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Abstract 

Sulphur compounds, ubiquitous in the Hamersley Basin, provide valuable insights into the 

hydrological and biogeochemical function of subsurface environments. Hamersley waters are 

characterised by large variability in the dissolved sulphate (SO4) found in different aqueous 

systems (1 mg/L to 15,000 mg/L). This range, coupled with multiple potential sulphate 

sources with variable isotopic signatures (δ34SSO4 and δ18OSO4), results in the Hamersley 

region representing an ideal study site to investigate regional sulphur cycling. As pyrite 

represents one of the dominant source materials, extra focus was placed on identification of 

pyritic source materials and processes accompanying oxidative weathering of pyrite. Natural 

weathering of pyritic material was also compared to accelerated oxidation induced by the 

various mining operations in this region, some of which are known to display localised signs 

of Acid and Metalliferous Drainage (AMD). The primary aim of this study was to identify the 

origin of dissolved sulphate delivered to Hamersley aqueous environments and characterise 

the dominant hydrological and geochemical processes leading to variability in groundwater 

chemistry, with a particular focus on processes driven by the sulphur cycle. 

Coupled, isotope and geochemical analysis, with a focus on dissolved sulphate signatures 

(δ34SSO4 and δ18OSO4) was used to distinguish the origin of dissolved sulphate and enabled 

identification of water impacted by pyrite oxidation. Aqueous environments containing pyrite 

within subsurface material had high sulphate concentrations (>1000 mg/L) and low δ34SSO4 

signatures (+1.2‰ to +4.6‰) which reflected the signatures of solid pyritic rock samples (-

1.9‰ to +4.4‰). In addition, groundwater δ34SSO4 signatures were also able to distinguish 

between SO4 in groundwater and minerals derived from oxidation of the different pyritic 

source rock. Parent pyrite originating from the Roy Hill Shale of the Fortescue Group 

was 34S-depleted relative to pyritic Mount McRae Shale of the Hamersley Group and this was 

also reflected in groundwater and sulphate minerals. Oxygen isotope signatures of sulphate 

(δ18OSO4) and water (δ18OH2O) was further able to constrain pyrite oxidation pathways and 

identified ferric iron as having a more dominant role in the oxidation process in AMD settings 

(~70% contribution) relative to natural settings (30 − 40%). End-member modelling, using 

 vii   
 



SO4:Cl ratios and end-member signatures was able to identify an additional atmospheric 

source of sulphate in Hamersley waters characterised by a δ34S value of ~+7.5‰. 

Sulphate concentrations and acidity, both by-products of the oxidation process was found 

to largely depend on aquifer lithology and availability of carbonate minerals. Groundwater 

deriving from subsurface lithological units containing both pyrite and carbonate minerals, was 

found to have high alkalinity, a neutral pH, and were saturated in respect to gypsum. High 

magnesium in the majority of samples suggested dedolomitisation was the dominant process 

buffering the acidity generated by oxidation. However, in a small number of aqueous systems, 

weathering of silicate minerals was also identified to play a dominant role in acid 

neutralisation. This study demonstrated that, in the Hamersley region, sulphur isotopes when 

coupled with geochemical analysis provide a robust tool to investigate weathering and 

hydrological processes related to sulphur cycling 

. 
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1. Introduction 

Abstraction of groundwater from aquifers of the Hamersley Basin in the northwest of 

Australia is increasing, due to the requirements of the numerous large-scale mining operations 

located within the region. Large volumes of water are required for processing of mined 

material, while access to below water table ore deposits often requires dewatering of not just 

the ore deposit, but also the surrounding geological formation. Aquifer dewatering, and 

excavation, extraction and benefaction of minerals exposes materials previously located in an 

anaerobic or oxygen limited environment to oxidising conditions. This can often result in an 

increased rate of weathering within the newly exposed material. In addition, reinjection or 

increased recharge arising from water-disposal into ephemeral creek-lines can alter the natural 

redox conditions of these waters through introduction of aerated recharge. In consequence 

anthropogenic alterations to natural hydrological regimes have the potential to shift the 

balance of established geochemical processes and significantly alter water quality. One of the 

important processes impacting water quality is immobilisation of sulphur which can be linked 

to Acid and Metalliferous Drainage (AMD) and salinisation.  

Sulphur (S) compounds are ubiquitous in the lithosphere, biosphere, and atmosphere and 

as a consequence, dissolved sulphate (SO4) from a variety of sources, cycles through the 

hydrosphere. Atmospheric deposition, rainfall and weathering of rocks and minerals are the 

dominant sources of SO4 in semi-arid environments (Chivas et al., 1991; Dogramaci et al., 

2012; Herczeg et al., 2001). Stable sulphur and oxygen isotope composition of SO4, when 

combined with traditional analyses of major ion concentrations, provides an additional 

geochemical tool, which can be used to trace sulphur sources and immobilisation processes. 

S-compounds associated with redox reactions are generally characterised by distinct sulphur 

isotope signatures (δ34S) which can largely be attributed to fractionation during biologically 

mediated SO4 reduction (e.g. Thode et al., 1961; Kaplan and Rittenberg, 1964; Chambers and 

Trudinger, 1979).  

Reduction of SO4 to form hydrogen sulphide (H2S) is often accompanied by considerable 

isotopic fractionation resulting in very low δ34SH2S values and relatively high δ34SSO4 values 

in the residual SO4 (Thode, 1991). However, subsequent inorganic formation of metal 

sulphide precipitates from H2S is characterised by relatively negligible isotope fractionation. 

Hence, sulphur in reduced form as pyrite, is generally characterised by low δ34S FeS2 values 
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relative to modern seawater sulphate (δ34SSO4 ~21‰, Claypool et al., 1980). Oxidation of 

pyrite is considered to be characterised by relatively negligible fractionation between the 

δ34SSO4 values of pyritic rock relative to the dissolved sulphate by-product (Taylor et al., 

1984). As such, dissolved SO4 originating from pyrite oxidation will likely have low δ34SSO4 

values that reflect the signature of the parent pyrite. Accordingly, in the absence of reducing 

conditions, the δ34SSO4 of dissolved SO4 in aqueous systems will reflect its origin and can be 

considered a relatively conservative tracer. As relatively limited fractionation also 

accompanies formation of sulphate minerals, minerals containing sulphate will also have 

δ34SSO4 values that reflect the signature of dissolved SO4 contained in waters from which they 

derive. 

In regional scale studies of multi-layered aquifer systems, chemical differentiation 

between aqueous systems is often ambiguous, especially in semi-arid regions where 

evaporation tends to dominate groundwater composition (Herczeg and Edmunds, 1999). 

Stable isotopes when coupled with inorganic ions can be used to better understand complex 

aqueous systems, identify subsurface geochemical processes and trace the hydrological 

evolution of water (e.g. Herczeg et al. 2001; Szynkiewicz et al., 2009). Sulphur isotope 

geochemistry provides an additional element, to more accurately characterise groundwater 

facies and better understand the hydrological and biogeochemical functioning of aqueous 

systems. This is particularly true for regions such as the Hamersley Basin, where weathering 

rates and water composition is influenced by acidity and sulphate generated by oxidative 

dissolution of pyrite. 

This study investigates the ability to use the stable isotopes of sulphate (δ34SSO4 and 

δ18OSO4) to characterise Hamersley waters affected by pyrite oxidation. Isotope and 

geochemical characterisation was conducted on waters from different geological units of 

varying mineralogy (pyritic and non-pyritic) in order to establish baseline data and constrain 

the various potential sources of sulphate in the Hamersley. Mass balance modelling of oxygen 

isotope values (δ18OH2O and δ18OSO4) was also used to distinguish differences in the oxidation 

pathways in natural groundwater systems relative to mining influenced waters. Final analysis 

utilised ionic ratios to reveal the dominant biogeochemical processes operating within 

different aqueous systems of the Hamersley Basin, focusing on waters impacted by pyrite 

oxidation. 
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Hence, our primary objectives were to:  

1) evaluate major sources and sinks of SO4 in aqueous systems of the Hamersley Basin using 

stable isotopic signatures of SO4 (δ34SSO4 and δ18OSO4); 

 

2) evaluate the usefulness of coupled stable isotope systematics (δ34SSO4; δ18OSO4; δ34SFeS2 

and δ18OH2O) and geochemical analysis as a tool to identify the dominant biogeochemical 

processes impacting the chemical composition of Hamersley waters; and, 

 

3) establish a set of isotope and geochemical proxies that can be used to categorise 

Hamersley waters according to biogeochemical processes and AMD risk. 
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2. Study Site 

 Geology 2.1.
The study site for this investigation was located within the Hamersley Basin of north west 

Australia. The depositional Hamersley Basin covers an area of more than 100,000km2 

containing a well-preserved supracrustal succession of Archean to Lower Proterozoic 

volcanic and sedimentary rocks (Trendall and Blockley, 1970; Blake and Barley, 1992; 

Thorne and Trendall, 2001). Stratigraphically, the basin can be divided into three major 

geological units; the Turee Creek Group, the Hamersley Group; and the Fortescue Group 

which unconformably overlie the basement granite and greenstone of the Archean Pilbara 

Craton (Figure 1).  

 

Figure 1. Plan surface map of the Hamersley province showing geographic location, surface geology and 
stratigraphy column of the Pilbara Craton Modified after  Taylor et al. (2001).. Red rectangle represents 
the boundary of sampling domain. Detailed stratigraphic columns are provided in Appendix 1. 
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Stratigraphic deformation is widespread throughout the Hamersley Basin and is most 

pronounced in the southern part of the basin, where compression has resulted in uplift of the 

underlying bedrock (Turner Syncline) and formation of the Hamersley Ranges. Hence, in this 

region, both the Mount McRae Shale (MCS) and Roy Hill Shale (RHS) units of the 

Hamersley and Fortescue groups outcrop to surface (Figure 2). Above water table material, in 

locations containing outcropping black shale units, is generally highly weathered due to 

prolonged exposure to oxidising conditions. However, mining activities along the Hamersley 

ridgeline have caused recent exposure of unweathered pyritic MCS within the mine voids 

impacts on soil and water geochemistry can occur, which at face value appear to be relatively 

localised. 

 

 

2.2. Sulphur Minerals: Sulphides and Sulphates 

Minerals containing sulphur in reduced form occur as sedimentary sulphide and sulphate 

minerals produced over a wide range of geological eras (Figure 3). Sulphide minerals in 

reduced form occur as pyrite (FeS2), in ancient sedimentary carbonaceous shales. Abundant 

pyrite has been identified in the Roy Hill Shale (RHS), the uppermost member of the 

Fortescue Group (~2.7 Ga) and in the Mount McRae Shale (MCS) member of the Hamersley 

Group (~2.5Ga). Total sulphur content from both of these shale units generally ranges 

between 0.1 to 5 wt% (Ono et al. 2003), however larger contributions have been noted (Anbar 

Wittenoom Formation 
(Dolomitic) 
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(MCS) 
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(Volcanic FRA) 

 
 

 HAMERSLEY FORTESCUE 
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dewatering of 
orebody 

Figure 2. Cross section of the Mount Tom Price region showing complex geology and outcropping of the RHS 
and MCS pyritic units due to stratigraphic deformation. Cross section created in CorelDRAW Graphics Suite 
X7 using information from geological logs and surface maps.  

NW 

SE 
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et al. 2007; Kakegawa et al. 1998).  Pyritic rock samples from the MCS generally occur as 

finely grained disseminated pyrite or pyrite nodules (0.1-10 cm radius). Pyrite minerals from 

RHS, obtained from drill cuttings (~150m bgl) from deep within the RHS unit (~100m), are 

assumed from chip size, to be predominately in the form of nodules (>1cm radius). Pyrite has 

also been identified in lignitic detrital material in the eastern margins of the study site.  

 

 

Lithogenic sources of oxidised sulphur in the Hamersley Basin occur in the form of 

sulphate (SO4) contained in evaporite minerals such as anhydrite (CaSO4) and the more 

hydrated gypsum (CaSO4.2H2O). As there are no known massive deposits of ancient 

sedimentary sulphate in the Hamersley region, it is assumed that sulphate minerals originate 

from relatively modern geochemical processes. Gypsum has been observed as both 

surface/near surface crystals in alluvial sediments within the internally draining Fortescue 

Marsh region; and in deeper sediments at the Mount Tom Price region where pyritic RHS 

outcrops. Magnesium rich sulphates also occur as surface precipitates in the mine voids and 

Figure 3. Lithogenic sources of 
sulphur in the Hamersley Basin in 
the form of sulphide and sulphate 
minerals. Pyritic minerals derived 
from carbonaceous black shale from 
the upper MCS unit shown as 
laminated pyrite bands and nodules, 
peppercorn pyrite and larger sized 
nodules (top row). Pyrite from the 
RHS unit from drill cuttings 
(middle row) in the form of nodules 
derived from carbonaceous black 
shale which is interspersed between 
siliceous chert layers. Sulphate 
minerals included in analysis 
(bottom row), in the form of gypsum 
rosettes from the Fortescue Marsh 
region and efflorescent surface 
evaporates from exposed MCS 
pyrite in the mine void. 
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adjacent to natural seepage in Karijini National Park. The origin of surficial sulphate minerals 

can be attributed to the semi-arid environment where high evaporation rates cause evapo-

concentration of surface and stratification of soil water promoting evaporite mineral 

formation. However, the occurrence of pyrite within deeper sediments of weathered pyritic 

RHS suggests the potential for formation of gypsum by diagenetic processes. Less common 

minerals containing sulphate identified in the Hamersley region include Alunite 

(KAl3(SO4)2(OH)6) and Jarosite (KFe3(SO4)2(OH)6) which are generally associated with 

mining activities (Wolkersdorfer, 2008). 

2.3. Climate and Rainfall Patterns 

Hydroclimate classification of the Hamersley Basin according to Köppen-Geiger climate 

types is arid, desert and hot (BWh) (Köppen, 1936; Crosbie et al. 2012). Rainfall and 

temperature exhibit high variability between seasons, although long-term rainfall data 

indicates 85% of the annual rainfall occurs in the austral summer months (Figure 4; 

Dogramaci et al. 2012). Mean monthly temperatures during winter (May to September) are 

mild (8 °C – 22 °C) whereas in the austral summer months (October - April) temperatures 

exceed 32 °C and at times can be in excess of 45 °C. Thus, the Hamersley region represents a 

water deficit environment, as the high annual potential pan evaporation rate (3000 mm/yr) 

exceeds the average annual rainfall which ranges from 276 mm in the south to 422 mm in the 

north (Dogramaci et al., 2012). 
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Figure 4.  Average monthly rainfall (1972-2011) and temperature (1997-
2011) data from the Tom Price weather station. Data obtained from 
Australian Bureau of Meteorology (www.bom.gov.au). 
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Rainfall characteristics vary greatly across the catchment, and from year to year, due to 

the localised nature of thunderstorm activity. The highly variable and episodic nature of 

rainfall in the region causes periods of prolonged drought punctuated by major flood events 

(Johnson and Wright, 2001). Rainfall derives from two different weather patterns: the more 

frequent low-intensity localised summer thunderstorms related to tropical upper-air 

disturbances and occasional high-intensity tropical cyclone rainfall events (Sturman and 

Tapper, 1999). These high-intensity events often cause over 100 mm of rain within 24 hours 

and give rise to significant overland flow (Beckett, 2008). In the Hamersley Basin, isotope 

and geochemical signatures can distinguish between rainfall derived from these two dominant 

weather patterns. As such, high-volume rainfall events (>20 mm) often associated with 

cyclonic activity have been identified as providing the majority of recharge to groundwater 

systems and especially to the deeper fractured rock aquifers (Dogramaci et al., 2012).  

