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ABSTRACT

This study explores the chemistry of pyrite grains from drilling holes in the Delamerian
Orogen, South Australia by MinEx CRC and the Geological Survey. The Scanning
Electron Microscopy (SEM) and Inductively Coupled Plasma Time of Flight Mass
Spectrometry (ICP-TOF-MS) are used to analyze the morphological and chemical
characteristics of pyrite to understand the temperature of formation, different pyrite
precipitation events and potential relationship to mineralizing events. Various
generations of pyrite are evident in the sample suggesting a complex history with
samples potentially linked to both Porphyry Cu-Au and VMS style of mineralization.
This highlights the pyrite can be used to provide insight into the conditions of pyrite
formation and that this new study area in the Delamerian Orogen shows potential for
mineralization and will hopefully lead to further exploration in the region.
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1. INTRODUCTION

Copper is essential to the development of modern industries (Rétzer and Schmidt,
2020). The unique properties, such as malleability, make it highly cost-effective for
electrical transmission and it is essential to applications like renewable energy
technologies, energy storge and electronic devices (Lawson, 2023). As a result, more
copper is required to meet growing global demand. Despite increasing demand for
resources, deposits are becoming increasingly harder to find, and the traditional way
of mining is challenged by decreasing quantity. Therefore, new innovative ways for
exploring are required to find more economic deposits (Pietrzyk and Tora, 2018).

Mineral chemistry is a technique that has recently been developed as certain minerals
can be used to find out geochemical signatures that are unique to a particular
mineralizing system. Pyrite is one of those minerals that occurs in a range of geological
environments (Craig et al.,1998) and can often provide information on the
crystallization history of that mineral and any association to a mineralizing system
(Liang et al., 2024). Various studies have shown that the chemical zoning of pyrite
records fluid-rock interactions during formation and post-crystallization of the mineral
(Wu et al., 2019). Additionally, pyrite will typically preserve a range of trave elements
(e.g. Co, Ni, As) that are enriched or depleted when associated with different mineral
deposits (Cao et al. 2023; Keith et al., 2016). This information can be used to help
understand the formation history of pyrite and to determine its potential association
with mineralization, which is particularly important for exploration.

This research aims to use pyrite chemistry to increase the understanding of the
mineralization potential in the Delamerian Orogen, South Australia, through assessing
samples from the recent drilling undertaken by the MinEx CRC and Geological Survey
of South Australia. The elemental distribution within pyrite is determined using
scanning electron microscope (SEM) and ICP-TOF-MS (Inductively Coupled Plasma
Time of Flight Mass Spectrometer) and used to provide insight into the conditions of
pyrite formation and its potential association to copper mineralization in the region.



2. BACKGROUND

Pyrite is also known as fool’s gold, due to its metallic luster and brass-yellow hue,
which often leads to it being mistaken for gold. It is an iron sulfide mineral with the
chemical formula FeS,. Pyrite also has the potential to host numerous trace elements,
contain minor amounts of cobalt, nickel, silver and gold in pyrite. (Feick, 2023). This
mineral forms in the isometric crystal system with different structure like cubes,
octahedrons, pyritohedrons and other combinations. Pyrite is commonly cubic in
structure and octahedrons are extremely rare and only exist in Norway’s Flat mine
(Craig et al., 1998; Feick, 2023). Nowadays, pyrite is mined across around 30 countries
worldwide. Annual production is 14 million tons and China accounts for about 85%.
(Rickard, 2015)

2.1 Uses of pyrite

Pyrite is an important ore for the production of sulfur and sulfuric acid (Runkel et al.
2009), although today most sulfur is produced from natural gas and petroleum
processing (Maslin et al.,, 2022). However, pyrite is still used in some industrial
processes, such as the manufacturing of sulfuric acid and as a source of iron in the
production of iron sulfate, which is included in fertilizers, oil refining, and wastewater
processing (Liang et al., 2024). As pyrite is a common mineral in different systems, it
is also used in geological studies to help understand the physical and chemical
environments in which it formed due to the unique textures and chemistry that it
preserves.



