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SUMMARY

In this paper we give an example from the Fortitude North prospect in the Kurnalpi Terrane of the eastern Yilgarn
Craton, where the integration of geochemistry with borehole petrophysics can be used to identify lithological units,
infer geological processes (e.g., magmatic differentiation, alteration and weathering) and constrain geological and
geophysical models of the prospect. We use major and immobile trace element concentrations to discriminate between
primary lithologies and identify differentiation trends in the mafic magmatic units. Density and seismic velocity
measurements show broad correlation with primary rock types, with unaltered dolerite tending to have higher density
and velocity compared to basalts and altered rocks. Magnetic susceptibility measurements are used to corroborate
geochemical differentiation trends, specifically magnetite fractionation in dolerite units. A range of gold pathfinder and
chalcophile elements are used to identify hydrothermal alteration related to gold mineralisation. Integrating
geochemistry and petrophysics at drillhole- and prospect-scales helps to constrain important geological processes and
demonstrates how those processes can be interpreted from geophysical data sets.
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INTRODUCTION

The Fortitude North prospect is located in the highly mineralised Laverton Tectonic Zone (Cassidy et al., 2006), in the
Kurnalpi Terrane of the Eastern Goldfields superterrane of the Archean Yilgarn Craton in Western Australia (Figure 1).
The regional geology is characterised by elongated granite domes surrounded by supracrustal greenstone belts. The
Laverton Tectonic Zone (LTZ) is a structurally complex north-south trending belt located along the eastern margin of
the Kurnalpi terrane. Numerous greenstone-hosted, structurally controlled gold deposits including Wallaby and Sunrise
Dam, two of the most significant gold deposits in Western Australia, occur within the LTZ.

Fortitude North Rock Types

Three major protolith rock types are identified in drill core from Fortitude North - dolerite, basalt and felsic magmatic
rocks (Figure 2). Dolerite and basalt units constitute 51% and 21% by volume respectively. Dolerite is fine to medium-
grained, and basalt is fine grained with grey to dark olive-green colour and mostly of mylonitic textured, as logged by
Matsa Resources. The subordinate group of felsic magmatic and volcano-sedimentary units (6% by volume) are
primarily identified by their pale colour.

Figure 2 shows the rock types logged in three drill cores along a Northwest-Southeast traverse. The drill holes are

dominated by dolerite and basalt with minor interpreted felsic rocks throughout. Rocks in the upper sections of the drill
holes are weathered.
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Figure 1. Location of Fortitude North in Eastern Goldfields superterrane of the Archean Yilgarn Craton in
Western Australia (modified from GSWA's 1:500k interpreted bedrock geology structural lines, 2020 and
1:2.5M major crustal boundaries of Western Australia, 2020 GIS layers
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Figure 2. Distribution of logged lithologies in three drillholes from Fortitude North. Dolerite and basalt rocks

are the dominant lithologies logged by Matsa Resources
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RELATIONSHIPS BETWEEN PETROPHYSICAL AND GEOCHEMICAL PROPERTIES

Major and immobile element chemistry

The main rock types of dolerite and basalt identified in drill core preserve distinctive major and immobile element
geochemical characteristics. Dolerite and basalt rock types have almost complete overlap in terms of major and
immobile element chemistry with at least four identifiable geochemical subgroups with distinct ratios of Ti, Nb and P
vs Al (Figure 3). The interpreted felsic rock types have major and immobile element concentrations comparable to the
low Ti:Al mafic subgroup, but have elevated concentrations of potassium. The majority of rocks from Fortitude North,
including some logged as felsic magmatic and volcano-sedimentary rocks, plot in the basalt field based on the immobile
element discrimination diagram of Pearce (1996) (Figure 4).
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Figure 3. Cross plots of laboratory assay Ti, Nb and P vs Al from boreholes at the Fortitude North prospect
color-coded by logged rock type.
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Figure 4. Immobile element discrimination diagram for volcanic rocks after Pearce (1996) showing laboratory
geochemical data from diamond drillholes at the Fortitude North prospect colour coded by logged rock type
(refer to the legend shown in Figure 3).
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A plot of Fe against Zr shows the mafic magmatic rock types display a positive correlation up to Zr concentrations of
approximately 90ppm, a plateau between 90 and 130ppm followed by slight negative trend above 130ppm (Figure 5).
These trends are consistent with fractional crystallisation where there is a relative increase in Fe as Mg-rich phases
crystallised from the melt, followed by saturation of a Fe-rich phase at Fe concentrations of ~ 12% and corresponding
to Zr concentration window of 90 to 130ppm. In contrast the felsic magmatic rocks form a distinct high-K group on the

plot of K vs Zr with concentrations ranging from 0.25 to 2.5%.
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Figure 5. Plots of laboratory geochemical analyses of Fe, Mg and K vs Zr from drill holes at the Fortitude North

prospect, colour coded by logged rock type.

Pathfinder elements related to Au systems

Potassium, Cu, Te, As, S, Sb and W are found to be alteration indices for Au deposition in Fortitude North area. A
principal component analysis (PCA) plot shows elevated concentrations in pathfinder elements related to Au system
(Figure 6). Given that orogenic gold deposits are mainly formed through hydrothermal alteration processes in structures

associated with shear zones (Groves et al., 1998), identifying
targets and narrow the search space (Nichols, 2016).

pathfinder elements for gold are most useful to delimit
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Figure 6. Principal component analysis of geochemical ele

ments. Eigenvectors highlighted by the oval indicate

elevated concentrations of pathfinder elements related to an Au system (refer to legend from Figure 5 for

lithology colour code).

