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Abstract: Microanalysis can provide rapid, quantitative characterization of mineral systems that
complements the field- and core-scale observations traditionally made in ore deposits. We review
recent innovations in microanalytical procedures and their application to studies of ore deposits.
Case studies are presented examining how microanalysis can provide constraints on macroscopic
processes within mineral systems. Synchrotron X-ray fluorescence shows centimetre-scale chem-
ical variations associated with proximity to mineralization in samples from Sunrise Dam Gold
Mine, Western Australia. Pseudomorphs of igneous plagioclase and chemically driven recrystalli-
zation interpreted from electron backscatter diffraction suggest that the system was dominated by
fluid-driven brecciation with very little shearing. Both the fluid chemistry and fluid pressure
evolved during a protracted sequence of vein formation and alteration accompanying gold miner-
alization. A second case study of sulphide mineralogy at the Mt Keith nickel sulphide deposit,
Western Australia demonstrates how X-ray computed tomography combined with trace element
mapping can constrain the chemistry and dynamics of magmatic systems. Large-scale interaction
between silicate and sulphide melts, shown by homogenous palladium enrichment in pentlandite,
leads to a large proportion of globular ores with a high nickel content. Increasing use of microanal-
ysis in ore deposit geology is resulting in the constant reassessment of established models for ore
genesis though a combination of micro- and macroscale datasets.

Mineral systems are complex environments in
which a range of inter-related physical and chemical
processes lead to the deposition of significant vol-
umes of economically important minerals. The
systems and processes that are important in under-
standing ore genesis occur at a wide range of scales,
from lithospheric fault zones controlling fluid flow
(Sibson et al. 1988; Hronsky et al. 2012) through
bulk chemical and redox variations controlled by
the lithostratigraphy (Evans et al. 2006) to indi-
vidual grain interfaces that act as catalysts for

deposition (Sung et al. 2009). It is therefore impor-
tant that appropriate scales of observation are com-
bined when seeking to understand the formation of
ore deposits. Traditionally, the formation conditions
of, and fluid characteristics responsible for, ore
systems are inferred from vein parageneses and
alteration assemblages based on core logging, hand
sample evaluation and reflected light microscopy of
selected samples. Although these techniques serve
to address the decimetre- to metre-scale variability
characteristic of many ore systems, quantitative
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microscale analysis is increasingly being used in
economic geology to provide constraints on mineral
compositions and microstructures in both two and
three dimensions. It is of vital importance to our fur-
ther understanding of how ore deposits form that
microscale observations are incorporated into mod-
els of ore-forming processes because these provide
predictive capabilities and vectoring tools at the
macroscale.

Microanalytical techniques are used to image
and quantify chemical and structural variations of
millimetre- to centimetre-sized volumes of material,
typically with spatial resolutions better than 1 pm.
When selecting an analytical technique to character-
ize the chosen samples, factors such as the type of
data (chemical, structural or a combination), spatial
resolution, detection limits, range of chemical ele-
ments available, destructive aspects and acquisi-
tion time must be evaluated. A summary of the
spatial resolution and maximum practical observa-
tion scales for the techniques outlined in this paper
is given in Figure 1. Some of the factors that dictate
the maximum practical scales of observation and
spatial resolution evolve as new analytical equip-
ment is developed and it is thus often prescient to
re-evaluate different techniques to see whether
recent developments now offer the required resolu-
tion or increase in analysis rates.

Electron microbeam techniques (microprobe
analysis and elemental mapping) have been used
in geology for decades, but recent developments in
both electron microscopes and detectors mean that
collecting spatially constrained, high-quality data
is now possible over relatively large areas in realis-
tic time frames. Similarly, the lower limits of detec-
tion offered by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) and X-ray
fluorescence (XRF) mapping mean that spatial var-
iations in trace element content can now be quanti-
fied and mapped in both ore-forming and alteration
minerals. Complementary data are available from
ion beam mapping, which can be used for both
trace element and isotopic analysis. The crystallo-
graphic relations of phases can be studied using
electron back-scatter diffraction (EBSD) in a scan-
ning electron microscope to identify the mineral
replacement processes and to link mineralization
to the deformation of the ore body. Mineral relation-
ships in three dimensions are readily obtained using
X-ray computed tomography (XCT). These data
can be quantified to yield statistical parameters
such as particle size distributions, connectivity and
particle shape, which are useful for studies of ore-
forming processes, geometallurgy or metal produc-
tion engineering.

We review here the currently available microan-
alytical techniques that are being used to inform
studies of ore-forming processes. For clarity and

brevity, we limit the review to techniques that pro-
vide spatially constrained data rather than bulk anal-
yses because this is where many advances applied to
mineral systems have been made in the last decade.
After a brief review of electron, X-ray, neutron,
laser and ion beam based techniques, we present
two case studies that demonstrate the utility of com-
bining a number of complementary techniques to
understand ore systems. We reflect on the develop-
ments that are currently coming on-stream and how
these can be used to extend the multiscale approach
to ore deposit studies to cover atomic to crustal
scales.

Review of characterization techniques

We review here the techniques available to aid our
understanding of ore deposits. The spatial resolu-
tion and practical spatial extent of each technique
described are shown graphically in Figure 1. This
information, along with details of sample prepara-
tion and the typical analytical resolution, is also
given in Table 1. Many of the techniques outlined
here can be carried out sequentially, generally with
increasing spatial resolution. It should be borne in
mind that non-destructive electron and ion beam
techniques should be carried out before destructive
techniques based on mass spectrometry that require
the removal of material.