2.2 Pyrite occurrence in rocks

Pyrite can be formed around the world at many different temperatures and in different
geological environments, such as sedimentary, metamorphic, igneous and
hydrothermal environments (Schoonen, 2004). Sedimentary rocks consist mainly of
shale, sandstone, and limestone, in which pyrite exists in the form of nodules or
spreading particles (Craig & Vokes, 2018). Igneous rocks include granite, gabbro and
basalt, in which pyrite is formed by cooling crystallization (Kesler et al., 2005). In
metamorphic rocks, pyrite is formed under high temperature and pressure. Under
these conditions, pyrite is formed when existing pyrite recrystallizes, or other iron-rich
minerals change. In hydrothermal environments, pyrite is often formed along with
mineralized systems from mineral-rich thermal fluids that move through cracks in rocks
(Li et al., 2023).

2.3 Assoclation of pyrite with ore deposits

Pyrite is a common mineral found in many types of deposits. The composition of pyrite
is affected by temperature, pH value, fluid interacting with it, and host rock type (Zhang
et al., 2024). The composition of pyrite varies with the type of deposit. For example, in
porphyry deposits, pyrite often contains high levels of copper and molybdenum due to
the influence of magmatic hydrothermal fluids. In volcanogenic massive sulfide (VMS)
deposits, pyrite typically shows high zinc, lead, and sulfur content, indicating processes
that may be associated with Marine volcanism and submarine hydrothermal systems.
(Li et al., 2024).

2.4 Delamerian Orogen case study

The ca. 514-490 Ma Cambrian-Ordovician Delamerian Orogeny was a significant
period in Australia’s history (Fig. 1). It involved the rifting of the Rodinian supercontinent
and the development of a passive continental margin. This phase was followed by the
evolution into a convergent margin along the eastern edge of Gondwana, which led to
substantial tectonic activity during the Cambrian period. The Delamerian Orogen
extends across central and eastern Australia, with length of approximately 2000 km
and a width of around 300 km. Remnants of this event is preserved in the South
Australian Adelaide Fold Belt, Glenelg River Stavely zones in western Victoria, the
Wonaminta Block in western New South Wales and the Precambrian and Cambrian
sequences in Tasmania. The Delamerian Orogen comprises a variety of rock types,
including those formed during the Neoproterozoic to early Cambrian periods,
associated with the Adelaide Rift Complex, and rocks that resulted from subduction



processes along the Gondwanan margin (Gilmore et al., 2023).

The Delamerian basement that extends from the Adelaide fold belt into Victoria and
New South Wales in the east is poorly understood as minimal drilling has been
undertaken in this area and it us buried by thick layers of sediments in the Murray
Basin. However, recent drilling by MinEx CRC and the Geological Survey of South
Australia was undertaken in the region in the Quondong Vale and Alawoona drilling
areas (Fig. 1).
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Figure 1: Drill hole Map. Sample locations

2.5 Mineralisation in the Delamerian



The Delamerian Orogen is significant area with potential for mineralization. The
Kanmantoo deposit in South Australia could help to gain better understanding of this
mineralization. This deposit exhibits significant copper and gold concentrations, which
indicates the region's potential for hosting substantial VMS mineralization (Foden et
al., 2006). In addition, the Thursday Gossan deposit in western Victoria delivers a good
example of porphyry copper-gold mineralization. (Holliday & Cooke, 2007)

3. METHODS

3.1 Sample Preparation

Three drill holes (4331854,4331858,4331859) obtained during the MinEx CRC and
Geological Survey of South Australia Delamerian NDI Drilling were sampled in this
study (Fig. 1). One sample was collected from each drill hole (total of 3 samples) and
selected based on their pyrite grains. Pyrite grains from the samples were mounted in
epoxy resin disks, either as individual grains or rock fragments. These mounted
samples were ground and polished to analyze textures and collect geochemical data.
After that, the samples were subsequently coated with carbon to reduce charging
effects during the analysis.

