significantly elevated throughout the experiment (Figure 

39), however the lack of a correlation between them means that either Fe or SO4 

were not leaching stoichiometrically (with respect to their proportionate content in 

marcasite). The lack of a correlation between any analyte and pH is not significant 

given that the pH range of the experiment varied minimally whilst the concentrations 

varied significantly.  
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Figure 39: Trends in pH and loading of Al, Fe and various major cations and anions 

for PYT columns. 
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Table 14: Correlation matrix of chemical species in PYT leachates. 

Element pH EC Ca Mg Na K Cl SO4 Al Cr Fe Mn Ni Si Zn 

pH 1 -0.41 0.67 0.61 0.61 0.66 0.59 -0.03 0.39 -0.81 -0.64 -0.78 -0.84 0.53 -0.79 

EC - 1 0.16 0.21 0.22 -0.11 0.25 0.82 0.37 0.98 0.86 0.99 1 0.31 0.93 

Ca - - 1 0.98 0.96 0.75 0.97 0.57 0.88 0.54 -0.17 0.65 0.65 0.95 0.89 

Mg - - - 1 0.96 0.66 0.97 0.59 0.95 0.70 -0.09 0.76 0.78 0.97 0.92 

Na - - - - 1 0.70 0.97 0.58 0.90 1 -0.07 0.96 0.99 0.96 0.84 

K - - - - - 1 0.70 0.26 0.45 -0.84 -0.39 -0.93 -0.88 0.70 -0.92 

Cl - - - - - - 1 0.65 0.91 0.90 -0.04 0.90 0.94 0.97 0.92 

SO4 - - - - - - - 1 0.67 0.95 0.62 0.92 0.96 0.67 0.85 

Al - - - - - - - - 1 0.98 0.16 0.98 1 0.94 0.92 

Cr - - - - - - - - - 1 1 0.98 0.99 0.81 0.85 

Fe - - - - - - - - - - 1 0.98 0.99 0.04 0.84 

Mn - - - - - - - - - - - 1 0.99 0.87 0.92 

Ni - - - - - - - - - - - - 1 0.89 0.91 

Si - - - - - - - - - - - - - 1 0.98 

Zn - - - - - - - - - - - - - - 1 

A Mann-Kendall test was conducted for all analytes from each individual column. 

This non-parametric test is a simple test for whether values tend to increase or 

decrease with a factor T, which in this case represents time. For all chemical species 

assessed from the four PYT columns, the only statistically significant trends 

identified were decreasing concentrations over time (Table 15). The decreasing 

trends in Al, Ca, Cl, Mg and were consistent across all four columns, while trends 

were realised for all but PYT3 for Na and Si; and PYT1 for SO4. The lack of a 

decreasing SO4 trend in PYT1 is very likely due to that fact that this column was 

leached at the lowest rate and had oxidised a lower proportion of FeS2 in the sample 

(see Table 16). 

The portion of individual elements leached throughout the 12-week experiment 

based upon calculated solute loads and acid digestion and LECO S results is 

presented in Table 16. Only minor portions (<3%) of total Al, Fe, K, Mg and Na 

were leached, indicating that the majority of these elements were present in a 

relatively insoluble form. A more significant portion of total calcium (16-25%) was 

leached. However the most notable result from Table 16 was the high portion of total 

sulfur leached ranging from 19-31%. Interestingly, the two columns leached at the 

highest rate (PYT2 & PYT4) had the same and greatest portion of sulfur oxidised at 

31%. This result is very significant because it indicates that the higher water 

application rates were reacting and transporting a greater portion of sulfidic minerals. 
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The next highest leached sulfur content of 24% was for the PYT1 column, which had 

the next lowest volume of water applied over the experiment duration. Meanwhile 

the PYT3 column with the lowest volume of applied water over the experiment 

duration and leached the lowest portion of sulfur at 19% of total sulfur. From these 

results, it is clear that the portion of sulfidic materials that oxidise and present in 

leachate waters is directly correlated to the volume of water applied.  

Table 15: PYT statistically significant results from Mann-Kendall trend test. 

Element PYT1 PYT2 PYT3 PYT4 

pH - - - - 
Ca decreasing decreasing decreasing decreasing 
Mg decreasing decreasing decreasing decreasing 
Na decreasing decreasing - decreasing 
K - - - - 
Cl decreasing decreasing decreasing decreasing 

Alkalinity - - - - 
SO4 - decreasing decreasing decreasing 
Al decreasing decreasing decreasing decreasing 
As - - - - 
Ba - - - - 
Cr - - - - 
Cu - - - - 
Fe - - - - 
Mn - - - - 
Ni - - - - 
Pb - - - - 
Se - - - - 
Si decreasing decreasing - decreasing 
Zn - - - - 

Table 16: Percentage of each element leached upon PYT column decommissioning 
(after 12 weeks of leaching) based upon measured element loading and acid 

digestion concentrations and LECO S. 

Column Al Ca Fe K Mg Na S 

PYT1 0.32% 16% 1.6% 0.00% 2% 0.6% 24% 

PYT2 0.35% 24% 1.6% 0.01% 3% 0.6% 31% 

PYT3 0.30% 22% 0.9% 0.00% 3% 0.5% 19% 

PYT4 0.34% 25% 1.5% 0.02% 3% 0.7% 31% 

4.2.1.2. Sulfate and Acidity Load 

Throughout the 12 week leach experiment, the concentration of SO4 and acidity was 

generally higher for the columns where a lower volume of water was applied, 

indicating that dilution was causing a decrease in concentrations to some extent for 

the columns leached at a higher rate (Figure 40a and Figure 40b). However, the 

cumulative load of both SO4 and acidity was consistently greater for the higher 

leaching rates as can be seen in Figure 40c and Figure 40d. There was not a 

significant difference in SO4 and acidity load between PYT2 and PYT4 at 

experiment completion. This result indicates that while solute dilution with greater 
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applied volume does act to decrease the discrete concentration of SO4 and acidity 

during each leach event, the greater volume of applied water consistently resulted in 

a greater solute load.  

An alternative presentation of this relationship of cumulative SO4 and acidity load 

against extracted pore volume is presented in Figure 40e and Figure 40f. These two 

figures show that large variances in SO4 and acidity loading existed at the highest 

and lowest water application rates, with PYT1 being the most concentrated (higher 

load per volume in Figure 40e and Figure 40f). Figure 40g and Figure 40h show the 

same loading variables but instead plotted against cumulative applied volume. The 

relationship between SO4 load and applied volumes in Figure 40g is remarkably 

clear, and simply shows that there is a very strong positive correlation between 

applied volume and SO4 loading. 

The cumulative load of acidity and SO4 was noticeably lower for the fortnightly 

leached PYT3 column when compared to the other three columns. Comparing the 

cumulative SO4 and acidity load trends of the PYT2 and PYT3 (with broadly equal 

applied volumes) columns yields an intriguing insight into the influence that the 

frequency of water application can have on measured loads. Over the duration of the 

experiment there were seven leach events for the PYT3 column and 12 for the PYT2 

column. The SO4 and acidity loads generated from each leach event in terms of both 

applied and extracted volumes for PYT3 were comparable to those recorded for 

PYT2 (Figure 41a-d), with the obvious exception of the final week flush event. This 

lack of a significant increase in loading for the PYT3 column indicates that the 

majority of acidity is being generated in the first week of each fortnight. 

SO4 and acidity loads were generally lowest for PYT1 and highest for PYT4. The 

four highest PYT4 discrete SO4 loads above the majority of the other results were 

from the first 4 weeks of this columns’ operation, indicating that the oxidation of 

marcasite was most prolific in these initial weeks of column operation and thereafter 

decreased substantially as can also be seen by the SO4 concentration trend in Figure 

40a. The single lowest acidity load realised in drainage for each column were 

achieved in the first week of column operation (Figure 41b & Figure 41d). While 

these acidity loads were notably lower than for the subsequent weeks in the 

experiment, this trend was not seen to the same extent in the first week of discrete 

realised SO4 loads (Figure 41a & Figure 41c). 
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a) b)

c) d)

e) f)

g) h)  

Figure 40: SO4 and hot acidity concentration and cumulative load against cumulative 
extracted and applied pore volume and time for PYT columns.  
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a) b)

c) d)  

Figure 41: Realised SO4 and acidity load per leach event against discrete extracted 
and applied volume. Accidental high PYT3 water application result indicated in 

acidity plot. 

Plots of titrated acidity to three endpoints, (pH 4, 5.5 and 8.3) for the four PYT 

columns over time are presented in Figure 42. This type of plotting is designed to 

identify in which pH zone the generated acidity lies. For all samples, the majority of 

acidity was located below pH 4. The four samples that had no acidity less than pH 4 

in Figure 42 were titrated incorrectly by missing the specified pH 4 endpoint with 

excessive NaOH addition. The relative composition of the different acidity ranges 

was observed to remain constant throughout the experiment for all columns.  

PYT3 wk 11 
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Figure 42: Trend in speciated acidity for PYT columns. The four samples with no 
acidity to pH 4 value were not titrated accurately to this lower endpoint and thus not 
specified in this analysis. The final pH 8.3 titration endpoint was always reported and 

is depicted above. Note lower concentrations in final week flush event. 

SO4 and acidity loading per applied and extracted litre is detailed in Table 17 for 

column operation up to and including week 11. Results in this table show that 

reducing average applied volume by 28% and average extracted volume by 43% 

from PYT2 to PYT1 resulted in a 27% decrease in SO4 load and a 14% decrease in 

acidity load. While increasing applied volumes (by 19%) and extracted volumes (by 

47%) from PYT2 to PYT4 resulted in only a minor increase in SO4 load of 5%, and 

in fact a decrease in acidity load of 1%. The similarity in cumulative load between 

the PYT2 and PYT4 columns shows that increasing applied and extracted water 

volumes above the PYT2 level does not result in a significant associated increase in 

loading, possibly representing a maximum loading rate that is investigated further in 

section 4.3. 

Variation of leach event frequency from weekly (PYT2) to fortnightly (PYT3) 

resulted in a 41% decrease in SO4 load and a 42% decrease in acidity load. This 

result simply infers sulfide oxidation is limited by water availability, because if it 

were otherwise and both columns were oxidising consistently over their respective 

Lower concentration due to wrong 
application rate in week 11 
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drying periods then cumulative loading would be constant. In fact, the very 

significant variation in leach event frequency also caused the total applied and 

extracted volumes to be far lower (46% and 38% respectively) for the PYT3 column 

when compared to PYT2. The cumulative extracted volume of PYT1 is only 8% 

lower than that of PYT3, however PYT1 had a 25% higher applied volume. The fact 

that PYT1 had a 20% higher SO4 load and a 32% higher acidity load signals that 

generated acidity and SO4 loads are more dependent on water application volume 

than extracted volumes, hence indicating that there are very direct benefits to SAR 

cover installation designed to decrease water percolation to wastes. 

The acidity and SO4 loads per applied litre for PYT3 were higher than all other 

columns, indicating greater concentration of solutes within the extracted pore 

volume. For the other columns, loading per applied and extracted volume decreased 

with increasing applied volume (PYT1>PYT2>PYT4). Loading per extracted litre 

for the PYT3 column was marginally below that of PYT2 for both acidity and SO4, 

even though column residence time was twice as long for PYT3.  

Table 17: SO4 and acidity loading for PYT columns against applied and extracted 
water volumes. Total applied and cumulative loadings are from week 1-11. 

Column 

Applied Water Extracted Water 

Frequency 

Total 
Cumulative 

Load 

Comparison 

to PYT2 

Load per 
Applied 

Litre 

Load per 
Extracted 

Litre 

Average 

Volume 

Total 

Volume 

Average 

Volume 

Total 

Volume 
SO4 Loading 

Units mL mL mL mL - mg SO4/kg - mg SO4/L mg SO4/L 

PYT1 950 10445 374 4118 Weekly 740 0.73 425 1078 

PYT2 1323 14550 659 7249 Weekly 1014 1 418 840 

PYT3 1307 7842 743 4455 Fortnightly 594 0.59 455 800 

PYT4 1577 17347 969 10664 Weekly 1062 1.05 367 598 

Column 

Applied Water Extracted Water 

Frequency Acidity Loading Average 
Volume 

Total 
Volume 

Average 
Volume 

Total 
Volume 

Units mL mL mL mL - mg CaCO3/kg - mg CaCO3/L mg CaCO3/L 

PYT1 950 10445 374 4118 Weekly 742 0.86 426 1080 

PYT2 1323 14550 659 7249 Weekly 867 1 358 718 

PYT3 1307 7842 743 4455 Fortnightly 501 0.58 383 675 

PYT4 1577 17347 969 10664 Weekly 855 0.99 296 481 

 

SO4 release varied significantly over time for each column and Table 18 shows 

average SO4 release rates for two distinct time periods, weeks 0-3 (period 1) and 
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weeks 4-12 (period 2). It is interesting to note that the sulfur load is higher in period 

2 for PYT1 while higher for the other three columns in period 1, most significantly 

for PYT4. When expressed in terms of sulfur half-life based upon average SO4 load 

over the experiment in Table 18, it is readily apparent that reducing applied water 

volume serves to merely slow the rate of acid generation, with PYT1 and PYT3 

having the longest half-lives in either period. This longer half-life effectively spreads 

the oxidation reaction over a longer time period.  

Table 18: Average loading of sulfur for PYT columns with calculated half-lives 
based upon material composition and loading rates for specific periods. 

Column 
Average 

Sulfur load 

(week 0-3) 

Average 
Sulfur load  

(week 4-12) 

Average 
Sulfur load  

(total) 

Sulfur 1/2 life  

(week 0-3) 

Sulfur 1/2 life  

(week 4-12) 

Sulfur 1/2 life  

(total) 

Units mg/kg/week mg/kg/week mg/kg/week weeks weeks weeks 

PYT1 19 25 24 44 32 35 

PYT2 31 30 30 27 27 27 

PYT3 21 18 19 39 45 43 

PYT4 43 28 31 19 30 26 

4.2.1.3. Large Flush Event 

The high volume flush event was conducted to investigate whether a significant 

portion of marcasite oxidation products were present in the sample as secondary 

sulfate minerals that were not leaching at the regular water application rates. In this 

final week, a total of 1.44 pore volumes (2,100 mL) of water were applied to each 

column, with over 1 pore volume being extracted from each column. All columns 

experienced a significant increase in acidity load, while all columns except PYT4 

also had a higher SO4 load. The significantly higher loading of SO4 and acidity for 

the other three columns produced from this high volume flush event indicated that 

there was indeed a significant portion of acid generating secondary sulfate minerals 

that was not being transported at the lower water application rates. These results 

support the hypothesis that decreasing the volume of water percolation to reactive 

wastes will decrease the overall solute and acidity load realised in drainage waters.  

The observation that SO4 loads for PYT4 did not increase like the other columns 

indicates that the oxidation process had proceeded to a greater extent in this column 

in the preceding weeks, leaving a lesser mass of FeS2 available for oxidation. 
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Table 19: Drainage SO4 and acidity load before (week 11) and after the large flush 
event (week 12). 

Column 

Extracted Volume 

(Pore Volumes) 

SO4 Load 

(mg SO4/kg/wk) 

Acidity 

(mg CaCO3/kg/wk) 

Week 11 Week 12 Week 11 Week 12 Week 11 Week 12 

PYT1 0.23 1.03 56.2 117 67.7 162 

PYT2 0.41 1.06 60.3 82.8 69.7 150 

PYT3 0.69 1.11 48.6 89.1 56 122 

PYT4 0.64 1.07 63.4 64.9 78 119 

4.2.1.4. Secondary Precipitate Formation 

Throughout the column experiment, a readily observable yellow precipitate was 

observed on the column surface for all columns as can be seen in Figure 43. The 

precipitate was observed to be more apparent during the first weeks of the 

experiment and faded considerably from view at the column surface after week 8. 

During the decommissioning of each column, this yellow precipitate was found to 

occur throughout the entire column sample, and not restricted solely to the column 

surface. The exact composition of this mineral was not tested mineralogically and 

cannot be known for certain without such analysis. However, it is a safe assumption 

that it is a secondary sulfate mineral (given the pore water composition and the 

chemical composition of host material).  

 

Figure 43: Accumulation of yellow secondary oxidation products on the surface of 
PYT2 at week 6. 

Geochemical modelling of extracted pore water using the Geochemist’s Workbench® 

was conducted to investigate what secondary minerals could be precipitating from 

the evaporation of pore waters during each 6-day drying phase. Evaporation was 

simulated in GWB via the stepwise removal of water (-999.9 grams) from an 

idealised 1,000 grams mass of water. Evaporation simulations were conducted for 

every PYT leachate composition listed in Appendix 4: Leachate Water Quality, 
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modelling from a representative sample (PYT1DEC04) is presented in Figure 44. 

Modelling of evaporation for all the PYT columns consistently showed the same 

minerals precipitating from solution, these being in typical order of occurrence K-

jarosite, schwertmannite, Na-jarosite, gypsum and amorphous silica. This result is 

consistent with modelling conducted by Dold & Fontbote (2001), where K-jarosite 

was found to precipitate at acidic pH (pH < 3) prior to schwertmannite where the K 

was still available. All minerals formed were secondary sulfates with the exception 

of amorphous silica. Gypsum is another exception being the only sulfate mineral 

present that does not play a role in acid formation and dissolution reactions.  

Geochemical modelling showed that these minerals would not redissolve into 

solution until the next leach event, with the often exception of schwertmannite, 

which had completely redissolved when almost all H2O mass had evaporated (98% 

in PYT1DEC04 simulation), i.e. when the column pores had become almost 

completely barren of moisture. In a saturated 6 kg PYT1 column with a pore volume 

of 1.46 L, the average post-extraction water content was 495 mL, or 34% saturation. 

The point at which GWB predicts that schwertmannite will be completely 

redissolved back into solution is when only 12 mL H2O remains in sample pores. 

This level of evaporation never occurred over the lifetime of the PYT columns, with 

the sole exception of the PYT3 column in the 1-2 days preceding the fortnightly 

leach events, therefore it is highly likely that schwertmannite is indeed the visible 

secondary sulfate precipitate found in all PYT columns. 

Interestingly, the pH of the solution decreased further with evaporation of pore 

waters, indicating that the H+ ions were being precipitated from solution (in 

schwertmannite and jarosites) at a slower rate than evapoconcentration was 

increasing the relative H+ concentration. Evapoconcentration of all chemical species 

was evident in the GWB simulation, especially as evaporation progressed towards 

completion. The precipitation of Ca in gypsum, Na in Na-jarosite and most 

particularly K in K-jarosite led to discrete changes in the modelled concentration of 

these elements in pore waters as can be seen in Figure 44b. The concentrations of Fe 

and SO4 became extreme at the latter extent of evaporation range simulated, although 

the regular application of water weekly or fortnightly meant that column water 

content was never low enough for these concentrations to be realised. Complete 

evaporation of isolated pore waters with extremely high Fe and SO4 concentrations 
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could have led to the formation of efflorescent salts such as melanterite, however we 

cannot be certain of this occurring in the column experiment. While modelling did 

not show that melanterite type salts were forming, this does not prohibit their 

formation given that the modelling program assumes an idealised well mixed 

solution, which evidently is not the case for dis-connected pore volumes, where 

evaporation is likely to proceed to completion in some areas. 

a) b)  

c)  
Figure 44: Geochemical modelling of PYT1DEC04 pore water evaporation with a) 

mineral formation; b) concentration of various species; and c) pH. 

The yellow colour of the observed precipitate supports the geochemical modelling 

results given that the colour of Na-jarosite and more importantly schwertmannite is 

consistent with the colour observed. This colour consistency is highlighted here for 

the specific reason of noting that the colour of melanterite is often blue, which was 

not observed to have formed in the PYT columns. 