Electron microbeam techniques

Scanning electron microscopy (SEM) provides
higher spatial resolution images than optical micros-
copy and can give qualitative and quantitative infor-
mation on three-dimensional (3D) morphology,
chemical composition, crystallographic orientation
and speciation. Electrons from an incident beam
with a known accelerating voltage interact with the
surface of the sample and produce electrons and
electromagnetic radiation (X-rays, visible light)
characteristic of the minerals present. In this review,
we concentrate on the quantitative analysis possible
within the scanning electron microscope and the
reader is referred to previous studies for informa-
tion regarding different imaging techniques (Lloyd
1987; Watt et al. 2000; Ciobanu et al. 2011). It
should be noted that although the principles of
imaging with SEM have remained the same, devel-
opments in hardware and software now allow the
rapid acquisition of images and chemical maps
of entire thin sections at 50—100 nm resolution
(Schumann et al. 2014). These can form the basis
of more detailed imaging and microanalysis allow-
ing the integration of centimetre- to micrometre-
scale datasets.
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Fig. 1. Diagrammatic illustration of multiscale analysis. The minimum spatial resolution and largest practical aerial
extent of each technique is shown joined by a tie line. The colours of the tie lines correspond to the outlines for each
type of data. Note that larger extents are possible given sufficient time and money, but those illustrated are typically
what is considered practical for a single dataset. Also, it may not be practical to collect data over the maximum
spatial extent at the minimum resolution and a trade-off is often required directed by the question at hand. Spatial
correlation between datasets of different resolution facilities our understanding of how microscale processes are
manifested in core- to mine-scale datasets. Atom probe, atom probe tomography; EDS, energy-dispersive X-ray
spectrometry; EBSD, electron back-scattered diffraction; HRXCT, high-resolution X-ray computed tomography;
LA-ICP-MS, laser ablation inductively coupled plasma mass spectrometry; Nano-SIMS, nanoscale secondary ion
mass spectrometry; pXRF, picoscale X-ray fluorescence; SEM, scanning electron microscopy; SIMS, secondary ion
mass spectrometry; SXRF, synchrotron X-ray fluorescence spectrometry; TEM, transmission electron microscopy;
TKD, transmission Kikuchi diffraction; pXRF, microscale X-ray fluorescence spectrometry; WDS,
wavelength-dispersive X-ray spectrometry.
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Table 1. Summary of analytical techniques described in this paper

Technique Spatial Maximum Typical analytical Sample Sample Data Notes
resolution practical extent resolution type preparation type
Portable X-ray fluoresence 1cm 100s of metres at ppm Core, rock chips, None Chemistry — major Calibration with standards
10 cm intervals powders and trace elements necessary for fully
quantitative analysis; ensure
trace elements in sample
bags (e.g. arsenic in
bleached paper envelopes)
do not interfere with
analysis
Micro-X-ray fluorescence 20 pm 10 cm ppm Cut and polished core,  Flat and polished sample Chemistry — major
thin sections surface, polished to 600 and trace elements
grit flatness
Synchrotron X-ray 500 nm to 2 wm Scm ppm Thin sections, grain Flat and polished sample Chemistry— can be Depth resolution of heavy
fluorescence (depending on mounts, polished surface used for elements governed by
focusing ability of blocks/rock slices tomography thickness of sample
synchrotron)
Energy-dispersive X-ray 1 wm (less for low Scm 1000 ppm Thin sections, grain Flat polished sample with Chemistry — major
spectrometry scanning keV) mounts, polished minimal topography; elements
electron microscopy blocks/rock slices carbon-coated to
prohibit charging of
insulating rock samples
Wavelength-dispersive 1 pm (less for low 1 mm 10 ppm Thin sections, grain Flat polished sample with Chemistry — major
X-ray spectrometry keV) mounts, polished minimal topography; and trace elements
electron probe blocks/rock slices carbon-coated to
microanalysis prohibit charging of
insulating rock samples
Proton-induced X-ray 2 wm 100 pm ppm Thin sections, grain Flat and polished samples Chemistry — major
emission mounts, polished and trace elements
blocks/rock slices
High-resolution X-ray 700 nm 7 cm N/A Core, single rock Resolution governed by Microstructure — Samples should be equant in
computed tomography chips sample size so samples attenuation directions perpendicular to
may need to be drilled structure rotation axis of tomography
to reduce total volume interpreted in terms to limit artefacts arising
of density from anisotropic attenuation
Cathodoluminesce 2 um 1 cm (1 mm for ppm when Thin sections, grain Flat polished sample with Trace elements, Should be done early in

hyperspectral)

calibrated with
other techniques
(e.g. laser
ablation)

mounts, polished
blocks/rock slices

minimal topography;
thin (c. 5 nm) carbon-
coated to prohibit
charging of insulating
rock samples, but ensure
maximum emission of
light

qualitative
deformation
(defect density)

analytical workflow because
signal is very sensitive to
any beam damage from
other analyses
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Laser ablation inductively
coupled plasma mass
spectrometry

Electron back-scattered
diffraction

Transmission Kikuchi
diffraction

Secondary ion mass
spectrometry

Nanoscale secondary ion
mass spectrometry

Energy-dispersive X-ray
spectrometry
transmission electron
microscopy

Atom probe tomography

10 pm

60 nm

5nm

10 pm

50 nm

2 mm

5 wm

1 mm

5 pm

5 pm

1 pm

ppt

ppb

ppm

1000 ppm

<1at.%

Thin sections, grain
mounts, polished
blocks

Thin sections, grain
mounts, polished
blocks

Transmission electron
microscopy thin
foils

Thin polished rounds,
sections

Thin sections,
polished blocks

Transmission electron
microscopy thin
foils

Needles c. 80 nm
diameter at tip, 1—
2 pm long

Flat polished samples with
minimal topography

Final polish with chemical
mechanical colloidal
silica (SYTON) polish
for 1-4 h; soft phases
may require milling
with ion beam to
remove polishing
damage

