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Abstract 
Trace elements within pyrite is used here as geochemical indicators of mineral 

deposits to determine if there is potential for mineralisation in a recent drilling 

campaign in the Delamerian Orogen. In this paper, five pyrite samples from the recent 

Delamerian NDI Campaign by the Geological Survey of South Australia and MinEx CRC 

were collected and subjected to microscopic observation and Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) analysis. Data was 

compared to pyrite chemistry from known deposits around the world to determine 

the similarities between the samples and mineralisation potential of the region. The 

results of the analyses show that the pyrite is derived from both the VMS deposit and 

the porphyry deposit. In addition, their genesis may be associated with hydrothermal 

event. This research enriches the comprehension of mineralisation potential within 

the Delamerian Orogen, furnishing invaluable insights for targeted exploration and 

resource extraction within the region. Amidst the challenges of a shifting resource 

landscape, these findings offer a roadmap for sustainable resource discovery and 

utilisation. 

 

Keywords: pyrite; geochemistry; Delamerian Orogeny; mineralising systems; VMS 

deposit; Porphyry deposit; mineral exploration 
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1.Introduction 

The demand for critical resources is increasing as a result of the global-scale green 

energy transition. However, global reserves of critical resources pose a major 

challenge as they continue to decline[1]. The rate of discovery of economically viable 

deposits is rapidly declining as easily accessible surface resources are depleted[1]. As 

a result, the exploration frontier is shifting to deeper horizons, bringing greater costs 

and risks. To address some of the risks associated with deep mineral exploration, 

innovative technologies are being developed to assist in mineral exploration. One such 

technique is mineral chemistry, which involves the study of the chemical composition 

and properties of minerals. This approach provides valuable insights into the 

formation and distribution of mineral deposits and aids in identifying potential 

exploration targets.  

 

Recent drilling by the Geological Survey of South Australia (GSSA) and MinEx CRC took 

place within South Australia on the eastern part of the Cambrian-Ordovician 

Delamerian Orogen[2] (Fig. 1). Traditionally, exploration efforts for base and precious 

metals in the Delamerian basement have been concentrated along the western 

margin[2]. However, preliminary data from the recent drilling campaign conducted on 

the eastern margin reveals promising indications of the presence of mineralisation 

suitable for porphyry Cu-Au and volcanic massive sulphide (VMS) deposits. 

 

Pyrite is the most abundant sulphide phase in the Earth's crust and is commonly 

associated with mineralisation in a variety of deposit types found in different 

environments. These deposit types include VMS, orogenic Au, porphyry, shallow-

forming hydrothermal, BIF and SEDEX deposits[3]. Therefore, analysing the 

geochemistry of pyrite can provide insight into changes in fluid composition and 

stratigraphic conditions. Pyrite is also an important host for a range of trace elements, 

including Au and Co, as well as the semimetals As, Se, Sb, Te and Bi[4]. The 

concentrations and ratios of Au, As and Co in pyrite have been used to infer key ore-

forming processes and characterise different mineralising systems[5]. 

 

In this paper, we examine the chemical composition of five pyrite samples to provide 

information on the changing physiochemical conditions of fluids precipitated from 

pyrite and their relationship to mineralisation events. The eastern part of the 

Cambrian-Ordovician Delamerian Orogen in South Australia was used as a case study 

area, where pyrite samples were taken from a recent MinEx CRC drilling campaign. 

Pyrite morphology and trace and rare earth element geochemical signatures are 

discussed in a regional context and compared with currently published pyrite data to 

use pyrite to develop a new geochemical standard for exploration suitable for 

porphyry copper-gold and volcanic massive sulphide (VMS) deposits. 
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2.Geological Background 

2.1 Pyrite  

Pyrite is a common metallic mineral with a chemical composition of FeS2 and often 

with a yellowish-brown metallic lustre on the surface[6]. It is the most common 

sulphide mineral in nature and is widely distributed in the earth's crust[6]. 

 

Pyrite forms under reducing conditions, this is usually in an environment with low 

oxygen, high sulphur content and abundant iron[7]. Pyrite usually forms through a 

combination of geological processes, and is commonly found in hydrothermal, 

sedimentary, and metamorphic environments[7]. Numerous studies have indicated 

that pyrite is usually associated with hydrothermal deposits[4, 8, 9]. These deposits 

form when hot fluids rich in dissolved minerals migrate through cracks and faults in 

the earth's crust. The fluids carry elements such as iron and sulphur, which can 

precipitate out of solution and form pyrite in the cracks and pores of rocks[7]. Pyrite 

can also form in sedimentary environments where organic material, such as dead 

plant material, is buried in the sediment[10, 11]. Under certain conditions, such as a 

lack of oxygen, the organic material decomposes and releases sulphur. The sulphur 

combines with the iron minerals present in the sediment, leading to the formation of 

pyrite. In metamorphic environments, existing iron-rich minerals can be subjected to 

heat and pressure, leading to the formation of pyrite [12]. 