2.4. Hydrogeology and Major Aquifers 

Aqueous systems investigated in this study are illustrated in Figure 5 and occur in 

weathered and fractured rocks of the Archean and Proterozoic basement (Fortescue and 

Hamersley Groups); fluvial sediments deposited in paleochannels within the Cenozoic surface 

of the Hamersley Group (Channel Iron Deposits); and Tertiary/Quaternary valley-fill of 

unconsolidated detrital material (Johnson and Wright, 2001). Groundwater systems can be 

divided into four major aquifer types comprising of unconsolidated sedimentary material; 

chemically-deposited carbonate rocks and minerals; iron-rich fluvial sediments; and fractured 

rock systems (FRA) (Table 1). 

Table 1. Major water bearing zones of the Hamersley Basin and corresponding lithology and hydraulic properties. 
Aquifer Type Lithology Hydrological characteristics 

Fractured Rock 
Aquifer (FRA) 

Fractured basement rock including 
mineralised and fractured banded 
iron formations (BIF) and fractured 
and weathered volcanic basement 
rock. 

Groundwater systems with variable hydraulic properties largely 
depending on the interconnectivity and proportions of 
fractures. Mineralised BIF generally characterised by higher 
porosity and permeability relative to fresh BIF and volcanic rock 
due to higher proportion of vughs from partial weathering. 

Chemically 
Deposited 
Aquifers 

Lithological units rich in inorganic 
carbon predominately as dolomite 
(DOL) and calcrete (CAL). 

Groundwater systems with variable hydraulic properties. Often 
characterised by localised zones of high permeability and flow 
in regions where weathering and dissolution have resulted in a 
high proportion of cavities and interconnected fractures. 

Channel Iron 
Deposits (CID) 

Mineralised fluvial sedimentary 
deposits occupying meandering 
paleochannels unique to the area. 

High permeability and through-flow groundwater systems, as 
sediments are typically partially eroded with a high proportion 
of cavities and vughs. 

Detrital 
Unconsolidated alluvial and 
colluvial sedimentary materials 
usually occurring as valley-fill. 

High permeability and hydraulic connectivity systems often  
representing zones of enhanced recharge into deeper 
underlying FRA systems 
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Groundwater flow predominately occurs through fractured bedrock and through 

discontinuities in tight bedrock and shale units. Variable weathering, however, and extensive 

deformation of the underlying bedrock often results in complex localised flow pathways. 

Recharge into FRA systems is predominately associated with high-volume rainfall 

(Dogramaci et al, 2012). Pyritic minerals are generally located in below water table (BWT) 

environments with limited oxygen availability. However, as previously discussed, in some 

areas pyritic units can outcrop at the surface. 

 

 

 

Figure 5. Conceptual geological model of the Hamersley Basin showing major groundwater 
systems. Conceptual model created using corelDRAW Graphics Suite X7 and information from 
surface geological maps and subsurface geology contained in drill logs. 
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3. Materials and Method 

3.3. Sample Design 

Rock and Mineral Samples 

Sulphidic minerals in the form of pyrite were collected from fresh (unoxidised) black 

shale deriving from both the RHS unit of the Fortescue Group and MCS of the Hamersley 

Group. Samples from the RHS unit were obtained from drill cuttings from a depth of 

approximately 100 m below ground level (bgl). Whereas, samples from the MCS unit of the 

Hamersley Group were obtained from recently exposed material located on the walls and 

floor of a mine void and drill cuttings (~80 m bgl). Sulphate mineral samples were all 

collected from at or near surface mineral assemblages from various locations throughout the 

Hamersley Basin. 

Rock samples containing pyrite collected for analysis included: 

− Black shale from the MSC unit of the Hamersley Group containing finely 

disseminated pyrite (n = 2), pyrite nodules (n =1) and black shale with no pyrite 

observed with the naked eye (n =2) 

− Black shale from the RHS unit of the Fortescue Group containing pyrite nodules 

was also sampled (n = 2).  

 

Sulphate mineral samples collected for analysis included: 

- Evaporites from Karijini National Park (n=3) representing a pristine environment. A 

white precipitate was located on the walls of a gorge adjacent to groundwater seepage. 

- Mineral assemblages in the form of a surficial white and orange efflorescent 

precipitates (n=3) located within an acidic mine void representing a mining influenced 

environment 

- Near-surface gypsum (n=2) from the internally draining Fortescue Marsh region in the 

form of a rosette, representing end-member water of the Hamersley Basin; and 

- crystalline gypsum (n=2) from an ephemeral creek bed draining into the Fortescue 

Marsh. 
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Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD) was conducted at 

Commonwealth Scientific and Industrial Research Organisation (CSIRO). SEM and XRD 

was performed on the surficial mineral assemblages from Karijini and the mine void to 

determine the mineralogical composition and crystal structure of the efflorescence and 

confirm the presence of sulphate. XRD results and SEM images are provided in Appendix 2. 

Water Samples 

The sampling programme was designed to obtain isotope and geochemical data from a 

variety of aqueous systems in the basin. Groundwater sampling locations targeted both natural 

and mining-impacted aqueous environments, with a focus on lithological units known to 

contain FeS2 and groundwater characterised by elevated SO4 of unknown origin. However, 

groundwater samples were extracted from a wide array of the lithological units from the 

major geological formations of the study area to establish baseline data (n= 64). Surface water 

samples (n= 9) reflect surface water expression with different modes of occurrence (Table 2). 

Groundwater samples were collected from monitoring and dewatering bore infrastructure 

located throughout the basin using a bailer or submersible pump. Water samples were 

collected in 0.5 L plastic containers for major ion analyses and for laboratory preparation for 

conversion to sulphate for analysis of the stable isotopes of sulphate (δ34SSO4 and δ18OSO4). 

Additional, samples were also collected in 40 mL sealed glass vials for stable isotope analysis 

(δ2HH2O and δ18OH2O). The concentrations of major ions, calcium (Ca), magnesium (Mg), 

sodium (Na), potassium (K), chloride (Cl), sulphate (SO4) and chemical parameters pH and 

Total Dissolved Solids (TDS) of all water samples were analysed by SGS laboratories 

Australia Pty. Ltd. in Perth, Western Australia. Analysis was performed utilising Inductively 

Coupled Plasma-Optical Emission Spectrometer (ICP-OES, method ref. APHA 3120B) for 

Ca, Mg, Na, and K cations, Discrete Analyser in Water by Aquakem DA for SO4 and 

Cl anions (method ref. APHA 4500) and HCO3 alkalinity by acid titration (method ref. APHA 

2320). 
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Table 2. Mode of occurrence of surface water samples and their dominant lithological characteristics. 
n Geological Unit Aquifer Lithology 

15 Hamersley and 
Fortescue 

Relatively tight shale units, with the majority of samples from the MCS and RHS pyritic black 
shale units. 

8 Hamersley and 
Fortescue 

Carbonate-rich and dolomitic units (DOL) of the Hamersley Group and the Jeerinah 
Formation located within the Fortescue Group. 

20 Hamersley and 
Fortescue Mineralised and unmineralised banded iron formations (BIF). 

9 Hamersley and 
Fortescue 

Volcanic rock such as basalts (BAS) from the Fortescue Group and dolerite (DOL) from the 
Fortescue Group and as an intrusion intersection both the Hamersley and Fortescue Group. 

8 Tertiary/Quaternary 
(valley fill) 

Detrital material (DET) containing pyritic lignite (LIG) in the Greater Brockman region located 
at the western margin of the study site. 

3 Channel Iron 
Deposit (CID) 

Iron-rich pisolitic fluvial sediments representing meandering paleochannels in the Hamersley 
palaeosurface. 

2 Hamersley/Valley 
fill 

Saline aquifer systems located in the internally draining Fortescue Marsh region with gypsum 
located in the subsurface. 

 Mode Surface Water Samples 

2 Dewater Dewater discharge from mining operations contained in two previously ephemeral creek 
systems that are now characterised by constant surface water expression, 

3 Surface Pool 
Ephemeral surface water derived pools (n= 3) located in creek beds of different catchments, 
one with no observed subsurface pyritic material and the other displaying outcropping 
pyritic RHS. 

3 Mining Influenced 
Water (MIW) 

Acidic (pH < 5) sumps located in different mine voids. Pyritic black shale is exposed on the 
floors and walls of one void and the other location acts as a storage point for acidic water 
dewater prior to treatment. 

1 Surface Pool Surface water collected from Fortescue Falls located in Karijini National Park adjacent to a 
site with observed groundwater seepage and evaporite minerals formation. 

 

 

3.2. Stable HOS Isotope Analyses 

Rock and Mineral Sample Analysis 

Rock samples containing pyrite comprised hand specimens of MCS and RHS black shale 

selected from drill core and surface material recently exposed by excavation within a mine 

void. Rock samples were prepared by crushing pyritic black shale and nodules into a fine 

powder with 0.1 mg of powder used for analysis. Where pyrite was present as finely 

disseminated crystals within black shale parent rock, particular care was taken to ensure 

samples contained a high proportion of pyrite crystals. Gypsum crystals and efflorescent 

sulphate mineral crusts were first completely dissolved in water and precipitated as BaSO4 

following the method used for water samples described by Taylor et al. (1984). Samples were 

analysed for stable sulphur and oxygen isotope composition using a Sercon 20-22 isotope 

ratio mass spectrometer as described below. 
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Water Sample Analysis 

Stable hydrogen, oxygen and sulphur isotope compositions were analysed at the West 

Australian Biogeochemistry Centre (The University of Western Australia). The stable isotope 

composition of water samples (δ2HH2O and δ18OH2O) was analysed using a Picarro Cavity 

Ring-Down Spectrometer and normalised to the VSMOW scale (Vienna Standard Mean 

Ocean Water), following a three‐point normalisation (Paul et al., 2007) based on three 

laboratory standards, each replicated twice and reported in per mil (‰) according to the delta 

(δ) notation. All laboratory standards were calibrated against international reference materials 

determining the VSMOW-SLAP scale (Coplen, 1996) provided by the International Atomic 

Energy Agency (IAEA) (δ2H VSMOW and δ18O VSMOW equal to 0‰ and δ2H SLAP = 

−428.0‰ and δ18O SLAP = −55.50‰). The analytical uncertainty (one standard deviation) 

was determined as 1.0‰ for δ2H and 0.1‰ for δ18O. 

Prior analysis of the stable oxygen and sulphur isotope compositions of sulphate (δ34SSO4 

and δ18OSO4), BaSO4 was precipitated using the method described by Taylor et al. (1984). 

δ34SSO4 and δ18OSO4 of sulphate were obtained using a system consisting of an Elemental 

Analyser and a Sercon 20-22 mass spectrometer (SERCON, UK). All δ34SSO4 values were 

normalised to the VCDT (Vienna Canyon Diablo Troilite) scale and δ18OSO4 values to the 

VSMOW scale. The stable isotope composition is reported in per mil (‰) also according to 

delta (δ) notation. Three‐point normalisation (Paul et al., 2007) was based on three laboratory 

standards, each replicated twice and reported in per mil (‰) (Skrzypek et al., 2010). Multi-

point normalization was based on international standards IAEA-S1, IAEA-S2, IAEA-S3 and 

NBS127 provided by the IAEA. 

See Appendix 3 for a detailed outline of the laboratory method used for converting 

dissolved sulphate into Barium Sulphate (BaSO4). 
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3.3. Preliminary Data Analysis  

Since the number of variables and the data quality of analytical results varied considerably 

throughout the area, major ion and isotope data was subjected to standard quality checks and 

exploratory data analysis. The relationship between variables was also examined and is 

displayed in Appendix 4. 

Charge Balance Error 

Prior to statistical and multivariate analysis, major ion data of water samples was assessed 

for analytical accuracy by calculation of the charge balance error (CBE) of major ions, as 

described by Freeze and Cherry (1979): 

 

CBE (%)  =   ∑ 𝑧𝑧𝑧𝑧𝑐𝑐− ∑ 𝑧𝑧𝑧𝑧𝑎𝑎 
∑ 𝑧𝑧𝑧𝑧𝑐𝑐− ∑ 𝑧𝑧𝑧𝑧𝑎𝑎 

  x  100% 

 

where: 
𝑧𝑧 =  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎
𝑚𝑚𝑖𝑖 = 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑚𝑚 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎
𝑚𝑚𝑎𝑎 = 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑚𝑚 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎

 

 

The CBE according to major ions analysed (Na, K, Ca, Mg, HCO3, Cl, and SO4) was 

within ±10% for the majority of samples (85%) which is slightly higher than the cut-off value 

(±5%)  suggested by Freeze and Cherry (1979) but in agreement with less stringent cut-off 

values  (e.g. Güler et al. 2002). A few samples (n=5) had slightly positive CBE (11 -14%) and 

all acidic waters (pH<3, n=6) had large errors (-30 to -65%) likely due to calculations 

excluding the ionic contribution of metal complexes and ligands (Murray & Wade, 1996). 

Thus, the low pH (<3) of these waters promotes mobilisation of metals explaining the high 

negative error produced by calculation of the CBE (Murray and Wade, 1996). These values 

were still considered in analysis as pH can be used as a proxy to identify the dominant 

chemical composition of these waters. 
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 Standardisation and Transformation 

Preliminary data screening showed that with the exception of HCO3, chemical analytes 

were skewed positively and contained a small number of extreme values. As the multivariate 

statistical methods used in this study assume that the data are normally distributed, positively 

skewed chemical analytes were log-transformed, using median values. Median values were 

used as they are less sensitive to extreme values and thereby represent a resistant measure of 

central tendency, as opposed to mean values (Helsel and Hirsch, 1992). The distributions for 

all variables were then tested for normality and homoscedasticity using the Kolmogorov-

Smirnov test and Bartlett’s test (p < 0.05).  All but three variables followed a normal 

distribution. The main exceptions were SO4, δ34SSO4 and Na which were characterised by a 

bimodal distribution. 

Standardisation of data is appropriate when using multivariate analysis where the 

variables are measured on different scales and in different units (e.g. Steinhorst & Williams, 

1985). Standardisation was achieved by converting original data to standard normal deviates 

(z-scores) by centring them about their median and rescaling them by the reciprocal of their 

standard deviation: 

 

𝑧𝑧𝑖𝑖  =  
𝑥𝑥𝑖𝑖 − �̅̅�𝑥

𝑎𝑎
 

where: 
𝑧𝑧𝑖𝑖 =  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎
𝑥𝑥𝑖𝑖 = 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑚𝑚 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎
�̅�𝑥 = 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑚𝑚 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎
𝑎𝑎 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑚𝑚𝑠𝑠 𝑠𝑠𝑎𝑎𝑣𝑣𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖

 

 

After transformation and scaling, each variable approximated a normal distribution and 

was centered around a mean of zero and a standard deviation of 1, with the majority of values 

falling between -3 and +3. See Appendix 5 for distribution of chemical analytes following 

transformation and standardisation. 
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3.4. Multivariate Techniques 

A combination of multivariate methods was employed to characterise the spatial variation 

of groundwater chemistry and identify the dominant hydrological and geochemical processes 

influencing the composition of Hamersley waters. Multivariate techniques utilised to identify 

compositional similarities and variability included cluster analysis (CA), principal component 

analysis (PCA) and factor analysis (FA) and were performed using R statistical software (R 

Development Core Team, 2007). As multivariate analysis requires a complete dataset, 

missing values were imputed using the imputePCA function in the missMDA package (Josse 

and Husson 2012). Imputation of missing values involved using an iterative PCA algorithm 

(EM cross validation), where a percentage of missing values is inserted and predicted, to 

determine the number of components to retain the smallest mean square error of prediction 

(MSEP). As such, missing values were imputed using five principal components (PC) which 

led to the smallest MSEP and subsequent multivariate analysis was conducted on the imputed 

dataset. 