Microstructures selected
and prepared as thin
(100 nm) foils using a
focused ion beam,
thinning of homogenous
sample using ion beam
milling

Flat and polished, coated to
reduce charge build-up

Flat and polished, coated to
reduce charge build-up

Microstructures selected
and prepared as thin
(100 nm) foils using a
focused ion beam,
thinning of homogenous
sample using ion beam
milling

Focused ion beam milling
of needles from thin
sections or polished
blocks

Chemistry — trace
elements, isotopes

Microstructure —
crystallographic
orientation

Microstructure —
crystallographic
orientation

Chemistry — trace
elements, isotopes

Chemistry — trace
elements, isotopes

Chemistry — major
elements

Chemistry — major
and trace elements,
some isotope
information

Accurate quantification requires
matrix-matched standards to
account for instrument
fractionation

Poorly crystalline or easily
damaged phases may not be
analysed due to poor
diffraction patterns

Poorly crystalline or easily
damaged phases may not be
analysed due to poor
diffraction patterns

Mass resolution is lower than
for secondary ion mass
spectrometry, so only
applicable for large isotope
variations (c. 1.5%0)
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X-ray spectrometry

The best established SEM-based microanalysis
technique is energy-dispersive X-ray spectrometry
(EDX or EDS). A spectrum of X-rays is generated
when incident electrons excite atoms within the
sample and this spectrum contains peaks at energies
characteristic of the elements present. Qualitative
analysis using regions of interest in the spectrum
gives the relative concentrations of elements, but
is prone to error if peaks for different elements
overlap or if significant pulse pile-up is present.
Quantitative analysis involves fitting a background
to the spectrum or removing it by filtering with a
top-hat filter, deconvolving the elemental peaks as
a series of Gaussian functions and then using the
peak heights to determine the elemental concentra-
tions. This method relies on the measured peaks
being the same shape as the standard and being able
to resolve overlapping peaks. Energy resolution has
improved significantly as silicon drift detectors
have replaced older silicon—lithium detectors,
such that the energy resolution at manganese is
now at the theoretical limit. This means that peaks
which previously overlapped can now be success-
fully discriminated. In addition, the high throughput
of the silicon drift detector spectrometers means
that maps can be recorded at hundreds of thousands
of counts per second, dramatically reducing analy-
sis times. If the beam current and spectrometers
are well calibrated and the sample is prepared cor-
rectly, then the sum of all elements present in an
analysis should be within + 1.5 wt% of the theoret-
ical anhydrous total. Detection limits for this type of
analysis are of the order of 0.1 wt% with analysis
times typically of one to two minutes per point,
regardless of the number of elements analysed.
The X-ray spatial resolution is governed by the acti-
vation volume for the X-rays, which is a function
of the composition and the accelerating voltage.
The spatial resolution can be reduced to <100 nm
at low accelerating voltages (e.g. 5—10keV) de-
pending on the X-ray line analysed. As the entire
X-ray spectrum is collected for each pixel, unex-
pected elements can be identified during post-
processing. Electron probe microanalysis (EPMA)
using wavelength-dispersive X-ray spectrometry
(WDX or WDS) can detect lower concentrations
down to 100 ppm with a similar spatial resolution
to EDS, but is generally more time consuming.
A typical 10-element analysis on five spectrometers
may take up to five minutes. If unexpected ele-
ments are present, then they will not be analysed,
so EDS should be performed first. For many, if
not most, applications that involve quantifying min-
eral compositions, the precision and detection limits
offered by EDS are more than sufficient (Ritchie
et al. 2012).

Rastering of the electron beam over the sam-
ple generates an X-ray spectrum at each pixel.
Maps of elemental variation can be generated using
spectrum regions of interest or by processing the
spectra to provide semi-quantitative maps — for
example, by deconvolving peak overlaps — or
fully quantitative maps by quantifying the spec-
trum from each pixel. Software now routinely saves
the spectra at each pixel, allowing post-processing
and the analysis of spatial variation in unexpected
elements. As the count times for each pixel in the
map are generally less than for point analyses, the
detection limits are significantly higher than for
point analyses. However, the detection limits can
be improved by binning data to increase the total
counts or combining the counts from pixels that
lie within a map region of interest to produce a bet-
ter spectrum. These regions of interest can either be
selected spatially or using statistical techniques
such as principle components analysis (Kotula
et al. 2003) or cluster analysis (Wilson & MacRae
2005) to aggregate similar spectra. The simultane-
ous collection of secondary and back-scattered ele-
ctron images with EDS maps means that the two
can be combined. This produces pseudo-high-reso-
lution qualitative images of chemical variations
with the spatial resolution of the electron image,
but with the chemical information provided by
the X-ray map. However, it should be noted that
the actual resolution of the chemical data is not
improved.