 

The chemical composition of pyrite can provide valuable information on various 

aspects of geological processes and environmental conditions such as differences in 

fluid composition and formation conditions[3]. Pyrite is often found in association 

with valuable minerals in hydrothermal deposits, therefore can give insights into the 

formation of those mineralising systems[4].  

 

The trace element compositions of pyrite can be utilised as a valuable tool in 

differentiating between different deposit types, such as porphyry deposits and 

volcanic-hosted massive sulfide (VMS) deposits during exploration[3]. VMS pyrites 

exhibit higher levels of elements such as Cu, Co, Pb, Se, Zn, Sn, and Bi[3], while 

porphyry deposit pyrites display elevated levels of Cu, Mo, Au, Ag, Re, and Te[13]. 

These variations can be attributed to differences in source rocks and variations in the 

salinity, temperature, and pH of the ore fluids[3]. 
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2.2 Porphyry and VMS mineral deposits 

Porphyry deposits are the world's most important source of Cu and Mo, as well as a 

major source of Au, Ag and Sn[14]. Important by-product metals include Re, W, In, Pt, 

Pd and Se. They account for 50-60% of world copper production and more than 95% 

of world molybdenum production[14]. Porphyry deposits occur as high, low to 

medium grade deposits. Deposits in which the primary (secondary) ore minerals are 

largely structurally controlled and are spatially and genetically related to feldspathic 

to intermediate porphyritic intrusions[15].  

 

In porphyry deposits, mineralisation primarily occurs along fractures or within 

alteration zones adjacent to fractures[16]. Porphyry-type mineral deposits are formed 

when significant volumes of hot water, carrying trace amounts of metals, flow through 

permeable rocks and deposit the metals[17]. The deposition occurs as a result of the 

interaction between the circulating fluids and the host rocks, leading to the 

precipitation of minerals containing valuable metals[17]. 

 

VMS deposits are another important type of mineral deposit with distinctive 

characteristics. They are significant sources of base metals such as copper, zinc, lead, 

and also provide valuable quantities of precious metals like gold and silver[18]. Most 

of the world's VMS deposits are small, with about 80% of known deposits in the 0.1-

10 megatonne range[19].  

 

VMS deposits are formed from hydrothermal fluids generated by volcanic activity. 

These fluids are rich in sulphur and metals, and they are usually ejected from undersea 

volcanic vents[18]. When the hot fluids encounter cold seawater, they cool rapidly, 

causing the metals and sulphur to precipitate and form mineral deposits[18]. The 

mineralogy of VMS deposits is complex, with many different minerals present. These 

deposits typically consist of layers of metallic sulphides, such as chalcopyrite, 

sphalerite and galena, mixed with vein minerals such as pyrite, quartz and feldspar[19]. 

2.3 Overview of the Delamerian Orogeny 

The Delamerian Orogeny (c.514-490Ma)[20] is an exceptional geotectonic event that 

occurred in Australia and affected a fractured plate margin encased in Neoproterozoic 

and Early Cambrian sediments. This tectonic event led to the inversion of Cambrian 

rocks within a subduction zone environment [20].  

 

The Delamerian Orogen is widely distributed in southern Australia, particularly in the 

eastern part of South Australia, and the western part of New South Wales, Victoria 

and Tasmania (Fig.1)[21]. The Delamerian Orogen is most evident in South Australia, 

where it is widely exposed and buried underneath thick cover sequences [22]. The 



 

 9 

Adelaide Fold Belt is the main outcrop of this geological orogenic belt, including the 

Adelaide Hills, Fleurieu Peninsula and Kangaroo Island. The formation of this terrain 

was caused by the Cenozoic uplift[23], exposing only the first part of the orogenic 

process[22].  

 

 

 

Fig. 1 Regional map of Delamerian Orogen[21] 
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The Delamerian Orogen hosts high-quality gold, copper, lead and zinc deposits in 

igneous and less metamorphosed sedimentary rocks[24]. Samples for the study came 

from the Alawoona and Quondong Vale drilling areas of the Murray Basin(Fig.2)[25].  

 

 

 

Fig. 2 Delamerian National Drilling Initiative (NDI) drilling regions[25] 
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The Murray Basin region has a limited number of drillholes that intersect the 

underlying basement, and the density of these drillholes significantly decreases 

towards the eastern border with South Australia [2]. The available drillhole data 

indicates that the basement primarily consists of mafic to intermediate volcanic and 

volcaniclastic rocks with varying degrees of deformation. Additionally, there are fewer 

occurrences of felsic volcanic rocks, as well as felsic and mafic intrusives that are 

believed to have formed during the Delamerian Orogeny[2]. Metasedimentary and 

metavolcanic rocks, correlated with the Moralana Supergroup, are also present in the 

basement[2].  