Therefore, the mineralogy of the precipitate is likely to be predominantly 

schwertmannite, with minor Na-jarosite and K-jarosite substitution. It is important to 

consider this result in the appropriate context however. A schwertmannite dominated 

precipitate was forming from the evaporation of unextracted pore water from the 

previous weeks’ leach event. The following week would therefore have acidity 

derived from further marcasite oxidation and the dissolution of precipitated 

schwertmannite. This is an important conclusion because it potentially explains why 
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acidity and SO4 loads could increase in the initial weeks of the experiment, i.e. the 

second week of the experiment was sourcing acidity and SO4 from both sulfide 

oxidation and the dissolution of secondary sulfates precipitated in the prior week. 

 McRae Shale – Quartz Columns (MCS) 4.2.2.

The four MCS columns represent material from RTIO’s worst performing (from an 

AMD perspective) lithological unit. This PAF material is a very real AMD concern 

for dumps where it is stored, and also for the long term closure of certain mine voids 

and dumps where it has historically been mined and stored. The common geology of 

Dales Gorge iron ore deposits throughout the Pilbara, particularly with regard to the 

location of the Mount McRae shale immediately underneath the ore body means that 

this problematic material is present at multiple mining operations of various iron ore 

miners in the region. 

Previous column leach experiments with this Mount McRae shale from Tom Price 

and other Pilbara iron ore sites using the standard AMIRA column leach procedure 

have produced broadly comparable water quality to that presented in this report in 

terms of acidity, EC, SO4 and Fe concentrations.  

Surface salt accumulations as seen in Figure 45 occurred to a significant extent 

during the first six weeks of column operation. After this point, the surface 

colouration seemed to dissipate and was not present from week 11 onwards in any of 

the columns. The decreased visibility of these salts correlates well with the decreased 

concentrations of various major and trace elements in leachates in Figure 46 and 

Figure 47. The exact mineralogy of this salt is unknown, however modelling of pore 

water evaporation (see section 4.2.2.3) suggests that it may be amorphous silica. The 

white colour of silica is agreeable with this observation. 
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Figure 45: Surface salt accumulation after four days drying from MCS2. 

4.2.2.1. Solute Load and pH Trends 

All MCS columns had very similar, very acidic pH from commissioning onwards 

(Figure 46). The pH of all the columns decreased from around pH 2.5 in week 1 to 

pH 2 and marginally below from week 4 onwards (Figure 46). An associated trend in 

EC is apparent, where EC seems to rise with the decreasing pH, likely due to the 

enhanced dissolution of minerals within the sample specifically due to the lower pH. 

Loading of Al peaked for the wettest MCS4 column in week 3, while MCS2 and 

MCS3 peaked around week 7 and MCS1 did not exhibit a noticeable peak. As, Cr, 

Mn and Ni loading for all the columns followed a trend where metal loading initially 

increases weekly until circa week 6, and thereafter loading plateaued for the 

remainder of the experiment, possibly indicating the exhaustion of these heavy 

metals in their soluble form.  
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Figure 46: MCS column pH, EC, and loading of Al, As, Ca, Cd, Cl, Cr, Cu and Fe 
over the experiment period. 

Loading of the major cations Ca, Mg and Na decreased consistently in every week of 

the experiment. Cl loading in column leachates was initially very low until week 4, 

when loading began to increase from 1 mg/kg/wk to 6 mg/kg/wk in the space of the 

next 5 weeks for the MCS4 column. A similar increasing trend was evidenced in the 

MCS3 column, although this trend was largely suppressed but still evident for the 

MCS1 and MCS2 columns (Figure 46). The very substantial increasing trend in Cl is 
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interesting because it appears to be very dependent on the volume of applied water, 

although this result is of low significance especially given that no chloride bearing 

minerals were observed in XRD (Table 11). 

 

Figure 47: MCS column loading of K, Mg, Mn, Na, Ni, Se, Silica, SO4 and Zn over 
the experiment period.  

The loading of K was very low and almost always below 0.1 mg/kg/week. Cu and Se 

loading decreased consistently from week 2 onwards for all columns. The loading of 

soluble silica exhibited a similar decreasing trend, however at a suppressed relative 

rate (decreased relatively less than Cu or Se). Meanwhile the loading of Zn was 

relatively low for all columns and did not have an observable trend over the duration 

of the experiment. 
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The most significant result for this material type was found in the realised Fe and 

SO4 loads in column drainage. The loading of Fe increased from experiment 

commissioning up to around week 6 for all MCS columns and thereafter Fe loading 

stabilised somewhat. The extent of Fe loading was very high, ranging from 35-805 

mg/kg/wk over the entire experiment duration. Analysis of the trend in SO4 load is 

presented in section 4.2.2.2 and represents the most intriguing result from this entire 

thesis. It should be noted here that both Fe and SO4 concentrations increase in similar 

fashion as would be expected given the elemental composition of the predicted acid 

forming mineral (pyrite, FeS2). 

A matrix of correlation coefficients of leachate water quality parameters is presented 

in Table 20, where coefficients greater than |0.9| were considered statistically 

significant. Important statistically significant results from this assessment were the 

associations between the heavy metals As, Fe, Cr, Mn and Ni. As in particular had a 

close association with both Fe and SO4 in all leachate data. As was the only element 

to be linked in a statistically significant fashion to SO4, and as such it is likely that 

As is present to some degree in the mineral structure of the pyrite that is causing the 

acidification of MCS leachates. Fe was correlated with the metals As, Cr and Ni to a 

statistically significant extent, while the correlation coefficient between Fe and Mn 

was almost significant at 0.87. The association between these auxiliary heavy metals 

and Fe gives an indication that they may also be present in the acid forming iron 

sulfide pyrite mineral generating the acidity realised in these experiments. It is worth 

noting that the association between Fe and SO4 was just shy of being statistically 

significant with a correlation coefficient of 0.88, suggesting a relationship between 

these two variables exists.  

Mann-Kendall trend analysis for each of the MCS columns found that most of the 

statistically significant trends were decreasing, with the exception of Cl (all 

columns), SO4 (MCS1 and MCS3), and As (MCS1 and MCS3), Cr (MCS3) and Fe 

(MCS1). The statistically significant increasing As trend of MCS1 & MCS3 is very 

interesting when compared to the trends from the other columns as displayed in 

Figure 46. All columns had an initial increasing trend in As loading; however this 

trend reversed at week 6 for MCS2 and MCS4. Figure 48 represents the cumulative 

loading of As for the four MCS columns against applied and extracted water volume 

and clearly shows a very significant correlation between applied water volume and 
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cumulative As load for the weekly leached columns. The fortnightly leached MCS3 

column however delivered a very different trend (Figure 48b), and in fact reported a 

24% higher cumulative As load over the experiment duration than the MCS2 column 

despite the applied water volume being 44% less for the MCS3 column. This result 

exemplifies the difficulties faced in predicting leachate water quality and 

investigating the impact waste dump hydrology may have on leachate quality, 

because the consistently higher As load returned from the MCS3 column is at odds 

with the apparently strong trend observed for the other three columns. The reason for 

the higher than expected relative loading of As in MCS3 is unknown and is 

particularly interesting given that the acidity and SO4 loading of MCS2 is 17% and 

11% greater than for MCS3 (Table 23). 

Table 20: Correlation matrix of chemical species in MCS leachate. 

Element pH EC Ca Mg Na K Cl SO4 Al As Ba Cr Cu Fe Mn Ni Pb Se Si Zn 

pH 1 -0.76 0.47 -0.03 0.59 0.00 -0.30 -0.63 -0.24 -0.64 -0.12 -0.64 0.47 -0.74 -0.59 -0.72 -0.20 -0.17 0.10 -0.25 

EC - 1 -0.31 0.36 -0.35 0.06 0.20 0.79 0.63 0.84 0.11 0.90 -0.22 0.95 0.90 0.94 0.31 0.38 0.20 0.40 

Ca - - 1 0.73 0.76 0.21 -0.79 -0.60 0.45 -0.50 -0.05 -0.21 0.95 -0.33 0.07 -0.12 -0.14 0.67 0.66 0.50 

Mg - - - 1 0.52 0.27 -0.67 -0.01 0.91 0.13 0.07 0.46 0.76 0.34 0.65 0.52 0.09 0.84 0.75 0.73 

Na - - - - 1 0.44 -0.66 -0.52 0.32 -0.41 -0.09 -0.22 0.74 -0.37 -0.08 -0.25 -0.21 0.40 0.54 0.31 

K - - - - - 1 -0.29 -0.06 0.19 -0.13 0.04 0.14 0.21 0.01 0.09 0.09 -0.02 0.25 0.52 0.31 

Cl - - - - - - 1 0.40 -0.46 0.33 -0.01 0.05 -0.75 0.16 -0.10 -0.01 0.11 -0.65 -0.56 -0.55 

SO4 - - - - - - - 1 0.29 0.90 0.21 0.79 -0.51 0.88 0.61 0.72 0.42 -0.08 -0.23 0.06 

Al - - - - - - - - 1 0.44 0.06 0.71 0.50 0.61 0.82 0.73 0.15 0.75 0.60 0.63 

As - - - - - - - - - 1 0.13 0.81 -0.43 0.91 0.72 0.78 0.38 0.07 -0.18 0.15 

Ba - - - - - - - - - - 1 0.29 0.03 0.19 0.13 0.31 0.83 0.02 0.06 0.16 

Cr - - - - - - - - - - - 1 -0.14 0.91 0.86 0.92 0.47 0.35 0.23 0.38 

Cu - - - - - - - - - - - - 1 -0.26 0.14 -0.04 -0.07 0.66 0.72 0.52 

Fe - - - - - - - - - - - - - 1 0.87 0.93 0.37 0.31 0.03 0.36 

Mn - - - - - - - - - - - - - - 1 0.94 0.36 0.65 0.42 0.61 

Ni - - - - - - - - - - - - - - - 1 0.47 0.53 0.28 0.54 

Pb - - - - - - - - - - - - - - - - 1 0.07 0.03 0.20 

Se - - - - - - - - - - - - - - - - - 1 0.69 0.75 

Si - - - - - - - - - - - - - - - - - - 1 0.60 

Zn - - - - - - - - - - - - - - - - - - - 1 
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Table 21: MCS statistically significant results from Mann-Kendall trend test. 

Element MCS1 MCS2 MCS3 MCS4 

pH - - - - 
Ca decreasing decreasing decreasing decreasing 
Mg decreasing decreasing - decreasing 
Na decreasing decreasing - decreasing 
K - decreasing - - 
Cl increasing increasing increasing increasing 

Alkalinity - - - - 
SO4 increasing - increasing - 
Al - - - decreasing 
As increasing - increasing - 
Ba - - - - 
Cr - - increasing - 
Cu decreasing decreasing decreasing decreasing 
Fe increasing - - - 
Mn - - - - 
Ni - - - - 
Pb - - - - 
Se - decreasing - decreasing 
Si decreasing decreasing - decreasing 
Zn - - - - 

 

 

a) b)  

Figure 48: Cumulative As loading for the MCS columns. 

The percentage of each element leached during the column experiment is presented 

in Table 22. The MCS composition used is the same as defined by acid digest in 

Table 10, with the exception of the sulfur content, where the LECO sulfur result 

(1.6% S) was used. The most heavily leached element is clearly sulfur, and is due to 

the oxidation of the iron sulfide pyrite and dissolution of any secondary sulfates 

within the sample. Significant portions (>5%) of Cu, Fe and Ni were also leached in 

this experiment, while Al, As, Cr, Mn, Se, and Zn were leached to a lesser 

proportionate extent. 
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Table 22: Percentage of each element leached upon MCS column decommissioning 
based upon measured element loading and acid digestion concentrations & LECO S. 

Column Al As Cr Cu Fe Mn Ni S Se Zn 

MCS1 0.23% 2.6% 0.13% 7.8% 5.2% 3.5% 7.7% 17% 1.8% 1.6% 

MCS2 0.29% 3.4% 0.17% 9.4% 6.5% 4.3% 9.9% 23% 2.2% 2% 

MCS3 0.25% 4.2% 0.13% 7.2% 6% 3.7% 7.9% 20% 1.8% 1.5% 

MCS4 0.22% 4.8% 0.16% 12% 8.2% 5.4% 12% 30% 2.7% 2.5% 

4.2.2.2. Sulfate and Acidity Load 

SO4 release rate (mg/kg/week) is used here as a proxy for sulfide oxidation rate 

because it was not possible to directly measure oxygen consumption for these 

experiments. It is known that the sulfidic mineral pyrite exists in the MCS sample 

from XRD testwork (Table 11) and also given the large portion of chromium 

reducible sulfur in the sample (Table 13). It is likely that significant masses of 

secondary sulfate minerals exist in conjunction with pyrite in the MCS composite 

derived from prior pyrite oxidation given that non-sulfide sulfur was 0.62% S (Table 

13). Interpretation of SO4 loading from the MCS should therefore take into account 

the possibility that both sulfides and sulfate-bearing minerals are responsible for the 

reported SO4 concentrations. 

Acidity concentrations increased with each subsequent leach event up until week 6 

for MCS2 and MCS4, and week 7 for MCS1 and MCS3 where a lesser volume of 

water was applied possibly causing the delay in concentration peak (Figure 49b).  

Comparison of cumulative SO4 and acidity loads against both extracted and applied 

volumes (Figure 49e-h) shows that a much stronger relationship exists between 

applied volume and loading than between extracted volume and loading. The weekly 

leached columns have a very consistent trend of acidity and SO4 load per applied 

litre in Figure 49g & Figure 49h, while the fortnightly leached MCS3 was noted to 

have more concentrated loading per leach event and therefore had a higher rate of 

acidity and SO4 load per applied pore volume. Columns MCS1 and MCS3 had 

comparable cumulative extracted volumes for the duration of the experiment but 

varying frequencies of water application, yet the trends in cumulative acidity load 

was remarkably similar between these two columns (Figure 49f). A similar trend was 

evidenced for SO4 loading, however MCS3 loading was marginally higher than 

MCS1 over the experimental period, despite a lesser volume of water being applied 

to MCS3. It was also intriguing to note that the highest SO4 concentration for the 
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entire period occurred for MCS3 in the final week of the experiment, and this very 

likely attributed to the statistically significant increasing trend in the Mann Kendall 

test outlined in Table 21. Analysis of discrete SO4 and acidity loads per leach event 

in terms of applied and extracted pore volumes in Figure 50 shows how loading 

generally increased from MCS1<MCS2<MCS4<MCS3. 

The very large increase in MCS4 SO4 concentration exhibited in week 4 of Figure 

49a was initially thought to be a result of laboratory error because previous three 

weeks ranged from 1200-2100 mg/L. Immediate re-testing of this sample confirmed 

that the high SO4 concentration returned, while being a very large deviation from the 

concentrations observed for the other columns in week 4 and previous weeks of the 

MCS4 column, was correct at 8,200 mg/L. The next week of water quality results 

confirm this high reading, with the other three columns also reporting spikes in SO4 

concentrations to greater than 8,000 mg/L, while the MCS4 concentration had 

increased to 8,500 mg/L. Analysis of leachate chemistry found that a similar but less 

extreme spike in Fe load was observed around the same period for all the MCS 

columns. The intriguing aspect of this result is the fact that a sharp increase in SO4 

concentration was observed in the MCS4 column one week before the same variation 

was noticed in the other columns leached at a lower rate. The extremely abrupt 

nature of this variation in SO4 concentration is very peculiar and warranted further 

investigation. The fact that MCS4 showed the variation a week earlier than the other 

columns indicates that potential inadvertent variations in environmental variables 

such as temperature can be eliminated as the cause, given that their impact would 

have been visible for all columns if that were the case. Eliminating environmental 

variables from consideration means that the variation in SO4 concentration was either 

transport-related or geochemically controlled. Intriguingly, there is not a 

corresponding spike in net acidity load, which supports the theory that some 

geochemical control is responsible for this spike in SO4 load. The lack of an 

associated spike in acidity load means that the spike in SO4 is independent of the rate 

of oxidation, given that an increased rate of oxidation should act to increase 

concentrations of both acidity and SO4 in drainage. 
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a) b)

c) d)

e)  f)

g) h)  

Figure 49: SO4 and hot acidity concentration and cumulative load against cumulative 
extracted and applied pore volumes and time for MCS columns.  
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a) b)

c) d)  
Figure 50: Realised SO4 and acidity load per leach event against discrete extracted 

and applied pore volumes for MCS columns. 

Geochemical modelling of leachate water quality for all MCS columns in the pre-

spike and post-spike leach events did not yield a potential cause for the spike. 

Analysis of mineral saturation and evaporation scenarios run in GWB found that no 

minerals were immediately super-saturated, and that the same minerals were 

precipitating during the 6-day inter-leach drying period both before and after the 

spikes occurred. This result leads to the conclusion that the SO4 concentration spike 

may have been caused by some transport-related phenomena, however the 

confidence in this conclusion is understandably low. However, upon comparison of 

the MCS1-4 columns with previous kinetic leach column experiments conducted by 

EGI (2012) as depicted in Figure 23 and Figure 24, it became obvious that the sulfate 

spike observed was not a standout occurrence and is in fact normal for the MCS 

material under the kinetic leach column test. 

The formation of jarosites (both Na and K bearing) under evaporative conditions (see 

section 4.2.2.3) was considered as a possible site where SO4 was being ‘stored’ 

during the first 4-5 weeks of column operation, causing SO4 to not report in drainage. 

However, the low concentration of Na and K in pore waters indicates that 

precipitation of both Na-jarosite and K-jarosite would not have been able to suppress 
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the extreme SO4 concentrations measured to any significant extent, and this theory 

was dismissed. 

Plots of titrated acidity to three endpoints, (pH 4, 5.5 and 8.3) for the four MCS 

columns over time are presented in Figure 51. The acidities recorded in this 

experiment were extremely high and a whole order of magnitude greater than what 

was recorded for the PYT material. However, similarly to the PYT titrations, most of 

the acidity was located below pH 4 for the MCS columns, with the relative 

contribution of each acidity region remaining rather constant throughout the 

experiment. It should be reiterated here that the MCS columns represented a 

composite material that is effectively a 50% dilution of the natural Mount McRae 

shale. The possibility exists that solute and acidity loads could have been even higher 

had the raw material been hydraulically suitable for use in these experiments. 

 

 

Figure 51: Trend in speciated acidity for MCS columns. The first two titrations for 
MCS4 week 12 were failures and therefore only total acidity is presented. 

SO4 and acidity loads per applied and extracted litre are presented in Table 23 for all 

MCS columns for the 13-week experiment duration. Results from this table show 

that reducing average applied and extracted volumes by 22% and 43% respectively 

from MCS2 to MCS1 resulted in a decrease in average acidity (by 24%) and SO4 (by 
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26%) loads. Increasing applied volumes by 20% and extracted volumes by 46% by 

comparing MCS2 to MCS4 resulted in an acidity load increase of 25% and a SO4 

load increase of 34%. It is very interesting to note that even though the cumulative 

applied and extracted volumes of MCS3 were 28% and 6% lower respectively than 

MCS1, it was still capable of producing a higher acidity (by 9%) and SO4 (19%) 

loads. 

The loading per extracted and applied litre detailed in Table 23 show an inverse 

relationship between loading per applied litre and loading per extracted litre for the 

weekly leached columns. The data in Table 23 indicates that the loading per applied 

litre is positively related to applied volume (MCS1<MCS2<MCS4), and conversely 

that loading per extracted litre is negatively related to applied volume 

(MCS4<MCS2<MCS1). This result very conclusively indicates that increasing the 

volume of applied water will increase the net loading of both SO4 and acidity to 

drainage waters, because the loading per litre for MCS4 is the highest of all columns 

even before taking into consideration that MCS4 also has the highest applied volume. 

The increased SO4 and acidity load per applied litre realised at the higher application 

volumes is very significant, because it means that pyrite oxidation rates are 

substantially higher at higher percolation rates. The lower loading per extracted litre 

for the higher application rates only means that the concentration in seepage waters is 

lower. 

The loading of acidity and SO4 for the MCS2 and MCS4 columns was different to 

the comparable PYT2 and PYT4 columns. The PYT columns had a negligible 

difference in reported loads of both acidity and SO4 for the two higher weekly 

columns, however the comparable MCS columns exhibit no such trend, with reported 

loads increasing with increasing applied water volumes (Table 23). 