Elemental maps produced from EDS and WDS
systems are used to show variations in major and
minor elements in zoned minerals and to map
the spatial distribution of different mineral phases.
Warren et al. (2015) used maps of biotite compo-
sition modified by adjacent sulphides to show that
major element modification can lead to changes
in the trace element content and can potentially
affect the utility of biotite as a vector in nickel
systems. Combining maps of different elements as
red—green—blue composite maps highlights the
phase distribution more effectively than a single
elemental map. In addition, the improved spatial
resolution of EDS over optical techniques means
that phase distributions can be examined at the
micron scale, which is especially important when
considering fine-grained alteration products (White
et al. 2014; their fig. 8) or the intergrown clay/
mica minerals common in hydrothermal mineral
systems. Although the spatial resolution of EDS
mapping might not be sufficient to obtain robust
analyses of mineral phases, image analysis of the
resulting maps can be used to calculate the relative
mineral proportions to compare with the modell-
ing outputs of large-scale fluid compositions
(Pearce et al. 2015) depending on the scale of
observations made.
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Integrated automated mineralogy based on
energy-dispersive spectrometry

Scanning electron microscopes with multiple EDS
detectors operating in tandem can be used to pro-
duce phase maps from polished samples. These
data can be used to examine the spatial distribution
of different phases (Barnes et al. 2009; Zhao et al.
2012). As a result of time constraints, mapping is
typically performed with spatial resolutions of
1-10 wm across a thin section and is used to
rapidly acquire statistically robust datasets of min-
eral phase data (Gregory ef al. 2013). The predom-
inant use of these systems has been in ore
processing, where the focus is to determine mineral
liberation potentials, the proportion of ore mineral
with the associated gangue, within crushed ore sam-
ples. Mineral liberation analysis software outputs
the data in the form of particles that can be used to
determine grain size, the complexity of the mineral-
ogy of the ore and phase proportions. However, the
rapid analysis of mineralogical maps across pol-
ished samples makes this type of analysis attractive
to high-throughput data collection to fully charac-
terize an ore system.

Cathodoluminesence

Cathodoluminescence (CL) uses the visible light
generated by the incident electron beam in the
same way as X-rays. It can be observed using an
optical microscope, where the wavelength of the
light corresponds to variations in colour. In the scan-
ning electron microscope, depending on the spec-
trometers available, CL can be recorded as a
combination of greyscale images of variations in
light emission intensity, false colour images with a
three-channel detector that detects set wavelength
ranges, or as quantitative hyperspectral maps. The
luminescence produced results from a combination
of defects or activators within the crystal lattice,
each of which results in a particular wavelength
being emitted. It should be noted that cathodolumi-
nescence signals are particularly sensitive to lattice
defects and damage. Therefore CL analysis should
be carried out as one of the first microanalysis tech-
niques because the long dwell times and high beam
currents associated with techniques such as EBSD
and EPMA damage the crystal lattice enough to
destroy the CL signal. CL images can be used qual-
itatively to show different generations of quartz dis-
solution and precipitation, interpreted in terms of
pressure and temperature variations that cause
variations in silica solubility (Rusk & Reed 2002).
Combining CL and variations in the quartz trace ele-
ment composition mapped using WDS and laser
ablation leads to a more quantitative understanding
of the cause of the variations in CL (Rusk et al.

2011; Leeman et al. 2012; Vasyukova et al. 2013).
In the same way that each pixel in an SEM map is
an entire spectrum that can be quantified, hyper-
spectral CL maps can be deconvolved to pro-
duce maps of variations in peak intensity for given
activators. Once the peak positions have been cali-
brated using other analytical methods such as
EPMA or laser ablation, the deconvolved maps
give quantitative variations of not only trace ele-
ment concentrations, potentially down to 10 ppm,
but also concentrations of different oxidation states
(MacRae et al. 2009). Applied to titanium in quartz
thermometers (Wark & Watson 2006), hyperspec-
tral CL mapping can provide high spatial resolution
quantitative temperature estimates throughout ore
deposits (e.g. Muller ez al. 2003) much more rapidly
than destructive laser or ion beam mapping of trace
amounts of titanium (Leeman et al. 2008).

EBSD

EBSD is an SEM-based technique for measuring the
crystallographic orientation of minerals. The sample
normal is inclined at 70° to the incident electron
beam and the diffracted electrons are recorded on
a scintillator screen by a charge-coupled device
camera positioned in front of the sample. Each set
of lattice planes in the crystal being analysed pro-
duces a diffraction band and the pattern produced
by all diffracting lattice planes is the resulting
EBSD or Kikuchi pattern. Software then compares
the pattern with theoretical solutions from a list of
user-selected phases and solves for the best-fit
phase and orientation of the crystal. Rastering a
grid of measurements across a sample surface pro-
duces a map of varying orientations that can be
analysed in terms of lattice strain and the crystallo-
graphic relationships between adjacent mineral
grains (Prior e al. 1999). The spatial resolution of
EBSD varies with the phase being analysed, but
can be as small as 50—75 nm in metals, pyrite and
olivine (Prior et al. 2009). Data acquisition rates
have increased substantially in the last 10 years
with the advent of parallel processing (one pattern
can be acquired while other patterns are being
indexed) and high-speed cameras. As such, poly-
phase, low-symmetry silicate samples that were pre-
viously limited to about five points per second can
now be mapped at 30—50 points per second. Highly
diffracting samples (e.g. metals and iron oxides) can
be mapped at up to 550 points per second, making
EBSD a fast, non-destructive technique for spatially
constrained measurements of crystal orientations.
As a result of increases in acquisition speeds, full
thin section scale mapping is now practical at step
sizes of 20—50 pm.