In order to identify initial groupings of waters an assessment of the variations in 

hydrochemistry within the study area was carried out using hierarchical cluster analysis 

(HCA), following Daughney & Reeves, (2005). The clustering procedure (Q-mode) was 

performed by the Ward’s linkage method with the Euclidean distance as a measure of 

similarity of samples (Ward, 1963). Similarity relationships are examined, using log- 

transformed (Ca, Mg, Na, K, Cl, SO4 and TDS) and median centred and standardised values 

(z-scores) of all variables. The PCA was also implemented using the FactoMineR (Factor 

analysis and data Mining with R) package (Husson et al., 2009) and following the approach 

detailed by Lê et al. (2008). This method retains the solution which maximises variance of 

projected points and does not apply any rotation algorithm. For purposes of this study, TDS 

and CBE was entered as a quantitative supplementary variable, whilst the clusters produced 

by the HCA were entered as qualitative supplementary variables (categorical). 
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3.5.  Speciation and Saturation Indices 

Aqueous speciation calculations and mineral saturation indices were calculated using the 

geochemical modelling program PHREEQC version 3 (Parkhurst and Appelo, 2013) 

implemented with the MINTEQ v4 thermodynamic database (Allison et al., 1991). Aqueous 

speciation of each sample was used for calculating saturation indices (SI) for sulphate 

(gypsum) and carbonate minerals (calcite and dolomite), relative to each water 

sample. Theoretical partial pressure of carbon dioxide (CO2) in water (p_CO2) of each 

sample was also calculated from modelled saturation index values of CO2. Saturation indices 

(SI) are calculated according to the following equation:  

 

 𝑆𝑆𝑆𝑆 =  log  ( 𝐼𝐼𝐼𝐼𝐼𝐼
𝐾𝐾𝑠𝑠𝑠𝑠 

)  

where: 

IAP =  the ion activity product of the dissolved mineral constituents in a  
solubility reaction 

Ksp =  the corresponding solubility product for the mineral  
cationic species 

 

Hence, saturation index values greater than 0 imply supersaturation with respect to 

a mineral, whereas values below 0 indicate undersaturation (Parkhurst and Appelo, 

2013). 
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4. Results and Discussion: Part 1 

4.1. Sources of Sulphate 

In the Hamersley Basin, dissolved sulphate in aqueous systems originates from various 

atmospheric and/or lithogenic sources. The dominant sources influencing the concentration 

and isotopic composition of dissolved sulphate in Hamersley waters include: 

1) deposition of atmospherically transported aerosols (cyclic salts) including marine 

aerosols and secondary sulphate aerosols formed via oxidation of reduced sulphur gases 

(H2S, SO2 and DMS);  

2) dissolution of sulphate evaporates such as gypsum contained in sediments within the 

drainage basin; 

3) natural weathering of ancient sedimentary sulphides in the basin and the production of 

sulphate accompanying the oxidation of reduced sulphur compounds such as pyrite; and 

4) acid mine drainage accompanying anthropogenically accelerated oxidisation of 

sulphides. 

Variability in the isotopic compositions of the different sulphur compounds associated 

with each source (termed end-members) was used in this study to discriminate the dominant 

source of sulphate in Hamersley waters and estimate contribution from the sources to different 

types of waters.  

 

4.1.1. Ancient Sedimentary Sulphides 

Solid pyrite samples have δ34SFeS2 values that differ according to the geological unit from 

which it originates (Table 3). Pyrite nodules from the Roy Hill Shale (RHS) unit of the 

Fortescue Group were found to have the lowest δ34SFeS2 values (-1.89‰ and -0.45‰). 

Comparatively, pyrite from the McRae Shale (MCS) unit, located within the Hamersley 

Group, had relatively 34S-enriched values (+3.08‰ to +11.13‰). The relatively wide range in 

δ34S characterising MCS pyrite can be linked to mineral structure, in addition to stratigraphic 

location (Partridge et al., 2008). In this study, the δ34SFeS2 values from the upper units of MCS 

were characterised by 34S-depleted signatures (+3.91‰ to +4.5‰) relative to the lower units 
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(+11.94% to +12.21‰) and nodular pyrite from both units had the lowest signatures (-1.89 to 

+0.61‰). Low signatures (<+12‰) of ancient sedimentary pyrite reflects the significant 

fractionation accompanying reduction processes of ancient seawater sulphate at the time of 

formation (modern seawater is ~+21‰). 

 

Table 3. Sulphur isotope signatures of pyrite mineral samples (δ34SFeS2) compared to literature values. 
Lithology Location Stratigraphy Morphology δ34S 

(VCDT ‰) 
Literature values 

Roy Hill Shale (RHS), 
Fortescue Group 

(Jeerinah Formation) 

Chichester Ranges RHS (~100m) Nodule -1.89 -2.5 − +10.2‰ (Ono et al., 2003; Kakegawa & 
Nanri, 2006; Kakegawa et al., 2000). Chichester Ranges RHS (~100m) Nodule -0.45 

Mount McRae Shale 
(MCS), 

Hamersley Group 

Mount Tom Price Upper (FWZ) Laminated +3.55 

-5.4 − +8.4‰ (Glikson and Taylor, 2000; Ono et 
al., 2003); 

-6.3 − +7.1‰ (upper), +2.2 − +11.8‰ (lower) 
(Kakegawa, Kawai, & Ohmoto, 1998); 

+3.91 – +4.5‰ (upper) (Kaufman et al., 2007). 

Koodaideri Hills Upper (FWZ) Laminated +4.33 

Koodaideri Hills Upper (FWZ) Laminated +4.39 

Koodaideri Hills Lower Laminated +11.13 

Koodaideri Hills Lower Laminated +12.42 

Koodaideri Hills Lower Nodule +0.61 

 

4.1.2. Modern Sulphate Evaporites 

Stable isotope signatures of modern sulphate minerals vary according to mineralogy and 

location (Table 4). Crystalline gypsum (CaSO4) from the Fortescue Marsh region had the 

highest sulphur isotope (δ34SCaSO4) values (+12.8‰ to +13.2‰) that were relatively 34S-

enriched compared to magnesium-rich efflorescent sulphate minerals. Dissolved sulphate in 

saline groundwater from the marsh region had slightly lower δ34SSO4 values (+10.9‰ and 

+11.2‰). Gypsum precipitated from highly saline waters has previously been  found to have 

a δ34SCaSO4 value that is slightly isotopically heavier than the dissolved sulphate of the parent 

water with an approximate fractionation of +1.65‰ at surficial temperatures (Thode and 

Monster, 1961). Thus, surficial Fortescue Marsh gypsum can be considered to have 

precipitated from water with similar δ34SSO4 values to the underlying groundwater. 

In addition to 34S-depleted signatures relative to gypsum, signatures of the magnesium 

rich amorphous precipitates (δ34SMgSO4) also varied with geographic location and mineral 

structure. Sulphate minerals (MgSO4) from the mine void had relatively enriched δ34SMgSO4 

values (+3.08‰ − +4.84‰) compared to the amorphous minerals adjacent to the seep in 

Karijini National Park (-1.15‰ − -0.39‰). The heavier δ34SMgSO4 in the pit void was 
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comparable to the δ34SFeS2 of Tom Price MCS pyrite, newly exposed on the mine walls and 

floor. On the other hand, the δ34SMgSO4 characterising precipitates in Karijini reflected the 

lighter δ34SFeS2 values of RHS pyrite.  

Isotopic signatures of the oxygen in sulphate minerals (δ18OSO4) also varied according to 

mineralogy and location. Surficial crystalline gypsum minerals with the highest δ34SCaSO4 

values also had the highest δ18OCaSO4 values (~+17.8‰). On the other hand, oxygen isotope 

values (δ18OMgSO4) of magnesium-rich efflorescent sulphate minerals were lower, with 

precipitates from the mine void more 18O-depleted (+0.32‰ to +1.54‰) relative to the 

precipitate located in Karijini National Park (+5.84‰ to +9.02‰). Thus, the isotope 

composition of modern sulphate minerals located in the Hamersley Basin is variable and can 

be linked to the composition of water from which the minerals are precipitating. 

 

Table 4. Isotope composition of surficial sulphate minerals collected during this study. 

Location Mineralogy Morphology Colour δ34S 
(VCDT ‰) 

δ18O 
(VSMOW ‰) 

Mine Void MgSO4 Amorphous Orange 3.08 1.07 
Mine Void MgSO4 Amorphous White 3.22 1.54 
Mine Void MgSO4 Amorphous White 4.84 0.32 

Karijini National Park MgSO4 Amorphous White -1.15 9.02 
Karijini National Park MgSO4 Amorphous White -1.13 5.84 
Karijini National Park MgSO4 Amorphous White -0.39 8.32 

Fortescue Marsh CaSO4 Rosette Red/brown 13.2 16.1-17.8* 
Fortescue Marsh CaSO4 Rosette Red/brown 12.8 16.1-17.8* 
Ephemeral Creek CaSO4 Crystalline Clear 13.2 - 
Ephemeral Creek CaSO4 Crystalline Clear 13.3 - 

*average values 

 

4.1.3. Dissolved Sulphate in Aqueous Systems 

Signatures of dissolved sulphate (δ34SSO4 and δ18OSO4) in aqueous systems of the 

Hamersley Basin vary according to geographic location and the mineralogy of the 

surrounding aquifer material (Figure 6). As such, variations in the δ34SSO4 and δ18OSO4 

signatures of Hamersley waters can be linked to lithogenic sulphate sources, especially in 

waters with low δ34SSO4 values reflecting the low values found in pyritic rock. 
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Pyritic rock is considered the dominate sulphate source in waters with similar δ34SSO4 

values (<+4.5‰), as the production of sulphate from pyrite oxidation is accompanied by little 

to no isotope fractionation. The δ34SFeS2 signature of pyrite from the upper MCS unit is 

assumed to be representative of MCS pyrite, as at all locations in this study only the upper 

material lies above water table and is likely to be influenced by oxidative weathering 

processes. Waters with low δ34SSO4 (<+4.5‰), reflective of a pyritic source also vary 

according to stratigraphic location. As δ34SFeS2 signatures of RHS pyritic rock are 

relatively 34S-depleted when compared to signatures of MCS pyrite and minimal fractionation 

occurs during oxidation, it follows δ34SSO4 in RHS groundwater will also be depleted relative 

to MCS waters.  

Accordingly δ34SSO4 values of groundwater from the RHS units and the adjacent shale and 

volcanic FRA aquifers had the lowest signatures (+1.25‰ − +2.73‰). In comparison, δ34SSO4 

signatures (+4.09‰ – +4.45‰) in groundwater with MCS pyrite as the dominate sulphate 

source are higher. Waters with δ34SSO4 values reflecting parent pyritic MCS include 

groundwater from the MCS unit and from surface and groundwater in the mineralised FRA 

aquifer located within a mine void where the MCS unit has been exposed on the pit walls and 

floor.  

Figure 6. Isotope signatures of dissolved sulphate (δ34SSO4 and δ18OSO4) in Hamersley 
waters relative to signatures found in lithogenic sources. Pyritic shale units have been 
separated according to parent pyrite, RHS (triangle) and MCS (square). 
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A small number of groundwater samples located within the MCS units had a 

relatively 34S-enriched signature relative to pyritic rock (~+12‰). These samples are all 

located in the Koodaideri Hills region where the MCS lies below water table in an oxygen 

limited environment. Thus, it can be assumed that at these locations pyrite oxidation is limited 

by the prevailing redox conditions and rainfall constitutes the dominant source of sulphate. 

Conversely, groundwater in locations where the pyritic MCS unit is located at or near the 

water table have relatively lower δ34SSO4 values (+6.5‰ to +7.5‰) which are considered to 

be representing a mixed δ34SSO4 signature. Samples characterised by a mixed signature 

(+4.5‰ to +7.5‰) are assumed to be representing mixing of waters with sulphate derived 

from both rainfall and oxidation of pyritic rock. Mixed signatures derive from a variety of 

regions and stratigraphic units which are summarised in Table 5. 

 

Table 5. Location and potential sulphate sources in waters with δ34SSO4 signatures indicating mixing. 

Location Lithology δ34SSO4 
(VCDT ‰) Characteristics 

Koodaideri Hills MCS +6.59 − +7.44 Pyritic material located at or just below the water table. 
Groundwater system generally characterised by 
relatively high recharge rates through fractured rock 
overburden. 

Mount Tom Price FRA (Dolerite) +4.59 − +4.88 Outcropping dolerite dyke intersecting both RHS and 
MCS units which outcrop in this region. Recharge rates 
are higher within the outcropping fractured dolerite 
groundwater system relative to the adjacent RHS system 
with weathered shale overburden. See Appendix 6 for 
hydrographs displaying varied recharge characteristics. 

Greater Brockman Detrital +7.05 Detrital material from the Greater Brockman region. 
Pyrite minerals have been identified in organic rich 
lignite in this region. 

Mount Tom Price Surface Water +4.61 − +5.85 Natural ephemeral creek (Bellary Creek) draining a 
catchment in which pyritic RHS and MCS units outcrop. 

 

Higher δ34SSO4 values (>+8.5‰) are generally from locations where no pyrite or sulphate 

minerals are located in the surrounding material. Thus, higher values are assumed to be 

representative of systems where the majority of dissolved sulphate is delivered to 

groundwater via recharge. Surface water samples in catchments containing no pyritic source 

material also have δ34SSO4 values that fall within this range (+10 – +14‰). Hence, the δ34SSO4 

signature of rainfall is predicted to have values ranging from +8.5‰ to +16.5‰. 

 Two samples with the most enriched δ34SSO4 signatures (+33.88‰ and +36.05‰), have 

δ34SSO4 values much higher than seawater signatures (~+21‰). As such, δ34SSO4 signatures of 
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these waters are considered to be of waters impacted by microbial sulphate reduction. 

Microbes preferentially reduce dissolved SO4 with lighter δ34SSO4 values to yield 34S-depleted 

H2S gas, and thus the residual dissolved SO4 had a relatively 34S-enriched signature. The 

production of H2S at these locations was confirmed by the distinct rotten egg odour which 

accompanied the water samples derived from these locations.  

 

4.2. End-Member Mixing  

Simultaneous application of isotopic and chemical data indicates the majority of 

Hamersley waters are dominated by end-member mixing. With the exception of waters with 

high δ34SSO4 values (>+35‰), Hamersley waters and minerals can be constrained by three 

dominant end-members depending upon lithology (Figure 7). Each end-member is 

characterised by a unique δ34SSO4 signature and sulphate concentration which can be linked to 

different sulphate sources.  

 

4.2.1. Rainfall End Member: high-volume rainfall 

The first end-member is characterised by high δ34SSO4 values (+16‰ − +21‰) and a low 

sulphate concentration (<1 mg/L). High δ34SSO4 values characterising this end-member can be 

linked to sulphate originating from marine sources as δ34SSO4 values fall between values 

reported for sea-salt sulphate (+21‰; Claypool et al., 1980) and volatile biogenic sulphur 

compounds (+17‰ – +20‰; Amrani et al., 2013) such as dimethyl sulphate (DMS). As such, 

this end-member is considered to be representative of high volume (>20mm) rainfall events, 

as high volume rainfall in the Hamersley Basin contains low sulphate (<1 mg/L) 

concentrations (Dogramaci et al. 2012). Groundwater origin in the Hamersley Basin is also 

closely linked to high volume rainfall, as slightly evaporated high-volume rainfall is 

considered as the primary source of recharge (Figure 8; Dogramaci et al., 2012).  
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Sulphate of marine origin, delivered via direct recharge into aqueous systems of the 

Hamersley Basin during high-volume rainfall, is predominately associated with tropical 

cyclones and thunderstorms occurring in the austral summer months. Stronger onshore 

moisture flow occurs during summer months due to the high temperature difference between 

the ocean and land (Charles et al., 2013). Thus, it follows that rainfall associated with tropical 

thunderstorms and cyclones contains a high proportion of marine sulphur sources (sea-salt 

and DMS), as formation of these weather systems occurs in a marine setting. In addition, 

these systems are representative of high energy and fast moving weather systems with a 

reduced atmospheric residence time. This limits the potential for interactions between 

additional atmospheric aerosols (e.g. anthropogenic) and the water contained in such systems.  