 

Studies involving the geochemistry and geochronology of these igneous rocks have 

revealed that the mafic to intermediate volcanics predominantly exhibit 

characteristics associated with back-arc environments. However, some igneous rocks 

display geochemical signatures indicating a subduction-related origin, suggesting 

either a primary subduction origin or derivation from a lithosphere that has been 

modified by subduction processes[2]. These findings suggest that the Delamerian 

basement in the Murray Basin of South Australia likely represents a transition zone 

from a back-arc setting to a continental volcanic arc setting. Consequently, the region 

has the potential to host various deposit styles, including volcanic-hosted massive 

sulfide, epithermal, Carlin-style and orogenic gold, Cu-Au-Mo porphyry, base metal 

sedimentary exhalative, and Ni-Cu-platinum group element magmatic sulfides[2]. 
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3. Methodology 

The study employed a comprehensive methodology to analyse pyrite samples from 

the base of the Renmark Group in the Murray Basin (Quondong Vale and Alawoona). 

Five samples collected from the Delamerian NDI Campaign by the Geological Survey 

of South Australia were examined. The study began by making mounts of the sample 

cores. Second, microscopic observations using high-resolution imaging techniques 

provided insight into the distribution and characteristics of pyrite. Third, scanning 

electron microscopy (SEM) provided insight into surface features and crystal structure. 

Fourthly, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

was used for the chemical analyses of trace and rare earth elements. Finally, the 

analyses were supplemented by comparing the experimental data with data from 

previous studies. 

3.1 Sample selection and preparation  

A total of 5 samples from the basement, underneath the Murray Basin were used in 

this study. The Geological Survey of South Australia provided sample collection and 

drill core from their recent Delamerian NDI Campaign with MinEx CRC. Samples were 

collected as slices of core, approximately 10 cm in length. The intervals were selected 

had pyrite various pyrite generations present. Samples were labelled: 4331854 from 

Quondong Vale and 4331855, 4331857, 4331858, 4331859 from Alawoona. 

 

All samples were mounted as chips or individual grains in resin and prepared as 

polished discs suitable for microscopic observation. Discs were polished and coated 

with carbon for further analysis.  

3.2 Microscope  

Microscopic observation of pyrite samples plays a vital role in understanding their 

distribution and characteristics. The method captures high-resolution images of pyrite 

samples from different angles and magnifications. At the same time, proper 

illumination and focus settings are ensured to obtain the best image quality. 

3.3 SEM  

Scanning electron microscopy (SEM) is a powerful technique for studying the 

morphology and microstructure of materials at high resolution[26]. In the case of 

pyrite, SEM can provide valuable insights into its surface characteristics and crystal 

structure. The internal structure of pyrite was imaged by backscattered electron (BSE) 

imaging on a Hitachi benchtop SEM at the Microscopy Laboratory, University of South 
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Australia to identify the crystallisation history of individual grains by internal textural 

features and to further analyse specific growth stages. 

3.4 LA-ICP-MS 

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) was used 

to collecte pyrite trace and rare earth element chemistry. The instrumentation used 

was Agilent 7900x with attached RESOlution LR 193nm Excimer laser system at the 

University of Adelaide. The reference materials employed during the analysis included 

STDGL3[27], which was utilised for the assessment of chalcophile and siderophile 

elements within sulfide samples. Additionally, GSD-1G[28] was used for the analysis 

of elements across silicates, carbonates, and oxides. Reference materials were 

analysed in blocks of every 20 unknown analyses. The analysis of these materials was 

conducted using a round beam with a diameter of 51 μm and a frequency of 10 Hz. 

This approach was chosen to minimise the impact of downhole fractionation. The laser 

fluence applied for the analysis of STDGL3 averaged 2.7 J/cm3, while for GSD-1G, the 

average laser fluence was 3.5 J/cm3. Samples were ablated for 90s, with 30s of that 

being the background.  

 

The complete list of analysed elements and their associated isotopes remains 

consistent across all sessions, regardless of the method employed. The elements and 

isotopes analysed are as follows: 23Na, 24Mg, 27Al, 29Si, 31P, 34S, 39K, 43Ca, 45Sc, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 

60Ni, 65Cu, 66Zn, 71Ga, 75As, 77Se, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 107Ag, 109Ag, 111Cd, 118Sn, 121Sb, 125Te, 137Ba, 140Ce, 157Gd, 178Hf, 

181Ta, 182W, 185Re, 195Pt, 197Au, 202Hg, 205Tl, 206Pb, 207Pb, 208Pb, 209Bi, 
232Th, and 238U. All data was processed using 

the software Iolite, and data was reported in ppm.  

3.5 Collection of data from literature 

In this study, the results of other analysed samples of pyrite were also collected 

through literature[29]. These data are largely derived from Gregory et al. (2019) who 

used laser ablation-inductively coupled plasma-mass spectrometry to differentiate 

between deposit types and barren sedimentary pyrite[29]. The majority of these data 

originate from two large projects for pyrite analysis funded by the Geological Survey 

of Western Australia and the Geological Survey of South Australia[29]. The LA-ICP-MS 

information originated from various sources. These sources encompass published 

peer-reviewed papers, project reports, along with newly discovered data from the 

Chalkidiki porphyry Cu district in Greece and the Lady Loretta SEDEX deposit in 

Australia[29]. 
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4. Results 

4.1 Sample descriptions 

Sample 4331854 (Fig.3 A) is from drillhole NDI_QVD20 from 252.23 to 252.3 metres. 