3.2 Scanning Electron Microscopy (SEM)

SEM images of all samples were captured at University of South Australia by Zeiss
Merlin FEG SEM and Hitachi Benchtop SEM to identify microstructural characteristics
of the pyrite grains, including grain boundaries, inclusions, and growth zones. Hitachi
Benchtop SEM, operation parameters include a 10mm working distance, 15 kV
accelerating voltage and a range of magnification from x30 to x250. The SEM was
operated with a working distance of 10 mm, an accelerating voltage of 20 kV, and a
probe current of 3 nA.

3.3 ICP-TOF-MS Analysis

At the Future Industries Institute of University of South Australia, the ICP-TOF-MS was
used to trace element chemistry maps of pyrite samples. The ICP-TOF-MS analysis
conditions included a repetition rate of 20 Hz, fluence of 3.5 J/cm? and scan speed of
200 pm/s. Calibration was done using standard reference materials NIST610 and KL2-
G to ensure accuracy and reliability of the data. Individual spots were 5-10 ym and raw
counts per second (cps) images were processed using iolite v4. Pyrite maps for all



elements are in Appendix A.

4. RESULTS

4.1 Pyrite morphology

Representative SEM images showing the morphology of pyrite grains used in this
study are shown in Figures 2-4.

Sample 4331854 contains an accumulation of fine-grained pyrite grains that vary
between 20-500 um in size (Fig. 2). The grains shapes vary and are cubic to euhedral
and contain a significant number of inclusions at the center.

Sample 4331858 preserves pyrite grains with straight, well-defined grain boundaries
that partially display cubic habit typical of pyrite (Fig. 2 ¢, d). Inclusions are primarily
concentrated in the upper half of the grains. Breaks through the grains may be
representative of cracks or boundaries between two juxtaposing pyrite grains.

Sample 4331859 displays two different generations of pyrite (Fig. 3). The first
generation (Py1) has well defined cubic grains with relatively smooth edges, is largely
fractures and has a high degree of inclusions of other minerals. This generation is up
to 1 mm in size. The second generation (Py2) are finer grained pyrite and infill areas
around Py1 along with other minerals such as chalcopyrite. Py2 has less defined edges

and are more porous in texture.
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Figure 2: SEM BSE images of sample 4331854 and 4331858. A) sample 4331854
displays an accumulation of fine grained pyrite and fractures present; b) sample

4331854 displays an accumulation of fine grained pyrite and some larger euhedral
grains; c) sample 4331858 shows a euhedral grain that is inclusion rich and largely
fractured; d) sample 4331858 displays a cubic pyrite grain that was mapped in this
study.

Figure 3: SEM BSE images of sample 4331859. A) displays smaller pyrite grains
intergrown with chalcopyrite. These grains are Py2; b) large cubic pyrite grains (Py1)
surrounded by finer Py2 grains that infill and are intergrown with chalcopyrite



4.2 ICP-TOF-MS Analysis

Pyrite geochemical maps have been produced for each of the samples on selected
grains to show chemical variations across the pyrite grains and different generations.

Figure 4. Pyrite maps for sample 4331858.

In Figure 4, the analyzed pyrite sample exhibits a distinct cubic morphology. Elemental
mapping shows that the pyrite has moderate concentrations of As, Co, Mn, Ni and Se.
The pyrite is depleted in Al, Ba, Mg, Si, and Zn. No clear zoning or latter areas of
growth are evident in the pyrite however there is some variability in the Co and Ni
content in the grain. Inclusions are present in the grain which are characterized by high
concentrations of Al, Ba, Na and Si, with almost no As, Co, or Ni detected. The pyrite
grains show some fracturing and Ag is sparsely distributed along these fractures and



along the grain boundaries.

Figure 5: Pyrite maps for sample 4331859 — grain 1

Sample 4331859 is more complicated and shows two generations of pyrite in the
elemental map. The first generation of pyrite (Py1) shows a cubic morphology and is
highly fractured. Elemental mapping shows that As and Co are enriched in the pyrite,
while Ag, Al, Ba, Bi, Cu, Mg, Pb, Sb, and Tl are depleted. Moderate levels of Ni that
coincide with lower As and Co values are evident in the upper right zone of this grain,



suggesting that this is a different growth zone in Py1. Zoning is evident within As, Co,
and Ni, where As is enriched in the core and depleted around the rims. Fractures are
evident in Py1 and are enriched in Mg Pb, Al and Bi suggesting a later fluid would have
come through. The second generation of pyrite (Py2) is intergrown around Py1 and
appears with chalcopyrite. The chemistry of Py2 is significantly different from Py1. Py2
has moderate levels of Ag, Ni, Ti, Pb, and Sb and is depleted in Al, As, Ba, and Mg.