 

 

 

Mixing  

Oxidation Dominated 

Rainfall Dominated  

Atmospheric 
Aerosols 

Marine 
Aerosols 

1. Rainfall 

2. Saline 

3. Pyrite 

DMS 
Aerosols 

Figure 7.  Sulphur isotope values of Hamersley waters and minerals showing three dominant 
end-members and potential sources of sulphate contributing to end member sulphate and δ34SSO4 
signatures. Pyritic shale units have been separated according to parent pyrite, RHS (triangle) 
and MCS (square). 
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4.2.2. Atmospheric Aerosols: low-volume rainfall 

Consideration of solely rainfall dominated systems, absent of pyrite, identifies an 

additional non-marine sulphate source. As these systems are characterised as relatively devoid 

of lithogenic sulphate sources, this end-member is most likely representing atmospheric 

sulphate aerosols, other than marine that are deposited to the basin during wet deposition. 

This source has low sulphate concentration (< 20 mg/L) and a depleted δ34SSO4 value 

(~+7.5‰) relative to high-volume rainfall. The isotope signature of this source is likely 

representing mixing of various atmospheric aerosols from a variety of sulphate sources 

(Nielsen, 1974) which includes, but is not limited to terrestrial eolian dust particles such as 

gypsum (~+12‰; current study), combined (marine and terrestrial) biogenic sulphur 

compounds (+3.4‰; Newman et al., 1991), volcanic gases (0±15‰; Thode, 1991) and 

anthropogenic industrial inputs (~-4‰; Nielsen, 1974). 

 Low-volume rainfall occurring during the austral winter months is expected to contain 

water containing a higher contribution of sulphate from interactions with atmospheric 

aerosols. Winter rainfall often originates from the extension of southerly cold fronts 

Figure 8. Stable isotope signatures of water (δ2HH2O and δ18OH2O) characterising 
Hamersley waters in current study and correlation with trends identified in previous 
study by Dogramaci et al.  (2012). 

LMWL (>20mm):  δ2H = 7.03 δ18O + 4.78 
Groundwater (fresh):  δ2H = 6.13 δ18O + 6.47 
Saline:   δ2H = 3.58 δ18O - 25.55 
Evaporation (LEL):  δ2H = 5.16 δ18O - 14.37 
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northwards and represents weather systems with much higher atmospheric residence time 

(Charles et al., 2013). Weather systems with a longer atmospheric residence time leads to a 

greater degree of interaction between water contained in these weather systems and aerosols 

promoting dissolution and oxidation of atmospheric sulphur compounds. Consequently, low-

volume rainfall is generally characterised by higher sulphate concentrations than cyclonic 

events and a higher proportion of non-marine sulphate. 

 

 

 

Low rainfall events have been identified as providing limited recharge of Hamersley 

aqueous systems (Dogramaci et al. 2012). Although low rainfall events do not result in direct 

delivery of sulphate into groundwater system through recharge, sulphate contained in rainfall 

is still delivered to subsurface environments overlying groundwater systems. Subsequent 

high-volume rainfall inducing recharge is likely to result in flushing of previously deposited 

surficial sulphate into underlying aquifers. Sulphate concentrations normalised with chloride 

(SO4:Cl ratio) of water samples can be compared to rainfall ratios to determine the proportion 

of excess sulphate in aqueous systems (Figure 9). Waters with Cl normalised sulphate 

Rainfall (<20mm): SO4:Cl = 0.94; δ34S ~ 11‰  

Rainfall (>20mm): SO4:Cl = 0.14; δ34S ~ 18‰ 

Seawater: SO4:Cl = 0.14; δ34S ~ 21‰  

Figure 9. Chloride normalised sulphate concentrations of Hamersley waters relative 
to SO4:Cl ratios in rainfall and seawater. Groundwater separated according to 
aquifer lithology. Pyritic shale units have been separated according to parent pyrite, 
RHS (triangle) and MCS (square). 

Excess sulphate 
from sources other 

than rainfall 

Sulphate from rainfall  
(atmospheric aerosols) 
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concentrations in excess of rainfall ratios can be considered to originate from sources other 

than rainfall. Rainfall dominated systems generally contain sulphate concentrations in excess 

of the average ratio (SO4:Cl = 0.2) of high volume rainfall events and below the average ratio 

of low rainfall events (SO4:Cl = 0.94). As such, sulphate in rainfall dominated systems can be 

considered to originate from a combination of heavy and light rainfall events characterised by 

different proportions of marine and atmospheric aerosols which is delivered into groundwater 

systems during recharge. 

4.2.3. Saline End-Member 

The saline end-member characterised by an intermediate δ34SSO4 value (~+11‰) and high 

sulphate concentration (>10,000 mg/L) is representative of highly evolved waters. Saline 

waters from the surficial and deeper aquifer systems that underlie the terminal Fortescue 

Marsh display the highest correlation to this source end member. Groundwater in this region 

is also characterised as highly evolved according to chemical composition (Na-Cl dominated 

waters). The Fortescue Marsh is internally draining and can be considered as an endoreic 

basin with negligible groundwater outflow. As such, groundwater in this region is comprised 

of mixed Hamersley waters, including groundwater from the various lithological units as well 

as surface water runoff.  Sulphate minerals, in the form of gypsum are also common sources 

of sulphate in this region and have δ34SSO4 signatures similar to the underlying groundwater, 

as previously discussed. 

Sulphur isotope values of these waters represent a combination of marine and atmospheric 

aerosols and can be assumed to represent the average signature of Hamersley groundwater. 

An average rainfall signature of 11‰ indicates considerable mixing of atmospheric sulphate 

aerosols (~+7.5‰) with marine sulphate (+21‰). According to the ratio of high rainfall 

recharging events (SO4:Cl=0.2), the contribution of non-marine sulphate (75%) to Hamersley 

waters is three times higher than marine inputs. However, if the marine signature is 

considered to be somewhat lower (i.e. 15‰), which is often the case due to mixing of sea-salt 

sulphate with DMS sulphate, and owing to atmospheric fallout, sulphate contribution from 

each source would be relatively equal.  
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4.2.4. Pyritic End-Member 

Pyritic end-members link waters with low δ34SSO4 values (<+4.5‰) and high sulphate 

concentrations (>1000 mg/L). The δ34SSO4 values of the pyritic source varies according to 

lithology and falls within the range characterising pyritic rock samples (-1.9 – 4.4‰). As 

pyritic source end-member is linked to the high volume rainfall and highly evolved end-

members, sulphate concentration can be assumed to be related to weathering rates and 

evolution of water along flow pathways. The same trend is present in waters identified to be 

of mixed composition with the pyritic end-member of these water identified as MCS pyrite 

opposed to RHS pyrite. 

 

4.3. End-member Modelling 

Mass balance modelling utilising SO4:Cl ratios coupled with end-member source 

signatures can be used to further constrain the various sources of sulphate in Hamersley 

waters. Estimation of the contribution of marine sulphate in rainfall dominated groundwater 

was achieved through comparison of rainfall SO4:Cl ratios with groundwater ratios to identify 

the proportion of excess sulphate originating from sources other than marine over marine 

sulphate (~21‰) and the corresponding signature of the excess sulphate. Mean concentrations 

of sulphate (0.2 mg/L) and chloride (1 mg/L) from high rainfall events (Dogramaci et al., 

2012) were used to calculate the SO4:Cl ratio of Hamersley rainfall. The proportion of 

sulphate derived from rainfall relative to other sources of sulphate was determined for each of 

the samples under the assumption that chloride is behaving conservatively and the SO4:Cl 

ratio in rainfall is the same as the ratios of high-volume rainfall (SO4:Cl=0.2). For 

comparison, the scenario with no fractionation of the ions during the transfer from ocean to 

the atmosphere has also been modelled according to the assumption that the SO4:Cl ratio of 

rainfall reflects the seawater ratio (SO4:Cl=0.14). 

The mass fraction of non-marine sulphate (fexcess) and sulphate of marine origin (fmarine) 

was used to calculate the isotopic signature of excess sulphate (δ34Sexcess) according to the 

following equations: 
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The majority of waters indicated relatively high proportions of excess sulphate 

(SO4:Cl>0.2). Waters with sulphate concentrations depleted relative to marine (n=2) or 

rainfall (n=5) contributions (SO4:Cl<0.2) were excluded from subsequent modelling, as it is 

likely sulphate reduction and/or sulphate mineral precipitation is leading to a depleted 

sulphate concentration. The majority of waters have excess sulphate representing higher than 

40% of the total sulphate relative to rainfall (Figure 10a) derived sulphate and higher 50% 

relative to marine sulphate (Figure 10b).   

Waters with relatively low concentrations of excess sulphate relative to marine inputs 

(<25%) generally derive from waters characterised as reduction, saline and evaporation 

dominated, in addition to surface water samples. Thus, sulphate concentrations are likely 

impacted by removal of sulphate due to formation of evaporite minerals or sulphate reduction 

which can lead to erroneous prediction of the modelled sulphur isotope signature (δ34Sexcess). 

As expected, waters contained within or connected to pyritic shale units have the highest 

proportion of excess sulphate due to additional sulphate input from pyrite oxidation. 

Nonetheless, the previous assumption that Hamersley waters also contain an additional 

atmospheric sulphate source holds true owing to the high proportion of excess sulphate in  

waters characterised as rainfall dominated systems (>50%). 

Modelling results of the sulphur isotope signature of excess sulphate (δ34Sexcess) from a 

non-marine source (Figure 10c) and non-rainfall source (Figure 10d) identify excess sulphate 

Mass Balance of  Sulphate:  

samplem(SO4)   =   excessm(SO4) + mairnem(SO4) Eq.1  

Partitioning of  the contributions (f):  

fsample[m(SO4)]   =  f[ excessm(SO4)]   +  f[marinem(SO4)] Eq.2  

fsample  = 1  =  fexcess  +  fmarine Eq.3  

fexcess = 1 – [(marineSO4/marineCl)  x  sampleCl] Eq.4  

Assign δ34S for each contribution (f):  

δ34Ssample  =  fexcess δ34Sexcess    +  fmarine δ
34Smarine Eq.5  

fexcess δ
34Sexcess =  [δ34Ssample  -    fmarine δ

34Smarine] Eq.6  

δ34Sexcess   =   [δ34Ssample  -    fmarine δ
34Smarine]   /   fexcess Eq.7  

29 



in oxidation dominated environments to have low δ34Sexcess values similar to pyritic parent 

rock.  Groundwater from the RHS unit and down-gradient volcanic FRA units has slightly 

higher δ34SSO4 values relative to the measured values in pyritic RHS rock.  This can be 

attributed to variations in the signatures within the RHS unit, as signatures of the RHS pyritic 

rock sampled in the current study (-1.89‰ to -0.45‰) derives from a different geographical 

location (~1000km) and derives from a deeper lithological section within the RHS 

stratigraphic unit (~100m). On the other hand, modelled δ34Sexcess values characterising 

rainfall dominated system ranges between low values (~+7.5‰) reflecting an aerosol and/or 

atmospheric sulphate source and higher values (~+18‰) similar to a marine signature 

(~21‰). 

 

 

Figure 10. Modelling results showing proportion of excess sulphate in water samples relative to (a) 
seawater (SO4:Cl =0.14) and (b) rainfall (SO4:Cl =0.2) and the modelled δ34SSO4 signatures of the excess 
sulphate (c) from a non-marine sources and (d) from a non-rainfall sources under the assumption that 
sulphate from a marine and high volume rainfall source  has a δ34SSO4 signature of 21‰. Samples have 
been grouped according to subclusters (see results, section 2). Pyritic shale units are also separated 
according to lithology, MCS (square) and RHS (triangle).  

a 

d b 

c 

Low excess SO4 relative 
to marine ratio 

indicates reduction 
and/or evaporite 

formation leading to 
SO4-depletion 

Inaccurate modelled 
δ34Sexcess (SO4-depleted 

due to reduction) 

SO4-depleted 
(reduction) 

Not representative 
of δ34Sexcess due to 
SO4-depletion via 

evaporite formation 

Surface water 

Saline 

Evaporated, saline and 
surface waters likely 
SO4-depleted due to 
evaporite formation 

Inaccurate modelled 
δ34Sexcess (SO4-depleted due 

to reduction/evaporite) 

Saline 
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Isotope signatures of dissolved sulphate in Hamersley waters (δ34Sexcess) also appear to 

show a degree of correlation to the proportion of SO4 deriving from a marine origin, as 

indicated by a SO4:Cl ratio of 0.2 (Figure 9).  As such, waters with the highest δ34Sexcess 

values also have a higher proportion of excess sulphate of marine origin (Figure 11). Waters 

from the Na-Cl dominant WR-1 subcluster also appear to have slightly higher δ34Sexcess 

values. These waters predominately derive from tight shale units along the western margin of 

the Hamersley Basin, closer to the coast. As waters in this region are closer to coastal areas 

where high-volume recharge originates, it follows that they will have slightly higher δ34S 

values. As the overlying material of these waters comprises of shale overburden, recharge is 

limited to only high-volume rainfall. Previous studies have also identified a decrease in the 

proportion of marine sourced SO4 with distance from the coast (e.g Hingston and Gailitis, 

1976; Chivas et al., 1991). 

 

 

 

Figure 11. Modelled sulphur isotope signatures of excess sulphate (δ34Sexcess) 
of non-marine sulphates relative to the proportion of sulphate deriving from 
high volume rainfall, using a SO4Cl ratio of 0.2 and sulphur isotope 
signature representing a marine source (21‰). 
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5. Results and Discussion: Part 2 

  Hydrochemistry 5.1.

Most hydrochemical parameters of Hamersley waters had wide ranges and high standard 

deviations (Table 6). In particular, TDS had a wide range between 150mg/L and 110,000 

mg/L (av. 3173 mg/L) indicating waters range from fresh to brine. Variables sodium (Na) and 

chloride (Cl) also displayed wide ranges with the maximum values more than three times the 

concentration of seawater. Sulphate (SO4) also had a comparatively high range with one of 

the lowest minimum values (1 mg/L) and one of the higher maximum values (15,000 mg/L).  

Such wide ranges in solute concentrations and bimodal distribution of a number of variables 

suggest that multiple sources and complex hydrochemical processes are affecting the spatial 

variability of the hydrochemical properties and not just dilution/evaporation.  

The majority of Hamersley waters are characterised by circum-neutral pH values (pH~7) 

characteristic of natural waters. However, the high range of values (pH = 2.5 – 8.9) reflects 

considerable variability and deviation from the mean as pH is already on a log scale. Mining 

influenced waters (n=6) represented the greatest deviation characterised by low pH (pH<3) 

and high Charge Balance Error (CBE). Two groundwater samples and two surface water 

samples can be classified as slightly alkaline (pH>8). 

 

Table 6. Descriptive summary statistics of geochemical data from Hamersley surface and groundwater samples. 
 n min max range median mean std.dev COV skew kurtosis se 

δ2H 70 -69.5 -0.45 69.1 -55.3 -52.5 10.72 -0.2 2 8 1 
δ18OH2O 70 -9.7 5.17 14.9 -7.97 -7.41 2.11 -0.3 4 17 0 
δ34S 70 1.24 36.1 34.8 9.98 8.84 6.15 0.7 2 7 1 

δ18OSO4 71 -0.51 13.3 13.8 5.65 6.01 3.14 0.5 0 0 0 
pH 64 2.5 8.9 6.4 7.25 6.94 1.37 0.2 -2 5 0 

HCO3 74 0 720 720 270 263 177 0.7 0 0 21 
Cl 73 5 59000 59000 130 1200 7100 5.9 7 57 832 

SO4 74 1 15000 15000 71 730 1870 2.6 6 43 218 
Ca 74 5.7 880 874 59.1 117 157 1.3 3 8 18 
Mg 74 6.2 2200 2190 59 132 269 2.0 6 45 31 
K 74 1.32 3600 3600 10 73.5 427 5.8 8 60 50 

Na 74 4.7 41000 41000 60 794 4880 6.1 8 60 567 
TDS 73 150 110000 110000 670 3170 13300 4.2 7 54 1560 
CBE 73 -63.4 14.3 77.7 -0.571 -3.52 15.2 -4.3 -3 6 2 

* Missing values excluded from analysis 
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Results of the HCA, displayed as a dendrogram (Figure 12), identified two preliminary 

main clusters largely based on TDS and indicative of the dominant process operating within 

subsequent subclusters (C1 to C8). The first main cluster (Rainfall) contained relatively fresh 

waters (TDS< 1000 mg/L) and was classified as representing rainfall dominated systems. 