These results clearly show that loading is dependent on percolation volume to 

sulfidic wastes, and that any oxidation rate term obtained from small-scale 

experimental work is unlikely to accurately predict the rate of acidity generation and 

transport from a waste dump, given that hydrological conditions can have such large 

influences on leachate quality emanating from these sulfidic dumps. 
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Table 23: SO4 and acidity loading for MCS columns against applied and extracted 
water volumes. 

Column 

Applied Water Extracted Water 

Frequency 

SO4 Load 

Average 
Volume 

Total 
Volume 

Average 
Volume 

Total 
Volume 

Total 

Cumulative 
Load 

Comparison 
to MCS2 

Load per 

Applied 
Litre 

Load per 

Extracted 
Litre 

Units mL mL mL mL - mg SO4/kg - mg SO4/L mg SO4/L 

MCS1 1,314 15,769 423 5,074 Weekly 8,108 0.74 3,085 9,588 

MCS2 1,690 20,284 743 8,919 Weekly 10,887 1 3,220 7,324 

MCS3 1,627 11,392 679 4,752 Fortnightly 9,683 0.89 5,100 12,226 

MCS4 2,024 24,291 1,087 13,043 Weekly 14,587 1.34 3,603 6,710 

Column 

Applied Water Extracted Water 

Frequency 

Acidity Load 

Average 
Volume 

Total 
Volume 

Average 
Volume 

Total 
Volume 

Total 

Cumulative 

Load 

Comparison 
to MCS2 

Load per 

Applied 

Litre 

Load per 

Extracted 

Litre 

Units mL mL mL mL - 
mg 

CaCO3/kg 
- 

mg 

CaCO3/L 

mg 

CaCO3/L 

MCS1 1,314 15,769 423 5,074 Weekly 10,476 0.76 3,986 12,388 

MCS2 1,690 20,284 743 8,919 Weekly 13,742 1 4,065 9,245 

MCS3 1,627 11,392 679 4,752 Fortnightly 11,375 0.83 5,991 14,362 

MCS4 2,024 24,291 1,087 13,043 Weekly 17,147 1.25 4,235 7,888 

 

SO4 release rates varied massively over time for all the MCS columns as has been 

discussed previously. Table 24 splits the 13-week experiment into two periods, 

weeks 0-3 (period 1) and weeks 4-13 (period 2), and presents average sulfur loads 

and calculated half-lives based upon these loads. All columns show a massive 

variation between period 1 and period 2, with sulfur load increasing by a factor of 

4.9-9.5. Calculated sulfur half-lives indicate the oxidation of sulfidic material within 

the MCS sample is essentially ‘slowed’ by the decreasing water availability between 

MCS4 and MCS1, given that the half-life of MCS1 is 83% greater than that of 

MCS4. The same trend in half-lives was observed for the PYT columns. 

This extreme variation in sulfur loading also highlights the importance of conducting 

these column experiments over a long time period, i.e. it would be extremely 

misleading of reality if the MCS columns had been decommissioned at week 4. 
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Table 24: Average loading of sulfur for MCS columns with calculated half-lives 
based upon material composition and loading rates for specific periods. 

Column 

Average 

Sulfur load 
(week 0-3) 

Average 

Sulfur load  
(week 4-13) 

Average 

Sulfur load  
(total) 

Sulfur 1/2 life  
(week 0-3) 

Sulfur 1/2 life  
(week 4-13) 

Sulfur 1/2 life  
(total) 

Units mg/kg/week mg/kg/week mg/kg/week weeks weeks weeks 

MCS1 52 255 208 214 43 53 

MCS2 51 348 279 218 32 39 

MCS3 33 313 248 340 35 44 

MCS4 83 461 374 133 24 29 

 

4.2.2.3. Formation of Precipitate from Evaporation of Drainage 

A vibrant yellow coloured precipitate was observed to have formed on the floor 

beneath all the MCS columns. The precipitate was a result of the evaporation of very 

minor volumes of acidic MCS drainage that occurred following vacuum extraction. 

The dehydration of this acidic drainage evidently formed some secondary iron sulfate 

mineral, with spot EDS analysis confirming this elemental composition. EDS 

analysis (not shown) found that the precipitate was entirely dominated by Fe and S, 

which is logical given that column drainage was particularly rich in these two 

elements. 

 

Figure 52: Secondary mineral formed from evaporation of inter-leach drainage 
accumulating under MCS2. A container lid is shown for reference (50 mm wide). 

The geochemical modelling program GWB was used to simulate the evaporation of 

pore water to investigate what minerals were likely to be forming from the 

evaporation of minor drainage during the 6-day inter-leach drying period. Leachate 

solutions extracted from each column can be assumed to be representative of pore 

water quality at the point in time at which they were extracted and were therefore 

used for this modelling exercise. Water quality parameters for all MCS samples were 
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input into GWB and evaporation simulations run for an idealised 1 kg H2O solution 

with solute concentrations as specified from leach column analyses. Concentrations 

of K and Na in leachates declined over time, and were either sparingly available or 

below the detection limit, with all K present below 2.1 mg/L and Na below 3.6 mg/L.  

These evaporation simulations predicted that the secondary sulfate mineral 

schwertmannite precipitated at the rate of ~1 g/L of pore water, with other minerals 

such as K-jarosite, Na-jarosite, gypsum and amorphous silica also forming (Figure 

53a). Amorphous silica was the first precipitate to form after only 30% of pore water 

had evaporated. K-jarosite was the first sulfate-bearing mineral to form after 55% of 

evaporation had occurred and quickly exhausted the already low concentration of K 

in solution to negligible levels (Figure 53b). This result is consistent with modelling 

conducted by Dold & Fontbote (2001), where K-jarosite was found to precipitate at 

acidic pH (pH < 3) prior to schwertmannite where the K was available. Only a very 

limited mass of 1.3 mg of K-jarosite was modelled to form from the evaporation of 

one litre of pore water given the low initial K concentration. Schwertmannite was the 

next mineral to form, with a total precipitated mass at the end of evaporation of 1,063 

mg/L of pore water that was an order of magnitude greater than any other 

precipitated mineral. Na-jarosite also precipitated from solution, with only 34 mg 

forming in the modelled scenario. The formation of Na-jarosite caused 

concentrations of Na to decrease, akin to the decrease observed for K. Gypsum was 

the last mineral to form after 96% of evaporation had occurred, however its rapid 

formation at this level led to a total mass of 102 mg forming by the end of the 

evaporation modelling scenario. Gypsum formation also caused a decrease in Ca 

concentration (Figure 53b). Evapoconcentration of the remaining chemical species 

resulted in a very distinct increase in their concentrations (Figure 53b). Additionally, 

pH was also observed to become more acidic, representing a further concentration of 

H+ ions in solution. The complete evaporation of the remaining pore water 

concentrated in Fe and SO4 may have led to the precipitation of very minor masses of 

efflorescent iron sulfate salts such as melanterite. 

The yellow colour of the precipitate was consistent with that of schwertmannite, and 

indeed many other secondary iron sulfate minerals. It should be noted here that the 

often-blue colour of melanterite was not visibly present in samples, further 

supporting the results of geochemical modelling that extremely soluble melanterite 
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type minerals were not noted to form to any significant extent from pore water 

evaporation. 

a) b)  

c)  

Figure 53: Geochemical modelling of MCS1DEC04 pore water evaporation with a) 
mineral formation; b) concentration of various species; and c) pH. 

 K-Jarosite – Quartz Columns (JAR) 4.2.3.

The JAR columns functioned as designed from an hydraulic perspective, although at 

no point of the experiment did drainage from any of these columns reach an acidic 

pH, even with the application of acidified DI water (with perchloric acid (HClO4)) in 

weeks 10 & 11. The acidic leaching of the final two weeks was designed to deplete 

any minor potential buffering capacity of the sample and leach some of the synthetic 

jarosite, however this evidently did not occur to the extent desired given that the pH 

remained relatively neutral. 

4.2.3.1. Solute load and pH trends 

The pH remained neutral and above pH 6 for all columns, with the single exception 

of JAR1 in the final acidic leach of week 11 that had a pH of 5.64 (Figure 54). 

Interestingly, even with the use of perchloric acid to acidify DI water to pH 4, the Cl 

concentration in all columns was below the detection limit (except for JAR3, which 
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was at the detection limit of 1 mg/L). The author is unable to speculate the reason for 

this. 

The loading of Al and Na decreased substantially from the initial weeks to the end of 

the experiment (Figure 54). The loading of Ca and Mg was relatively constant over 

the experiment duration and was directly related to the extracted volume. Fe 

concentrations in each of the jarosite columns were very lower, and were much lower 

than what the stoichiometric dissolution of K-jarosite implies when compared to the 

SO4 and K concentration. This variance was directly caused by the neutral pH of the 

solution where Fe would have been relatively insoluble in sample pores during the 

extraction phase allowing it to oxidise and precipitate. This result was not 

particularly surprising given that SO4 and K are known to selectively dissolve over 

Fe (Smith et al. 2006). 

K:SO4 molar ratios were very stoichiometric however and ranged between 0.4-0.73:1 

and averaged 0.5:1, compared to the ideal ratio of 0.5:1. This was unsurprising given 

that these chemical species are generally conservative at neutral pH and were 

reported in drainage composition, as opposed to Fe which is unstable at neutral pH 

and would precipitate. A significant portion of available S (15-45%) leached 

throughout this experiment (Table 25). However, a negligible mass of Fe was found 

to have leached from solution, at least in a soluble form.  

Associations between different chemical species in leachate water quality were 

assessed through the construction of a correlation matrix (Table 26). Strong positive 

correlations were predominantly found between certain pairs of major cations and 

anions (Cl, K, Na & SO4). The concentration of manganese and nickel also appeared 

to be positively correlated in solution, in addition to Fe and Zn. There was almost a 

strong correlation between K and SO4 as would have been expected given the 

elemental composition of K-jarosite, with a correlation coefficient of 0.89. 

Interestingly, negative correlations were observed between three element pairs, these 

being Na-Zn, Cl-Zn and Cr-Ni. 
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Table 25: Percentage of each element leached upon JAR column decommissioning 
based upon measured element loading and acid digestion concentrations & LECO S. 

Column Al Ca Fe K Mg Na S 

JAR1 0.0006% 5.5% 0.00018% 1.2% 1.3% 0.35% 20% 

JAR2 0.0010% 10.7% 0.00017% 2.2% 2.2% 1.3% 39% 

JAR3 0.0005% 3.8% 0.00011% 0.9% 1.0% 0.50% 15% 

JAR4 0.0015% 12.5% 0.00021% 2.5% 2.3% 0.54% 45% 

 

 

Figure 54: Trends in pH and loading of Al, Fe and various major cations and anions 
for JAR columns. 
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Table 26: Correlation matrix of chemical species in JAR leachate 

Element pH Cond Ca Mg Na K Cl SO4 Al Cr Fe Mn Ni Si Zn 

pH 1 -0.35 -0.41 0.05 0.24 -0.46 0.23 -0.50 0.40 0.24 -0.50 0.35 0.19 0.38 -0.57 

Cond - 1 0.86 0.36 0.00 0.81 -0.04 0.75 -0.53 0.96 0.34 -0.69 -0.77 -0.24 -0.58 

Ca - - 1 0.13 -0.32 0.92 -0.37 0.90 -0.60 0.85 0.32 -0.46 -0.66 -0.51 -0.15 

Mg - - - 1 0.70 0.18 0.67 -0.15 0.44 0.82 0.03 -0.37 -0.58 0.76 -0.28 

Na - - - - 1 -0.25 0.99 -0.54 0.53 0.58 -0.26 -0.25 -0.25 0.78 -0.96 

K - - - - - 1 -0.29 0.89 -0.61 0.33 0.37 0.25 0.09 -0.48 -0.65 

Cl - - - - - - 1 -0.56 0.52 0.61 -0.26 -0.31 -0.30 0.78 -0.96 

SO4 - - - - - - - 1 -0.76 0.55 0.48 -0.23 -0.47 -0.76 0.32 

Al - - - - - - - - 1 -0.54 -0.32 -0.02 0.13 0.73 0.68 

Cr - - - - - - - - - 1 -0.16 -0.82 -0.91 0.62 -0.36 

Fe - - - - - - - - - - 1 -0.24 -0.23 -0.34 0.93 

Mn - - - - - - - - - - - 1 0.97 -0.17 0.10 

Ni - - - - - - - - - - - - 1 -0.42 0.05 

Si - - - - - - - - - - - - - 1 0.04 

Zn - - - - - - - - - - - - - - 1 

 

4.2.3.2. SO4 Release 

SO4 concentrations in JAR leachates did not appear related to the volume of applied 

or extracted water, i.e. there was no relation between designed drainage volumes and 

reported concentrations (JAR2>JAR1>JAR4>JAR3) (Figure 55a). SO4 loading in 

drainage yielded a far greater cumulative load for JAR3 and JAR4 when compared to 

JAR1 and JAR2 (Figure 55b). This result is at odds with the observations from the 

PYT and MCS column series, and is an artefact of the dissolution nature of SO4 

release as opposed to sulfide oxidation. There exists a clear increasing trend in SO4 

concentration and subsequent load for all JAR columns over the duration of the 

experiment, however the source of this increase is unknown, given that a substantial 

portion of SO4 had already been leached from the sample (see Table 25). Most 

notably, the concentration of SO4 in JAR2 increases significantly from week 5 to 

week 6.  

The cumulative SO4 load per applied pore volume shows a reasonable positive 

relationship between these two variables that is not exactly linear (Figure 55d). The 

relationship between SO4 load and applied volume is stronger than for extracted 

volume (Figure 55), in agreement with the observations made for the PYT and MCS 

column series. 
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a) b)

c) d)

e) f)  
Figure 55: SO4 concentration, SO4 cumulative and discrete load against cumulative 

extracted and applied volume and time for JAR columns. 

4.2.3.3. Summary 

In summation, the results from this particular JAR composite material were 

unfortunately not as useful at answering the thesis question as the PYT and MCS 

composites were because they never turned acidic. While the columns never did turn 

acidic, it was noted that there was still a very good correlation between applied water 

volume and cumulative SO4 load, as also observed for the two sulfidic column 

series’. It was unexpected that the leaching of the JAR columns with perchloric acid 

doped DI water wouldn’t result in a lower drainage pH with a higher concentration 

of Fe from jarosite dissolution. The lack of a lower pH in the acid-leached JAR 
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samples was the primary reason why these columns were terminated a week prior to 

the PYT columns. 

 Alunitic BIF – Quartz Columns (ALU) 4.2.4.

4.2.4.1. Introduction 

The assessment of the infiltration dependence of solute load for the ALU composite 

material was a failure for two reasons: 1) the columns did not turn acidic as expected; 

and 2) the columns did not function hydraulically after one week of operation. The 

hypothesis for this material type was that SO4 concentrations should be relatively 

constant between the four columns because the dissolution of alunite type minerals is 

solubility constrained.  

4.2.4.1. Hydraulic Issues 

After the first week of operation, all four of the ALU columns failed to convey any 

significant volume of water. Even after allowing 24 hours following water 

application to extraction, the majority of applied water remained pooled on the 

material surface. The use of a vacuum pump did little to increase flow. For this 

reason these columns were terminated after the first week. This failure in a hydraulic 

sense has since occurred separately for the same material type under a different 

project (S. Lee, pers. comm. 2013). Upon column decommissioning, it was found 

that all ALU columns had developed a solid concretion, strongest at the base of the 

column (Figure 56). It must be reiterated here that this column was 50% highly 

conductive sand, and even taking this ‘dilution’ measure was insufficient to increase 

conductivity.  



Chapter 4: Results 

137 

 

Figure 56: Material from ALU1 placed on its side during column decommissioning. 

4.2.4.2. Water Quality 

Interestingly, the pH of the higher application rate column (ALU4) was lower than 

that of ALU1 (Figure 57). Indicating that dilution was not a dominant control on 

solution pH. This result also agrees with the much greater recorded SO4 load and 

marginally higher EC for the higher application rate. This phenomenon was not 

apparent for any columns of the other material types, where pH was usually higher 

and EC lower in the columns where the greater volume of water was applied, due to 

simple dilution. A possibility exists that the higher pH levels for the lower 

application volumes could be a result of minor ANC of the sample (recorded as 3.6 

kg H2SO4/tonne), and the volume of acid generated at the higher application rates 

was sufficient to marginally overcome this ANC. This conclusion is made with little 

confidence however. The complete suite of water analysis results for the one-week of 

ALU column operation is presented in Appendix 4: Leachate Water Quality. 

The silica concentrations in leachates ranged between 12-18 mg/L. This high silica 

activity was likely to have been preventing the acid generating formation of gibbsite, 

which is thermodynamically favoured at low silica activity (see section 2.7.2) but not 

at high silica activities. 
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Figure 57: The pH, EC, SO4 load and K concentration from week 1 ALU leachates. 

4.2.4.3. Carbonate Neutralisation 

Drainage from the ALU material was anticipated to become acidic, either initially or 

in time simply due to its established net acid forming nature (Table 13). It was 

unfortunate that this relationship could not be tested due to the hydraulic failure of 

this material. The neutral pH of the ALU columns was hypothesised to be a result of 

carbonate dissolution and subsequent neutralisation of any acidity generated by 

sulfate mineral dissolution. The contribution of carbonate minerals was investigated 

through the calculation of the (Ca+Mg)/SO4 molar ratio, with results in the bound of 

1-2 indicative of carbonate buffering activity (Linklater et al. 2012), and a ratio 

slightly less than 1 indicating feldspar dissolution (Morin, Hutt & Ferguson 1995). 

However, calculated (Ca+Mg)/SO4 ratios ranged between 0.44-0.65, therefore the 

potential for carbonate minerals to be buffering solution pH was dismissed.  

4.2.4.4. Summary 

The ALU material as mentioned above had significant issues both freely draining 

and turning an acidic pH. From an AMD perspective, this material appears to pose 

no significant threat given its benign pH and relatively barren ABA characterisation. 

Additionally, the very low hydraulic conductivity of this material means that any 

slow reacting aluminosilicate minerals present in the sample would have more time 

to react and neutralise any generated acidity. 
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 Data Quality 4.2.5.

Data reconciliation through the plotting of measured acidity against calculated 

acidity in Figure 58 shows good agreement between these two acidity determination 

methods. The difference between measured (titrated) and calculated acidity ranged 

from -34% to 25%, with an average deviation of just -6%. The independent nature of 

these measurement methods supports their legitimacy and the conclusiveness of 

trends observed. 

All MCS and three of the PYT columns appeared to experience a temporary dip in 

acidity concentration in week 9 (see Figure 40 and Figure 49). The author is unaware 

of any oxidation related factor that could have contributed to such a decrease in 

acidity generated other than a decrease in ambient room temperature, which is 

unlikely considering that the sample date for week 9 was January 8th. This date 

incidentally coincides with the highest monthly maximum daily temperature of 

39.1°C that resulted in very warm lab conditions where the acidity titration was 

taking place (different lab to the temperature controlled column experiment). It is 

possible that the warmer lab conditions resulted in mistaken readings by the pH 

metre. Nevertheless, the significance of this occurrence is low. 

 

Figure 58: Plot of calculated acidity against measured hot acidity for all MCS and 
PYT samples. 
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4.3. Short-Term Leach Experiment 

The short-term leach experiment was designed to further interrogate the infiltration 

dependence of solute load generated from the PYT material at a higher resolution 

(i.e. at more water application rates). The data obtained from this experiment clearly 

indicates that while the lower extraction volumes are more concentrated in SO4 and 

acidity, the total loading is greater at the higher extraction volumes and correlates 

well with applied water volume (Table 27 & Figure 59a-d) in agreement with the 

long-term PYT columns (Figure 40g & Figure 40h). There was also a noticeable 

increase in pH at the higher water application and extraction rates (Figure 59e & 

Figure 59f). A negative correlation existed between conductivity and extracted and 

applied volume (Figure 59g & Figure 59h). The trends of all observed analytes infer 

that loading is greater at the higher water application rates, although the discrete 

concentrations are lower. This result supports the thesis hypothesis derived from the 

previous long-term experiments using the PYT material that lowering infiltration 

(applied volume) can indeed reduce the realised acidity and solute load reporting to 

drainage waters. 