Most EBSD applications have been in deformed
and metamorphosed rocks because variations in
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crystallographic orientations lend themselves to the
definition of the slip systems that operate during
crystal plastic deformation (Prior ez al. 2009). How-
ever, EBSD has also been applied to deformed ore
deposits to constrain the timing of mineralization
relative to deformation (Barrie er al. 2008; Reddy
& Hough 2013; Rosiere et al. 2013) and to investi-
gate trace element mobility in ore systems (Vukma-
novic et al. 2014). The quantitative microstructural
measurements that come from EBSD data, includ-
ing the grain shape size distribution (Barrie et al.
2007; Vukmanovic et al. 2012), phase relations
(Pearce et al. 2013) and internal strain (Barrie et al.
2007), make it an ideal tool to investigate the micro-
structural evolution of rocks during mineraliza-
tion. In combination with high-resolution XCT,
EBSD has also been used to investigate the crystal-
lization mechanisms associated with igneous min-
eral deposits (Vukmanovic et al. 2012; Prichard
et al. 2015).

The technique of EBSD is becoming more
widely used to investigate the crystallographic
controls on reactions during alteration and mineral-
ization. Replacement reactions that occur in hydro-
thermal systems (Putnis 2009) often, but not always,
show some degree of crystallographic correspon-
dence between reactant and product minerals (cf.
Xia et al. 2009; Zhao et al. 2009; Qian et al. 2010).
Once the reactions and the reaction mechanisms are
understood, they can be used to bracket fluid compo-
sitions and the volumes responsible for mineraliza-
tion from numerical modelling (Pearce ef al. 2015)
or analogous experiments (Etschmann et al. 2014).
Campbell et al. (2015) used EBSD combined with
chemical analysis to demonstrate that a layer of
pure supergene platinum formed on the surface of
magmatic nuggets was microcrystalline and inter-
preted this in terms of the reactivity of platinum in
the soil environment. Another common use of
EBSD data in rock deformation is to examine the
effects of crystallographic orientation on rock prop-
erties such as seismic anisotropy (Mainprice &
Humbert 1994), piezoelectricity (Mainprice et al.
2014) and magnetic anisotropy. One of the major
applications of this type of analysis is the study of
the geophysical signatures of bodies, as exemplified
by a study of seismic anisotropy in iron ore by Mora-
les et al. (2008).

Current developments and nanoscale analysis

Many of the techniques outlined here have become
commonplace in studying mineral deposits as a
result of increases in the acquisition rates for good
quantitative data. One other major frontier for anal-
ysis is increasing resolution and the interpretation of
nanoscale data in the context of thin section to
core-scale datasets. Focused ion beam (FIB) milling

of site-specific microstructures enables features
observed during microanalysis to be analysed in
more detail using transmission electron microscopy
(TEM) (see Ciobanu et al. 2011 for a review of the
techniques). The X-ray mapping of TEM foils gives
orders of magnitude increases in spatial resolution
as a result of the reduced electron beam interaction
volume. Ultra-bright electron sources and multi-
ple EDS detectors enable rapid mapping at nano-
metre resolution. EBSD mapping can also be
performed on thinned foils at ¢. 5 nm resolution
(Trimby 2012), when it is known as transmission
Kikuchi diffraction or transmission EBSD. It will
be essential to incorporate nanoscale techniques
into analytical workflows to understand trace ele-
ment deportment (Deditius et al. 2011) and pro-
cesses such as the remobilization, modification
and transport of gold nanoparticles in ore-forming
and weathering environments (Reich er al. 2006;
Hough et al. 2011). A further increase in resolution
can be gained by atomic-scale measurements made
using atom probe tomography. The development of
the laser pulse assisted atom probe (Bunton er al.
2006) makes this technique, previously restricted
to metals, also available for insulating materials.
Atoms are evaporated from a needle-shaped sample,
made using an FIB, and recorded on a position-
sensitive detector, thus allowing atomic positions
to be reconstructed. The atomic species detected at
a particular point is identified using time-of-flight
mass spectrometry so that the spatial distribution
of different types of atom can be examined. Suc-
cessful results have been demonstrated in geological
materials analysing the distribution of trace ele-
ments in zircon (Piazolo et al. 2016) to determine
the extent and nature of radiation damage and verify
the age obtained by ion probe analysis (Valley et al.
2014). As the volume of material examined by
atom probe tomography is very small (needles are
typically 100 nm in diameter and a few microns
long), it is ideally suited to multiscale analysis. In
ore systems, the hypotheses regarding trace element
deportment (e.g. nanoparticulate v. solid-solution
gold in sulphides; Fougerouse et al. 2016b) and
pathfinder element mobility (Vukmanovic et al.
2014) can be tested and the results applied to larger
scale detection methods, such as core-scale portable
XRF spectrometry.

Another area of rapid development has been in
detection and the energy resolution of SEM-based
X-ray spectrometry. The spectral resolution offered
by regular silicon drift detectors is improved by
using windowless systems that can detect and quan-
tify the Li Ka peak at 56 eV. Coupled with a cold
field-emission scanning electron microscope that
can achieve high spatial resolutions of a few nano-
metres using accelerating voltages as low as
0.1 keV, these new developments offer exciting
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opportunities in micro- and nanoanalysis (Demers
et al. 2013).

XRF mapping techniques

Proton-induced X-ray emission and
bench-top micro-XRF

XRF techniques have traditionally been applied to
the bulk analysis of geological samples. More
recently, however, the application of micro-XRF
(wXRF) to elemental imaging, both qualitative and
quantitative, has become increasingly common.
Both laboratory-based instruments and synchrotron
facilities allow the collection of WXRF datasets.