Waters from the within the second main cluster had high TDS (TDS >1000 mg/L) and 

represented more highly evolved waters with chemical compositions likely to be influenced 

by mineralisation. Rainfall dominated waters have circum-neutral pH (av. 7.4), low SO4 

concentrations (av. <70 mg/L) and a higher proportion of HCO3 (av. 240 mg/L) contributing 

to the total anion concentrations. Conversely, mineralisation dominated waters have a greater 

degree of separation between subclusters and are characterised by variable pH, SO4 and 

HCO3 within its associated subclusters. In addition to high TDS, mineralisation dominated 

waters are generally associated with more 18O-enriched isotope signatures of water relative to 

rainfall dominated waters.  

 

 

 

Figure 12. Grouping of water according to Cluster Analysis (HCA) with end-nodes displaying 
dominant subsurface lithology. HCA identifies two major groupings which have been further 
separated into eight smaller subclusters. 
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Dominant characteristics differentiating subclusters have been summarised in Table 7. 

The number of subclusters was chosen based on the minimum number of clusters that explain 

most of the variation in hydro-geochemical properties of the water samples. Focus was placed 

on the variance within variables with a high correlation to sulphur cycling processes and in 

particular pyrite oxidation (SO4, δ34SSO4, δ18OSO4, pH and HCO3). With the exception of 

regions known to contain outcropping pyritic shale, there is no clear relationship between 

aquifer type and geology with subcluster. Thus, the composition of groundwater is likely to 

depend on site specific factors and be impacted by a number of hydrogeological processes 

including dilution, evaporation, mixing, mineral precipitation and/or dissolution in addition to 

oxidation/reduction reactions.  

 

Table 7. Dominant processes influencing the composition of subclusters and variable leading to subcluster groupings. 
 Subcluster Characteristics 

Low TDS  
< 1 g/L 

C1: Reduction Groundwater characterised by low SO4, high δ34SSO4 and high proportion of HCO3. 
Samples accompanied by rotten egg odour and black precipitate noted during sampling. 

C2: Rainfall Single surface water sample characterised by low SO4 (<1 mg/L), moderate δ34SSO4 (av. 
11.1‰) and low Cl (<5 mg/L). Most depleted δ2HH2O and δ18OH2O values (-85.3‰ and -
13.98‰) indicating high volume rainfall source and minimal evaporation. 

C3: Water-Rock 1  
(WR-1) 

Groundwater and surface water characterised by low TDS (<1000mg/L), Na/K representing 
dominant cation and Cl dominant anion. Surface water slightly higher Cl (24mg/L) 
indicating some evaporation relative to rainfall sample (C2). 

C4: Water-Rock 2 
(WR-2) 

Ground and surface waters with low TDS (<1000 mg/L). No dominant cation and HCO3/Cl 
major anion. Surface water (dewater and Karijini pool) with relatively high Cl (>100mg/L) 
and HCO3 (180mg/L – 320mg/L) indicating groundwater source. 

High TDS  
> 1 g/L 

C5: Saline High TDS (>35,000) and moderately enriched δ2HH2O and δ18OH2O values (δ2HH2O > -59.2‰ 
and δ18OH2O > -7.65‰) indicative of evaporation. Na-Cl dominated water. 

C6: AMD Groundwater and surface water SO4 dominated. Low δ34SSO4 and δ18OSO4 values with a 
relatively narrow range.  Acidic waters (pH <3) and absence of HCO3. 

C7: Evaporation Moderate TDS (av~1000mg/L) and heaviest water isotope signatures (δ2HH2O > 23.5‰; 
δ2HH2O > -2.9‰) indicative of evaporation. Varied δ34SSO4 water from pool in region with 
outcropping RHS has depleted δ34SSO4 values (~4.5‰) relative to lignite aquifer (11.8‰). 

C8: Oxidation Groundwater SO4 dominated with variable dominant cation. Low δ34SSO4 values and 
moderate δ18OSO4 values. Variable HCO3 and slightly acidic pH (6-7) in some waters. 

 

Variables leading to separation of the dominant groundwater groups are displayed in 

Figure 13. Oxidation dominated waters within the mineralisation main cluster are represented 

by two different subclusters; AMD affected waters (C6) and natural weathering of in situ 

sulphide minerals (C8), hereafter referred to as Oxidation. The oxidation subcluster had the 

highest SO4 and HCO3 concentrations (av. 3000 mg/L and 360 mg/L respectively) and 

relatively neutral pH (av. 6.8). Natural oxidation waters had the lowest δ34SSO4 values (av. 

2.5‰) representative of signatures of RHS pyrite (δ34SSO4 ~ 1‰) but also contains two 
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outliers with higher signatures more representative of MCS pyrite source (δ34SSO4 ~ 4‰). The 

dominant characteristics distinguishing AMD affected water was high acidity (pH < 3) and 

absence of HCO3 and light δ18OSO4 values (av. 1.5‰). In comparison, δ34SSO4 values of 

rainfall dominated systems (C2, C3 and C4) have comparatively high δ34SSO4 values (av. 

10‰) and low TDS (av. 530mg/L) relative to waters influenced by oxidation. Rainfall 

dominated waters have similar pH (av. 7.3), HCO3 concentrations (av. 240mg/L) and δ18OSO4 

values (av. 5.8‰) to waters influence by natural in situ pyrite oxidation but higher than waters 

impacted by AMD.  
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Figure 13. Boxplots of dominant variables leading to separation of three dominant groundwater 
groupings showing rainfall dominated systems (excluding reduction influenced waters) and 
oxidation dominated systems separated according to anthropogenic oxidation (AMD) and 
natural oxidation. 
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5.2. Hydrochemical Facies 

Variations in the dominant major ions characterising subclusters highlights the dominant 

chemical constituents leading to variability and classification of Hamersley waters (Figure 

14). The dominant ions provide further insights into the drivers of hydrochemical variability 

which in turn can be linked to hydrological and geochemical processes. Based on the 

chemical composition of major ions Hamersley waters can be classified into three principal 

hydrochemical facies or water types summarised in Table 8. 

 

 

 

Figure 14. Bivariate plots showing relationship 
between major ions (a) Na +K, (b) Ca + Mg, (c) 
HCO3, (d) SO4 + Cl and (e) HCO3 + Cl and 
total cations/anions (meq/L). Diagonal lines 
displayed on graphs indicate a 1:1 relationship 
between ions and total cations/anions. Samples 
are grouped according to their HCA clusters 
(see Figure 12) 
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Waters characterised as Na-Cl dominated represents waters with various subsurface 

residence time and evaporation as the dominant influence on chemical composition. These 

waters represent the evolutionary pathway from recharge (TDS<100 mg/L) to discharge 

(TDS>100,000 mg/l) with minimal influence by water-rock interactions within aquifer matrix 

material containing carbonate materials. Low proportions of Ca and HCO3 contained in Na-Cl 

dominated waters is likely due to the removal of these ions most likely through precipitation 

of minerals such as calcite and degassing. The two saline samples derive from the internally 

draining Fortescue Marsh and are representative of a highly evolved geochemical end-

member for Hamersley waters.   

 

Table 8. Characteristics of dominant hydrochemical facies of Hamersley waters. 
Water-type Characteristics 
Na-Cl dominant   

 
 
 
Saline (C5) 
 
Evaporation(C7)  
 
 
WR-1 (C3) 

Waters at various stages of evaporation encompassing the saline 
(TDS>35,000mg/L) and evaporation dominated samples (av. TDS =1200mg/L) 
from the mineralisation main cluster and low TDS (<100mg/L) samples from the 
rainfall cluster (C3).  
Saline waters represent highly evolved end-member water contained within 
the internally draining Fortescue Marsh.   
Evaporation dominated waters constitute two surface water samples and 
groundwater from a lignitic aquifer most likely representing evaporated 
connate water.  
WR-1 contains water samples from tight outcropping shale units with slow 
diffuse recharge, surface water and detrital aquifer underlying an intermittent 
creek.  Water influenced by both anthropogenic and natural pyrite oxidation 
occurring in situ.   

SO4 dominant AMD (C6)  
 
 
Oxidation (C8) 

High proportion of SO4 as total anion and no dominant cation. 
AMD waters (C6) influenced by mining activities and have no HCO3 due to high 
acidity (pH<3).  
Waters influenced by naturally occurring oxidation have variable HCO3 
concentrations ranging from 69mg/L to 650mg/L. 

HCO3 dominant WR-2 (C4)  
Reduction (C1)  
 
Rainfall (C2) 

Waters from the WR-2 and reduction subclusters are characterised by HCO3 as 
the major ion with no dominant cation. Aquifer lithology is variable with waters 
derived from all the represented aquifer types.  
The rainfall sample is also characterised by a dominance of Ca/Mg relative to 
Na/K. 

 

 

Sulphate dominated waters contain waters influenced by pyrite oxidation and comprises of 

both acidic waters influenced by AMD and waters influenced by naturally occurring in situ 

oxidation. Variable proportions of HCO3, within waters dominated by pyrite oxidation, 

reflects oxidation reaction rates in addition to weathering mechanisms and availability of 

neutralising materials within the surrounding materials. Acidic waters, within and underlying 

a mine void containing freshly exposed pyrite have no HCO3 indicating the rate of oxidation 
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and acid generation exceeds the buffering capacity of the surrounding aquifer matrix.  

However, groundwater with composition dominated by in situ oxidation had variable HCO3 

concentrations (69mg/L to 650mg/L).  Waters with a higher proportion of SO4 and Cl relative 

to HCO3 generally have lowest HCO3 indicating oxidation and weathering along flow paths 

is buffering the acidity generated by pyrite oxidation. 

Bicarbonate dominated waters are also characterised by no dominant cation and are 

representative of subcluster WR-2 (C4) and waters influenced by sulphate reduction (C1). 

Waters classified at HCO3 dominate derive from the rainfall dominated main cluster and are 

fresh (TDS<1300mg/L) but with generally higher TDS relative to waters from WR-1. A high 

proportion of HCO3 generally indicates recharging waters and/or waters undergoing water-

rock reactions in aquifers with high carbonate content. These waters are likely to represent an 

intermediary evolutionary pathway from rainfall to the saline Na-Cl end-member water with 

the composition of waters influenced by water rock interactions along flow pathways. 

 

 

5.3. Major processes differentiating types of waters 

Components (PCs) are described by variables with significant correlation coefficients 

(p>0.05) between the variable and the sample score of the active individuals for each 

quantitative variable, and each PC (Table 9). Each PC is described by the correlations, for 

quantitative variables (isotope and chemical parameters), supplementary variables (TDS and 

CBE) and coordinates for the categorical variable, Cluster Subgroups (from HCA). The 

Cluster with a coordinate significantly greater than zero for a particular PC means that the 

Cluster is well described by that PC (Lê et al., 2008). In this study, the number of PCs to keep 

was based on Kaiser criterion, for which only components with eigenvalues P1 are retained 

(Kaiser, 1958) and variables kept for factor analysis are characterised by  p-values less than 

0.05 (95% confidence level). As a result four PCs were extracted, accounting for 67.32% of 

the total variance (Table 9). The first two PCs explain 45.3% and 20.8% of the variance, 

respectively, and thus, account for the majority of the variance in the original dataset. 

Principal component 3 (PC3) and 4 explains 12.7% and 9.8% of the variance. 
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  Table 9. Correlations and explained variance for the four Principal Components. 
Type of Variable   Dim1 Dim2 Dim3 Dim4 
  Correlation (p<0.05) 
Quantitative 

Isotope 

δ2H 0.58 -0.29 0.75  
 δ18O 0.64  0.71  
 δ34S -0.43 0.6  0.41 
 δ18Os 0.29 0.69 0.42  
 Alkalinity pH  0.89   
 HCO3 0.25 0.58  -0.7 
 Anions Cl 0.87 0.24  0.26 
 SO4 0.83 -0.46   
 

Cations 

Ca 0.83  -0.31 -0.32 
 Mg 0.94    
 Na 0.93 0.23   
 K 0.69 0.29 -0.29 0.53 
Supplementary   TDS 0.91   -0.24   
  CBE  0.73  -0.23 
Categorical Subcluster Coordinates         
  Saline 7.84 2.26  2.78 
  Oxidation 2.13   -1.6 
  Evaporation   4.46  
  WR-1 -2.62   0.52 
  Rainfall -6.56    
  WR-2 -1.09 0.37   
  Reduction  2.87   
    AMD   -4.25     
Eigenvalue   15.63 7.28 4.68 2.53 
Explained variance  47.21 22 14.15 7.65 
cumulative% of variance  47.21 69.21 83.36 91 

 

Results generated from the PCA are presented as displays of variable (chemical 

parameters) principal coordinates and individual water sample (observations) scores (Figures 

15 and 16). The contribution of each variable to the construction of each PC allows detection 

of the variable leading to differences among clusters (Lê et al., 2008). The first principal 

component (PC1) explaining 47.2% of the variation is characterised by high positive 

correlations (R2 > 0.83) for all the major ions and also TDS (supplementary variable) with the 

exception of HCO3 which has a relatively low correlation (R2 = 0.25).  In addition PC1 has 

moderate positive correlation (R2 > 0.58) with water and isotopes (δ2HH2O and δ18OH2O), low 

positive correlation with δ18OSO4 (R2 = 0.29) and negative correlation with δ34SSO4 (R2= -

0.43). Thus, PC1 can be considered as the weathering/salinisation domain (Figure 15b). The 

weathering dimension is characterised by high values of all major ions which suggests evapo-

concentration to be one of the processes represented by this dimension. Waters from 

subclusters with strong positive correlation to PC1 are likely to be more highly evolved and 

strongly impacted by evaporation and mineral dissolution/precipitation.  
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High PC1 values were characteristic of the saline, evaporation and oxidation subclusters 

of the mineralisation main cluster (Figure 15d). Conversely, negative values characterised the 

subclusters of all subclusters of the rainfall main cluster. Saline groundwater from the 

Fortescue Marsh (C5) have the highest values in PC1 confirming these waters as 

representative of highly evolved and saline end-member waters. Evaporation dominated 

waters (C7) represent progressive evaporation of rainfall (salinisation) with surface water 

samples displaying lower degree of evaporation relative to water from the lignitic lithological 

unit. Groundwater underlying outcropping pyritic RHS lithology also display relatively high 

values in the PC1 dimension. These waters show an increasing trend towards weathering 

which can be attributed to the acidity generation accompanying the oxidation reaction leading 

to increased weathering rates.  
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Figure 15. Results from the PCA showing results from PC1 vs PC2 explaining 69.21% of variation and 
contribution of significant variables (p<0.05) to each PC. Ellipses show groupings according to CA 
(95% confident interval). 
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Strong positive correlation with alkalinity variables (R2, pH=0.89, HCO3= 0.58), 

dissolved sulphate isotopes (R2, δ34SSO4 = 0.60, δ18OSO4 = 0.69) and negative correlation with 

SO4 (R2 = -0.46) characterise the second principal component (PC2). PC2 also displays strong 

negative correlation with the supplementary variable CBE (R2 = 0.73). As such, PC2 can be 

considered the acidity/alkalinity dimension (Figure 15c). Waters with strong positive 

correlation with PC2 derive from the sulphate reduction (C1), saline (C5) and WR-2 (C4) 

subclusters (Figure 15d). Sulphate reduction leads to generation of additional bicarbonate 

explaining the high values of waters influenced by reduction.  