The discrete acidity and SO4 concentrations in this experiment are lower than those 

returned from the longer-term leach experiment using the same material (Figure 40). 

The reason for this discrepancy is not clear, but not considered significant given that 

we are not comparing results from the two experiments.  

Table 27: Water quality results from the short-term leach experiment. 

Column 

Applied 

Water 

Drainage 

Volume 
pH EC SO4 SO4 load Acidity Acidity load 

mL mL pH mS/cm mg/L mg/kg mg CaCO3/L mg CaCO3/kg 

STP100 400 111 3.23 1.79 710 26 180 3.3 

STP150 478 160 3.4 1.24 590 31 130 3.5 

STP200 536 200 3.21 1.16 550 37 190 6.3 

STP250 614 264 3.58 1.03 440 39 140 6.2 

STP300 608 310 3.36 0.99 430 44 130 6.7 

STP350 640 292 3.5 1.13 490 48 150 7.3 

STP400 756 464 3.86 0.9 400 62 110 8.5 

STP450 754 392 3.79 0.71 400 52 130 8.5 
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a) b)

c) d)

e) f)

g) h)  

 Figure 59: pH, EC and loading of SO4 and acidity against extracted pore volume for 
the short-term leach experiment. 
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4.4. MCS Precipitate Dissolution Test 

The MCS precipitate formed from the evaporation of very minor volumes of 

drainage dripping from the MCS columns was subjected to a simple dissolution test 

in DI water as specified in section 3.9. The two dissolution tests involving the MCS 

precipitate immediately created acidic conditions that persisted for the 24-hour 

duration of the experiment (Figure 60). For both tests, the secondary iron sulfate 

mineral visibly dissolved almost immediately after addition to DI water. The more 

concentrated D1 dissolution test turned a noticeable shade of yellow (see Figure 36) 

soon after experiment commencement. As expected, the more concentrated D1 test 

returned a lower pH given the higher dissolution ratio. The pH of the D1 test 

remained relatively stable at circa pH 3.2 throughout the 24-hour experiment, while 

the pH of the D2 test varied more significantly, decreasing from 4.47 to 3.86 in 10 

minutes, and increasing to pH 4.45 after 24 hours (Table 28 & Figure 60).  

Table 28: MCS precipitate dissolution test pH variance 

Sample Dissolution ratio 
pH 

DI water 1 min 10 mins 1 hour 24 hours 

D1 100 mg/L 5.5 3.22 3.24 3.22 3.17 

D2 5 mg/L 5.33 4.47 3.86 4.02 4.45 

Exposure to CO2 in the atmosphere is capable of reducing DI water pH from circa 7 

to 5.5 through the formation of carbonic acid (H2CO3
-) as described in section 2.3.1. 

The reaction responsible for this change in pH is an equilibrium reaction and 

therefore reversible. Meaning that where the pH is already low, the reverse reaction 

may occur with CO2 being exsolved from solution and causing pH to increase, 

meaning that the variation in D2 reaction pH over time could simply be due to this 

CO2 cycling phenomenon removing carbonic acid from solution. The fact that the 

same pH variation was not observed for the D1 dissolution test was attributed to the 

excess of MCS precipitate in solution (as evidenced by the persistent yellow 

colouring of the D1 solution as in Figure 36). 
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Figure 60: MCS precipitate dissolution test pH response curve for D1 and D2, note 
logarithmic x-axis. 

Geochemical modelling of these dissolution reactions showed a decreased in pH, 

however not to the exact same pH. Modelling with GWB of the dissolution of 100 

mg of pure schwertmannite in one litre of DI water at pH 5.5 yielded a pH of 3.6 

upon the dissolution of all schwertmannite. This modelling exercise was equilibrated 

with the atmosphere. The confidence in the solubility product used was not high for 

this modelling exercise due to the limited and non-definitive literature for the 

solubility of schwertmannite (see section 2.7.2) 
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CHAPTER 5: DISCUSSION 

5.1. Introduction 

The experimental work in this thesis was designed to inform whether the SAR cover 

design objective of reducing percolation to sulfidic and sulfate-bearing wastes is 

appropriate. Experimental results for columns run with two different sulfidic 

materials exhibited a strong positive correlation between applied water volume and 

realised acidity and SO4 loads at this small experimental scale. Experiments run with 

the two sulfate-bearing materials were more problematic; however the dissolution 

nature of the acid producing reactions of alunite and jarosite means that loading from 

these elements is inherently linked to the incident water volume. 

The results from this project support the use of SAR covers in semi-arid to arid 

climates where evaporation greatly exceeds rainfall and covers can effectively 

evapotranspirate infrequent rainfall events. However, it is recommended that future 

large scale site trials targeting the influence of varying percolation volumes on solute 

loads are conducted to further support this theory at a more representative scale. 

The interpretation of results from the experiments outlined in this thesis must 

consider the fact that the materials used are specifically malignant and concentrated, 

potentially acid-forming rock. In a site context, such acid forming material would be 

interspersed with geochemically inert materials and often some acid neutralising 

material that would act to improve water quality considerably.  

5.2. Effectiveness of SAR Covers Over Sulfidic Wastes 

 Impact of Percolation Volume 5.2.1.

The loading of acidity and SO4 for the two sulfidic columns positively correlated 

very strongly with applied pore volumes, and to a lesser extent with the extracted 

volume. Cumulative loads for the total experimental period were always highest for 

the column run at the highest water application rate. The significant reductions in 

acidity and SO4 loads realised when water application volumes were lower are a very 

real indication that the SAR cover design objective is valid and appropriate, 

especially at the much lower percolation volumes experienced in a real-world 

environment.  
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The net loading was an order of magnitude higher for the MCS composite when 

compared to the PYT columns. This was expected given the higher sulfur content of 

the MCS columns, and because the shale makeup of the MCS composite would be 

expected to retain capillary water better given its finer particle size when compared 

to the PYT columns, accelerating the oxidation of sulfides present in the sample 

(Geidel & Caruccio 1984). 

The large flush event conducted in the final week of the PYT experiment found that 

there was a significant amount of generated acidity that was not leaching under the 

regular water application rates for all PYT columns, with the exception of PYT4. 

This result is a clear indication that lower percolation volumes are capable of 

reducing acidity and solute loads reporting to drainage. The PYT1 column with the 

lowest applied and extracted volumes experienced the greatest increase in both SO4 

and acidity load in the final week flush, with an increase of 108% and 139% in SO4 

and acidity load respectively when compared to the flushing conditions of the 

previous week. It is likely that during the final week flush of the PYT1 column some 

pore channels would have only been flushed for the first time, thereby resulting in a 

large discrete loading. It is logical that the two columns leached at the lowest rate 

and with the least cumulative SO4 load up until the last experimental week would 

have a higher loading of SO4 if water application volume was increased and uniform 

between columns, simply because a greater portion of sulfidic material was still 

available for reaction and dissolution. SO4 load in PYT4 did not rise in the final 

leach week for the opposite reason, and given that the large flush event water 

application conditions were not so different to the regular PYT4 leach conditions. 

A conversation with Mike O’Kane of O’Kane Consultants led to the postulation of a 

theory that there may exist some optimum rate of incident water percolation where 

the most efficient generation of acidity occurs. This drainage rate, possibly expressed 

in units of pore volumes, could represent a point where acidity load increases with 

higher applied volume up to this maximal point, where additional water application 

above this volume does not significantly increase acidity and SO4 loading. This 

hypothesis was driven by the observation that the overall loading of acidity and SO4 

between the PYT2 and PYT4 columns was basically identical over the experimental 

period, despite the differences in applied water volume. The short-term leach 

experiment was designed to investigate the presence of such an optimum water 
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application rate. However, the results from this experiment did not specifically 

identify a water application rate above which acidity and SO4 load was observed to 

plateau. Instead, a strong positive correlation was found between all assessed 

parameters (pH, EC, acidity & SO4) and applied water volume (Figure 59). While the 

results from this experiment and the longer term column leach experiment appear to 

clash, it must be highlighted that the initial loading from the PYT4 column was 

significantly higher than for PYT2 in the earlier weeks, and cumulative loads for 

PYT2 only became comparable towards the end of the experiment.  

 Impact of Percolation Event Frequency 5.2.2.

Cumulative SO4 and acidity loads for the fortnightly leached PYT3 column were 

41% and 42% respectively lower than for the weekly leached PYT2 column with a 

slightly lower discrete water application and drainage rate. While the fortnightly 

leached MCS3 column carried a cumulative SO4 and acidity load 11% and 17% 

respectively lower than that of the weekly leached MCS2 column. These results 

indicate that sulfide oxidation was definitely limited by water availability to some 

extent in each fortnightly leached column. If SO4 and acidity loading were not 

influenced by water availability, then it would be expected that the same cumulative 

loading over the entire experimental period would be experienced for the PYT2-

PYT3 and MCS2-MCS3 column pairs given that oxidation conditions (disregarding 

water availability) were constant between each column pair. The trend in solute 

concentrations and loading for varying frequencies of water application exhibited in 

this experiment correlate very well with the results of Song & Yanful (2010), 

whereby the less-frequently leached columns were more concentrated but contained 

a lesser cumulative loading of solutes over time. 

Interestingly, the fortnightly leached MCS3 column exhibited a higher loading than 

the MCS1 column for both SO4 and acidity, even though the MCS1 column had a 

greater cumulative applied volume and extracted volume. The takeaway message 

from this observation is complicated, because it disagrees with the strong trend 

between applied water volume and loading for the three weekly leached columns 

(Figure 49g and Figure 49h). The only plausible hypothesis for this result relates to 

the enhanced ability of less frequent but higher volume flush events at removing the 

products of pyrite oxidation from mineral surfaces, enabling the exposure of a fresh 

reaction surface. The less frequent but higher volume flushing of MCS3 would likely 
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expose more fresh oxidation surfaces per each leach event, and this enhanced 

flushing capacity evidently had a more significant result on realised loading in 

drainage than the more regular application of a lesser volume in MCS1.  

The loading of As from the fortnightly leached MCS3 column was particularly 

intriguing given that it produced a higher loading than both the MCS1 and MCS2 

columns even though they both had higher applied and extracted volumes over the 

experiment duration and thus greater water availability. The conclusion from this 

result is unclear, but it seems that increasing the residence time of pore water in the 

column caused the higher As concentrations. The very acidic pH of MCS leachates 

means that sorption processes (see section 2.3.3) were unlikely to be influencing As 

concentrations at these acidic pH’s because As desorbs into solution more readily at 

alkaline pH. 

5.3. Effectiveness of SAR Covers Over Sulfate Bearing Wastes 

While the JAR and ALU composite materials failed to produce the desired results in 

this experiment, some general comments can be made from analysis of their leachate 

water chemistry. Geochemical modelling of JAR leachates with GWB (not 

presented) found that no minerals were saturated in solution, indicating that pore 

water composition was solely a result of the dissolution of the synthesised K-jarosite. 

The discrete concentration of SO4 in JAR leachate water increased over the 

experimental period, however the drainage was of neutral pH and the dissolution 

reactions evidently were not producing acidity. Analysis of carbonate molar ratios in 

drainage water found no evidence of carbonate neutralisation buffering ALU 

drainage pH. 

The correlation between both applied and extracted volumes against sulfate mineral 

dissolution for the ALU and JAR materials (using SO4 load as a proxy, Figure 54) 

showed that the dissolution of these minerals is directly proportional to the volume of 

water applied. This result is in agreement with observations made by Linklater et al. 

(2012) that acidity loading for alunite and jarosite bearing materials is proportional to 

the water flux through these materials. SO4 loading from the ALU and JAR materials 

correlated well with both applied and extracted pore volumes unlike the MCS and 

PYT materials, which showed a much stronger relation to applied volume rather than 

extracted volume.  
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It was unfortunate that the JAR columns did not turn acidic as desired, and could be 

due to the utilisation of a non-ideal mineral synthesis methodology. This assertion is 

based upon work by Desborough et al. (2006), who specified that the use of synthetic 

jarosites produced by heating above 100°C may remove water molecules from the 

mineral structure and produce a mineral that does not accurately represent natural 

jarosite. 

For the ALU columns, the reason postulated for why no acidity was found in 

drainage was due to the high silica activity of drainage waters that causes the 

dissolution of alunite to form kaolinite, which is not an acid-generating reaction (see 

section 2.7.2 for a discussion on the influence of silica activity on alunite 

dissolution). The significant silica content of raw natural alunite samples was 

significant at 29.7% (Table 9), and silica concentrations in leachate waters ranged 

between 12-18 mg/L. Therefore, the significant silica concentrations in drainage 

from the ALU material were considered to be responsible for the neutral pH of the 

drainage, because the acid-forming dissolution of alunite to gibbsite was not 

occurring. Given this conclusion, it is highly likely that the decreased activity of 

silica in the preliminary paste pH test on the natural alunite sample (with no quartz 

addition) may have also caused the more acidic pH value of 5.98 when compared to 

the composited material which had a paste pH of 6.44 (see section 4.1.4.4). 

5.4. Secondary Sulfate Mineral Mobility 

Geochemical modelling of the evaporation of MCS and PYT leachates found that 

similar secondary sulfate minerals were forming in both column series in the inter-

leach drying period. The primary sulfate-bearing mineral formed from the 

evaporation of MCS and PYT pore waters was schwertmannite, with minor K-

jarosite and Na-jarosite substitution where these cationic A-space elements were 

available, and not a soluble salt such as melanterite as was initially hypothesised. The 

formation of K-jarosite was found to be thermodynamically favoured to form first in 

agreement with the observations of Dold & Fontbote (2001), however the low K 

concentration in solution meant that only a minor mass of K-jarosite was able to 

form, and the next mineral to become saturated in solution was schwertmannite. 

Collection of a small mass of the MCS precipitate from minor drainage of MCS 

columns and dissolution of this sample in DI water at a ratio of 100 mg/L returned a 

pH of 3.17. Geochemical modelling of schwertmannite dissolution under these same 
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conditions with GWB returned a pH of 3.6, with the deviation in pH considered to be 

due to an error in the solubility product used in modelling. The solubility product of 

schwertmannite is not well established in literature due to its recent discovery and its 

instability. Nevertheless, the onset of these acidic conditions when minor quantities 

of the precipitate were added to DI water exemplifies the ability of schwertmannite 

to act as a temporary store of metals and acidity. Schwertmannite is known to be 

metastable, and observations from the experiments detailed in this thesis agree with 

this assertion, given that the precipitate had almost completely disappeared from 

visual identification in the PYT columns following each flushing event. 

The substantial aggregation of a yellow precipitate at the surface of the PYT columns 

was considered to be potentially caused by capillary induced salt uptake and perhaps 

presenting on the column surface more than it actually proportionally contributed in 

the sample. However, during the careful decommissioning of each column, the 

presence of this same yellow precipitate was ubiquitous throughout the sample and 

this theory was dismissed.   

5.5. Implications for Standardised Kinetic Column Leach Methods 

The industry standard column leach method developed by AMIRA (2002) is 

designed to give an indication of drainage quality that could be expected if the 

sample was exposed to weathering conditions. Subsequent analysis of drainage 

quality can produce an oxidation rate using SO4 release rates where PAF sulfidic 

minerals are present and their mineralogy is known. However, there are clear 

deficiencies in the design of this experiment as discussed earlier (section 3.7), 

particularly with respect to temperature controls and its aggressive hydrological 

conditions. Seasonality in operating temperature for this accepted standard procedure 

is a significant concern to the validity of any results garnered or trends identified. 

Additionally, the conditions of this methodology are significantly different to what 

would be experienced on site, with substantially higher water application frequencies 

regularly wetting the samples and contributing to significantly higher water contents 

in the host material. The residence time of water within these columns is possibly the 

most significant change between laboratory and real-world conditions, particularly 

given its influence on the participation of slow-reacting aluminosilicate minerals. 

While it is acknowledged here that the AMIRA (2002) procedure is not designed to 

exactly replicate site conditions, it must however make some attempt to give an 
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indication of potential drainage quality. If the AMIRA method is not giving some 

relevant drainage quality indication, then its relevance as an appropriate predictive 

tool declines considerably.  

A huge issue with any laboratory experiment is the representativeness of the sample 

used. Often, several samples of a range of lithologies are selected at random to 

undergo static geochemical testing. However, only a particular subset of these 

samples are typically chosen to undergo further column leach testing, with the results 

from this very small number of samples used to potentially inform the management 

of millions of tonnes of waste rock. The spatial variability in material composition is 

a massive confounding issue for any small-scale laboratory test, and is the primary 

reason why larger scale site-based trials are a necessary step in the future to ratify the 

acceptability of SAR covers as an appropriate closure option for the above water 

table storage of sulfidic waste. 

 Scaling Issues 5.5.1.

The physical scale of the laboratory columns used in this experiment was several 

orders of magnitudes smaller than for an actual SAR covered waste dump. However, 

the applied volumes of water were very high relative to the sample size as depicted in 

Table 29. For comparative purposes, it is repeated here that the worst performing 

trial SAR cover at Mt Tom Price allowed 39 mm of water to percolate to the 

underlying waste (O’Kane Consultants 2013), see section 2.9.1. This volume was 

equivalent to only 6% of annual rainfall, in an above average rainfall year. The 

column experiments within this thesis applied water at an annualised rate 15-45 

times greater than this trial SAR cover (Table 29). The fact that a decrease in loading 

was realised with decreasing applied volume even at the relatively very high water 

application ratios of the kinetic columns used in this experiment is a very good 

indication that a similar relationship exists at a more realistic scale of water 

application. The drastically lower rates of water application in a natural environment 

mean that oxidation reactions and subsequent sulfate and acidity loading could be 

orders of magnitude lower than what was experienced in this experiment.  
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Table 29: Total and average applied water heights for PYT, MCS and JAR columns 
compared to the results of O’Kane Consultants (2013). 

Column 

Average Applied 

Water Height 

(mm) 

Total Applied 

Water Height 

(mm) 

Factor Greater than 

TP2 trial Cover  

(multiples of 39 mm) 

PYT1 19 227 25 

PYT2 25 302 34 

PYT3 26 180 20 

PYT4 29 353 39 

MCS1 22 286 29 

MCS2 28 368 38 

MCS3 30 207 21 

MCS4 34 440 45 

JAR1 15 168 20 

JAR2 20 224 27 

JAR3 21 125 15 

JAR4 26 281 34 

 

 Suggested Modifications 5.5.2.

The minor modifications to the AMIRA (2002) leach column design utilised within 

this thesis involving improvements to temperature regulation could prevent data 

seasonality and improve the utility of results. The manipulation of column residence 

times by conducting weekly wetting phases and monthly flushing events that are 

central to the AMIRA (2002) methodology may be an unnecessary measure. The 

reason why this wetting and drying procedure is conducted centres around imitating 

hydrological conditions in a dump, and ensuring that columns don’t become 

completely dry in the one month inter-leach period. The primary reason why monthly 

flushing may be an unnecessary procedure is that the results from this thesis appear 

to show a very strong correlation between applied volume and resultant solute and 

acidity loads, thereby indicating that by spreading water application over a longer 

time period all that is occurring is an associated spreading of acidity generation and 

sulfide oxidation over time. More column leach experiments using common material 

types and flushing at varying water application rates would need to be conducted to 

improve the confidence in this assertion, with the potential result of such a study 

being that leach column procedures may only need be run for a shorter overall time 

period but at a higher leach frequency, e.g. for three months as in this project. 
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Significant cost savings could be realised if column leach experiments could be run 

for a shorter time period as suggested above, although it is acknowledged that a large 

portion of the overall cost of these experiments is related to water quality analyses. 