Figure 6: Pyrite maps for sample 4331859 — grain 2

Two generations of pyrite (Py1 and Py2) are also preserved in sample 4331859 (Fig.
6). The coarse grains of Py1 pyrite consist of high As, Co, and Na and are depleted in
Ag, Al, Ca, Mg, Pb, Sb, Sr, and TI. Large fractures cut through this grain and are infilled
by a fluid that is enriched in Al, Ca, Mg, and Sr. The concentration of As exhibits zoning
and has a decreasing trend from right to left across the mineral. Surrounding Py1 is
intergrown chalcopyrite and the second generation of pyrite (Py2). Py2 has moderate
to high levels of Ca, Mg, Ni, Pb, Sb, and Sr.



Figure 7: Pyrite maps for sample 4331854

In figure 7, The analyzed pyrite sample shows a distinct two-layer structure, differing
from previous samples by having a higher Ag content. In the first layer, Fe is
predominant, while in the second layer, elements such as Cu, Mn, Zn, and Ba are more
concentrated. Notably, barium is more abundant in the outer layer than in the inner
layer. Additionally, Co is more concentrated around the rims, and elements like Cu,
Mn, and Zn also show higher concentrations around the rims and follow a fracture
pattern within the sample



5. DISCUSSION

Pyrite is a useful mineral that will preserve information on the physical and chemical
conditions during the crystallization of that mineral and any post crystallization events
that might have affected the region (Gregory et al., 2017). Through the pyrite textures
and geochemical maps, a complex history is evident in the Delamerian through the
analysis of these samples.

5.1 Pyrite textures

The SEM images and accompanying analyses provide valuable insights into the
formation history and post-depositional alterations of the pyrite grains in the studied
samples. In sample 4331854, the fine-grained pyrite grains exhibit a range of
morphologies from cubic to euhedral, with a significant number of inclusions
concentrated at the centers (Fig. 7). The presence of extensive alterations, as
suggested by the varied grain shapes and the prevalence of inclusions, indicates that
these grains likely experienced significant fluid interactions either during or after their
initial formation (Pokrovski et al. 2019). These interactions could have led to the
observed morphological changes and the inclusion-rich centers, which are
characteristic of late-stage mineralization events or secondary fluid infiltration (Yang et
al., 2022).

For sample 4331858, the well-defined cubic habit and straight grain boundaries
observed in the pyrite grains suggest a relatively stable formation environment initially.
However, the occurrence of fractures indicates post-formational processes. The
fractures, likely formed after the initial crystallization, may have served as pathways
for later fluid infiltration, introducing new minerals or causing further alterations to the
pyrite grains. These features suggest a multiphase history achieved by early pyrite
crystallization which was followed by fracturing and subsequent mineralization driven
by fluid. Ag is an example which is found to concentrated within fractures as localized
enrichment of certain metals (Figure 4)

Sample 4331859 presents a more complex history, with the presence of two distinct
generations of pyrite (Py1 and Py2). These two generations differ both texturally and
chemically. The first generation (Py1) consists of well-defined cubic grains with smooth
edges, but these grains are also highly fractured and contain numerous inclusions. The



fractures in Py1 likely represent post-crystallization events, where subsequent fluids
introduced additional minerals,

Py1 is enriched in As and with zoning evident suggesting changing fluid conditions
during formation. There are also some areas where it appears to have been
reprecipitated by a later fluid as seen with varying As values. The second generation
(Py2) of pyrite, characterized by finer grains and more porous textures, clearly formed
later, infilling the spaces around Py1 and coexisting with other minerals such as
chalcopyrite. The less defined edges and porous nature of Py2 further indicate its
formation under different conditions, possibly associated with a separate mineralizing
event that occurred after the initial crystallization of Py1. Py2 has moderate Ag, Ti, Pb,
Sb and depleted in As and Co relative to Py1. The relationship between Py1 and the
formation of Py2 suggests a continued evolution of the mineralization environment,
where subsequent fluid activity played a crucial role in the development of the
observed textures and mineral assemblages.