A mount is used in this sample. This is a sample with pyrite in breccia where there are  

some volcanics. Pyrite is recognised within the brecciate framework as dipping 

crystals. A breccia is a fractured rock matrix indicative of a dynamic depositional 

environment in which rock fragments are forcefully broken and subsequently 

cemented together. Most of these pyrite grains are cubic, but some are rounded. The 

pyrite is fine-grained but interconnected with distinct cracks in the centre(Fig.3 C). The 

average size of pyrite grains is about 40 microns(Fig.3 B). 

  

A 

 

C 

 

B 

 

Fig. 3 Sample 4331854. A) Drill core sample displaying pyrite in brecciated volcanics; B) Photo 

micrograph display disseminated pyrite grains; C) SEM image of pyrite 
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Sample 4331855 (Fig.4 A) is from drillhole NDI_AWD02 from 270 to 270.1 metres. Two 

mounts are used in this sample (4331855M1 and 4331855M2). This sample is a pyrite-

bearing sediment. The sediments themselves represent the layered accumulation of 

detritus and organic material over time, facilitated by sedimentary processes such as 

lithification and compaction. Pyrite is clearly visible in the samples and has a 

distinctive light golden to brassy yellow metallic lustre. The pyrite in 4331855M1 has 

large grains up to 32 mm (Fig.4 C). The grains are cracked (Fig.4 B). Microscopic 

examination of the samples also revealed the presence of pyrite crystals that exhibit 

different morphologies (Fig.4 D,E and F). The pyrite in 4331855M2 has different sizes 

of grains up to 750 microns (Fig.4 F). 

 

  

A 

 

B 

 

C 

 

D 

 

F 

 

E 

 

Fig. 4 Sample 4331855 A) Drill core sample displaying pyrite in the sediments; B) Photo micrograph 

display 4331855M1 pyrite grains; C) SEM image of 4331855M1 pyrite; D) Photo micrograph display 

4331855M2 cubic pyrite grains; E&F) SEM image of 4331855M2 pyrite 
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Sample 4331857 (Fig.5 A) is from Hole NDI_AWD05 from 364.33 to 364.39 metres. Two 

mounts are used in this sample (4331857M1 and 4331857M2). The sample examined 

consists of pyrite embedded in detrital fragments within a brecciated matrix. Pyrite 

was observed in discrete detritus fragments of various sizes and lithologies. The matrix 

that surrounds these pyrite-bearing debris is characterised by a brecciated structure, 

indicating fragmentation and angular assemblages of rock fragments. The matrix 

material may consist of a combination of rock debris fragments, mineral particles, and 

potentially altered compositions that form a cohesive bonding material used to 

embed and stabilise the detrital fragments within the overall rock structure. The pyrite 

grains in 4331857M1 are more fractured, while the pyrite grain in 4331857M2 is a 

large cubic grain up to 34 mm. 

 

  

D 

 

C 

 

B 

 

A 

 

Fig. 5 Sample 4331857 A) Drill core sample displaying pyrite embedded in detrital fragments within a 

brecciated matrix; B) Photo micrograph display 4331857M1 disseminated pyrite grains; C) Photo 

micrograph display 4331857M2 cubic pyrite grain; D) SEM image of 4331857M2 pyrite 
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Sample 4331858 (Fig.6 A) is from Hole NDI_AWD06 from 271.15 to 271.22 metres. 

Samples examined include primary pyrite occurrences within the volcaniclastic matrix. 

Two mounts are used in this sample (4331858M1 and 4331858M2). The pyrite in 

4331858M1 and 4331855M2 both have different sizes of cubic grains. These pyrite 

grains have some tiny cracks and irregular holes on them (Fig.6 C and E). In addition 

to silver-white pyrite grains in sample 4331858M1, there are chalcopyrite grains 

encased in rounded grains (Fig.6 B and D). The pyrite in sample 4331858M1 has large 

grains up to 1750 microns (Fig.6 C), while the pyrite in sample 4331858M2 has large 

grains up to 2.1 mm (Fig.6 F). In addition, some pyrite occurrences are located in close 

proximity to veins.  