Petrophysics

Magnetic susceptibility measurements collected from the Fortitude North drill core range between -2 and +2 log1oSI

units with a prominent mode at approximately -0.2 log1oSI un

its and a discrete population of elevated values between

0.5 and 2 logoSI units (Figure 7a). The dominant population (with mode at -0.2 log10SI units) includes all protolith
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rock types whereas the higher magnetic susceptibility population includes only dolerite and basalt protoliths. These
magnetically susceptible rock types are concentrated in discrete 10s of meter wide zones.

The density measurements from Fortitude North drill core range between 2.3 and 3.1 g/cm? with prominent modes at
~2.85 and 3.00 g/cm? (Figure 7b). The mode at ~2.85 g/cm? includes all magmatic rock types, whereas the 3.00 g/cm?
mode is dominated by dolerite. Intervals logged as felsic rocks have lower density than the enclosing mafic rocks with
particularly sharp contrast where they are in contact with dolerite (e.g., at 150m depth in 20FNDDOQ08, Figure 7b).

The seismic velocity measurements collected from three drillholes range between 2000 and 6500 m/s, with prominent
modes at 5500 and ~6000 m/s (Figure 7c) and a lower velocity population tail (<4000 m/s). The higher velocity
population includes only dolerite and basalt mafic intrusive rocks whereas the 5500 m/s mode includes all magmatic
rock types.
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Figure 7. Downhole display and histograms of a: magnetic properties, b: compressional velocity and, c: bulk
density in 20FNDDO008 borehole.

The plot of magnetic susceptibility vs Zr concentration (Figure 8) shows a band of high magnetic susceptibility (up to
70 x 103 Sl units) in the range of Zr concentration between 90 and 130ppm. The samples with magnetic susceptibility
> 30 x 10 SI units correspond to the higher magnetic susceptibility population in Figure 7. The range of Zr
concentrations corresponds to the tipping point in the plots of Fe vs Zr (Figure 5) consistent with the precipitation of
magnetite from the mafic melt via fractional crystallisation.
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Figure 8. Cross plot of Zr concentration and magnetic susceptibility (10-3S1) (rectangle indicates the zone of
higher magnetic susceptibility coinciding with the “tipping point” interval indicated on Fe versus Zr diagram
(refer to legend from Figure 5 for lithology colour code)
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CONCLUSIONS

The observed geochemical trends in Mg, Fe vs Zr are indicative of magmatic fractional crystallisation in which there
was crystallisation of Mg-rich phases (e.g., olivine and pyroxene) and retention of Fe and Zr in the melt phase during
the early stages of fractionation. During the latter stages of fractionation there was precipitation of an Fe-rich phase
(corresponding to the tipping point at Zr concentrations of 90 to 130ppm). Higher magnetic susceptibility values are
consistently associated with the interval of 90 to 130 ppm Zr content (Figure 8) and there is a strong spatial correlation
between magnetic susceptibility and Fe indicating that precipitation of magnetite is responsible for the observed
geochemical trends. This phenomenon is well-established in mafic intrusions undergoing in-situ fractional
crystallisation (e.g., Pearce and Norry, 1979) and has been linked to zones of gold mineralisation elsewhere in the
Yilgarn Craton (Hayman et al., 2021).

The group of rocks logged as felsic magmatic rocks have immobile element chemistry overlapping with the bulk of
mafic magmatic rocks from Fortitude North, but are enriched in K, S, As, Te, Sh, Cu and Au compared to their mafic
counterparts (Figures 6). These are most likely altered mafic rocks which show enrichment in alteration elements such
as K, S, Sh, As, Cu, Te, W and Au as (Figure 6). This is a common suite of alteration elements associated with orogenic
gold systems in Yilgarn Craton (Bateman & Hagemann, 2004; Colvine et al., 1984; Eilu & Groves, 2001; Groves et
al., 1998; Patten et al., 2020). The majority of felsic samples lie on magmatic fractionation trends of Mg and Fe vs Zr
(Figure 5) at concentrations typical of basalt (30-50ppm Zr) as opposed to felsic volcanic rocks that are generally
enriched in Zr relative to mafic lithologies (Mielke, 1979). Additionally, the felsic samples have densities of ~ 2.85
gm/cm? (Figure 7b) which are atypical of felsic volcanic rocks and more consistent with altered mafic rocks (Telford
et al., 1990). Therefore, on geochemical and petrophysical evidence, it seems likely that the bulk of rocks logged as
felsic magmatic rocks are actually altered mafic rocks, with a subordinate number of felsic volcanic or metasedimentary
rocks.

The positive relationship between density and velocity in our dataset indicates that these petrophysical properties are
mostly related to primary lithology, although alteration, fractures and shear zones affect these parameters to some extent
depending on their intensity. The highest densities and velocities are encountered in dolerite units. This facilitates the
interpretation of boundaries between dolerites and other lithotypes from reflections in seismic data as the combination
of these properties would be expected to create an impedance contrast.

The relationship between magnetic susceptibility and geochemical measurements indicates variations related to
magmatic processes. This relationship is mainly observed in dolerite and basalt units and can be used for better
delineation of the top of sills from high-resolution magnetic data. Hayman et al. (2021) argue that dolerites have
favourable characteristics for orogenic gold mineralisation and hence mapping their distribution can identify
prospective locations.
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