However of more importance is likely to be the potential timesaving’s of utilising a 

more rapid column leach methodology, given that kinetic columns are generally 

conducted to inform mine closure plans required by environmental regulators. It is 

also recognised that there is value for many sites with an historical database of 

column leach experiments to continue with the same experimental design enabling 

easy comparison to historical results. However, the temperature dependence, 

residence time and application frequency issues can have such a massive influence 

on water quality that alternative procedures may need to be considered, including 

more representative large scale trials for particularly problematic acid forming 

material. 

5.6. Implications for Waste Dump and Cover Design 

Fourie & Tibbett (2007) put forth the argument that the conditions that prevail 

following cover construction may not necessarily be representative of in-situ 

conditions further into the future, and may indeed deteriorate substantially after only 

a few years. These comments were made in the context of compacted clay hydraulic 

barrier covers, where hydraulic conductivities were observed to deteriorate (increase) 

significantly in the years following cover installation; however the underlying theory 

is worthy of consideration for all engineered cover systems.  

The overarching priority for waste dump cover system design should be to maximise 

the waste dumps’ long-term performance from a geochemical perspective, and 

ultimately the most appropriate method to achieve this objective is by incorporating 

passivity into the design of the waste rock and cover system. The key performance 

indicator for cover effectiveness should evidently be the net loading of solutes and 

acidity from wastes to the environment. The incorporation of passivity is a central 

tenement to the design of SAR covers, in that the cover system is able to self-heal 

(re-grow vegetation) and not require costly active management. The remarkably 

simple hydraulic functionality of SAR covers, i.e. the growth of vegetation and 

subsequent transpiration of pore water, represents an excellent passive ability to 

restrict infiltration to underlying wastes, assuming appropriate cover growth strata 

are selected. 
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 Optimising Waste Dump Hydrology 5.6.1.

Whilst conducting this project, the author considered a new type of waste dump 

design objective that could further optimise the purported ability of SAR covers at 

reducing AMD loading from sulfidic and sulfate-bearing wastes to the environment. 

This design objective is simply to incorporate preferential flow paths into the waste 

dump and optimise them to transport any water percolating through the overlying 

cover away from PAF material and toward the waste dump toe. The bulk of 

percolating water will follow the path of least resistance, therefore an AWT waste 

dump with highly permeable zones able to transport the majority of water straight to 

the waste dump toe would be extremely beneficial to the net loading of AMD.  

While a nice objective, it is acknowledged that the construction of such a dump 

would have very significant quality control issues during construction, and would 

only really be an appropriate measure for extremely acid forming material. An 

additional concern would be the propensity of these preferential flow paths to act as 

oxygen conduits as found by Andrina et al. (2006) and discussed in section 2.8.4. 

 Reduced Treatment Volume 5.6.2.

When writing mine closure plans, no mine operator intends to generate acidic water 

on site in perpetuity that require expensive and ongoing treatment. However, the 

reality is that there exist thousands of acidic pit lakes and acid-generating waste 

dumps and tailings facilities worldwide that were not intended during mine planning. 

Where governments are able to litigate and force mine operators to contain pollution 

from these sites, it is relatively common for some form of acid water treatment plant 

to be constructed to neutralise AMD and prevent environmental harm. This practice 

is particularly prevalent in the USA, where numerous historical sites with federal 

remediation funding have been specifically dubbed as ‘SuperFund’ sites, and have 

been the focus of intense study and remediation works including the installation and 

continuous operation of acid water treatment plants.  

In the undesirable circumstance that a site has an hydraulically functional SAR cover 

but it does not significantly limit acidity loading, there is a still a realised benefit to 

SAR cover installation in that the volume of water requiring treatment is reduced. A 

reduction in the volume of water requiring treatment could result in significant cost 

savings through a reduction in both operating and maintenance costs of an acid water 
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treatment plant. Obviously, mine operators are generally aiming to completely avoid 

the costly installation and operation of long-term acid water treatment plants 

specifically by the installation of store-and-release covers systems. Nevertheless, 

even if a specific SAR cover does fail geochemically at reducing solute load, if it is 

able to reduce the volume of water requiring treatment then there is still a 

quantifiable benefit to SAR cover installation.  

5.7. Limitations 

The construction of columns used in this study was relatively simplistic when 

compared to the task of building, instrumenting and interpreting the same parameters 

on an actual waste rock dump with a SAR cover installed. However, it must be 

considered that the small scale columns used in this experiment do benefit from 

better controlled boundary conditions. The spatial variability in natural waste rock 

geochemical makeup can be enormous, and when combined with the temporal and 

spatial variability in real-world hydrological conditions makes for a very difficult 

process interpreting drainage geochemistry. The long-term leach columns for the 

sulfidic materials were effective for their specific objective of identifying a 

relationship between applied water volume and solute loading at the laboratory scale. 

They were not conducted under site representative conditions and therefore the 

interpretation of results is limited to the laboratory scale, however the derivation of 

relationships between loading and water application volume may be applicable to a 

larger scale facility. 

5.8. Future Work 

The thesis question of this project cannot be answered fully at one scale of analysis. 

Small laboratory columns are a good initial baseline investigation of the impact 

varying hydrological conditions can have on the geochemistry of water emanating 

from PAF waste rock dumps, however it is recommended that further trials of the 

infiltration dependence of sulfidic waste rock be conducted on a much larger scale at 

an operating mine. Whilst the experiments conducted in this thesis indicate the 

existence of a positive correlation between applied water volume and transported 

acidity load, this relationship is still relatively uncertain and entirely dependent on 

the specific geochemical makeup of the waste material. An experiment at a larger 

scale was suggested by attendees of the 7th Australian AMD workshop in Darwin in 
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2011 could include the construction of several large concrete pads with equal 

volumes of material applied to each that is instrumented for temperature and water 

content. Hydrological conditions could be varied between the pads through the use of 

sprinklers or other to augment natural rainfall patterns. The pads would be 

constructed in such a manner that the drainage volume could be easily sampled and 

tested.  
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CHAPTER 6: CONCLUSION 

This study investigated the impact of varying flushing volume and frequency on 

acidity generation and solute load from potentially acid forming sulfide and sulfate 

rich materials under controlled laboratory conditions. Both series of sulfidic columns 

found a strong positive correlation between applied water volume and reported 

acidity and SO4 loads, confirming the project hypothesis that reducing water 

percolation to these wastes will reduce net solute loading to the environment. 

Drainage at the lower percolation volumes was found to be more concentrated in 

acidity and SO4; however the net loading of both acidity and SO4 was always higher 

at the higher applied volumes. Experiments with the two sulfate bearing materials 

were largely unsuccessful for reasons outlined previously, however the dissolutive 

nature of the acidity generation reactions of these sulfate PAF sulfate minerals mean 

that AMD generation from them is inherently linked to applied water volume, and 

this result was indeed corroborated by the strong link between SO4 load and applied 

water volumes obtained for these materials.  

Linking this strong relationship between loading and water application at the very 

high annualised water application rate of the column experiments to the actual 

observed percolation through a trial SAR cover at Mt Tom Price highlights the fact 

that AMD loading to the environment would be drastically reduced if the relationship 

between applied water volume and loading were to remain applicable at the larger 

scale. It is therefore the conclusion of this study that there is validity in the claim that 

SAR covers do act to reduce the net loading of acidity and solute load as designed. 

However, the exact degree to which they do so in a scaled up waste facility needs to 

be assessed at the appropriate site scale and under natural environmental conditions.
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CHAPTER 8: APPENDICES 

8.1. Appendix 1: XRD Results 

 McRae Shale  (see 8.1.5 for more up-to-date XRD analysis) 8.1.1.
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 Alunitic Brockman Iron Formation (see 8.1.5 for more up-to-8.1.2.

date XRD analysis) 
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 K-Jarosite 8.1.3.
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 Marcasite 8.1.4.
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 Quantitative Phase Abundance Analysis of McRae Shale & 8.1.5.

Alunitic BIF – November 2013 by Curtin University 

For reference, ES1 in this section refers to the Alunitic BIF material, while MCS1 

refers to the raw McRae shale material. 
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Figure 61: XRD of alunitic brockman iron formation conducted by Curtin University 
in November 2013. 

 

Figure 62: XRD of McRae shale conducted by Curtin University in November 2013. 
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8.2.  Appendix 2: Full XRF Results 

Table 30: Full XRF results for all samples. 

 
XRF Detection Limit McRae Shale Alunitic BIF K-Jarosite Marcasite 

Units % % % % % 

Al 0.01 7.45 5.94 0.1 0.25 

As 0.01 0.01 0.02 <0.01 <0.01 

Ba 0.01 <0.01 0.01 <0.01 <0.01 

Bi 0.01 0.01 0.01 0.01 0.01 

Ca 0.01 0.04 0.04 0.02 0.02 

Ce 0.01 <0.01 <0.01 <0.01 <0.01 

Cl 0.005 0.007 0.019 0.008 0.012 

Co 0.01 <0.01 <0.01 <0.01 <0.01 

Cr 0.01 0.06 0.03 <0.01 0.09 

Cu 0.01 <0.01 <0.01 <0.01 <0.01 

Eu 0.01 <0.01 <0.01 <0.01 <0.01 

Fe 0.01 13 9.41 30.1 26.4 

Gd 0.01 <0.01 <0.01 <0.01 <0.01 

Hf 0.01 <0.01 <0.01 <0.01 0.01 

K 0.01 1.02 2.34 7.65 0.05 

La 0.01 <0.01 <0.01 <0.01 0.01 

Mg 0.01 0.26 0.33 0.07 0.04 

Mn 0.01 0.02 0.01 0.02 0.02 

Mo 0.01 0.01 <0.01 0.03 <0.01 

Na 0.01 0.04 0.07 0.1 0.11 

Nb 0.01 <0.01 <0.01 <0.01 <0.01 

Nd 0.01 <0.01 <0.01 <0.01 <0.01 

Ni 0.01 <0.01 <0.01 <0.01 0.01 

P 0.005 0.075 0.045 <0.005 0.017 

Pb 0.01 <0.01 <0.01 <0.01 0.01 

Pr 0.01 <0.01 <0.01 <0.01 <0.01 

S 0.005 3.29 1.2 13.3 21.4 

Sb 0.01 <0.01 <0.01 <0.01 <0.01 

Si 0.01 24 29.7 0.32 16.8 

Sm 0.01 <0.01 <0.01 <0.01 <0.01 

Sn 0.01 <0.01 <0.01 <0.01 <0.01 

SO3 0.01 8.22 2.99 33.1 53.6 

SO4 0.01 9.86 3.59 39.8 64.3 

Sr 0.01 <0.01 <0.01 <0.01 <0.01 

Ta 0.01 <0.01 <0.01 <0.01 <0.01 

Th 0.005 0.005 0.006 <0.01 0.012 

Ti 0.01 0.28 0.26 0.34 0.88 

U 0.005 <0.005 <0.005 <0.005 0.011 
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 XRF Detection Limit McRae Shale Alunitic BIF K-Jarosite Marcasite 

V 0.01 <0.01 <0.01 <0.01 <0.01 

W 0.01 <0.01 <0.01 <0.01 <0.01 

Y 0.01 <0.01 <0.01 <0.01 0.01 

Zn 0.01 <0.01 <0.01 <0.01 <0.01 

Zr 0.01 0.01 0.01 <0.01 0.15 

LOI1000 -10 13.3 6.83 38.7 23.7 
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8.3. Appendix 3: Particle Size Distribution Data Tables 

Table 31: Particle size distribution of Quartz sand (provided by Cook Industrial 
Minerals). 

Sieve Size (µm) Mass retained (g) % Retained Cumulative % Retained 

1000 0.00 0.00 0.00 
850 0.00 0.00 0.00 
710 0.00 0.00 0.00 
600 0.00 0.00 0.00 
500 0.03 0.02 0.02 
425 0.12 0.09 0.11 
300 3.32 2.39 2.50 
212 76.4 55.04 57.54 
150 47.62 34.31 91.84 
106 9.61 6.92 98.77 
75 1.55 1.12 99.88 
53 0.16 0.12 100.00 

PAN 0.00 0.00 100.00 
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8.4. Appendix 4: Leachate Water Quality 

 Volumes, pH, EC, TDS, Acidity, Alkalinity, Al, As, Ba, Ca and Cl concentrations 8.4.1.

Sample Week Date 
Applied 
Volume 

(mL) 

Extracted 

Volume (mL) 
pH EC TDS Acidity (Hot) Alkalinity Al As Ba Ca Cl 

Units - - mL mL pH µS/cm mg/L mg CaCO3/L mg CaCO3/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 1 1 - 10 
 

5 5 0.005 0.001 0.001 0.2 1 

MCS1 1 13/11/12 1204 266 2.33 5220 2610 2762 <5 67 0.051 0.005 20 3 

MCS1 2 20/11/12 1194 396 2.401 9480 4740 7163 <5 130 0.35 <0.005 33 3 

MCS1 3 27/11/12 1166 396 1.927 10650 5350 9930 <5 140 0.93 <0.005 30 3 

MCS1 4 4/12/12 1176 363 1.833 11870 5930 11907 <5 140 1.6 <0.005 24 3 

MCS1 5 11/12/12 1209 419 1.806 12070 6030 12186 <5 110 1.7 <0.005 18 4 

MCS1 6 18/12/12 1218 438 1.76 12460 6220 13188 <5 110 2.5 <0.02 13 6 

MCS1 7 25/12/12 1200 418 1.826 12250 6120 14117 <5 110 2.4 <0.005 9.4 7 

MCS1 8 1/01/13 1202 341 1.9 12760 6370 13958 <5 94 2.6 <0.005 7.4 9 

MCS1 9 8/01/13 1247 388 1.782 12140 6060 12740 <5 92 2.9 <0.005 5.6 7 

MCS1 10 15/01/13 1253 446 1.857 11310 5640 14115 <5 90 3.1 <0.005 4.7 14 

MCS1 11 22/01/13 1223 400 1.853 12630 6310 16151 <5 110 4.2 <0.005 4.8 16 

MCS1 12 29/01/13 1263 401 1.9 12920 6450 16012 <5 120 3.5 <0.005 4.1 17 

MCS1 13 5/02/13 1214 402 1.952 14560 7270 13350 <5 95 3.8 <0.01 2.8 28 

MCS2 1 13/11/12 1504 545 2.66 4410 2210 2616 <5 81 0.15 0.002 21 3 

MCS2 2 20/11/12 1524 691 2.342 6880 3440 4389 <5 79 0.2 <0.005 20 2 

MCS2 3 27/11/12 1514 659 2.105 8840 4410 7606 <5 87 0.76 <0.005 15 3 

MCS2 4 4/12/12 1547 666 1.828 9270 4630 7954 <5 85 1.1 <0.005 11 4 

MCS2 5 11/12/12 1585 744 1.829 10440 5220 10982 <5 100 1.9 <0.005 12 6 

MCS2 6 18/12/12 1571 678 1.798 11030 5520 12531 <5 120 2.8 <0.02 12 10 
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Sample Week Date 
Applied 
Volume 

(mL) 

Extracted 

Volume (mL) 
pH EC TDS Acidity (Hot) Alkalinity Al As Ba Ca Cl 

Units - - mL mL pH µS/cm mg/L mg CaCO3/L mg CaCO3/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 1 1 - 10 
 

5 5 0.005 0.001 0.001 0.2 1 

MCS2 7 25/12/12 1609 740 1.853 10610 5300 11298 <5 110 2.3 <0.005 7.9 11 

MCS2 8 1/01/13 1579 672 1.928 10530 5260 11622 <5 86 2.4 <0.005 5.3 14 

MCS2 9 8/01/13 1593 713 1.79 9500 4740 9773 <5 57 2.4 <0.005 3.8 12 

MCS2 10 15/01/13 1584 710 1.878 9750 4870 11359 <5 53 2.4 <0.005 2.8 28 

MCS2 11 22/01/13 1582 708 1.877 10330 5160 10934 <5 55 1.9 <0.005 2.6 31 

MCS2 12 29/01/13 1590 706 1.919 10320 5150 10154 <5 55 2.5 <0.005 2.1 28 

MCS2 13 5/02/13 1502 687 1.968 9610 4800 7142 <5 40 1.4 <0.005 1.4 36 

MCS3 1 13/11/12 1504 670 2.51 4000 1980 1840 <5 44 0.029 0.002 20 3 

MCS3 3 27/11/12 1504 566 1.962 10150 5090 9667 <5 140 1.2 <0.005 33 3 

MCS3 5 11/12/12 1638 671 1.829 12560 6300 14889 <5 130 3 <0.005 22 4 

MCS3 7 25/12/12 1697 744 1.817 13900 6940 19489 <5 170 5.7 <0.005 13 8 

MCS3 9 8/01/13 1671 660 1.723 14400 7200 17095 <5 140 6 <0.005 8.2 9 

MCS3 11 22/01/13 1709 720 1.775 14220 7100 19480 <5 150 5.3 <0.005 5.8 20 

MCS3 13 5/02/13 1669 721 1.89 14300 7140 16290 <5 120 6.4 <0.01 3.9 24 

MCS4 1 13/11/12 1804 980 2.321 3300 1660 1382 <5 35 0.027 0.004 21 3 

MCS4 2 20/11/12 1828 917 2.007 6770 3380 4394 <5 66 0.23 <0.005 25 2 

MCS4 3 41240 1860 1007 2.06 8280 4130 7290 <5 74 0.91 <0.005 20 3 

MCS4 4 41247 1869 1043 1.905 8620 4310 8049 <5 49 1.5 <0.005 11 5 

MCS4 5 41254 1864 899 1.872 9670 4830 10281 <5 39 2.1 <0.005 5.1 11 

MCS4 6 18/12/12 1969 1127 1.935 9770 4880 10395 <5 45 2.6 <0.02 3.3 17 

MCS4 7 25/12/12 1878 1031 1.925 9760 4880 10249 <5 39 2.5 <0.005 2.3 17 

MCS4 8 1/01/13 1871 930 1.885 10160 5070 11265 <5 40 2.8 <0.005 1.7 17 

MCS4 9 8/01/13 1927 1018 1.839 9420 4700 8129 <5 36 2.4 <0.005 1.4 33 

MCS4 10 15/01/13 1901 1036 1.89 8800 4400 9566 <5 33 2.2 <0.005 1.4 31 
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Sample Week Date 
Applied 
Volume 

(mL) 

Extracted 

Volume (mL) 
pH EC TDS Acidity (Hot) Alkalinity Al As Ba Ca Cl 

Units - - mL mL pH µS/cm mg/L mg CaCO3/L mg CaCO3/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 1 1 - 10 
 

5 5 0.005 0.001 0.001 0.2 1 

MCS4 11 22/01/13 1845 1040 1.811 8820 4410 8293 <5 29 1.8 <0.005 1.4 30 

MCS4 12 29/01/13 1837 965 2.048 9070 4530 7448 <5 29 1.8 <0.005 1.3 25 

MCS4 13 5/02/13 1838 1050 2.037 8020 4000 5492 <5 24 1.1 <0.005 1 30 

ALU1 1 13/11/12 1138.5 144 6.15 340 169 <5 <5 0.004 0.001 0.002 7.9 31 

ALU2 1 13/11/12 1438.5 366 6.11 334 167 <5 <5 0.002 <0.001 0.001 7 37 

ALU3 1 13/11/12 1438.5 405 5.915 368 183 <5 <5 0.003 <0.001 0.002 7.4 40 

ALU4 1 13/11/12 1738.5 754 5.85 474 237 <5 <5 <0.001 <0.001 0.002 14 51 

PYT1 1 13/11/12 866.5 195 2.73 2560 1270 646 <5 23 - - 300 26 

PYT1 2 20/11/12 914 422 2.535 2320 1157 1113 <5 21 - - 170 17 

PYT1 3 27/11/12 852 238 2.497 2450 1220 1187 <5 15 - - 100 12 

PYT1 4 4/12/12 1020 420 2.297 2960 1480 1382 <5 14 - - 77 12 

PYT1 5 11/12/12 1002 496 2.442 2190 1090 964 <5 5.1 - - 45 4 

PYT1 6 18/12/12 970 412 2.249 2260 1130 1066 <5 5.7 - - 34 7 

PYT1 7 25/12/12 964 420 2.424 2580 1290 1169 <5 4.3 - - 30 4 

PYT1 8 1/01/13 954 372 2.391 2600 1300 1052 <5 2.6 - - 27 4 

PYT1 9 8/01/13 974 406 2.408 2510 1250 890 <5 1.6 - - 19 3 

PYT1 10 15/01/13 964 400 2.477 2390 1190 1060 <5 1.3 - - 17 3 

PYT1 11 22/01/13 964 337 2.414 2530 1260 1204 <5 1.2 - - 20 3 

PYT1 12 29/01/13 2100 1497 2.531 1490 740 647 <5 0.65 - - 25 1 

PYT2 1 13/11/12 1166.5 500 2.836 1830 910 362 <5 16 - - 290 24 

PYT2 2 20/11/12 1208 537 2.731 1911 955 658 <5 17 - - 180 15 

PYT2 3 27/11/12 1318 652 2.55 1947 972 760 <5 11 - - 90 7 

PYT2 4 4/12/12 1362 638 2.589 1960 980 776 <5 6.4 - - 59 4 

PYT2 5 11/12/12 1422 721 2.432 2110 1050 798 <5 2.7 - - 37 7 
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Sample Week Date 
Applied 
Volume 