 

  

F 

 

E 

 

D 

 

C 

 

B 

 

A 

 

Fig. 6 Sample 4331858 A) Drill core sample displaying pyrite within volcaniclastic matrix; B&C)Photo 

micrograph display 4331858M1 pyrite grains; D) SEM image of 4331858M1 pyrite; E) Photo micrograph 

display 4331858M2 pyrite grains; F) SEM image of 4331858M2 pyrite 
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Sample 4331859 (Fig.7 A) is also from Hole NDI_AWD06, but from 252.74 to 252.81 

metres. The sample is pyrite associated with quartz veins. It is quartz cemented 

medium-coarse-grained pyrite. Two mounts are used in this sample (4331859M1 and 

4331859M2). The material in the sample that possesses milky-white translucency and 

prominent crystal formations is quartz veins, which are conduits for mineral-laden 

aqueous solutions through the lithic matrix (Fig.7 A). Sample 4331859M1 has large 

square pyrite grains surrounded by chalcopyrite (Fig.7 B). The grains are distinctly 

textured and have cracks and small holes. The pyrite located at the edges is ringed 

(Fig.7 C). Sample 4331859M2 contains both disseminated pyrite grains (Fig.7 D and F) 

and large cubic pyrite grains (Fig.7 E). The pyrite in sample 4331859M2 has large grains 

up to 400 microns (Fig.7 E). 
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Fig. 7 Sample 4331859 A) Drill core sample displaying pyrite associated with quartz veins; B) Photo 

micrograph display 4331859M1 pyrite grains; C) SEM image of 4331859M1 pyrite; D&E) Photo 

micrograph display 4331859M2 pyrite grains; F) SEM image of 4331859M2 pyrite 
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4.2 LA-ICP-MS 

4.2.1 Results of trace element analyses of 5 pyrite samples 

 

The results of trace element analyses of pyrite from the five samples are shown in 

Table 1. Overall, the trace element analyses show that the different types of pyrite 

have different Co, Ni, Cu, Zn, As, Mo, Ag, Sb, Te, Au, Tl, and Pb contents (Fig. 8). 

 

Pyrite mount from sample 4331854 has high mean values of Co, Ni, As, Mo, Ag, Sb, Te, 

Au, Tl, Pb and medium Cu, Zn compared to other samples (Table 1). 

 

Sample 4331855 contains two different pyrite mounts. M1 and M2 have consistently 

high mean values of Co, Ni, Cu, Zn and low Mo, Au, Tl compared to other samples 

(Table 1). There are some differences in the chemical composition of the two mounts, 

with M1 having higher Cu than M2, and lower Ni, Zn, Au, Tl, Pb contents than M2. 

 

Sample 4331857 contains one pyrite mount, which has high mean values of Au, Tl, Pb 

and low Co, Ni, Cu, Zn, As compared to other samples (Table 1). 

 

Sample 4331858 contains two different pyrite mounts. M1 and M2 have consistently 

high mean values of Co, and low Ni, Zn, Te compared to other samples (Table 1). There 

are some differences in the chemical composition between them, with M1 having 

higher Co, Cu, than M2, and lower Mo, Sb, Te, Au, Tl, Pb contents than M2. 

 

Sample 4331859 contains two different pyrite mounts. M1 and M2 have consistently 

high mean values of Cu, Zn and low Ni compared to other samples (Table 1). There is 

some variation in chemistry between the two mounts, where M1 has higher Cu, Zn, 

Mo, Te and lower Co, Ni, Au, Tl, Pb than M2.  
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4.2.2 Trace element discrimination diagrams 

 

Pyrite trace elements ratios have been recreated after Gregory et al. (2019), which 

used pyrite chemistry to discriminate between Iron Oxide Copper-Gold (IOCG), 

Sedimentary Ejecta Deposit (SEDEX), Volcanogenic Massive Sulphide (VMS), orogenic 

gold, and porphyry deposits. 

 

Figure 8A displays Cu vs Zn bivariate plot. Pyrite chemistry from most samples overlaps 

except sample 4331854 which has a higher Cu and Zn content. The other samples were 

low in Zn and Cu, but sample 4331855 had a relatively slightly higher Zn content. 

 

Figure 8B shows a bivariate plot of As vs Mo, with samples 4331855 and 4331857 

having significantly lower levels of As than the other samples. Samples 4331857, 

4331858, and 4331859 have very low levels of Mo, below the detection limit.  

 

Figure 8C shows a bivariate plot of Ag vs Pb, where there is a positive relationship 

between the two elements. Sample 4331854 has higher Ag vs Pb content than the 

other samples. All other samples have overlapping chemical compositions. All other 

samples have relatively low levels of Ag and Pb, with sample 4331859 being extremely 

low. 

 

Figure 8D shows a bivariate plot of Au vs Te where sample 4331854 has significantly 

higher Au content than the other samples. Sample 4331855 has significantly lower Te 

glowing than the others. The other samples overlap and have Au content below the 

detection limit.  

 

Figure 8E shows a Ni vs Co bivariate plot with a positive relationship. Sample 4331855 

has lower levels of Ni vs Co than the other samples, and more Ni than Co. Both 

chemistries overlap for the other samples. All other samples have overlapping 

chemical compositions with relatively high levels of Co and Ni. 