Overall, the combination of SEM imagery and the observed inclusion patterns allows
us to reconstruct a timeline of mineralization and alteration events, highlighting the
importance of fluid interactions in shaping the final morphology of these pyrite grains.
The differences between different growth zones, the timing of fractures, and the
sequence of mineral deposition could all contribute to gain a more comprehensive
understanding of the geological history.

5.2 Conditions of formation

Previous research has established a temperature-based hierarchy for pyrite that allows
you to determine the general temperature of pyrite during crystallization based on the
elements that are incorporated into the structure (Maslennikov et al. 2009; Steadman
et al., 2021). This hierarchy is summarized below and includes some repeating
elements which can be incorporated into pyrite at different temperatures (Steadman et
al. 2021):

High temperature group (>300 -C) — Co, Ni, Cu, Se, Te and Bi

Mid temperature group (200-300 C) — Zn, As, Sb, and Sn

Low temperature group (150-200 -C) — Pb, Sb, Ag, Bi, Au, Tl and Mn
Seawater group (i.e., diagenetic) — U, V, Mo, and Ni

P wbhpE



Based on the incorporation of different elements into pyrite of different generations and
within different samples from the Delamerian case study area, we can see that there
is a complex history of different events and fluids with different conditions present.

Sample 4331859 provides an insight to take a glimpse of the mineralization process.
For Py1, the core of this sample is heavily enriched in high-temperature elements such
as Co and Ni, indicating that the initial stage of mineralization occurred at temperatures
exceeding 300 °C (Steadman et al., 2021). The different zoning in Pyl suggests that
the fluid composition fluctuated during the mineral formation process. These conditions
are characteristic of deep-seated hydrothermal systems, where such high
temperatures promote the incorporation of these elements into the pyrite structure
(Craig et al., 1998). The transition from core to rim in this sample reveals a gradual
cooling of the hydrothermal fluids. The outer layers, enriched in Cu, Mn, and Zn,
formed under moderate temperatures ranging from 200 to 300 °C._The second
generation of pyrite (Py2) shows clear textural and chemical differences to Pyl. As
Py1 has moderate Ag, Ti, Pb, Sb and depleted in As and Co relative to Py1, it is evident
that Py2 likely precipitated from a lower temperature fluid (150-200°C).

Sample 4331854 supports the evidence of lower to mid-temperature mineralization.
The elements Zn, As, Sh, and Sn commonly occur in pyrite at medium temperatures
between 150 and 300 °C, suggesting that this sample formed as the hydrothermal
system began to cool (Steadman et al., 2021) The lack of high-temperature elements
in this sample compared to 4331859 suggests that the fluid had already cooled
significantly by the time it reached the location where this sample formed.

Sample 4331858 has moderate As, Co, Ni and Mn values (Fig. 4) suggesting it
precipitated at a moderate temperature (200—-300 °C). The lack of Ag and Cu in the
pyrite grain suggests that it was unlikely associated with a mineralizing event during
precipitation.

In summary, sample 4331859 and 4331858 occur at higher temperatures of 300-C.
Sample 4331854 was derived from moderate temperatures between 200-300 -C and
sample 4331859 Py2 is derived from lower temperature systems (150-200°C).

5.3 Assoclation with mineralization

The SEM and LA-ICP-MS analyses of the pyrite samples from the Delamerian
Orogen give important insights into the mineralization potential in the area.
Previous research has used LA-ICP-MS to analyze the mineral chemistry of
these pyrite samples from the Delamerian and compared the results to known
signatures linked to mineralization (Goeschl et al., 2023; Zhang et al., 2023;
Zou et al., 2023). These studies showed that the samples had geochemical
signatures that suggest links to porphyry Cu-Au and VMS systems. However,
these studies also considered the different textures in each sample, which point



to different origins. Additionally, they did not fully explore whether some
samples might not be related to a mineralizing event. By adding pyrite
geochemical maps, we can gain further understanding of the origins of these
samples and their connection to mineralization.