(mL) 

Extracted 

Volume (mL) 
pH EC TDS Acidity (Hot) Alkalinity Al As Ba Ca Cl 

Units - - mL mL pH µS/cm mg/L mg CaCO3/L mg CaCO3/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 1 1 - 10 
 

5 5 0.005 0.001 0.001 0.2 1 

PYT2 6 18/12/12 1403 690 2.222 2220 1110 798 <5 2.1 - - 33 2 

PYT2 7 25/12/12 1423 719 2.466 2110 1050 799 <5 1.5 - - 26 2 

PYT2 8 1/01/13 1350 758 2.439 2090 1040 777 <5 1.1 - - 19 2 

PYT2 9 8/01/13 1296 646 2.453 1960 980 692 <5 0.84 - - 15 2 

PYT2 10 15/01/13 1340 785 2.547 1790 890 664 <5 0.66 - - 12 2 

PYT2 11 22/01/13 1261 603 2.473 1920 960 694 <5 0.45 - - 11 2 

PYT2 12 29/01/13 2100 1553 2.601 1240 620 579 <5 0.26 - - 6.5 1 

PYT3 1 13/11/12 1166.5 480 3.11 1760 880 301 <5 15 - - 300 23 

PYT3 3 27/11/12 1328 761 2.535 1963 978 665 <5 15 - - 140 10 

PYT3 5 11/12/12 1281 740 2.408 1904 956 706 <5 6.8 - - 65 5 

PYT3 7 25/12/12 1245 730 2.437 2040 1020 786 <5 4.6 - - 44 3 

PYT3 9 8/01/13 1217 739 2.473 1940 970 794 <5 2.6 - - 34 3 

PYT3 11 22/01/13 1604 1005 2.71 1310 650 668 <5 1.3 - - 30 2 

PYT3 12 29/01/13 2100 1620 2.702 1070 530 450 <5 0.49 - - 19 1 

PYT4 1 13/11/12 1466.5 842 3.303 1452 725 232 <5 12 - - 260 21 

PYT4 2 20/11/12 1494 922 2.726 1456 727 485 <5 9.6 - - 98 11 

PYT4 3 27/11/12 1574 1026 2.512 1480 740 525 <5 5.7 - - 58 9 

PYT4 4 4/12/12 1540 963 2.71 1460 730 488 <5 2.8 - - 36 4 

PYT4 5 11/12/12 1579 1013 2.39 1512 759 558 <5 1.9 - - 26 3 

PYT4 6 18/12/12 1576 987 2.287 1550 770 515 <5 1.7 - - 20 2 

PYT4 7 25/12/12 1599 999 2.45 1470 730 554 <5 1.1 - - 13 2 

PYT4 8 1/01/13 1608 957 2.484 1310 650 569 <5 0.91 - - 9 2 

PYT4 9 8/01/13 1641 966 2.483 1440 710 380 <5 0.6 - - 5.3 2 

PYT4 10 15/01/13 1665 1061 2.64 1400 700 447 <5 0.47 - - 3.7 2 
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Sample Week Date 
Applied 
Volume 

(mL) 

Extracted 

Volume (mL) 
pH EC TDS Acidity (Hot) Alkalinity Al As Ba Ca Cl 

Units - - mL mL pH µS/cm mg/L mg CaCO3/L mg CaCO3/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 1 1 - 10 
 

5 5 0.005 0.001 0.001 0.2 1 

PYT4 11 22/01/13 1604 928 2.558 1410 700 504 <5 0.34 - - 3.9 1 

PYT4 12 29/01/13 2100 1557 2.668 1070 530 460 <5 0.25 - - 2 <1 

JAR1 1 13/11/12 734.5 226 6.58 197.7 98.8 <5 22 0.024 - - 23 11 

JAR1 2 20/11/12 744 290 6.755 222 109 <5 34 0.018 - - 22 5 

JAR1 3 27/11/12 796 272 6.599 177 88.1 <5 26 0.016 - - 20 3 

JAR1 4 4/12/12 934 420 6.716 186 93 <5 23 0.021 - - 24 4 

JAR1 5 11/12/12 794 452 6.731 206 103 <5 34 0.018 - - 26 3 

JAR1 6 18/12/12 892 415 6.724 194 97 <5 26 0.015 - - 24 1 

JAR1 7 25/12/12 881 447 6.39 220 110 <5 23 0.015 - - 26 1 

JAR1 8 1/01/13 854 345 6.465 203 101 <5 24 0.014 - - 27 <1 

JAR1 9 8/01/13 899 453 6.47 205 102 <5 20 0.011 - - 27 <1 

JAR1 10 15/01/13 840 356 6.255 222 111 <5 21 0.009 - - 30 <1 

JAR1 11 22/01/13 876 396 5.638 230 110 <5 21 0.007 - - 33 <1 

JAR2 1 13/11/12 1034.5 574 6.69 233.5 117.2 <5 31 0.019 - - 22 26 

JAR2 2 20/11/12 1004 550 6.73 192.7 96.4 <5 33 0.021 - - 23 12 

JAR2 3 27/11/12 1088 620 6.42 193.7 97.5 <5 27 0.024 - - 19 9 

JAR2 4 4/12/12 1172 737 6.752 168 84 <5 22 0.025 - - 22 5 

JAR2 5 11/12/12 1083 739 6.757 170.7 85.3 <5 28 0.02 - - 22 2 

JAR2 6 18/12/12 1122 700 6.661 220 110 <5 23 0.013 - - 28 1 

JAR2 7 25/12/12 1130 676 6.406 240 120 <5 22 0.01 - - 27 <1 

JAR2 8 1/01/13 1168 703 6.656 252 126 <5 23 0.009 - - 34 <1 

JAR2 9 8/01/13 1161 668 6.564 212 106 <5 17 0.006 - - 32 <1 

JAR2 10 15/01/13 1185 657 6.329 268 134 <5 22 0.007 - - 37 <1 

JAR2 11 22/01/13 1210 726 6.085 280 140 <5 15 <0.005 - - 39 <1 
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Sample Week Date 
Applied 
Volume 

(mL) 

Extracted 

Volume (mL) 
pH EC TDS Acidity (Hot) Alkalinity Al As Ba Ca Cl 

Units - - mL mL pH µS/cm mg/L mg CaCO3/L mg CaCO3/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 1 1 - 10 
 

5 5 0.005 0.001 0.001 0.2 1 

JAR3 1 13/11/12 1034.5 645 6.59 148 73.9 <5 22 0.026 - - 16 12 

JAR3 3 27/11/12 1032 493 6.655 156 78 <5 22 0.013 - - 17 5 

JAR3 5 11/12/12 1225 734 6.475 159 79.4 <5 19 0.012 - - 16 3 

JAR3 7 25/12/12 1207 700 6.452 165 82 <5 13 0.017 - - 19 2 

JAR3 9 8/01/13 1227 740 6.636 165 83 <5 11 0.009 - - 18 2 

JAR3 11 22/01/13 1187 670 6.18 180 90 <5 10 0.006 - - 22 1 

JAR4 1 13/11/12 1334.5 850 6.33 178.7 89.4 <5 25 0.031 - - 17 12 

JAR4 2 20/11/12 1348 941 6.77 127 64 <5 24 0.032 - - 20 2 

JAR4 3 27/11/12 1344 935 6.661 154.7 77.3 <5 26 0.023 - - 20 1 

JAR4 4 4/12/12 1411 940 6.265 145.6 73.2 <5 17 0.021 - - 20 <1 

JAR4 5 11/12/12 1393 1070 6.611 157 78.4 <5 22 0.017 - - 21 <1 

JAR4 6 18/12/12 1403 970 6.629 184 92.2 <5 18 0.012 - - 22 <1 

JAR4 7 25/12/12 1435 974 6.487 177 89 <5 16 0.01 - - 23 <1 

JAR4 8 1/01/13 1477 979 6.684 205 102 <5 18 0.006 - - 26 <1 

JAR4 9 8/01/13 1494 1091 6.677 187 94 <5 13 0.005 - - 23 <1 

JAR4 10 15/01/13 1409 941 6.472 200 100 <5 14 <0.005 - - 26 <1 

JAR4 11 22/01/13 1472 990 6.245 202 100 <5 13 <0.005 - - 27 <1 
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 Concentration of Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Se, Silica, Si, SO4 and Zn 8.4.2.

Sample Week Date Cr Cu Fe K Mg Mn Na Ni Pb Se Silica Si SO4 Zn 

Units - - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 0.001 0.001 0.005 0.1 0.1 0.001 0.5 0.001 0.001 0.002 0.05 0.02 1 0.005 

MCS1 1 13/11/12 0.2 8.1 790 0.4 9.3 2.5 3.6 0.8 0.002 0.021 52 24 2000 0.43 

MCS1 2 20/11/12 0.43 15 2000 0.3 18 6 2.3 2.2 <0.005 0.053 87 41 2400 0.9 

MCS1 3 27/11/12 0.61 10 3200 1.2 19 7.5 2.4 3 <0.005 0.059 83 39 1200 0.98 

MCS1 4 4/12/12 0.8 8.1 3900 0.1 18 7.9 1.6 3.5 <0.005 0.056 76 36 2300 1 

MCS1 5 11/12/12 0.83 6.5 5500 0.1 15 7.1 1.1 3.3 <0.005 0.046 63 - 12000 0.9 

MCS1 6 18/12/12 1 5.9 5500 0.9 13 6.8 0.8 4.4 <0.02 0.047 63 30 13000 0.89 

MCS1 7 25/12/12 0.8 4 4800 0.2 11 6.2 0.7 3.2 <0.005 0.04 60 28 10000 0.38 

MCS1 8 1/01/13 0.77 3.5 4700 2.1 9.6 6.3 2.8 3.3 <0.005 0.043 60 28 11000 0.87 

MCS1 9 8/01/13 0.72 3.2 4700 0.3 8.7 6 0.5 3.2 <0.005 0.036 46 22 12000 0.87 

MCS1 10 15/01/13 0.73 3 4500 0.2 7.6 5.9 0.6 3 <0.005 0.032 42 20 11000 0.85 

MCS1 11 22/01/13 0.89 3.3 5900 0.1 8.8 6.9 0.6 3.6 <0.005 0.036 45 21 15000 0.38 

MCS1 12 29/01/13 0.89 3.1 6100 0.1 8.8 6.8 0.7 3.6 <0.005 0.027 44 21 15000 0.4 

MCS1 13 5/02/13 0.93 2.6 5700 <0.1 7 8 0.8 3.6 <0.01 0.041 44 20 14000 0.47 

MCS2 1 13/11/12 0.22 8.7 690 0.3 12 2.2 2.5 0.77 0.002 0.019 36 17 2200 0.44 

MCS2 2 20/11/12 0.23 7 1100 0.2 10 3.5 2 1.4 <0.005 0.037 50 23 1000 0.51 

MCS2 3 27/11/12 0.39 5.7 2200 0.2 11 4.8 1.5 2.2 <0.005 0.056 44 21 1300 0.64 

MCS2 4 4/12/12 0.46 4.4 2600 0.2 9.7 5.1 1.1 2.5 <0.005 0.041 42 20 1400 0.66 

MCS2 5 11/12/12 0.82 5.2 4500 1.8 13 5.8 1 2.8 <0.005 0.039 37 - 10000 0.73 

MCS2 6 18/12/12 0.98 6 4900 <0.1 14 6.1 0.7 3.9 <0.02 0.042 39 18 11000 0.82 

MCS2 7 25/12/12 0.72 3.9 3700 0.1 9.8 5.2 0.7 2.7 <0.005 0.029 33 16 11000 0.37 

MCS2 8 1/01/13 0.63 2.9 4000 <0.1 7.5 5.1 0.5 2.6 <0.005 0.025 36 17 10000 0.73 

MCS2 9 8/01/13 0.51 2.3 3900 <0.1 5.6 4.6 0.6 2.3 <0.005 0.025 32 15 9100 0.65 

MCS2 10 15/01/13 0.5 2 3400 0.1 4.7 4.6 0.6 2.3 <0.005 0.017 32 15 9000 0.29 
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Sample Week Date Cr Cu Fe K Mg Mn Na Ni Pb Se Silica Si SO4 Zn 

Units - - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 0.001 0.001 0.005 0.1 0.1 0.001 0.5 0.001 0.001 0.002 0.05 0.02 1 0.005 

MCS2 11 22/01/13 0.53 2 3700 0.1 4.7 4.7 0.6 2.4 <0.005 0.023 30 14 9700 0.28 

MCS2 12 29/01/13 0.51 1.7 3700 <0.1 4.5 4.5 0.6 2.3 <0.005 0.014 31 15 9700 0.29 

MCS2 13 5/02/13 0.37 1.2 2900 <0.1 2.7 4 <0.5 1.8 <0.005 0.017 29 14 7700 0.27 

MCS3 1 13/11/12 0.14 6.7 540 0.2 6.9 2 1.8 0.54 0.001 0.024 39 18 1700 0.32 

MCS3 3 27/11/12 0.44 11 3600 0.2 17 7.5 2.2 3.2 <0.005 0.064 50 23 1100 1.1 

MCS3 5 11/12/12 0.53 7.6 5900 0.1 17 8.6 0.9 3.9 <0.005 0.061 44 - 13000 1.1 

MCS3 7 25/12/12 0.95 5.4 7500 0.1 17 8.6 1.5 4.2 <0.005 0.055 34 16 13000 0.53 

MCS3 9 8/01/13 1 3.9 7200 0.1 14 7.8 1.6 3.9 <0.005 0.042 35 16 16000 1.1 

MCS3 11 22/01/13 1.1 3.6 6600 0.1 14 8.1 0.7 4 <0.005 0.032 39 18 17000 0.45 

MCS3 13 5/02/13 1.2 2.9 7000 <0.1 11 9.9 0.7 4.5 0.014 0.037 42 19 21000 0.72 

MCS4 1 13/11/12 0.11 5.1 450 0.3 5.5 1.4 2 0.47 0.003 0.02 28 13 1400 0.36 

MCS4 2 20/11/12 0.22 7.4 1300 0.2 8.9 3.3 1.6 1.4 <0.005 0.051 44 21 2100 0.5 

MCS4 3 41240 0.38 6.3 2500 0.1 9 4.9 1.2 2.3 <0.005 0.047 39 18 1200 0.63 

MCS4 4 41247 0.39 4.7 2700 <0.1 6.4 5 1.1 2.4 <0.005 0.036 37 17 8200 0.57 

MCS4 5 41254 0.39 4.1 3800 0.2 5.2 5 0.8 2.4 <0.005 0.034 35 - 8500 0.54 

MCS4 6 18/12/12 0.52 3.7 4300 <0.1 5.3 5.1 <0.5 3 <0.02 <0.04 33 15 10000 0.6 

MCS4 7 25/12/12 0.49 2.7 3700 <0.1 4.8 4.6 0.5 2.3 <0.005 0.027 30 14 8400 0.3 

MCS4 8 1/01/13 0.4 2.3 3700 <0.1 4.6 4.5 <0.5 2.2 <0.005 0.025 31 15 9600 0.64 

MCS4 9 8/01/13 0.36 1.9 3100 <0.1 3.8 4 <0.5 2 <0.005 0.022 28 13 8800 0.57 

MCS4 10 15/01/13 0.39 1.9 3100 <0.1 3.3 3.9 <0.5 1.9 <0.005 0.02 28 13 8700 0.28 

MCS4 11 22/01/13 0.34 2 2700 <0.1 2.8 3.4 <0.5 1.8 <0.005 0.014 28 13 7000 0.26 

MCS4 12 29/01/13 0.31 1.8 2600 <0.1 2.9 3.3 <0.5 1.8 <0.005 0.012 28 13 7300 0.27 

MCS4 13 5/02/13 0.29 1.6 2100 0.2 2 2.9 0.6 1.4 <0.005 0.017 23 11 5400 0.3 

ALU1 1 13/11/12 <0.001 0.002 <0.005 7.2 5.9 0.001 54 0.003 <0.001 <0.002 18 8.3 97 0.007 

ALU2 1 13/11/12 <0.001 0.002 <0.005 5.4 5.4 <0.001 46 0.002 <0.001 <0.002 12 5.5 76 0.006 
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Sample Week Date Cr Cu Fe K Mg Mn Na Ni Pb Se Silica Si SO4 Zn 

Units - - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 0.001 0.001 0.005 0.1 0.1 0.001 0.5 0.001 0.001 0.002 0.05 0.02 1 0.005 

ALU3 1 13/11/12 <0.001 0.002 <0.005 6.7 5.9 0.001 54 0.003 <0.001 <0.002 16 7.4 93 0.003 

ALU4 1 13/11/12 <0.001 0.001 <0.005 7.4 9.5 0.006 63 0.001 <0.001 <0.002 16 7.5 110 0.007 

PYT1 1 13/11/12 0.33 - 270 0.2 19 0.85 14 0.85 - - 25 11 1500 0.82 

PYT1 2 20/11/12 - - 370 0.1 14 - 10 - - - 18 8.4 1100 - 

PYT1 3 27/11/12 - - 490 <0.1 8.4 - 5.5 - - - 14 6.5 1100 - 

PYT1 4 4/12/12 - - 490 <0.1 7.2 - 3.5 - - - 11 5.1 1100 - 

PYT1 5 11/12/12 - - 340 <0.1 2.8 - 1.3 - - - 5.1 - 830 - 

PYT1 6 18/12/12 - - 420 <0.1 2.5 - 1 - - - 5.1 2.4 1300 - 

PYT1 7 25/12/12 - - 390 <0.1 1.8 - 0.9 - - - 4.3 2 1200 - 

PYT1 8 1/01/13 - - 390 <0.1 0.9 - 0.8 - - - 3.9 1.8 1100 - 

PYT1 9 8/01/13 - - 320 <0.1 0.4 - <0.5 - - - 3.8 1.8 980 - 

PYT1 10 15/01/13 - - 320 <0.1 0.3 - <0.5 - - - 3.2 1.5 910 - 

PYT1 11 22/01/13 - - 360 <0.1 0.3 - 0.5 - - - 2.9 1.4 1000 - 

PYT1 12 29/01/13 - - 170 <0.1 0.2 - <0.5 - - - 1.2 0.56 470 - 

PYT2 1 13/11/12 0.13 - 93 0.4 18 0.48 11 0.63 - - 20 9.5 1200 0.68 

PYT2 2 20/11/12 - - 190 <0.1 14 - 5.6 - - - 19 8.7 960 - 

PYT2 3 27/11/12 - - 240 <0.1 7.2 - 2.1 - - - 8.6 4 860 - 

PYT2 4 4/12/12 - - 260 <0.1 3.1 - 1.4 - - - 5.2 2.4 890 - 

PYT2 5 11/12/12 - - 330 <0.1 1 - 0.6 - - - 3.4 - 1000 - 

PYT2 6 18/12/12 - - 310 <0.1 0.7 - <0.5 - - - 3.2 1.5 960 - 

PYT2 7 25/12/12 - - 250 <0.1 0.4 - <0.5 - - - 2.4 1.1 810 - 

PYT2 8 1/01/13 - - 240 <0.1 0.2 - <0.5 - - - 2.1 0.99 780 - 

PYT2 9 8/01/13 - - 220 <0.1 0.1 - <0.5 - - - 2.6 1.2 700 - 

PYT2 10 15/01/13 - - 180 <0.1 <0.1 - <0.5 - - - 1.8 0.86 600 - 

PYT2 11 22/01/13 - - 180 <0.1 <0.1 - <0.5 - - - 1.6 0.76 600 - 
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Sample Week Date Cr Cu Fe K Mg Mn Na Ni Pb Se Silica Si SO4 Zn 