Proton-induced X-ray emission (PIXE) imaging
of samples has been widely used to study mineral
systems. The passage of an energetic (several MeV)
proton past atoms in the sample can lead to the ion-
ization of electrons in the inner atomic shells. The
subsequent filling of the resulting inner shell vacan-
cies by atomic transitions from the outer shells leads
to the emission of characteristic X-rays for each ele-
ment. At the same time, the deceleration of the pro-
ton in the sample is slow and leads to low levels of
continuum background. With its high X-ray produc-
tion yields and low continuum background, PIXE
provides good detection limits for all elements
heavier than Z,. 13 (aluminium). Typical detection
limits reported in silicate and sulphide minerals
are around 1-2 ppm for a five minute analysis
time. Longer counting times yield detection limits
down to 0.3 ppm (Ryan 2001). Spot sizes of 1—
2 um can be achieved. PIXE is a simultaneous,
multi-element technique. This means that any ele-
ment present above the detection limits will be
seen, analysed and imaged. Therefore it is not nec-
essary to preselect the elements of interest in a par-
ticular sample suite. Like most ion beam techniques,
PIXE is non-destructive. Therefore the sample is
neither destroyed nor consumed in the analysis
and can subsequently be characterized by other
methods. This also means that there is no fallout
or debris that can contaminate other parts of the
sample (Ryan et al. 1995; Ryan 2000).

PIXE has been used to inform our understanding
of the processes forming mineral systems by the
analysis of mineralizing fluids preserved in fluid
and melt inclusions (Ryan et al. 1995; Baker ef al.
2006; Baker et al. 2008; Xie et al. 2009). The anal-
ysis of fluid inclusions in mineral system samples
can inform our understanding of ore-forming pro-
cesses. PIXE analysis of fluid inclusions provides
a direct, non-destructive method to determine the
composition of these trapped fluids and allows iden-
tification of the elements that reside within the fluid
inclusions, as well as the discrimination of the solid

phases outside and in close proximity to the inclu-
sions (Ryan 2000).

The direct analysis of trace element variations in
the ore and gangue minerals (Petrie er al. 2005;
Yeats et al. 2010) also provides insights into ore-
forming processes, allowing the discrimination of
multiple phases of sulphide formation, the relation-
ship of those phases to the timing of key ore metal
deposition and the study of variations in elemental
concentrations caused by fluid mixing in the forma-
tion of black smokers.

The development of bench-top XRF imaging
systems has allowed for large area (up to 15 x
20 cm) element mapping of hand specimens with
reported spot sizes of >25 wm. Le Vaillant er al.
(2015, 2016) demonstrated the use of wWXRF map-
ping of core samples to understand the local-scale
mobilization of elements at the Kevitsa and Mittel
nickel sulphide deposits. The core-scale element
imaging supported the discovery of a geochemical
halo around the deposits created by the hydro-
thermal remobilization of base metals, gold and
platinum group elements (PGE) into the rocks sur-
rounding the mineralization. The analysis of the
Kevitsa samples at centimetre to metre scales was
combined with assay data collected at regional
scales to inform our understanding of the variability
in scales over which elements of interest were mobi-
lized (Le Vaillant er al. 2016), with gold and copper
found to be more mobile and therefore more likely
to have been redistributed by hydrothermal fluids.

Synchrotron WXRF and X-ray absorption
near-edge spectroscopy

Synchrotron-based wXRF allows the in situ map-
ping of elements at nanometre to micron scales.
As with other XRF techniques, it is non-destructive
and has further benefits over SEM and electron
beam techniques in that it requires minimal sample
preparation, reducing the potential for the introduc-
tion of artefacts and allowing analysis under ambi-
ent environmental conditions. The simultaneous
imaging of multiple elements is possible with no
preselection required.

The development of the Maia detector array and
integrated real-time processor to acquire elemental
maps using XRF microscopy has allowed the scan-
ning of complex natural samples over 100—
200 mm? at a spatial resolution of 2 pm (Paterson
et al. 2011), with typical image sizes of 10—100
megapixels acquired over two to ten hours. The col-
lection of such datasets supports the recognition of
textural and chemical variations over four orders
of spatial scale (Ryan er al. 2014). The greater pen-
etration depth, coupled with the wide-angle array,
allows the depth resolution of discrete particles,
which may only be at ppb concentrations in the
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bulk composition (Dyl et al. 2014; Maier et al. 2015;
Barnes et al. 2016; Li et al. 2016), whereas the rel-
atively low detection limits and high spatial re-
solution allow the quantification of subtle mineral
zoning (Barnes ef al. 2011). The XRF data collected
with the Maia detector array are processed using
the computationally efficient dynamic analysis
method (Ryan et al. 2005) to deconvolve complex
spectra that often contain many overlapping peaks.
The precise determination of elemental concentra-
tions using this method relies on selecting a matrix
material close to that being analysed so that the
peak shapes are similar in the computed matrix file
and the experimental sample. As a result, iterative
procedures for pixel-wise analysis using a variable
matrix are currently under development (Ryan
et al. 2015).