 

Figure 8F shows a bivariate plot of Sb vs Tl, where sample 4331854 has significantly 

more Sb vs Tl than the other samples along with sample 4331859. The other samples 

have overlapping and relatively low levels of both chemistries. 
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Fig. 8 Scatter plots of trace elements in the 8 pyrite mounts from 5 samples: A) Zn 

versus Cu, B) Mo versus As, C) Ag versus Pb, D) Te versus Au, E) Co versus Ni, and 

F) Tl versus Sb. Yellow circles show pyrite chemistry fields from Porphyry deposits 

after Gregory et al. (2019). Green circles show pyrite chemistry fields from VMS 

deposits after Gregory et al. (2019). 
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5. Discussion 

The diverse forms of pyrite structure and the way trace elements are dispersed within 

it effectively mirror the makeup and physical-chemical characteristics (such as 

temperature, salinity, pH, fS2, fO2, etc.) of the mineral-forming fluids during various 

phases. As a result, pyrite holds potential as an indicator mineral for deciphering the 

nature of these mineral-forming fluids[30]. 

5.1 Pyrite textures associated with mineralisation 

The pyrite in sample 4331854 has a small grain size, which suggests that it formed 

under conditions where the mineral crystals had limited space to grow. Fine-grained 

textures can indicate rapid crystallisation or the presence of other minerals that 

restrict pyrite crystal growth[31]. The interconnected nature of the pyrite grains 

suggests that the pyrite formed in a manner that allowed for mineral growth to be 

interconnected. The grains are mostly cubic with distinct cracks in the centre (Fig.3 C). 

This suggests that some form of stress or deformation has affected the sample after 

pyrite formation[32]. These cracks could have formed due to changes in temperature, 

pressure, or other geological processes. They may also indicate that the pyrite crystals 

experienced internal strain during their growth[32]. 

 

Sample 4331855 is the presence of pyrite in the sedimentary matrix. The presence of 

large pyrite grains, some up to 32 mm in size, suggests that these pyrite crystals may 

have formed under specific conditions that allowed for the growth of larger crystals. 

This could indicate a slower crystallisation process or the availability of ample space 

for crystal growth[31]. The cracks in these grains (Fig.4 B) might be indicative of post-

crystallisation deformation or stress within the rock[32]. The observation of different 

pyrite crystal morphologies suggests that pyrite in this sedimentary rock may have 

crystallised under varying chemical and physical conditions[33]. Different crystal 

forms can be indicative of different growth environments, temperatures, and 

pressures. The presence of multiple morphologies could suggest changing conditions 

during the formation of the pyrite[33]. 

 

Sample 4331857 is pyrite in a breccia matrix. The presence of pyrite in detrital 

fragments suggests that the pyrite grains were introduced into the rock after the 

detrital fragments had already formed[34]. This could be due to processes like mineral 

deposition or replacement in a pre-existing rock[34]. The brecciated structure of the 

matrix suggests that the rock has undergone fragmentation and the angular 

assemblages of rock fragments have been cemented together[35]. This can occur in 

various geological settings, including impact events, fault zones, or other tectonic 

processes[35]. The results description notes that the pyrite grains in 4331857M1 are 

more fractured, while the pyrite grain in 4331857M2 is a large cubic grain up to 34 
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mm. This contrast in pyrite grain characteristics may indicate variations in the 

conditions of pyrite formation. The fractured pyrite in 4331857M1 might suggest 

some deformation or alteration after pyrite crystallisation, while the large cubic grain 

in 4331857M2 might represent a distinct stage of pyrite growth[31]. 

 

Sample 4331858 examined includes primary pyrite occurrences within the 

volcaniclastic matrix, demonstrating either a primary genetic origin or symbiosis with 

contact metamorphosed volcanic rocks. The presence of pyrite grains with different 

sizes suggests that pyrite in this sample may have formed under changing 

environmental conditions. The presence of tiny cracks and irregular holes on the 

pyrite grains (Fig.6 C and E) may indicate that the pyrite has experienced post-

crystallisation alterations or deformation[32]. The presence of chalcopyrite grains 

within the rounded grains (Fig. 6 B and D) suggests that it may be possible to show 

that chalcopyrite and pyrite formed at different times, and that the rounded grains 

may be mineral aggregates that formed under specific conditions[36]. The presence 

of pyrite in the vicinity of the veins suggests a possible association with hydrothermal 

activity[37]. Veins are usually formed by the deposition of minerals that have migrated 

through rock fractures by hydrothermal fluids into the rock formation[37]. In this case, 

the formation of pyrite may be the result of these hydrothermal processes. 

 

Sample 4331859 is from the same hole as sample 4331858, which is somewhat 

shallower than sample 4331858. The relationship between pyrite and quartz veins in 

the sample is a common phenomenon in geology. The associated quartz veins could 

be associated with hydrothermal activity in the region, therefore pyrite that is host 

within this vein may also be associated with that mineralising hydrothermal event[37]. 

Furthermore, pyrite is associated with other sulphides such as chalcopyrite and 

contain are more porous texture, which may be indicative of crystallisation from a 

hydrothermal fluid[36]. 