High alkalinity can also be attributed to weathering of carbonate rocks (dolomite) and 

minerals (calcite) and is often indicative of recharging waters with a high concentration of 

dissolved carbon dioxide (CO2). Waters from the WR-2 subcluster are likely to be 

representative of waters dominated by recharging waters and dissolution of carbonate rocks 

and minerals hosted within the aquifer matrix. Acidic surface and groundwater (C6) from the 

mine void are negatively correlated to the alkalinity domain. This can be attributed to the 

recent exposure of pyritic material due to excavation and dewatering mining activities which 

has led to increased oxidation rates and acid generation at this location.  One groundwater 

from the WR-2 subcluster also has a relatively negative PC2 value. This sample is from water 

within the MCS unit which remains below the water table. The low δ34SSO4 value (4.09‰) 

reflecting a MCS pyrite sulphate source and relatively high pH (6.5) of this sample suggests 

this water is representative of the background geochemistry of this region prior to mining.  

The majority of subclusters derived from the HCA are significantly correlated with PC1 

and PC2 with the exception of the evaporation subcluster which is only significantly 

correlated to PC3 (Table 9). Evaporation dominated waters display strong correlation with 

water (δ2HH2O and δ18OSO4) and sulphate oxygen isotopes (δ18OSO4) and negative correlation 

with Ca and K (Figure 16a). As such, PC3 is considered the evaporation dimension (Figure 

16b). The negative correlation of PC3 to Ca and K suggests precipitation of calcite and ion 

exchange reactions may be leading to removal of Ca and K in these waters.  

The greatest variability in the rainfall dominated WR-1 and WR-2 subclusters was 

produced by PC1 and PC4 (Figure 16c). Variables with high correlation to PC4 include 

positive correlation with K (R2 = 0.53), δ34SSO4 (R2 = 0.41), Cl (R2 = 0.26) and negative 

correlation with HCO3 (R2 = -0.70), Ca (R2 = -0.32) and to a lesser extent the supplementary 

variable CBE (R2 = -0.23). This suggests that the primary difference between the two rainfall 
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dominated groups is thatWR-1 has a higher proportion of K and Cl as the dominant ions, a 

lower proportion of Ca and HCO3 ions and higher δ34SSO4 signature relative to WR-2. Thus, 

PC4 is characterised as the carbonate/silicate weathering dimension (Figure 16d).  
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Figure 16. Results from the PCA showing results from PC1 vs PC3  and PC1 vs PC4 and the 
contribution of significant variables (p<0.05) to each PC. Ellipses show groupings according to 
HCA (95% confident interval). 
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6. Hydrogeochemical Processes 

Major ion geochemistry using ionic ratios provides insights into chemical weathering in 

the aquifer, since weathering of different parent rocks (e.g., sulphides, carbonates, silicates, 

and evaporites) yields different combinations of dissolved cations and anions to solution. In 

the Hamersley Basin, sulphate derives from a variety of sources and its fate and transport can 

be influenced by numerous chemical processes as it transitions through the hydrological 

cycle. The dominant chemical processes relevant to cycling of dissolved sulphate in 

groundwater of the Hamersley Basin include: 

− wet deposition in the form of dissolved sulphate (SO4) contained in rainfall and 

recharging waters comprised of marine aerosols and atmospheric aerosols, 

 

− oxidation of sulphides (FeS2) producing SO4, iron (Fe) and acidity (H+) , 

 

− dissolution and/or precipitation of sulphate minerals such as gypsum (CaSO4.2H2O) 

leading to enrichment or depletion in  SO4 and Ca;  and 

 

− sulphate reduction resulting in removal of SO4 from waters as H2S and/or metal 

sulphide precipitates (FeS2) and production of alkalinity (HCO3). 

 

Oxidation of sulphide minerals produces acidity which can lead to enhanced weathering 

rates. Bicarbonate (HCO3), produced during dissolution of carbonate and silicate rocks has 

the ability to act as a buffer and neutralise the additional acidity generated by the oxidation 

process. Thus, complementary geochemical reactions and transformations included in analysis 

relate to:  

− dissolution of carbonates such as calcite (CaCO3) and dolomite (CaMg(CO3)2) 

leading to an addition of Ca, Mg, and HCO3; and 

 

− dissolution of silicate minerals such as feldspars producing Na and K and HCO3.  
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 Evaporation/Dilution 6.1.

Chloride (Cl) is highly soluble and unreactive and will only be added to a system via 

rainfall or halite (NaCl) dissolution. No major halite deposits have been identified in this 

region and formation of halite generally requires extremely high Cl concentrations 

approaching 300,000 mg/L. Geochemical modelling of saturation indices (SI) identifies an 

exponential relationship between Cl concentration and halite saturation (r=0.97) with all 

samples unsaturated in respect to halite (si_Halite<0.5). Only samples from saline end-

member waters underlying the Fortescue marsh have SI values approaching saturation (-2.56 

and 0.99), however the majority of samples fall well below 0 indicating there is no NaCl solid 

phase to consider, thus Cl is assumed to be behaving conservatively.  

Waters with concentrations of ions either depleted or enriched relative to rainfall ratios 

indicate processes other than dilution/evaporation are influencing composition (Figure 17). 

Waters with ionic concentrations exceeding rainfall inputs are enriched in Na, Mg and SO4. 

Dominant weathering processes leading to addition of these solutes include weathering of 

silicate minerals and clays and/or cation exchange for Na and Mg, in addition to dolomite 

dissolution for Mg and pyrite oxidation and/or gypsum dissolution for SO4.  
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6.2.  Pyrite Oxidation 

As expected waters with low δ34SSO4 signatures from the AMD and oxidation subclusters 

have normalised SO4 concentrations in excess of rainfall ratios. Two waters from the WR-2 

subcluster also contain excess sulphate were samples with δ34SSO4 signatures indicating 

mixing. AMD affected waters have the highest excess SO4 and are also characterised acidic 

pH (<3) and low HCO3 concentrations. Pyrite oxidation can be simplified in terms of two 

dominant reaction pathways: 

FeS2  +   7/2O2  +  H2O    Fe2+
  +  2SO4

2-
   +   2H+ Eq.8  

FeS2  +  14Fe3+  +  8H2O    15Fe2+
   +  2SO4

2-  +   16H+ Eq.9  
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Figure 17: Molar concentration of major ions in Hamersley waters normalised with Cl verses 
chloride. Molar ratios of high volume (>20mm) rainfall (blue) from Dogramaci et al. (2012) and 
seawater (black) are also displayed. 
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Different oxidation pathways, with either oxygen (Eq.8) or ferric iron (Eq.9) acting as the 

oxidant determine the proportion of atmospheric oxygen (18OO2) and water oxygen (18OH2O) 

incorporated into the residual sulphate (δ18OSO4). Depending on redox conditions, oxidation 

of pyrite to sulphate can be described by two end-member reactions which utilise either 

dissolved molecular oxygen (O2) or ferric iron (Fe3+) in the oxidation reaction (e.g. Singer 

and Stumm, 1970; Taylor et al., 1984). Oxidation by molecular oxygen (Eq.8) results in 

~12.5% of the oxygen in aqueous sulphate derived from the water molecule and the remainder 

originating from O2. On the other hand, oxidation by ferric iron (Fe3+) leads to a 100% 

contribution of water oxygen to sulphate (Eq.9). Thus, pyrite oxidation pathways can be 

assessed using oxygen isotope signatures of water and sulphate (18OH2O and δ18OSO4) through 

application of the stoichiometric isotope balance model (e.g. Taylor et al., 1984; van 

Everdingen and Krouse, 1985) and the  more flexible approach offered by the general balance 

model (e.g. Lloyd, 1967; Taylor and Wheeler, 1994).  

 

 

 
where: 

X is the fraction of sulphate derived from oxidation of pyrite by ferric iron (Eq.8) and (1 ‐ X) is the 

fraction derived from reaction with molecular oxygen (Eq.9). 

Y is the fraction of sulphate derived from molecular oxygen and (1−Y) is the fraction derived 

from water. 

εSO4–O2 and εSO4–H2O are enrichment factors for these reactions (Table 10). 
 

 

Depending on the εSO4-H2O and εSO4-O2 values used, the relative proportions of oxygen in 

SO4 from both sources calculated by means of the general isotope balance model bear an 

uncertainty of ±10% (Toran, 1987). 

 
 

Stoichiometric Isotope Balance Model:  

δ18OSO4 = X (δ18OH2O + εSO4-H2O)   +    (1 - X) [0.875 x (δ18OO2 + εSO4–O2)  +  0.125 x (δ18OH2O + εSO4-H2O)] Eq.10 

General Isotope Balance Model:  

δ18OSO4 = Y x (δ18OH2O + εSO4-H2O)   +    (1 - Y) x (δ18OO2 + εSO4–O2) Eq.11 
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Table 10. Published values for fractionation between water oxygen and sulphate (εSO4-H2O) and atmospheric oxygen 
(O2) and sulphate (εSO4-O2) during pyrite oxidation. 

εSO4-H2O 
Characterised by a relatively narrow range from 0.0‰ to 4.0‰ for both biological and abiotic 
processes (Taylor et al. 1984: 4.0‰, Taylor and Wheeler, 1994: 0.0‰, Balci et al., 2007: 3.5‰, 
Mazumdar et al., 2008: 2.6‰). 

εSO4-O2 Generally characterised by a larger range and appear to be more negative for bacterial reactions 
(Taylor et al. 1984: -4.3‰, Balci et al., 2007: -9.8‰, Heidel & Tichomirowa, 2011: -11.1%). 

Values used in 
modelling  

For the stoichiometric isotope balance model and the general isotope balance model, five sets of 
fractionation factors were used: (i) εH2O= 4.1‰ and εO2= −11.4‰ (Taylor et al. 1984); (ii) εH2O= 4.1‰ 
and εO2= −4.3‰ (Taylor et al. 1984); (iii) εH2O=3.3‰ and εO2=−10.2‰ (average values from Balci et 
al., 2007), (iv) εH2O= 0‰ and εO2= −11.4‰ (Taylor et al. 1984); and (v) εH2O= 0‰ and εO2= −4.3‰ 
(Taylor et al. 1984). 

 

Oxygen isotope data of Hamersley waters impacted by pyrite oxidation are summarised in 

(Figure 18). Lines representing 100% contributions from Eq.8 (lines A to D) and Eq.9 (lines E 

and F) according to different enrichment factors are also displayed in Figure 18. Applying the 

stoichiometric model to isotopic compositions of Hamersley gives a range of -20 to 90% input 

from ferric iron. Negative values are only present in evaporation dominated surface waters 

when using the more negative enrichment factor for exchange between molecular oxygen and 

sulphate (εSO4–O2). As, more negative values are often associated with anaerobic bacterial 

reactions, it follows that these surface waters will be characterised by enrichment factors more 

closely aligning with abiotic pyrite oxidation. However, as these waters are also evaporation 

dominated, evaporation of the water molecules subsequent to oxidation may also result in an 

increased δ18OH2O value and as a consequence calculation of ferric iron input of below 0%. 

 

Table 11. Quantification of oxidation pathways using fractionation factors outlined in Table 10. 
  

  
All AMD Oxidation Mix 

  min max Mean min max mean min max mean min max mean 

Stoichiometric 
Model 

 

Line εH2O-SO4 εO2-SO4 Proportion of  sulphate from oxidation with molecular oxygen (Eq.8)   
C/E 4.1 -11.4 -0.2 0.8 0.4 0.6 0.8 0.7 0.2 0.5 0.4 -0.2 0.7 0.3 
A/E 4.1 -4.3 0.3 0.9 0.6 0.7 0.9 0.8 0.4 0.7 0.6 0.3 0.8 0.5 

 3.5 -10.2 -0.1 0.8 0.4 0.6 0.8 0.7 0.2 0.5 0.4 -0.1 0.7 0.3 
D/F 0.0 -11.4 -0.2 0.6 0.3 0.4 0.6 0.5 0.1 0.4 0.2 -0.2 0.5 0.2 
B/F 0.0 -4.3 0.2 0.7 0.5 0.6 0.7 0.6 0.3 0.5 0.4 0.2 0.7 0.4 

  Av. 0.0 0.8 0.4 0.6 0.8 0.7 0.2 0.5 0.4 0.0 0.7 0.3 

General  Model 
 

 εH2O-SO4 εO2-SO4 Proportion of water-oxygen in sulphate 
 4.1 -11.4 -0.1 0.9 0.5 0.7 0.9 0.8 0.3 0.6 0.4 -0.1 0.8 0.4 
 4.1 -4.3 0.4 0.9 0.7 0.8 0.9 0.8 0.5 0.7 0.6 0.4 0.8 0.6 
 3.5 -10.2 0.0 0.8 0.5 0.7 0.8 0.8 0.3 0.6 0.5 0.0 0.8 0.4 
 0.0 -11.4 0.0 0.6 0.4 0.5 0.6 0.6 0.2 0.5 0.3 0.0 0.6 0.3 
 0.0 -4.3 0.3 0.8 0.6 0.7 0.8 0.7 0.4 0.6 0.5 0.3 0.7 0.5 
  Av. 0.1 0.8 0.5 0.7 0.8 0.7 0.3 0.6 0.5 0.1 0.7 0.4 
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Waters containing a high proportion of sulphate-oxygen derived from the water molecule 

have the lowest pH reflecting the higher acid generation associated with Eq.9 relative to Eq.8 

(Figure 19a). There also appears to be a positive log-linear relationship between excess 

sulphate denoted by a high SO4:Cl ratio and the proportion of water-derived oxygen in 

sulphate (Figure 19b). Groundwater from the WR-2 subcluster originates from the MCS unit 

underlying the acidic mine void. As this water is characterised by a relatively neutral pH and a 

low SO4:Cl ratio, it can be assumed that groundwater in this region is compartmentalised, 

with limited connectivity between surface and groundwater contained within the overlying 

mineralised FRA and the underlying shale aquifer. Thus, the MCS shale can be assumed to be 

acting as a confining unit preventing off-site movement of AMD waters.  

Mining operations which include dewatering and excavation of the ore body overlying 

pyritic MCS, has resulted in the relatively recent exposure of MCS that was previously 

located in an anoxic environment below water table (Figure 20). Pyrite oxidation dominates 

the chemical and isotopic composition of surface and groundwater located in the mine void as 

δ18
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‰
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W
) 

δ18OH20 (‰, VSMOW) 

Figure 18. Oxygen isotope data and proportional contribution of oxygen according to the stoichiometric 
isotope medel. Lines A (εH2O=4.1‰, εO2=−4.3‰), B (εH2O=0‰, εO2=−4.1‰), C (εH2O=4.1‰, εO2=−11.4‰), 
and D (εH2O=0‰, εO2=−11.4‰) represent 100% input from Eq.8. Line E (εH2O=4.1‰) and F 
(εH2O=3.5‰,)  represents 100% input from water (Eq.9). Dominant aquifer lithology is also represented  
with MCS and RHS pyritic units distinguished from volcanic lithology (VOL) and surface water (SW). 
 

Line A 

Line B 

Line C 

Line D 

Line E 

Line F 

Surface water in natural setting 
has majority of sulphate-oxygen 

derived from atmosphere  

Oxygen in SO4 from natural 
setting with variable 

proportion of oxygen derived 
from water linked to lithology 

Oxygen in SO4 from AMD 
setting has high proportion of 

oxygen derived from water 

48 



the dominant features of these waters is low δ34SSO4 high sulphate and low pH (<3). Waters 

dominated by a MCS pyritic source have the lowest δ18OSO4 values (<1.5‰) and the highest 

proportion of sulphate derived from the water molecule (50 – 90‰) and oxidation by ferric 

iron (60 – 80%) depending on the fractionation factors used. Although located in an 

environment with high oxygen availability, surface and groundwater located within the mine 

void have the smallest differences between δ18OH2O and δ18OSO4 values (6 – 9‰).  As the 

difference is slightly higher than fractionation factors (εH2O-SO4) suggested by Taylor et al. 