The tunability of incident X-rays from a syn-
chrotron radiation source allows the collection of
X-ray absorption near-edge spectrometry (XANES)
data, thus providing in situ data on element specia-
tion. The capability of the Maia detector for imaging
to around 10® pixels supports XANES imaging,
where the production of images up to ¢. 10° pixels
can be repeated over 100 times with step changes
to the beam energy through an absorption edge to
collect a dataset from which chemical state images
can be projected (Etschmann et al. 2010). An indi-
vidual XANES spectrum consists of the pre-edge
energies, the absorption edge for the element of
interest and the post-edge spectrum. The exact
energy at which the excitation occurs (the white
line energy) is affected by the oxidation state of
the element. Comparison of the experimental spec-
tra with standards of known oxidation state allows
determination of the experimental oxidation state,
or deconvolution of the spectrum in the case of
mixed valence states. The post-edge region (the
absorption spectrum at energies higher than the
excitation edge) contains a structure (the X-ray
absorption fine structure) related to the electronic
environment of the element being analysed, e.g.
the bonding environment within a mineral or the
coordination number with aqueous ligands in solu-
tion). The Fourier transform of the X-ray absorption
fine structure part of the spectrum gives the bond
lengths of the atoms under consideration. In studies
of ore deposits, the oxidation state of trace elements
incorporated in hydrothermal minerals can provide
a constraint on the chemistry of ancient fluids that
cannot be directly sampled and can improve our
understanding of the mechanisms responsible for
mineral precipitation (Brugger et al. 2010).

XCT

XCT is a non-destructive method originally devel-
oped and used as a medical imaging technique

(Hounsfield 1973). It allows the reconstruction and
visualization of the internal structure of solid objects
in three dimensions. Typically, a micro-focus X-ray
beam source illuminates the sample and a sensitive
X-ray detector collects projections (radiographs) of
the sample at different angles. These projections are
then used to reconstruct a regular volumetric grid
(with an isotropic or anisotropic voxel size depend-
ing on the scanner setup) where each voxel has a
unique greyscale value that is a function of the atten-
uation of the X-ray across the material. The attenu-
ation of X-rays within the samples largely depends
on the mean atomic number, the density of the mate-
rial and the spectral characteristics of the X-ray
source; see Godel et al. (2006) and Godel (2013)
for further details on the principles.

The range of X-ray energies used enables trans-
mission through complex and dense materials,
including ores. Data can be acquired with limited
to no preparation on samples within a range of res-
olutions using two different types of scanner. Low-
resolution data (>500 pwm spatial resolution) can
be acquired on samples varying in size from a few
centimetres up to an entire drillcore length using
conventional medical CT scanners. This type of
scanner allows rapid data acquisition (a few metres
of drillcore per hour), with a range of voltages and
intensities possible from 70 to 140kV and up to
800 mA, respectively. However, the absence of a
filter, the range of energies used and the spatial res-
olution achievable limit the ability to differentiate
complex mineral assemblages and hence it only
gives a broad overview of the ore materials. As a
result, in most cases, high-resolution X-ray CT
(HRXCT) data have to be acquired on a smaller
sample (up to c. 5 cm in diameter and c. 10 cm in
length) to allow quantification. Recent HRXCT
scanners have the ability to generate multiscale (25
down to 0.3 wm voxel size) imaging of a given sam-
ple. The wide range of voltage, current, power, fil-
ters, source and detector position combinations
make it possible for modern HRXCT scanners to
scan a wide range of materials for mineral system
studies at high resolution (from tree leaves and
pressed powder to samples containing large gold
particles). The data generated by HRXCT not only
provide some striking 3D images, but can also be
processed and analysed using dedicated workflows
and algorithms. The processed datasets provide in
situ quantitative 3D mineralogical and textural mea-
surements that are impossible to assess accurately
by any other method; see Godel (2013) and refer-
ences cited therein for further details. This new
information can be directly used for scientific stud-
ies to understand the origin of a given ore body, but
can also can be used for mineral processing applica-
tions to facilitate the recovery of metal resources or
improve the metal extraction efficiency.
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The use of XCT in ore geology and mineral sys-
tem science has increased significantly over the past
decade and applications encompass a wide range of
commodities (e.g. gold, PGEs, nickel, copper, iron
ore, chromium, titanium and graphite). Early studies
on gold (Kyle & Ketcham 2003), PGE sulphide ores
(Godel et al. 2006) and nickel sulphide ores (Barnes
et al. 2008) mostly used XCT as an observation plat-
form, with quantification limited to calculating the
3D distribution of phases of interest and their vol-
umes (Kyle & Ketcham 2003). Although XCT is
still used to generate a stack of two-dimensional
images for observation, there is a shift towards more
detailed 3D analysis and quantification. HRXCT has
notably been used:

(1) to assess the gold grade in samples from the
Grasberg porphyry copper—gold ores in
Indonesia (Kyle et al. 2008);

(2) to quantify the size and 3D textural relation-
ships of platinum group minerals in ores
from the Bushveld (South Africa) and Still-
water (USA) complexes, with implications
for ore-forming processes (Godel er al.
2010; Godel 2015);

(3) to assess the variability in palladium tenor of
sulphide droplets as a function of their 3D
textural relationship with iron—titanium oxi-
des and silicate minerals in samples from the
Platinova Reef of the Skaergaard intrusion in
Greenland, with implications for ore genesis
(Godel et al. 2014; Holwell et al. 2016);

(4) to assess the variability in sulphides and sul-
pharsenide 3D morphology as a function of
their PGE concentrations in samples from
the Rosie Nickel Prospect in Western Austra-
lia, with implications for the geochemistry of
PGEs in sulphur—arsenic systems, ore gene-
sis and noble metal (platinum and palladium)
recovery (Godel et al. 2012b);

(5) to quantify the 3D distribution, size, mor-
phology and degree of interconnectivity of
a komatiite-hosted magmatic nickel sulphide
to provide new insights into the deposition of
magmatic nickel sulphides (Godel 2013;
Godel et al. 2013);

(6) to quantify the porosity and pore characteris-
tics and mineralogical proportions in natural
iron ore samples, with implications for geo-
metallurgy (Fonteneau ef al. 2013);

(7)  tolocate silicate inclusions in iron—titanium
oxides, with implications for the formation
of the Baima iron—titanium oxide deposits
in China (Liu et al. 2014);

(8) to quantify the volume proportion of tung-
sten and its grade in scheelite-bearing sam-
ples, with benefits for metal recovery (Le
Roux et al. 2015);

(9) combined with EBSD to image the crystal
structure of an ophiolitic nodular chromite
ore (Prichard et al. 2015); and

to determine chromite morphology in komati-
ite-hosted nickel sulphide deposits (Godel
et al. 2012a) and PGE reefs to constrain
ore genesis (Vukmanovic et al. 2012).