5.2 Pyrite chemistry associated with mineralisation 

Pyrite is often found in association with valuable minerals in hydrothermal deposits, 

therefore the chemistry of pyrite can give insights into the formation of those 

mineralising systems[4]. A study by Gregory et al. (2019) collated pyrite chemistry 

from around the world from different deposits to discriminate between deposit types 

and highlight key compositional differences between them (Fig. 9).  

 

Pyrite samples from the Delamerian NDI have been plotted to reproduce the plots 

after Gregory et al. (2019) to determine if the samples from this case study area have 

pyrite characteristics of these mineralising systems, in particular, VMS and Porphyry 

mineral deposits (Fig. 8 and 9). The analysis of various bivariate plots (Cu vs Zn, As vs 

Mo, Ag vs Pb, Au vs Te, Ni vs Co, and Sb vs Tl) in Figure 9 reveals distinct chemical 
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patterns within the samples. Sample 4331854 stands out with higher levels of Cu, Zn, 

Ag, Pb, Au, and Sb compared to the rest, suggesting potential mineralogical variations. 

On the other hand, sample 4331855 exhibits lower levels of As, Te, Ni, and Co, 

indicating a unique composition. Furthermore, samples 4331857, 4331858, and 

4331859 consistently display lower concentrations of Mo, while sample 4331859 also 

exhibits elevated Sb and Tl levels. These findings point to the heterogeneity of the 

samples' chemical compositions, indicating potential differences in geological origins 

or processes. The overlap in chemistries among most samples underscores some 

underlying similarities, highlighting the need for further investigation to uncover the 

factors driving these variations. 

 

In broad terms, pyrite found in medium- to low-temperature hydrothermal deposit 

types (VMS and SEDEX) typically exhibits elevated levels of most trace elements 

compared to pyrite sourced from higher-temperature hydrothermal deposit types 

(such as porphyry Cu, IOCG, and orogenic Au). This pattern is visualised in Figure 9, 

which depicts scatter plots showcasing relationships like Zn-Cu, Mo-As, Ag-Pb, and Tl-

Sb[29]. Conversely, pyrites associated with porphyry Cu, IOCG, and orogenic Au 

generally manifest lower concentrations of Zn, Cu, Mo, Ag, Pb, Tl, and Sb[38]. 

 

The SEDEX and VMS deposits can be distinguished from other types of deposits by 

comparing Cu and Zn data[29]. This is because the Cu and Zn contents of these two 

deposits are one to two orders of magnitude higher (Fig.9 A). Thus, sample 4331854 

has significantly higher Cu and Zn contents than the other samples (Fig.8 A), and could 

be from either the SEDEX or VMS deposits. In addition, Zn is higher in SEDEX while Cu 

is higher in the VMS deposit. Sample 4331854 has higher Cu (Fig.8 A). Therefore, it is 

inferred that they are from the VMS deposit. 

 

The significantly lower As values can be used to distinguish the IOCG and porphyry 

copper deposits from other minerals (Fig.9 B). Therefore, sample 4331855 and sample 

4331857 may be from IOCG or porphyry copper deposits (Fig.8 B). Co and Ni in 

sulphide minerals have long been used to determine the origin of pyrite[39], with 

porphyry copper pyrite being enriched in Ni and the IOCG being enriched in Co. 

Sample 4331855 is enriched in Ni along with sample 4331857 (Fig.8 E), and is therefore 

inferred to be from a porphyry copper deposit. 

 

In addition, by mapping the area of elemental data distribution for the samples in 

Figure 8 to the area of elemental data distribution for the porphyry deposits (yellow 

circles) and VMS (green circles) in Figure 9, i.e., by overlaying the yellow and green 

circles in Figure 9 onto Figure 8, it can be seen that the area of sample 4331854 is 

fitted to the data for the porphyry deposits (yellow circles), and the area of sample 

4331855, sample 4331857, sample 4331858, and sample 4331859 are fitted to the 

data for the VMS deposits (green circles). 
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Fig. 9 Scatter plots of trace elements in pyrite used in training data set for the ore deposit 

type Random Forests classifier: A) Zn versus Cu, B) Mo versus As, C) Ag versus Pb, D) Te 

versus Au, E) Co versus Ni, and F) Tl versus Sb. Plots after Gregory et al. (2019) 
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In summary, sample 4331854 show similarity to VMS deposit mineralising systems and 

sample 4331855, sample 4331857, sample 4331858, sample 4331859 are similar to 

porphyry mineralising systems. 