(1984a,b: 4.1‰) and Balci et al. (2007: 3.3‰) a small contribution of atmospheric O2 can be 

assumed. 

 

Groundwater impacted by naturally occurring oxidation has oxygen isotope data that 

differs from AMD waters. The values of δ18O(SO4–H2O) were 10.1 –15.1‰ equating to 10–67% 

(av. 40%) of oxidation via Eq.8 according to the stoichiometric isotope balance model. A 

lower proportion of sulphate-oxygen deriving from the water molecule 21–72% (av. 50%) 

was also calculated according to the general isotope balance model. Groundwater in volcanic 

FRA systems intersecting the RHS units or down-gradient from outcropping pyritic RHS 

units have slightly higher differences between δ18OH2O and δ18OSO4 values (12.5 – 15.1‰). 

As such, these waters are also characterised by a higher contribution of molecular oxygen to 

sulphate (av. 70%) relative to waters originating from tight RHS shale units (av. 50%).  

 

pH 
SO4:Cl ratio 

a b 

Figure 19. Contribution of water-oxygen (δ18OH20) to sulphate-oxygen (δ18OSO4) relative 
to (a) pH and (b) SO4 normalised with Cl (excess SO4). 
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6.3. Gypsum dissolution and precipitation 

Excess sulphate can also be delivered into aqueous environments through dissolution of 

sulphate minerals. If all excess sulphate was purely derived from dissolution of sulphate 

minerals such as gypsum and epsomite samples would fall along the 1:1 gypsum/epsomite 

dissolution line indicating equal proportions of Ca/Mg and SO4 (Figure 21a).  Only two 

samples from waters influenced by pyrite oxidation (AMD and natural) fall above the 

congruent dissolution line with the majority of oxidation dominated waters characterised by a 

greater proportion of SO4 relative to Ca. Samples falling the closest to or above the 

dissolution line have the lowest SO4 concentrations and derive from a dolerite dyke 

intersecting both the MCS and RHS pyritic units and a volcanic unit adjacent to a RHS pyritic 

unit. Low δ34SSO4 signatures (5.97‰ and 4.88‰) indicate these waters are connected to 

groundwater influenced by pyrite oxidation. As pyritic material in not located in situ in either 

of the aquifer matrix material of these samples, it is likely these waters are in equilibrium with 

gypsum dissolution and precipitation. Consequently, groundwater samples from the dolerite 

FRA system have similar proportions of dissolved SO4 and Ca. 

Oxidation Front 
Weathered Shale 

Unweathered (fresh) 
pyritic MCS  

Acidic surface water       
prior to treatment  

Figure 20: Freshly exposed pyritic MCS located within the mine void showing weathered and unweathered 
pyritic black shale (MCS). 
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Formation of sulphate minerals can be assumed to be controlling SO4 concentrations in 

waters from the natural oxidation subcluster, in particular waters with high SO4 

concentrations (>1000mg/L). As a result, these waters are close to saturation (Figure 21c and 

21d) and characterised by a relative constant proportion of excess SO4 (Figure 17e) indicating 

gypsum mineral formation.  An increasing SO4:Cl ratio is generally indicative of waters with 

higher excess sulphate from processes other than evaporation such as pyrite oxidation. 

However, sulphate mineral formation effectively masks the ability of using an increasing 

SO4:Cl ratio, to trace the proportion of additional SO4 inputs arising from pyrite oxidation as 

SO4 concentration is controlled by gypsum precipitation.  

 

 

c 

slight decrease in 
gypsum solubility in 

high TDS saline waters 
(common ion effect) 

Acidity leads to 
increased gypsum 

solubility 

b a 

d 

Figure 21. Bivariate plots of sulphate mineral composition and saturation indices to show trends related to 
mineral dissolution and/or formation of waters classified according to their clusters.(a) Ca and SO4 (meq/L), (b) 
Mg and SO4 (meq/L) with lines representing congruent dissolution (1:1 ratio). Saturation indices of minerals. 
(c) gypsum, (d) epsomite relative to SO4 concentration are shown with lines representing potential mineral 
formation. 
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6.4.  Carbonate Dissolution, Carbonation and Dedolomitisation 

Calcium and bicarbonate concentrations increased for waters in the WR-2 subcluster at a 

1:2 Ca:HCO3 ratio (meq/L) expected for dissolution of carbonate rocks and minerals by 

recharging waters containing high concentrations of dissolved carbon dioxide (CO2). WR-2 

waters were characterised by compositions approaching saturation or were supersaturated in 

respect to calcite (si_Calcite) and dolomite (si_Dolomite). Thus, bicarbonate dominated 

waters from the WR-2 subcluster are assumed to have chemical composition largely 

controlled by changes in carbonate equilibrium in addition to recharge.  

 

Figure 22: Bivariate plots of carbonate mineralisation chemistry with waters classified according to their 
subclusters. (a) Ca versus SO4 (meq/L) and relationship to calcite dissolution (1:2, Eq.9). (b) Mg and Ca versus 
SO4 (meq/L) and relationship to dolomite dissolution (1:4, Eq.4) and congruent dissolution (1:2). (c) si_Calcite 
and (d) si_Dolomite versus SO4 with solid lines representing si=0 and shaded regions potential mineral 
formation (-0.5 < si >0.5). 
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Partial pressure of CO2 in natural waters, representing CO2 concentration, is negatively 

correlated with pH, as increasing acidity results in higher CO2 solubility. Hamersley waters 

show two dominant relationships between CO2 concentrations (log p_CO2) and pH that are 

largely determined by carbonate mineralisation (Figure 23). Waters undersaturated in respect 

to calcite and in which calcite formation is likely to be occurring in the unsaturated zone 

during recharge tend to have lower CO2 concentrations relative to pH when compared to 

waters saturated in respect to carbonate minerals. Precipitation of carbonate minerals leads to 

an increase in CO2 concentration which depresses pH through formation of carbonic acid to 

maintain carbonate equilibria. Congruent carbonate dissolution ratios (1:1) expected for 

dissolution of carbonate rocks and minerals by carbonic acid characterise waters 

undersaturated in respect to carbonate minerals. The slightly subdued relationship between 

CO2 partial pressure and pH in low carbonate systems relative to carbonate dominated waters 

suggests that CO2 outgassing may also be maintaining a circum-neutral pH in these waters. 

 

 

Waters dominated by pyrite oxidation have compositions that generally promote the 

formation of carbonate minerals (si_Calcite/Dolomite > -0.5). High concentrations of 

geogenic compounds (Ca, Mg, HCO3) in these waters indicate the chemical composition of 

these waters is also likely to be influenced by carbonate mineralisation. In addition, oxidation 

Aqueous systems with 
high proportion of 
carbonate minerals 

Aqueous systems 
with limited 

carbonate mineral BWT shale 
(MCS) 

Figure 23: Bivariate plots showing partial pressure of CO2 (log p_CO2) versus (a) solubility of calcite 
(si_Calcite), and (b) pH. Waters are grouped according to subclusters and shaded region represents likely 
mineral formation. 

 

Volcanic FRA 
 (pyrite oxidation)  

a b 
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dominated waters were generally characterised by a high Mg:Cl ratio (Mg:Cl > 1) in excess of 

the rainfall ratio (0.4) suggesting dolomite dissolution is also an important processes 

influencing the composition of oxidation dominated waters (Figure 17d). However, 

concentrations of Ca and Mg relative to HCO3 do not display any clear relationships to ratios 

associated with carbonate weathering. As the composition of these waters is also influenced 

by pyrite oxidation and precipitation of sulphate minerals, it can be assumed that carbonate 

mineralisation in these systems are influenced by a combination of weathering processes. In 

systems containing fast-acting neutralisation minerals such as calcite and dolomite in the solid 

phase, acidity generated by pyrite oxidation can be buffered by carbonate dissolution and 

gypsum precipitates simultaneously, according to the following reactions: 

 

Although Ca and SO4 concentrations in waters impacted by natural pyrite oxidation is 

controlled by sulphate minerals, the ratio is less than what would be expected for congruent 

gypsum mineralisation (Ca:SO4 = 1). The lower ratio (Ca:SO4 ~ 0.5) can be attributed to 

dedolomitisation triggered by gypsum dissolution and the subsequent preferential 

precipitation of calcite. Hence, Ca availability for re-precipitation of gypsum along flow 

pathways is lowered resulting in incongruent dissolution. An increasing Mg concentration 

along groundwater flow pathways confirms dedolomitisation is likely to be impacting 

oxidation dominated waters  (Figure 24c) and also accounts for the high excess Mg (Mg:Cl > 

1) contained in these waters. Consideration of the increased Mg concentration resulting from 

dedolomitisation in addition to gypsum dissolution identifies groundwater influenced by 

naturally occurring oxidation is largely controlled by both these processes (Figure 24d). This 

results in equal proportions of Ca and Mg relative to SO4 (Ca+Mg:SO4 ~1).  

 

Calcite dissolution in pyrite oxidation affected waters:  

CaCO3 (calcite) + 2H+ + SO4
2-  + 2H2O  ↔ CaSO4  (gypsum)  +  2H2O  + 2HCO3

- Eq.12 

Dolomite dissolution in pyrite oxidation affected waters:  

CaMgCO3 (dolomite)  + 2H+ + SO4
2-  + 2H2O  ↔ CaSO4 (gypsum) +  2H2O  + 2HCO3

- + Mg2+ Eq.13 
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6.5. Weathering of Silicates 

Weathering of silicates reduces acidity through acquisition of mobile H+ ions in the 

formation of secondary silicates/clays and monosilicic acid (H4SiO4), a neutral solute. In 

addition to neutralising acidity, incongruent silicate dissolution produces alkalinity (HCO3) 

and the cations Na, K, Ca and Mg depending on mineralogy. As Ca and Mg concentrations 

are also strongly dependant on carbonate dissolution, Na and K relationships were used to 

identify silicate weathering.  Cation exchange and adsorption reactions can also influence Na 

and K concentrations, especially on minerals with fixed charge such as clays. Waters from the 

natural pyrite oxidation and WR-2 subclusters have compositions displaying the highest 

correlation to influences induced by weathering of silicate minerals (Figure 25). 

Figure 24: Bivariate plots of weathering characteristics induced by calcite dissolution and dedolomitisation 
induced by gypsum dissolution. (a) Ca and Mg concentrations (meq/L) versus SO4 and HCO3 (meq/L) with 
dashed line representing incongruent dissolution of carbonate and sulphate minerals. (b) calcite (Ca:HCO3) 
and gypsum (Ca:SO4) dissolution with dashed lines representing mineral dissolution.  (c) Mg verses sulphate 
(Ca:SO4) showing two evolutionary pathways . (d) Calcite (Ca:HCO3) dissolution versus dedolomitisation 
(Ca+Mg:SO4) with dashed lines representing each process. 
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Waters impacted by natural oxidation are generally characterised by higher Na and K 

concentrations relative to inputs derived from rainfall suggesting additional inputs originating 

from weathering of silicate minerals (Figure 25a). The majority of samples fall along the line 

representing incongruent silicate dissolution indicating the weathering of silicate minerals 

constitutes a primary source of HCO3 in oxidation dominated waters. The depleted HCO3 in a 

small number of samples with higher Na and K concentrations relative to HCO3 is likely 

representing groundwater systems  in which the neutralisation capacity of rocks and minerals 

exceeds the acid generation potential of the pyritic material (Figure 25b). Samples from the 

WR-1 show a similar trend which can also be attributed to calcite precipitation and 

carbonation, as previously discussed.  
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Figure 25: Bivariate plots showing silicate weathering. (a) Na and K (meq/L) versus SO4, both normalised with 
Cl and dashed lines indicating rainfall inputs. (b) Na and K (meq/L) verses HCO3 with dashed line representing 
incongruent silicate dissolution (Na+K:HCO3 = 1). (c)  Na and K versus Ca, both normalised with HCO3 and 
dashed lines representing silicate (Na+K:HCO3 = 1) and calcite dissolution (Ca:HCO3 = 0.5). (d) Na and K 
normalised by HCO3 versus pH. 
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Increasing Na and K concentrations relative to HCO3 indicates acid generation from 

pyrite oxidation is being buffered by weathering of silicate minerals. Waters with increasing 

proportions of Na and K relative to HCO3 also have higher Ca:HCO3 ratios indicating 

depletion of HCO3 in oxidation through formation of carbonic acid (Figure 25d). The 

neutralisation capacity of silicate minerals is much lower than carbonates with the dissolution 

rate of calcite at near neutral pH approximately seven orders of magnitude faster than the 

dissolution of plagioclase feldspar (White et al. 1999). Thus, the buffering capacity of silicate 

minerals can also be linked to pH. As such, waters with an increasing excess of Na and K 

relative to HCO3 are also characterised by decreasing pH and are likely to represent systems 

with higher oxidation rates or systems containing a lower proportion of carbonate minerals. 
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7. Conclusions 

Isotopic signatures of sulphate (δ34SSO4 and δ18OSO4) coupled with geochemical analysis was 

used to identify the origin of SO4, infer redox conditions and provided various insights into 

the likely geochemical processes affecting the fate and transport SO4 in Hamersley waters. 

Isotope signatures are particularly useful in their ability to distinguish between SO4 derived 

from pyrite oxidation as opposed to SO4
 from rainfall and/or dissolution of evaporite minerals 

such as gypsum. Sulphur isotope signatures, demonstrated to be a robust tool in 

characterisation of sulphate source material. Moreover, the δ34SFeS2 of the pyritic source 

material were characterised by different and distinct signatures which were significantly δ34S-

depleted relative to marine signatures. As such, waters influenced by oxidation of RHS were 

more depleted than the pyrite sampled from the MCS unit. The δ34SSO4 of groundwater were 

indicative of the pyritic source material with waters derived from RHS lithology also more 

depleted relative to the δ34SSO4-MCS.  

In the absence of 34S-depleted pyritic material, the dominant sources of sulphate found to be 

influencing the composition of Hamersley waters was rainfall. End-member mass balance 

mixing models identified meteoric inputs to predominately derive from a combination of 

marine and atmospheric aerosols linked to a third saline end-member with δ34S values 

representative of gypsum minerals from non-AMD environments. Meteoric inputs could be 

divided into a marine end-member with a low SO4 concentration (<1 mg/L) and high δ34SSO4 

signature (+16‰ - +21‰) and an additional atmospheric source with a slightly higher SO4 

concentration and relatively 34S-depleted signature (~+7.5‰). The marine source is linked to 

high-volume/high energy cyclonic and tropical thunderstorm rainfall with low sulphate 

concentrations, whereas the 34S-depleted atmospheric source was assumed to be 

representative of lower-volume rainfall events with longer residence time and comprised of 

mixed atmospheric sulphate sources. 

The third end-member water with a moderate δ34SSO4 value (~+11‰) is associated with 

highly saline waters from the internally draining Fortescue Marsh which also constituted a 

geochemical end-member. As these waters are also, saturated in respect to gypsum the third 

source was linked to sulphate mineral sources and is likely representative of the average 

δ34SSO4 signature of Hamersley groundwater. Isotope values of gypsum precipitates in an 

ephemeral creek bed and within the marsh itself also showed strong correlation to this third 
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end-member. Secondary sulphate minerals, formed as evaporites and efflorescence, also 

varied according to the origin of the SO4 and displayed Mg-enrichment when precipitating 

from waters influenced by pyrite oxidation. This suggests that in Hamersley aqueous systems, 

the process of dedolomitisation plays a role in neutralisation of acidity generated by pyrite 

oxidation.  