Sample 4331854 was found to be linked to VMS-style mineralization (Goeschl
et al., 2023; Zhang et al., 2023; Zou et al., 2023). VMS systems are usually
associated with higher amounts of Tl, W, Mg, V, and Hg in the pyrite structure
(Deditius and Reich, 2016; Steadman et al., 2021). The pyrite map from this
study shows that elements like Tl, W, and V are part of its structure and that it
also formed from a low to mid-temperature fluid. This supports the idea that it
is likely connected to VMS-style mineralization.

Sample 4331858 and 4331859 has previously been linked to Porphyry Cu-Au style
mineralization (Goeschl et al., 2023; Zhang et al., 2023; Zou et al., 2023) which
is commonly associated with high temperature fluids and greater amounts of Co, Ni,
Te, Se and lower Tl, Mn, Sb and Hg values compared to lower temperature fluids
(Steadman et al.,, 2021). Sample 4331858 precipitated from more moderate
temperature fluids and do not have characteristically high Co, Ni, Te and Se values
(Fig. 4 and Appendix A), therefore, it is unlikely that it is linked to a Porphyry Cu-Au
mineralizing event like previously interpreted. Sample 4331859 has two different
generations of pyrite which was not previously taken into consideration. Pyl has
characteristics typical of Porphyry style mineralization due to the enrichment of Co and
Ni which suggests it was derived from a higher temperature fluid. This is consistent
with previous studies on this sample. The elements present in Py2 are Ph, Sh, Ag, Bi,
Au, Tl, and Mn, are indicative of low-temperature environments. These conditions are
typical of epithermal systems, where fluids have cooled significantly as they ascend
towards the surface. The lower temperatures result in the formation of fine-grained
minerals, often concentrated in fractures and other structural features within the host
rock (Steadman et al. 2021). Py2 is also intergrown with chalcopyrite which is a
common ore mineral in Porphyry Cu-Au systems, therefore this second generation of
pyrite may still be linked to porphyry mineralization, but a later time when the fluid
cooled.

5.4 Future Work and Limitations

The pyrite maps produced in this study do not have quantitative pixels therefore it is
difficult to link this work to exact values from literature however we can still have a
good indication on the abundance of different elements samples relative to each other
based on the counts per second (CPS) concentrations which is useful for determining
links to temperature and trends typically seen in pyrite from different environments.
Despite this, we can also use the data from previous studies for quantitative values on
these samples (Goeschl et al., 2023; Zhang et al., 2023; Zou et al., 2023).



Future work on sample 4331859 should focus on exploring the implications of the
observed secondary pyrite (Py2) formation, particularly its association with
chalcopyrite. The presence of chalcopyrite within these samples could be more
thoroughly investigated through detailed mineralogical studies, such as or further LA-
ICP-MS analysis, to better understand its spatial distribution and formation condition.
Additionally, collecting data to determine the timing of these different pyrite growth
events would enable us to constrain the timing of the different events and link it to
known mineralizing events in the region.

0, CONCLUSIONS

This study has demonstrated the effectiveness of using pyrite chemistry as a tool for
understanding mineralization processes within the Delamerian Orogen. The SEM and
ICP-TOF-MS analyses have revealed a detailed history of fluid interactions, reflected
in the varying morphologies and chemical compositions of the pyrite grains. Sample
4331854 is interpreted to be derived from a low-mid temperature fluid and incorporates
elements such as Tl, W and V into its structure, therefore it has been linked to potential
VMS style of mineralization. Sample 4331858 does not show typical mineral
concertation and temperatures that are associated with Porphyry Cu-Au mineralization
likely previously interpreted, therefore it is unlikely to be linked to that style of
mineralization. The identification of two distinct generations of pyrite in sample
4331859, with differing elemental enrichments, further suggests that multiple phases
of mineralization have taken and that it is likely associated with Porphyry Cu-Au style
mineralization. These findings underscore the potential for further exploration in the
region, particularly for copper deposits, and highlight the importance of integrating
mineral chemistry with geological context in mineral exploration efforts.
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