5.3 Mineralisation potential in the Delamerian and future work 

The Delamerian region in Australia shows promise for hosting both VMS and porphyry 

style mineralisation. Notable porphyry prospects in this region include Netley Hill and 

Anabama Hill in South Australia[40]. Additionally, there are recognised VMS prospects 

like Grasmere in New South Wales and Mount Ararat in Victoria[41]. Examination of 

pyrite specimens obtained from the Delamerian National Drilling Initiative within a 

relatively uncharted section of the Delamerian orogen unveils promising indications 

of potential VMS and Porphyry mineralisation systems. This assertion is supported 

both by the pyrite samples retrieved from the Alawoona and Quondong Vale regions, 

which highlight VMS potential, and by the sample collections amassed during the 

campaign, further underscoring the presence of these mineralising systems[36, 37]. 

Based on the geochemical comparison of pyrite in this study, samples from the 

Alawoona area (sample 4331855, 4331857, 4331858 and 4331859) show potential for 

porphyry style of mineralisation. Additionally, sample 4331854 from the Quondong 

drilling area shows potential for VMS style of mineralisation through pyrite chemistry. 

Further analytical work on these pyrite samples provides an avenue to reveal the 

mineralised potential of this unexplored area. Various steps can be taken to deepen 

understanding and depict the extent of the mineralisation potential. 

 

Firstly, an extended drilling campaign could be undertaken, which could provide an 

opportunity to validate the results obtained from the initial drilling campaign. This is 

important to confirm the presence, distribution and characterisation of the 

mineralisation indicated by the initial drilling. Obtaining more data points through 

additional drilling will reduce uncertainty and provide greater confidence in the 

accuracy of the results. This may include systematic drilling of areas of interest, core 

sampling and detailed geological and geochemical analyses. 

 

More comprehensive analysis of pyrite samples can yield valuable insights into 

mineralisation processes. This may involve examination of isotopic compositions, 

trace element associations and mineral inclusion studies. These analyses can provide 

information on the conditions under which mineralisation occurred and its 

relationship to the surrounding rock layers. For example, differences in the 

composition of time-resolved laser ablation profiles can be attributed to varying 

mechanisms through which metals are incorporated into pyrite. Trace elements can 

be classified into three distinct groups based on their respective binding mechanisms 

in VMS pyrite[42]. These groups encompass the following: Micro- or nanoscale 

inclusions, consisting of Cu, Zn, Pb, Ba, Bi, Ag, and Sb. Non-stoichiometric substitution 
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involving As, Tl, Au, and Mo. Elements characterised by stoichiometric substitution for 

S (Se and Te) and Fe (Co and Ni). 

 

While pyrite is an excellent indicator of mineralisation, other minerals associated with 

the deposit can also provide important information. Analysis of a range of minerals, 

including chalcopyrite, sphalerite and galena, can provide a more complete 

understanding of the mineralisation process and potential ore composition[43]. Each 

mineral reflects a different aspect of the mineralisation process. Different minerals 

can form at different stages of mineralisation due to variations in fluid composition 

and conditions. By studying a range of minerals, researchers can reconstruct the fluid 

evolution and sequence of mineral deposition. This helps to decipher the geological 

events that influenced the formation of the sediments. 

 

Comparison of the chemical and mineralogical characteristics of the samples with 

samples from identified mines in the Delamerian can provide valuable background 

information. Similarities in the type of mineralisation can potentially be identified by 

comparing mineral compositions, alteration patterns and trace element assemblages 

between the samples and samples from known mining areas. This can provide clues 

about the geological setting, tectonic processes and fluid sources that may have led 

to mineralisation in the study area. If comparative analyses show strong similarities to 

known mineralised areas, this may indicate that similar mineralisation processes are 

at work. This information can guide targeted exploration efforts and help identify 

potential areas of interest for further investigation and potential resource extraction. 

 

In summary, the Delamerian Orogen's mineralisation potential is evidenced by pyrite 

samples and known prospects. Further exploration through extended drilling, 

thorough analysis of pyrite and associated minerals, and comparative studies can 

unravel the geological history and unlock the full mineralisation potential of this 

region. 

  



 

 29 

6. Conclusions 

The study employed a comprehensive methodology to analyse pyrite samples from 

the Delamerian NDI Campaign by the Geological Survey of South Australia, to 

determine the fertility of this under-explored case study area. Pyrite textures and 

chemistry from these NDI samples are associated with mineralising events and 

considerable enrichment in key elements which are similar to reported pyrite 

compositions from known Porphyry and VMS deposits around the world.  

 

This suggests this part of the underexplored Delamerian Orogen shows promise for 

hosting both VMS and porphyry mineralisation. VMS prospects like Grasmere and 

porphyry prospects like Netley Hill and Anabama Hill support this potential. However, 

further exploration and analysis are needed to confirm these findings. Extended 

drilling campaigns detailed geochemical studies, and mineralogical analyses of various 

minerals associated with the deposits are recommended. Comparing findings with 

established mining areas can provide valuable context and insights into the geological 

processes that led to mineralisation. In essence, comprehensive exploration and 

analysis will shed light on the mineralisation potential of the Delamerian Orogen, 

guiding future resource extraction efforts. 
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Appendices 
Appendix A: Laser ablated spots on samples collection by LA-ICP-MS 
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