Units - - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 0.001 0.001 0.005 0.1 0.1 0.001 0.5 0.001 0.001 0.002 0.05 0.02 1 0.005 

PYT2 12 29/01/13 - - 100 <0.1 <0.1 - <0.5 - - - 1.1 0.49 320 - 

PYT3 1 13/11/12 0.094 - 55 0.3 18 0.51 10 0.61 - - 21 9.7 1000 0.73 

PYT3 3 27/11/12 - - 180 <0.1 11 - 3.5 - - - 6.4 3 890 - 

PYT3 5 11/12/12 - - 230 <0.1 3.9 - 1 - - - 2.2 - 810 - 

PYT3 7 25/12/12 - - 280 <0.1 2.2 - <0.5 - - - 1.6 0.73 860 - 

PYT3 9 8/01/13 - - 270 <0.1 0.9 - <0.5 - - - 1.9 0.88 810 - 

PYT3 11 22/01/13 - - 190 <0.1 0.5 - <0.5 - - - 0.7 0.33 580 - 

PYT3 12 29/01/13 - - 99 <0.1 0.2 - <0.5 - - - 1.1 0.5 330 - 

PYT4 1 13/11/12 0.072 - 35 0.4 15 0.39 9.6 0.54 - - 16 7.5 880 0.59 

PYT4 2 20/11/12 - - 140 0.1 7 - 2.8 - - - 10 4.8 860 - 

PYT4 3 27/11/12 - - 170 <0.1 3.6 - 1.3 - - - 4.9 2.3 750 - 

PYT4 4 4/12/12 - - 160 <0.1 1.2 - 0.5 - - - 3.5 1.6 760 - 

PYT4 5 11/12/12 - - 180 0.3 0.6 - <0.5 - - - 2.5 - 550 - 

PYT4 6 18/12/12 - - 190 <0.1 0.3 - <0.5 - - - 2.3 1.1 550 - 

PYT4 7 25/12/12 - - 180 <0.1 0.2 - <0.5 - - - 1.7 0.8 530 - 

PYT4 8 1/01/13 - - 160 <0.1 <0.1 - <0.5 - - - 1.6 0.75 510 - 

PYT4 9 8/01/13 - - 140 <0.1 <0.1 - <0.5 - - - 2 0.92 440 - 

PYT4 10 15/01/13 - - 130 <0.1 <0.1 - <0.5 - - - 1.2 0.57 390 - 

PYT4 11 22/01/13 - - 130 <0.1 <0.1 - <0.5 - - - 1.1 0.52 410 - 

PYT4 12 29/01/13 - - 91 <0.1 <0.1 - <0.5 - - - 0.71 0.33 250 - 

JAR1 1 13/11/12 0.004 - 0.022 11 3.4 0.005 5.9 <0.001 - - 11 5.1 46 0.04 

JAR1 2 20/11/12 - - 0.015 10 2.8 - 3.4 - - - 9.8 4.6 41 - 

JAR1 3 27/11/12 - - 0.007 9.9 2.1 - 1.7 - - - 7.7 3.6 42 - 

JAR1 4 4/12/12 - - 0.011 15 2.5 - 2.1 - - - 6.3 3 64 - 

JAR1 5 11/12/12 - - 0.055 14 2.5 - 1.6 - - - 5.6 - 64 - 
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Sample Week Date Cr Cu Fe K Mg Mn Na Ni Pb Se Silica Si SO4 Zn 

Units - - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 0.001 0.001 0.005 0.1 0.1 0.001 0.5 0.001 0.001 0.002 0.05 0.02 1 0.005 

JAR1 6 18/12/12 - - 0.015 13 2.3 - 0.9 - - - 5.2 2.4 66 - 

JAR1 7 25/12/12 - - 0.099 15 2.6 - 1 - - - 4.4 2.1 79 - 

JAR1 8 1/01/13 - - 0.068 13 2.4 - 0.8 - - - 5.1 2.4 77 - 

JAR1 9 8/01/13 - - 0.067 15 2.2 - 0.7 - - - 4.4 2.1 78 - 

JAR1 10 15/01/13 - - 0.005 16 2.4 - 0.8 - - - 4.1 1.9 86 - 

JAR1 11 22/01/13 - - 0.13 18 2.5 - 0.7 - - - 3.7 1.7 95 - 

JAR2 1 13/11/12 0.005 - 0.009 12 3.4 0.004 15 <0.001 - - 9.7 4.6 42 0.007 

JAR2 2 20/11/12 - - <0.005 13 2.7 - 8.1 - - - 8.6 4 44 - 

JAR2 3 27/11/12 - - 0.05 10 2.1 - 4.8 - - - 6.2 2.9 52 - 

JAR2 4 4/12/12 - - 0.005 12 2.2 - 3.4 - - - 4.9 2.3 55 - 

JAR2 5 11/12/12 - - <0.005 10 1.9 - 1.4 - - - 4 - 56 - 

JAR2 6 18/12/12 - - 0.021 14 2.3 - 1.2 - - - 3.9 1.8 82 - 

JAR2 7 25/12/12 - - 0.075 14 2.1 - 1 - - - 3.3 1.5 86 - 

JAR2 8 1/01/13 - - 0.048 17 2.3 - 1 - - - 3.3 1.6 99 - 

JAR2 9 8/01/13 - - 0.041 17 2 - 0.8 - - - 3.2 1.5 94 - 

JAR2 10 15/01/13 - - <0.005 19 2.3 - 0.8 - - - 3.2 1.5 98 - 

JAR2 11 22/01/13 - - 0.036 21 2.4 - 0.7 - - - 2.5 1.2 110 - 

JAR3 1 13/11/12 <0.001 - 0.015 11 2.7 0.01 6.8 0.001 - - 8.6 4 40 0.028 

JAR3 3 27/11/12 - - 0.014 11 2.1 - 2.7 - - - 7.1 3.3 45 - 

JAR3 5 11/12/12 - - 0.006 11 1.7 - 1.7 - - - 5.2 - 50 - 

JAR3 7 25/12/12 - - 0.067 11 1.9 - 1.3 - - - 4.6 2.2 58 - 

JAR3 9 8/01/13 - - 0.043 11 1.6 - 0.9 - - - 4 1.9 61 - 

JAR3 11 22/01/13 - - 0.034 12 1.7 - 0.8 - - - 3.7 1.7 69 - 

JAR4 1 13/11/12 0.003 - 0.023 9.4 2.7 0.003 6.1 <0.001 - - 8.1 3.8 40 0.033 

JAR4 2 20/11/12 - - 0.007 9.5 2.2 - 2 - - - 7.1 3.3 36 - 
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Sample Week Date Cr Cu Fe K Mg Mn Na Ni Pb Se Silica Si SO4 Zn 

Units - - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Detection Limit - - 0.001 0.001 0.005 0.1 0.1 0.001 0.5 0.001 0.001 0.002 0.05 0.02 1 0.005 

JAR4 3 27/11/12 - - <0.005 9.4 1.8 - 1.7 - - - 4.6 2.2 51 - 

JAR4 4 4/12/12 - - 0.005 10 1.6 - 0.6 - - - 3.7 1.7 50 - 

JAR4 5 11/12/12 - - <0.005 9.6 1.5 - <0.5 - - - 3.2 - 56 - 

JAR4 6 18/12/12 - - 0.024 11 1.6 - <0.5 - - - 3 1.4 65 - 

JAR4 7 25/12/12 - - 0.06 11 1.5 - <0.5 - - - 2.8 1.3 66 - 

JAR4 8 1/01/13 - - 0.043 13 1.6 - <0.5 - - - 2.7 1.3 74 - 

JAR4 9 8/01/13 - - 0.043 13 1.4 - <0.5 - - - 2.7 1.3 71 - 

JAR4 10 15/01/13 - - <0.005 13 1.5 - 0.5 - - - 2.7 1.3 72 - 

JAR4 11 22/01/13 - - 0.029 14 1.5 - <0.5 - - - 2.4 1.1 79 - 
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8.5. Appendix 5: Mine Closure 2013 Paper 

The paper shown overleaf was presented at the 2013 Mine Closure conference in 

Cornwall, UK on 20 September 2013. Conference proceedings for this conference were 

peer-reviewed and are available from the Australian Centre for Geomechanics website: 

www.acg.uwa.edu.au. 

This article was written by Edward Buller. Andy Fourie provided guidance on the 

project and input into experimental design that greatly assisted the end product. 

Additionally Andy Fourie reviewed the document prior to submission. 

 

Edward Buller:                                 

    Date:  

 

Andy Fourie:                                 

  Date:  
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Leach column study of the net solute load response to 

installing infiltration-limiting dry cover systems over acid 

forming waste piles 

E.B. Buller School of Civil and Resource Engineering, University of Western Australia, 

Australia  

A. Fourie School of Civil and Resource Engineering, University of Western Australia, Australia  

 

Abstract 

Store-and-release (SAR) covers are often installed over sulfidic mine waste to limit the 

generation and transport of acidic and metalliferous drainage (AMD) by reducing water 

percolation to these wastes. SAR covers act to reduce both the net volume and frequency of 

percolation events by buffering the underlying waste from smaller rainfall events that would 

have otherwise penetrated to the waste, and enhancing evapo-transpiration of stored pore-

water. While water content has been shown to significantly impact the rate of sulfide oxidation 

in numerous studies, there is currently no established relationship between percolation volume 

and acidity load. This project investigates whether reducing incident water percolation with a 

SAR cover simply results in more concentrated deep drainage containing a comparable acidity 

load, with no net benefit of SAR installation. 

The relationship between percolation volume and acidity load was tested by leaching three 

columns of a composite marcasite:quartz material (1:300) weekly with deionised water to 

achieve regular drainage via vacuum extraction equivalent to pore volumes of 0.3, 0.5 and 0.7. 

A fourth column was run at the mid-range drainage rate but leached fortnightly to investigate 

the impact of varying percolation event frequency. Vacuum extraction of pore water enabled 

precise regulation of column water content to ensure comparable oxidation conditions between 

the four columns in the inter-leach period. Normal operation of columns ceased after 11 weeks. 

The 12
th

 and final week consisted of a large flush event for all four columns, where the 

equivalent of 1.05 pore volumes of drainage was extracted. Drainage after the first percolation 

event stabilised around pH 2.5 for all columns. Analysis of drainage quality found that a 60% 

reduction in drainage volume over the 11 weeks of normal operation resulted in a 13% decrease 

in cumulative acidity load and a 30% reduction in cumulative sulfate (SO4) load. The primary 

mechanism for this reduction in solute load with reduced percolation volume was the capacity 

of discrete infiltration events to flush oxidation products and expose fresh sulfide surfaces to 

reaction. Altering the percolation event frequency from weekly to fortnightly resulted in a 47% 

and 41% reduction in realised acidity and SO4 loads respectively, indicating that changes to the 

frequency of percolation events had a stronger impact on acidity and SO4 load than the net 

volume of discrete percolation events. Acidity loads in the final high volume flush event were a 

factor of 1.1-2.8 times greater than the previous week, illustrating that significant generated 

acidity was not mobilised at previous lower percolation volumes. 

Results from this study illustrate that solely decreasing the volume or frequency of discrete 

percolation events may reduce the net acidity load experienced in deep drainage. SAR covers act 

to enhance both of these factors whilst also reducing material water content, with these three 

factors all acting in concert capable of significantly lowering the acidity load reporting to waste 

pile deep drainage.  
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1. Introduction 

Typical management of sulfidic mine waste where site and climatic conditions preclude 

material inundation is to limit water infiltration through waste rock by installing a 

material store-and-release (SAR) cover. SAR covers are designed to have high water 

storage (∆S) and evapotranspiration (ET) capacity to optimise the water balance 

equation (Equation 1) and subsequently reduce percolation volume (V) from 

precipitation (P). The runoff term (R) is not specifically influenced by SAR cover 

installation. 

  V = P – R – ∆S – ET                     (1) 

SAR covers act to reduce both the net volume and frequency of percolation events by 

buffering the underlying waste from smaller rainfall events that would otherwise have 

penetrated to waste whilst simultaneously enhancing evapo-transpiration of stored pore-

water. Campbell (2004) outlined the particular suitability of SAR covers to interior 

Australia’s highly arid conditions, where potential evaporation greatly exceeds 

precipitation in all but the most intense (and typically brief) downpours. In Western 

Australia’s Pilbara region, trial SAR covers at the Mt. Whaleback (O’Kane and Waters, 

2003) and Mt. Tom Price mines (Shurniak et al., 2012) have decreased net percolation 

rates to underlying waste rock significantly, verifying the ability of these covers to 

perform as designed. Nevertheless, net percolation did still occur through covers at both 

of these sites during high intensity rainfall events. The mechanism through which 

reducing percolation volume results in a reduction in acidity generation and solute load 

in deep drainage is unclear, leaving open the possibility that reducing percolation 

volume only results in a more concentrated drainage containing a comparable acidity 

and solute load and no net benefit to SAR cover installation. 

Iron sulfides, predominantly in the form of pyrite (isometric FeS2) or related minerals 

such as marcasite (orthorhombic FeS2), may oxidise when exposed to water and oxygen. 

The rate of iron sulfide oxidation is influenced by sulfide morphology, particle size, 

temperature, water availability, oxygen availability, bacterial activity and Fe3+ 

availability. As the orthorhombic polymorph of pyrite, marcasite is more reactive and 

susceptible to weathering and oxidation due to its less stable mineral structure (Wang et 

al. 2007). Oxidation of pyrite or marcasite releases the same amount of acidity per mole 

oxidised, and acts to lower pH where neutralising minerals are absent, thereby increasing 
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the solubility of various contaminant trace metals, creating what is collectively known as 

acidic and metalliferous drainage (AMD). The metal and acidity load realised from 

oxidation of sulfidic minerals is dependent on the solubility of the secondary sulfate 

minerals that form from pyrite oxidation products (Li et al., 2007). Highly soluble 

ferrous-sulfate salts will completely dissolve (melanterite has a solubility over 200g/L) 

with minimal percolation volume, resulting in pulses of concentrated drainage following 

extended dry periods. Other secondary sulfate minerals such as jarosite 

(KFe3(OH)6(SO4)2) or alunite (KAl3(OH)6(SO4)2) that have a clear solubility limited 

dissolution rate will produce acidity and solute loads positively correlated to incident 

percolation volumes, making SAR covers an ideal closure option for these sparingly 

soluble PAF minerals. 

The availability of oxygen and water to the surface of reactive iron sulfide particles is 

critically important to their rate of oxidation and subsequent generation of acidity 

(Evangelou and Zhang, 2005). At saturated to near-saturated conditions, sulfide 

oxidation is known to be limited by the very slow diffusive transport of oxygen (Rose 

and Cravotta, 1998). Therefore, opportunities to back-fill PAF sulfidic material below 

the water table (BWT) upon mine closure should always be preferentially chosen where 

conditions are suitable and costs are not prohibitively large. Material bearing PAF 

sulfate minerals however should not be stored BWT because the dissolution-derived 

acidity load will increase from these wastes due to greater water availability. If a large 

amount of sulfate has accumulated in sulfidic waste due to oxidation, a specific 

assessment of the materials’ acid generating characteristics under both saturated and 

unsaturated conditions will inform whether BWT placement is the appropriate storage 

option to select. Even if back-filling PAF material is the chosen closure option, 

temporary storage of this material above water table (AWT) until in-pit mining ceases 

may require substantial temporary AMD management. At the other end of the H2O 

availability spectrum, disposal of sulfidic waste rock AWT in very dry conditions where 

water is completely excluded may minimise potential acidity because there is no water 

available for oxidation or to act as a transport mechanism. The spectrum of saturation 

conditions between water excluded and fully saturated will oxidise sulfides more rapidly 

than either extreme because both water and oxygen are more available to the reactive 

particle surface. Hollings et al. (2001) found that the rate of pyrite oxidation was 

maximised at a particular water content where both water and oxygen were optimally 

available at circa 5-10 wt.% (12-25% saturation), while at very low and very high water 
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contents, Leon et al. (2004) found that pyrite oxidation was significantly inhibited. Often 

there is sufficient water in waste dump humidity alone to enable the oxidation of sulfides 

(Czerewko and Cripps, 2006). Where this is the case, pyrite is decomposed and the 

reaction is slowed due to the formation of hydrated iron sulfate salts such as melanterite 

(FeSO4.7H2O) or rozenite (FeSO4) (Czerewko and Cripps, 2006). 

Reducing flushing volume and frequency is likely to prevent the exposure of fresh 

sulfide mineral surfaces to oxidation, potentially decreasing solute load (Song and 

Yanful, 2008). The long-term oxidation of a sulfidic waste rock dump can therefore be 

reduced through decreased infiltration, which effectively spreads acid generation from 

these wastes over a longer time period and reduces the requirement for treatment of 

acidic water (Song and Yanful, 2008). The increased residence time caused by a 

decrease in flushing frequency also enables greater participation of aluminosilicate 

neutralising minerals in determining drainage quality (Adu-Wusu, 2005, in Song and 

Yanful, 2008). 

This study aimed to investigate the effectiveness of infiltration-limiting SAR covers at 

mitigating the discharge of pollutants from their underlying acid generating wastes. A 

column leach experiment was undertaken to verify the relationship between infiltration 

volume and net solute load reporting to drainage. This project was conducted because an 

improved understanding of this relationship will better inform the future long-term 

management of acid forming wastes, with the potential for adjustments to be made to 

SAR cover design to optimise performance from a hydrogeochemical perspective and 

verify their overall efficacy. 

2. Methodology 

2.1 Material Preparation 

A marcasite-quartz rock sample was supplied by Earth Systems (Melbourne) and ground 

and sieved to <150µm. X-Ray Diffraction (XRD) analysis conducted on this material 

found it was 65.4% FeS2 and 34.6% SiO2. Fine grade (96.3% between 106-300µm) 

quartz sand (99.58% SiO2) was used as an inert filler material. The quartz sand was 

rinsed with 10% hydrogen peroxide (H2O2) overnight to remove any traces of organic 

matter prior to successive rinsing with deionised (DI) water and drying at 110°C. The 

marcasite-quartz rock sample was very thoroughly mixed together manually with the 
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washed quartz sand at a mass ratio of 1:199, yielding a FeS2:SiO2 of 1:306 (by ideal 

XRD composition). This composite material is hereafter referred to by the moniker PYT.  

2.2 Characterisation 

The chemical composition of the marcasite-quartz rock sample was assessed by both X-

Ray Fluorescence (XRF) and acid digest by the NATA accredited laboratories of SGS, 

Newburn, Western Australia (Table 1). Standard acid digest procedure involves the 

digestion of sample in four acids (HCl, HNO3, HF and HClO4) prior to measurement of 

element concentrations by inductively coupled plasma (ICP) spectrometrical methods. 

Particle density of the PYT sample was determined by the pycnometer (100mL) method 

conducted in triplicate. Bulk density was measured by the core method on post-leach 

samples of each of the four columns. Paste pH and electrical conductivity (EC) were 

determined by the standard AMIRA (2002) method, whereby 25g of pulverised sample 

was added to 50g DI water and allowed to equilibrate overnight. Standard acid base 

accounting procedures (acid neutralising capacity (ANC), maximum potential acidity 

(MPA), single addition net acid generation test (NAG)) were performed by SGS 

following the industry standard AMIRA (2002) methods. Sulfur content was determined 

using XRF, the LECO analyser (combustion and infrared detection), and by deduction 

from known XRD composition and sample quartz:marcasite ratio.  