Precipitation of sulphate minerals is an important consideration in pyrite oxidation prediction, 

as often SO4:Cl ratios are used as an indicator of Acid Mine Drainage (AMD). Aqueous 

systems with a SO4 concentration approaching 2500 mg/L represent environments where 

precipitation of gypsum has the potential to mask relatively high SO4 concentrations. If 

gypsum is precipitating the SO4:Cl ratio would remain constant, although the total amount of 

SO4 yielded to the environment due to pyrite oxidation increases. The Fortescue Marsh 

represents such a location, as SO4 concentrations in this region are very high in addition to 

being saturated in respect to gypsum. This can result in misrepresentation of oxidation 

processes or failure to identify subsurface movement of SO4. Thus, the identification of 

baseline δ34SSO4 values provides an additional tool to be able to monitor this region for future 

AMD risk. Accordingly, δ34SSO4 of Hamersley waters and mineral precipitates can be used to 

determine if the source of SO4 is from naturally elevated S-solute loads or due to oxidation of 

pyritic material. 

Neutralising materials located in situ with pyritic materials were shown to be buffering the 

acidity generated by oxidation of the pyritic material. However, some groundwater systems 

were characterised by increasing acidity due to higher rates of weathering. Increasing acidity 

appeared to be closely linked to lithology, and in particular absence of carbonates. In these 

systems calcite saturation indices were particularly low and were combined with lower 

concentrations of dissolved carbon dioxide.  At face value, this relationship may provide 

additional insights into sulphur cycling within the Hamersley Basin and it is recommended 

that this relationship undergoes further investigation. 

Early detection of pyritic source material through sulphur isotope characterisation of 

groundwater and minerals is useful; particularly in large regional and complex landscapes 

where high-resolution drilling and mineral characterisation is often unreliable and expensive. 

As such, development of a risk matrix characterised by a smaller subset of proxies may be 

useful for early identification of areas susceptible to developing AMD (Table 12).  Hamersley 

waters are separated into five main groups according to AMD risk.  Calcite saturation index 
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and CO2 concentration potentially represents an additional proxy that may be used to 

represent occurrences of neutralising minerals in aquifer materials. It is envisaged that further 

development of the iso-group classification scheme will provide a useful tool for 

identification of areas susceptible to AMD and the level of risk associated with different 

aqueous environments. 

 

Table 12: Classification scheme for identifying oxidation processes impacting Hamersley waters in relation as related 
to AMD risk. Calcite saturation has been tentatively included as a potential proxy. 

Iso-group 

 
Excess 

Sulphate 
(SO4:Cl Ratio) 

 
δ34SSO4 

(VCDT) 

 
δ18OSO4 

(VSMOW) 

si_Calcite 
(?) AMD Risk Proposed Meaning for Hamersley Aqueous 

Environments 

1 High 
(>3) 

Low 
(<5‰) 

Low 
(<2) < -1 Very high 

AMD risk 

Very high AMD risk. Sulphide oxidation in acidic 
environments primary source of sulphate. Ferric 

ion (Fe3+) also acting as oxidant accelerating 
oxidation process. 

2 High 
(>3) 

Low 
(<5‰) 

High 
(>2) < -1 High 

AMD risk 

Sulphide oxidation process primary source of 
sulphate in water. O2 primary oxidant. Potential 
for formation of secondary mineral assemblages. 

6 (?) Moderate 
(~3) 

High 
(>5‰) N/A < -1 

Moderate 
Acidity 

Risk 

Moderate Risk. Low proportion of neutralising 
material contained within lithology. 

3 Low (<3) 
(high TDS) 

High 
(>5‰) N/A N/A Low risk Saline waters. Precipitation of sulphate minerals 

impacting sulphate concentration in water. 

4 Low 
(<3) 

High 
(>5‰) N/A N/A Low risk Rainfall and/or sulphate mineral dissolution 

dominant influences on sulphate in water. 

5 Low  (<3) Very high 
(>20‰) N/A N/A Low risk 

Sulphate reduction dominant process impacting 
water.  Reduction of sulphate to sulphide removing 

sulphate from water. 
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Appendix 1 
Detailed Stratigraphy of Hamersley Geological Units 
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Figure 26: Detailed stratigraphy of the Mount 
Bruce Super Group (Ohmoto et al., 2006). 
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Figure 27: Location of pyrite in Mount McRae Shale (after Kakegawa et al., 1998). 
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Figure 28: Detailed lithology found within Woodiana Member of the Jeerinah Formation (after 
Kakegawa and Nanri, 2006)   
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Appendix 2 
XRD and SEM Data 
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Figure 29: a) XRD of magnesium-rich sulphate (MgSO4) efflorescent from mine void. SEM of MgSO4 from pit void 
at magnification of b) 400x and c) 800x. SEM of Karijini sample previously identified as Starkyite (unpublished 
data) at magnification of d) 391x and e) 800x. Precipitate from mine void (MgSO4) converted to BaSO4 for δ34S 
analysis at magnification of f) 1564x. 

a b 

c d

e f
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Appendix 3 
Laboratory Preparation for converting dissolved sulphate into 

Barium Sulphate (BaSO4)  
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Water Samples 

Groundwater samples were collected during a field trip in February 2011 from monitoring bores, 

dewatering bores and surface water.  Before sampling, 2 - 3 times the casing volume of each well was 

pumped to ensure a representative groundwater sample was obtained.  In some of the deeper bores 

bailing of the wells was required.  In some of these bores it was not feasible to bail 2 - 3 times the 

casing volume due to depth or sedimentation within the bores.   

Samples were filtered through a 47 mm membrane and treated with HCl to reach a pH ≤ 3.  Samples 

were then heated to 30 - 40°C and treated with BaCl2 to precipitate BaSO4.  The required volume of 

BaCl2 depends on the expected volume concentration of SO4 in the water; 100 mL was collected for 

samples with high SO4 concentrations and 500 mL for samples with lower concentrations.  Due to the 

extremely low concentration of SO4 in rainfall 25 L was filtered however this still did not provide 

enough BaSO4 precipitate to accurately measure δ34S and δ18O. 

For 100 mg/L of SO4 in water, 2.53 mL of BaCl2 should be added.  An excess of 1.5x the predicted 

addition of BaCl2 was added to guarantee that all SO4 was precipitated.     

After allowing the samples to cool and settle overnight 1 drop of BaCl2 solution was added to each 

sample to test if any further precipitation occurs.  If a cloudy trace developed samples were reheated 

and additional BaCl2 solution added. 

Waste was siphoned from the sample and collected for processing* 

Precipitate BaSO4 was washed with MQ water and allowed to settle 4 times.  Samples were then 

placed in an oven at 80 – 100 °C and allowed to dry overnight.  Subsequent addition of 3 % H2O2 to 

cover the samples by 1 – 2 cm was used to remove organic matter for oxygen isotope analysis. 

*To process waste- add 2 mL 5N H2SO4 per 1 L waste to precipitate remaining Barium Sulphate.  

Then neutralise with soda ash and pour down sink. 

 

Micro tubes were used for the final processing of samples with 0.4 – 0.5 mg samples of BaSO4 

samples placed in silver capsules for δ18OSO4 analysis and 0.3 – 0.4 mg of BaSO4 in tin capsules for 

δ34SSO4 analysis.    
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Rock Samples 

Samples of Jeerinah and Black Shale were obtained from a drill hole and the waste dump 

respectively.  

3 replica samples of each rock type were placed in a bowl mill and crushed.  Within the Black Shale 

samples 3 differing samples were collected for analysis.   

Black shale with no evidence of pyrite 

Sample with flecks of pyrite and; 

Sample with pyrite nodules 

Micro tubes were used for the final processing of samples with 0.4 – 0.5 mg samples of BaSO4 

samples placed in silver capsules for δ18OSO4 analysis and 0.3 – 0.4 mg of BaSO4 in tin capsules for 

δ34S analysis.    

 

Mass Spectrometry 

Analysis of the stable isotopes of sulphate (δ34SSO4 and δ18OSO4) was conducted via precipitation of 

SO4 as BaSO4 using the method described by Taylor et al. (1984). Sulphate isotope values were 

obtained using an Automated Nitrogen Carbon Analyzer system consisting of a Sercon 20-22 mass 

spectrometer connected with an EA (SERCON, UK), with sulphur values normalised to the VCDT 

(Vienna Canyon Diablo Troilite) scale and oxygen values to the VSMOW scale. The stable isotope 

composition of is reported in per mil (‰) also according to delta (δ) notation. Three-point 

normalisation (Paul et al., 2007) was based on three laboratory standards, each replicated twice and 

reported in per mil (‰) (Skrzypek et al., 2010). Multi-point normalization was based on international 

standards IAEA-S1, IAEA-S2, IAEA-S3 and NBS127 provided by the IAEA. The overall reproducibility for 

the δ34SSO4 and δ18OSO4 determinations were ±0.2 and ± 0.3‰ respectively.  
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Appendix 4 
Relationship between Variables  
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Figure 30: Spearman's rank correlation coefficient showing relationship between chemical and isotope variables. 
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Appendix 5 
Distribution of Chemical Analytes  
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Appendix 6 
Hydrographs 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

78 



 

 

Figure 32. Hydrograph showing water level (blue line) over time within a) a dolerite FRA 
groundwater system with high recharge rates relative to b) a weathered RHS shale groundwater 
system with episodic recharge. Sulphate concentration (red square) and chloride concentration 
(green triangle) over time is also displayed on graphs. 
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Research Proposal 
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Deciphering the Sulphur Cycle: Isotope geochemistry of the 

Hamersley Basin, Western Australia 

 

Laura McLean (10226798) 

Word Count: 950 

 

 

Introductory Statement 

Investigation of the hydrogeochemical processes operating in arid and semi-arid regions is 

essential to understand the function of hydrogeological system.  Groundwater systems of the 

Hamersley Basin, in the semi-arid Pilbara region of northwest Australia, are predominately 

located in fractured rock and alluvial material with varying mineralogy. This variability 

presents a unique opportunity to examine a variety of hydrological and geochemical processes 

operating within groundwater systems of a semi-arid environment. Identification and 

understanding of the geochemical processes in systems containing potentially acid forming 

(PAF) minerals such as pyrite (FeS2) is of particular importance due to the potential for 

oxidation of these minerals to adversely impact water quality. 

I hypothesise that the geochemical composition of Hamersley Basin groundwater can be used 

to identify the dominant weathering processes and water-rock interactions occurring within 

different groundwater systems within the basin.  I also hypothesise that the Sulphur isotope 

systematics can be used to constrain the sources of dissolved sulphate in groundwater and 

identify pyrite oxidation pathways.  
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Background 

The geological structure of the Hamersley Basin has led to the complex hydrogeological 

function of groundwater systems in this region. Groundwater predominately presents in 

fractured rock aquifers (FRA) which can be overlain by highly water-bearing alluvial aquifers 

associated with ephemeral creek systems.  The mineralogy of the FRA systems is highly 

variable and ranges from chemically precipitated minerals such as dolomite and iron-rich ore 

deposits, to volcanic basalts. Another unique hydrogeological feature of this region is the 

highly saline Fortescue Marsh, an internally draining alluvial groundwater and intermittent 

surface water feature. Compartmentalisation of groundwater arises in regions containing low 

permeability shale units separating the major water bearing zones. Additional complexity is 

added due to historical folding and faulting of the FRA systems and in some locations dolerite 

intrusions can act as either conduits or barriers to groundwater flow.  

Hydrogeochemical processes are important in defining groundwater hydrology in complex, 

multi-layered groundwater systems of variable mineralogy. Low recharge and groundwater 

flow rates, typical of groundwater systems in semi-arid climates, can often present challenges 

to determination of hydrogeological functions. The infrequent, episodic and high intensity 

rainfall regime characteristic of the Pilbara region presents further challenges to the 

understanding of groundwater systems of the Hamersley Basin.  In this region, water 

resources are currently subject to increasing pressure from altered hydrology associated with 

mining activities in addition to water abstraction for regional development (Department of 

Water, 2010).  An additional management issue is the presence of PAF material identified in 

various geological units. Exposure of this material to a changed redox conditions has the 

potential to adversely impact the quality of receiving surface and groundwater systems 

through the creation of Acid and Metalliferous Drainage (AMD) and increased salt loads.  

Complex flow pathways in groundwater systems of different mineralogy lead to variations in 

the chemical composition of groundwater largely dependent on the dominant weathering 

processes and water-rock interactions taking place. Interpretation of spatial and/or temporal 

variations in hydrochemical data is a useful tool to characterise groundwater systems and 

identify the complex geochemical processes that results in groundwater variability.  
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Aims and Objectives 

The aims/objectives of this study are to: 

Objective 1:  Determine the hydrological, hydrochemical, and stable isotopic (d2H, d18O, 

d34S) characteristics of a suite of aqueous systems in a semi-arid environment 

Objective 2: Apply the hydrogeochemical and isotopic characteristics to elucidate the 

current hydrological function of Hamersley aqueous systems, specifically the dominant 

geochemical processes operating within these systems   

Objective 3:  Assess the threat of altered hydrology on these aqueous systems and review 

potential options for management or intervention to mitigate identified threats 

 

Significance and Outcomes  

Isotope geochemistry will be used to interpret the dominant hydrogeochemical processes 

influencing GW composition. The transport and fate of dissolved constituents, in particular 

sulphate, has been used to identify oxidation of acid forming sulphide minerals such as pyrite. 

Traditional methods used to identify pyrite oxidation and trace AMD are not necessarily 

applicable to all geological environments. The Hamersley Basin represents one such 

environment.  The high alkalinity, presenting at bicarbonate, found in these waters can mask 

AMD processes by buffering acidity and gypsum precipitation can mask increasing sulphate 

concentrations. 

A holistic understanding of the function and interactions within hydrogeological systems with 

variable lithology is needed to ensure appropriate management of surface and groundwater 

resources in the Hamersley Basin.  This is particularly important in regions containing PAF 

material which can lead to AMD and salinization of receiving water bodies. 
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Methodology 

Geochemical data from a variety of different groundwater systems in the Hamersley Basin 

was collected during 2011 and 2012.  This research will conduct further statistical analysis on 

this data set and use geochemical modelling to add robustness to interpretations.  Major ion 

concentrations will be used to identify groundwater of different chemical composition which 

can be displayed in a tri-linear Piper Diagram. The applicability of Principal Component 

Analysis (PCA), Multivariate Analysis (MA) and Cluster Analysis (CA) will be evaluated to 

determine if these statistical approaches can identify different groundwater systems through 

geochemical signatures. The speciation and saturation indices of groundwaters will also be 

evaluated to determine the likely minerals present in the various groundwater systems.  

Inverse modelling in PHREEQC and Netpath will be conducted to determine the likelihood of 

mineral precipitation and/or dissolution within the different groundwater systems and 

examine evaporative processes. Molar and isotope ratios will also be used to identify likely 

mineral assemblages accounting for the different groundwater compositions.  Mass balance 

modelling using isotope ratios and chloride as a conservative tracer will also be utilised to 

constrain the sources of dissolved sulphate in Hamersley groundwaters.  Isotope ratios will 

also be used to constrain the oxidation pathways of the most common PAF material, pyrite. 
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Budget 

There are no costs associated with the current research project.  This research will utilise data 

collected for a study I conducted in 2013, as part of a 4th year Research Project undertaken at 

the University of Western Australian (UWA).  The current study aims to expand and develop 

on the preliminary research through further statistical analysis and geochemical modelling. 

 

Timetable 
 

  
2014 

Q1 Q2 Q3 Q4 
Major ion analysis to identify GW variability         
Multivariate statistical analysis (PCA, MA, CA)         
Geochemical modelling in PHREEQC         
Inverse modelling in PHREEQC and Netpath         
Molar ratio analysis          
Mass balance modelling         
Write up of Thesis         
Thesis Seminar         
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