2.3 Leach Columns 

Four columns of the PYT sample were created using 240 mm plastic Buchner funnels 

(Kartell). Filter paper (240mm-MN615) was used to support a 6kg sample. Heat lamps 

(150W) were installed 300mm above the column surface and used to dry the column out 

between percolation events (Figure 1A). Additionally, column surface temperatures 

were further regulated through the use of a thermostat placed 5cm above the column 

surface controlling heat lamp operation to maintain surface temperature between 28-

32°C. The regulated heat lamp apparatus was operated day-and-night during the inter-

leach period and switched off 12 hours prior to a percolation event, and only restarted 

following water extraction 24 hours after water addition. Water residence time was 24 

hours. This methodology is essentially a variation to the standard AMIRA (2002) 

method, but using larger columns than the standard 175mm, more precise temperature 

regulation and varied water application scheme. The larger pore volume (PV) of 

1458mL enabled greater variation in water application volumes that managed to 
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maintain unsaturated conditions whilst producing the minimum 300mL volume of water 

required for chemical analysis (acidity titration, ion chromatography and ICP for metal 

analysis). Drainage was collected underneath the column (Figure 1B) via vacuum 

extraction with a vacuum pump and Buchner flask. The laboratory was air-conditioned 

to maintain room temperature over the warm summer months (Nov-Feb).  

Table 1: Comparison between XRF and Acid Digest results for the pure marcasite-

quartz rock sample. Higher values between the two methods are shaded green. 

LOR = Limit of reporting. 

 
XRF LOR XRF Acid Digest LOR Acid Digest 

Units % % % % 

Al 0.01 0.25 0.01 0.29 

As 0.01 <0.01 0.0001 0.0004 

Ba 0.01 <0.01 0.0002 0.0026 

Ca 0.01 0.02 0.005 0.007 

Cl 0.005 0.012 0.0005 0.027 

Co 0.01 <0.01 0.00001 0.0015 

Cr 0.01 0.09 0.001 0.088 

Cu 0.01 <0.01 0.0002 0.0014 

Fe 0.01 26.4 0.01 29 

K 0.01 0.05 0.01 0.053 

Mg 0.01 0.04 0.002 0.023 

Mn 0.01 0.02 0.00005 0.016 

Mo 0.01 <0.01 0.00001 0.00008 

Na 0.01 0.11 0.005 0.02 

Ni 0.01 0.01 0.0002 0.01 

Pb 0.01 0.01 0.0001 0.0014 

S 0.01 21.4 - - 

Sb 0.01 <0.01 0.0001 0.00004 

Sr 0.01 <0.01 0.0001 <0.0001 

U 0.005 0.011 0.000005 0.00053 

Zn 0.01 <0.01 0.0005 0.0042 

Column commissioning involved an initial flushing event at 500mL/kg (2.05PV) to 

produce drainage with conductivity below 100μS/cm and pH above 5. Detailed 

chemistry of this initial flush was not tested. Water application volumes were designed 
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to achieve drainage of 400mL, 700mL and 1000mL as specified in Table 2. The actual 

application volume for each column was back calculated from the drainage produced the 

previous week and iteratively revised to account for minor variations in stored water. 

This iterative solution proved very successful at accurately predicting drainage volumes 

for all four columns after the first 2-3 iterations. The bulk of pore water was always 

removed via vacuum, achieving water contents that would not have been possible using 

the standard AMIRA technique. The higher standard error for PYT3 volumes in Table 2 

was due to an inadvertent application of the PYT4 application volume to PYT3 in the 

11th week. Column gravimetric water content was determined by regular weighing of 

each column and comparison to the pre-leach oven-dried weight. 

A)     B)  

 

Figure 1:  A) Kinetic column leach experiment set up. B) Drainage was 

collected under funnels by vacuum extraction. 

Leachates were assessed by inductively coupled plasma optical emission spectrometry 

(ICPOES) (method AN320/321) for major cations, inductively coupled plasma mass 

spectrometry (ICPMS) (method AN318) for trace metals and ion chromatography for Cl 

and SO4 by SGS Laboratories. Acidity was determined using the standard hot acidity 
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titration method (APHA, 1998) that uses hydrogen peroxide with boiling and cooling 

stages prior to titration to account for potential acidity from metal hydrolysis.  

Table 2: Column water application and drainage volumes. 

Column 

Percolation 

Event 

Frequency 

Application Volume Designed 

Drainage 

Volume 

Actual Drainage Volume 

Mean ± Std. Error 
Mean Pore 

Volume 
Mean ± Std. Error 

Mean Pore 

Volume 

PYT1 Weekly 950 ± 16mL 0.651 400mL 374 ± 26mL 0.257 

PYT2 Weekly 1323 ± 25mL 0.907 700mL 659 ± 27mL 0.452 

PYT3 Fortnightly 1307 ± 64mL 0.896 700mL 743 ± 68mL 0.509 

PYT4 Weekly 1577 ± 18mL 1.082 1000mL 969 ± 18mL 0.665 

3. Results 

3.1 Water Content 

The gravimetric water content of the four columns decreased significantly in the 6 days 

from extraction (9.54% ± 0.23%) to water application (1.14% ± 0.04% for weekly and 

0.36% ± 0.15% for fortnightly columns). Particle density averaged 2.623 kg/L over the 

triplicates, and bulk density averaged 1.602 kg/L. Combined these values depict a 

material with 38.9% porosity and a pore volume of 1.458L. Water application above 

1PV on PYT4 produced minor free drainage in the 24-hour leach period as expected. 

3.2 Geochemical Characterisation 

The neutral paste pH result produced by the PYT mixture (Table 3) was not typical of 

what would be expected from a PAF material, particularly given the acidic nature of 

drainage produced at all stages of the kinetic experiment. Both the sand and pure 

marcasite-quartz samples were oven-dried prior to their composition as the PYT mixture 

and had negligible water content. When combined, pulverised and tested for paste pH, 

the PYT material essentially transitioned immediately from water-limited conditions to 

oxygen-limited conditions, both of these conditions are likely to inhibit sulfide oxidation 

and may have been the cause of this neutral paste pH result. An acidic net acid 

generation (NAG) pH of 3.2 supports the presence of oxidisable sulfides that did not 

react in the paste pH test. The majority of acidity was located below pH 4.5 in the form 

of free acid and soluble iron and aluminium, with only minor acidity associated with 

metallic ions contributing to acidity between pH 4.5-7. Acid neutralising capacity 
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(ANC) was low at 2.4 kg H2SO4/t, however this value represents 67% of the also low 

maximum potential acidity (MPA) of 3.6 kg H2SO4/t. The PYT material would be 

classified as PAF-Low Capacity because it has a positive net acid production potential 

(NAPP) and an acidic NAG pH, whilst having a relatively low sulfur content of 0.12% S 

(Table 3). LECO sulfur was used for the NAPP calculation. 

Table 3: Static geochemical results. 

 Test Method Units PYT Composite 
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 Specific Gravity Pycnometer - 2.630 

Particle Density Pycnometer kg/L 2.623 

Bulk Density Core kg/L 1.602 

Porosity - - 0.389 

Pore Volume (for 6kg column) - L 1.458 
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Paste pH AMIRA - 6.91 

Paste EC AMIRA (μS/cm) 284 

Acid Neutralising Capacity 
AN214 % CaCO3 0.2 

AN214 kg H2SO4/tonne 2.4 

LECO Total Organic Carbon AN203 % <0.02 

LECO Sulfur AN202 % 0.12 

Sulfur by XRD Composition - % 0.175 

Total Sulfur by XRF XRF78S % 0.11 

Maximum Potential Acidity (LECO S) AN202 kg H2SO4/tonne 3.6 

Net Acid Production Potential (NAPP) AN215 kg H2SO4/tonne 1.2 

pHOX (NAG pH) AN216 - 3.2 

NAG as kg H2SO4/tonne to pH 4.5 AN216 kg H2SO4/tonne 3.2 

NAG as kg H2SO4/tonne to pH 7 AN216 kg H2SO4/tonne 4 

3.3 Kinetic Leach Columns  

3.3.1 Solute Trends 

Trends in leachate pH and loading of Fe, Al, SO4 and other major cations and anions 

(Ca, Cl, Mg, Na, Silica) are presented in Figure 2. Loads were calculated as 

mg/kg/week, therefore the load from each discrete PYT3 leach event was spread over 

two weeks (with the exception of the first and last week). The initial two weeks of 

column leaching had the highest pH and highest loading of most elements except Fe and 

SO4.  
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The pH for all columns dropped marginally from the first week (pH 2.73-3.3) to the 

second week (pH 2.54-2.73), and thereafter remained stable around pH 2.5 (Figure 2). 

The pH of the lowest application rate column, PYT1, was generally lower than the other 

three columns, indicating a more concentrated solution. Loading of most metals and ions 

in solution (Al, Ca, Cl, Mg, Na, Si) decreased to negligible levels after 6 weeks, likely 

due to their exhaustion in their soluble-form. Discrete concentrations were generally 

higher for the lower leaching volumes. None of these elements were associated with acid 

production from FeS2, therefore this result was expected. Conversely, Fe and SO4 

concentrations in column leachates were significantly elevated and experienced greater 

variability when compared to other analytes (Figure 2). Fe and SO4 load rose or 

remained elevated up until week 5, whereby loads stabilised somewhat and showed a 

decreasing trend, neglecting the final week large flush event. 

3.3.2 Trends in SO4 and Acidity 

Sulfate concentration generally declined over the duration of the experiment while 

acidity trends were less uniform (Figure 3). SO4 and acidity concentrations were almost 

always highest for PYT1, reflecting some concentration of solute load with decreasing 

volume. Cumulative SO4 load was always highest in PYT4, the column leached at the 

highest rate. Initially marcasite oxidation was more rapid in PYT4 as expressed through 

the most pronounced difference in SO4 load at week 4, however the rate of oxidation 

decreased over time relative to PYT3 until at experiment completion the cumulative SO4 

loads for these columns were comparable. SO4 loads from PYT1 were significantly 

lower than the higher drainage columns throughout the experiment, and PYT3 was lower 

again due to the decreased frequency of water application. A similar trend was expressed 

in the cumulative acidity load (PYT3<PYT1<PYT2=PYT4), however the difference 

between the lower (PYT1) and higher (PYT2 & 4) drainage volumes was less 

pronounced. Acidity load in PYT2 and PYT4 were equivalent at all stages of the 

experiment. Cumulative acidity load was markedly lower in the fortnightly leached 

PYT3 column, indicating that both acidity and SO4 load can be decreased significantly 

by reducing flushing frequency and increasing residence time in the column. 

Plotting of cumulative SO4 and acidity loads against extracted pore volume (Figure 3) 

showed that columns run at lower drainage rates were more concentrated (mg/L), 

however carried a lesser load (mg/kg) with each discrete leach event. This result 

supports the hypothesis that increased percolation through waste rock can expose a 
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greater reactive surface of pyrite by flushing more oxidation products from the previous 

oxidation period. 

3.3.3 Total SO4 and Acidity Load 

There were three distinct groupings of discrete leach event acidity loads for each 

column. Acidity loads below 40 mg CaCO3 were from the initial flush event and 

volumes above 1PV from the final high volume flush event in week 12 had the greatest 

acidity loads (Figure 4). The third grouping contained the remaining 10 weeks of data. 

Interestingly, the week 11 PYT3 leach was accidentally run at the PYT4 application rate, 

and yielded an acidity load greater than any column had achieved in any previous leach 

event. A similar trend is evident for realised SO4 loads, with the exception of a grouping 

of four PYT4 data points above 120mg/kg/event recorded during the first four weeks of 

the experiment. In general, the PYT1 column produced a lower SO4 and acidity load 

than the others (more pronounced in SO4 load), while similar loads were experienced by 

PYT2, 3 and 4. The fact that similar discrete loads of SO4 and acidity were returned 

from PYT2 and PYT3 for each leach event (Figure 4) indicates that the oxidation 

reaction was mostly complete by the end of the first week. The very comparable acidity 

loads between PYT2 and PYT4 indicate that the variation in their percolation volumes 

did not noticeably influence marcasite oxidation or the transport of oxidation products. 

While percolation volume is obviously important because of the decreased load seen 

from PYT1, there appears to be a point at which constant higher percolation volumes do 

not increase the acidity and SO4 loads experienced (Table 4). 
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Figure 2: Trend in pH and loading of Al, Ca, Cl, Fe, Mg, Na, Silica and SO4. Week 

12 consisted of a high volume flush event hence the elevated values. 
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Figure 3: Acidity and SO4 concentration and cumulative load (mg/kg) against 

cumulative extracted volume and time. 

 

Figure 4: Realised sulfate and acidity load per leach event against discrete 

extracted volume. 
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The total volume of applied water over the experiment duration was lowest for PYT3 

(Table 4), while the lowest overall extracted volume was for PYT1. Comparisons 

between PYT1 and PYT3 can’t be made because there is no way to differentiate whether 

variations in application frequency or applied water volume were responsible for the 

lower loads experienced from PYT3. Acidity load for the PYT2 column was actually 

marginally greater than the PYT4 column, with the opposite case existing for the SO4 

load. Using SO4 load as a proxy, approximately 25% of available sulfur was oxidised in 

the standard 11-week period for the PYT2 and PYT4 columns. 

Table 4: Variation in realised acidity and SO4 loads for the four columns up to 

week 11. 

Column 

Total 

Volume 

Applied 

Total 

Volume 

Extracted 

Pore 

Volumes 

Extracted 

Acidity Load SO4 Load  

Original 

Sulfur 

Content 

Residual 

Sulfur 

Content 

Available 

Sulfur 

Oxidised 

Units mL mL - mg CaCO3/kg mg SO4/kg % % % 

PYT1 10445 4118 2.82 742 740 0.12% 0.098% 18.6% 

PYT2 14550 7249 4.97 867 1014 0.12% 0.089% 25.6% 

PYT3 7842 4455 3.06 501 594 0.12% 0.102% 15.0% 

PYT4 17347 10664 7.31 855 1062 0.12% 0.088% 26.8% 

3.3.4 Large Flush Event 

The week 12 leach event consisted of a large flush event, with greater than 1PV 

extracted from each column. Comparing drainage from each of the columns was not 

possible because different proportions of sulfide had been oxidised in the period leading 

up to the 12th week, therefore the composition of each column was not constant. 

However the stark increase in both SO4 and acidity load in the large flush event for all 

columns (except SO4 in PYT4) shows that not all acidity generated from marcasite 

oxidation was being flushed from columns throughout the normal 11-week leaching 

period (Table 5). The SO4 and acidity load for PYT1 which had the least volume of 

water extracted from it over the prior period had the highest SO4 and acidity load in the 

final large flush event. 
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Table 5: Drainage SO4 and acidity load before (week 11) and after large flush event 

(week 12). 

Column 
SO4 Load (mg SO4/kg/wk) Acidity (mg CaCO3/kg/wk) 

Week 11 Week 12 Week 11 Week 12 

PYT1 56.2 117 67.7 162 

PYT2 60.3 82.8 69.7 150 

PYT3 48.6 89.1 56 122 

PYT4 63.4 64.9 78 119 

4. Discussion  

4.1 Leach Column Procedure 

The kinetic methodology utilised in this study ensured that columns remained 

unsaturated and fully oxic over their depth for the entire duration of the experiment. 

Water content during the inter leach oxidation period was controlled by the consistent 

vacuum extraction of pore water (leaving all columns at similar water content after 

extraction) and the regulated drying of columns.  While particle size has been shown to 

influence oxidation rates in other studies (Malmstrom et al., 2000), this factor was 

controlled due to the identical composition of each material mixture. For an unsaturated 

AWT waste dump, the availability of water to reactive particle surfaces is influenced by 

preferential flow, material hydraulic conductivity and water retention characteristics, 

with these factors in turn impacting the residence time and contact area exposed to 

percolation volume. The experimental work detailed in this study controlled for all of 

these factors through the use of a uniform, highly conductive sample. Variation in 

oxidation rate due to biological activity was not considered a factor due to the uniform 

composition of the composite material. Thermostat regulated heat lamps placed over 

columns ensured that column surface temperature was controlled over the entire duration 

of the experiment. Variations in leachate water quality between columns PYT1, 2 and 4 

were therefore simply a result of the different applied and extracted water volumes, 

while variations between PYT2 and 3 were due to varying frequency of water 

application.  

The frequency of water application used in this experiment was far higher than would be 

experienced in an arid climate. Likewise, the solid:water ratio present in this experiment 

was much greater than the norm for an arid region waste rock dump. Therefore, the 
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results from this experiment are qualitative in nature only, and act solely to give an 

indication of the relative impact changes in percolation volume and frequency caused by 

SAR cover installation may have on drainage quality from PAF wastes. 

4.3 Material Composition  

The static geochemical test work predicted a leachate that would produce a neutral pH 

(paste pH of 6.91) and a material that could potentially buffer initial acidity load due to 

an ANC:MPA of 0.67:1. The source of this recorded ANC is unclear, specifically 

because of the defined marcasite:quartz nature of the PYT material. However, the 

immediate acidic pH of leachates from all of the PYT columns indicates there is 

negligible readily available ANC. Therefore, the recorded ANC value is either in error 

or in an unavailable form that does not influence the acidity load experienced. 

4.2 Water Quality  

Elevated iron and SO4 concentrations observed in leachates were due the oxidation of 

marcasite. Given the lack of auxiliary minerals to supply cations to form more complex 

secondary sulfate minerals, simple hydrated iron sulfate salts such as melanterite with a 

very high solubility were likely to form when pore waters concentrated in Fe and SO4 

became dehydrated.  

The lack of a significant increase in discrete acidity or SO4 loads for the fortnightly 

leached column when compared to the weekly leached column suggests that oxidation 

was largely inhibited during the second week where lower water contents prevailed. This 

result concurs with observations by Song and Yanful (2008) that more frequent flushing 

increases overall oxidation rate specifically because it exposes fresh sulfide surfaces to 

oxidation more often. The longer residence time may also increase the import of 

aluminosilicate neutralisation reactions in a waste rock dump context, enabling them to 

react to a greater extent and buffer system pH more than would otherwise have been the 

case.  

Overall, findings from this study found that long-term oxidation rates can be lowered by 

reducing percolation volume, supporting the theory that SAR covers can be an 

appropriate waste management technique. However, further work in this area is required 

to quantitatively assess the effectiveness of SAR covers as a closure design option, 

ideally on a much larger scale and with a natural PAF material. Such a study would 
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target water contents and hydrological conditions more representative of real-world 

conditions. 

While results from this study indicate that reducing percolation volumes will lower 

solute load, concentrations in drainage waters may still be higher than legislated site 

closure requirements, necessitating treatment. In such a scenario, a SAR cover has the 

additional benefit of reducing the volume of water requiring treatment and significantly 

reducing long-term treatment costs. For sites where this scenario prevails and is 

unacceptable, alternative PAF waste management techniques may be required. 

5. Conclusions 

This study focused on two physical factors that influence oxidation rates, discrete 

percolation event volume and percolation event frequency, in an attempt to investigate 

the relationship between reduced percolation rates and acidity discharge, all other factors 

constant, with the intention of delineating whether SAR covers are able to lower long 

term oxidation rates. It was shown that decreasing the volume of water percolating to 

PAF wastes could reduce the net solute load realised in drainage waters. In effect, 

reducing percolation volumes acts to delay acidity release and enables greater 

participation of slower aluminosilicate neutralisation reactions in determining the quality 

of drainage. The primary mechanism for a reduction in solute load with reduced 

percolation volume was the capacity of discrete infiltration events to flush oxidation 

products and expose fresh sulfide surfaces to reaction. The result of this research 

suggests there may indeed be merit in the use of SAR covers, however a more definitive 

answer would require a site-specific assessment of PAF waste rock mineralogy, 

particularly with respect to what secondary minerals may form and their mobility. 
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