10)

Ion beam techniques
Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is a
surface to small volume (<1 pm in the third dimen-
sion) analysis technique that uses a beam of primary
ions (usually Cs™* or one of O, 05 or O") to sputter
the sample surface and create a stream of secondary
ions. The secondary ions (and some back-scattered
primary ions) are delivered into a mass spectrometer
to determine the trace elements or isotope ratios for
the system of interest. Specialist instruments with a
high mass resolution — spatially high-resolution ion
microprobe (SHRIMP) — are able to distinguish ura-
nium and lead isotopes and are used to provide high-
precision dates from zircon U-Pb geochronology
by spot analyses. Smaller radius instruments, e.g.
the Cameca IMS 1280, have the ability to raster the
primary ion beam to image variations in trace ele-
ments and spatial variations in isotope ratios. The
versatility of SIMS in terms of elemental range
(from hydrogen to uranium on most systems) and
the ability to measure isotope ratios and trace ele-
ments with ppb detection limits for many elements
makes it an excellent choice for mapping mineral
chemistry. Insulating samples need to be coated
with gold or carbon to reduce charge build-up and
are commonly thin discs, although individual instru-
ments vary. The spatial resolution of SIMS is gov-
erned by the extent to which the primary ion beam
can be focused. SIMS spots are typically of the
order of 20-30 wm (with accelerating voltages
of up to 10 keV), but can be more finely focused
at lower voltages. Increased spatial resolution is
gained by a NanoSIMS instrument, which uses a
similar caesium or oxygen ion beam, but an altered
focusing setup allowing resolutions of 50 nm (with a
Cs™ beam). Although NanoSIMS is also capable of
trace element mapping and isotopic analyses, natu-
ral isotope ratios are generally not large enough
to be differentiated with NanoSIMS (Kilburn &
Wacey 2014), with the exception of sulphur isotopes
(Zhang et al. 2014a) and in isotopically doped
experimental products where the isotope ratio vari-
ations are much larger. Therefore NanoSIMS is
commonly used in exploration geoscience to map
trace elements where the scales of variation are
commonly <10 pm.
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SIMS and NanoSIMS have been used to map low
levels of gold in sulphides (Simon ez al. 1999; Steele
et al. 2000) as well as the associated changes in sul-
phur isotope composition of pyrite (Barker er al.
2009) and trace element contents (Chouinard et al.
2005). These techniques together constrain the com-
position and source of the ore-bearing fluids. Varia-
tions in the gold concentration in arsenopyrite that
were initially observed in synchrotron XRF maps
were further imaged by NanoSIMS and used to
infer the local-scale remobilization of gold during
late-stage fluid flow in the Obuasi deposit, Ghana
(Fougerouse et al. 2016a).

Laser techniques
LA-ICP-MS analysis and mapping

LA-ICP-MS is a destructive technique that allows
the quantification of a wide range of trace elements
in ore materials down to ppb levels. A pulsed laser
beam ablates the surface of the sample to create
aerosols that are transported in the ICP to generate
ions, which are then separated and collected accord-
ing to their mass to charge ratios. The trace element
concentrations can be recalculated with high preci-
sion and accuracy providing that suitable (matrix-
matched) reference materials have been analysed
during each experiment to correct for instrument
drift and potential interference. Any type of flat
and solid sample can be analysed with limited sam-
ple preparation. Current sample holders accommo-
date a wide range of sample sizes.

The LA-ICP-MS systems can be used in two dif-
ferent modes: (1) using spot analysis (spot sizes typ-
ically ranging from c. 4 to 100 pm) where the laser
beam drills through the samples at a given speed
(depending mainly on the material ablated, the
energy and the frequency used); or (2) using a raster-
ing technique where the laser beam moves at a given
speed along a path at the surface (with an ablation
depth of a few micrometres in most cases) of the
sample. Both modes can be used to provide semi-
quantitative to quantitative trace element maps of
a region of interest with spatial resolutions down
toc. 10 pm.

The vast majority of the studies that use
LA-ICP-MS analysis focus on the application of
the method to determine the partitioning behaviour
of trace elements in given mineral phases, with
implications for ore-forming processes and metal
recovery. LA-ICP-MS analysis using the spot
mode was originally used in ore geology to deter-
mine the trace elements in a range of sulphide and
arsenide minerals from various deposits types such
as PGE and nickel—copper ores (Huminicki ef al.
2005; Barnes et al. 2006; Godel et al. 2007; Hol-
well & McDonald 2007; Godel & Barnes 2008;

Dare et al. 2010; Dare et al. 2011; Pina et al.
2012) and gold (Large er al. 2007; Large et al.
2009; Thomas et al. 2011). More recent studies
cover a wider range of deposits (lead—zinc, volca-
nogenic massive sulphide or iron oxide—copper—
gold deposits) and in most cases combine semi-
quantitative LA-ICP-MS mapping with quantita-
tive spot analysis (Cook er al. 2011; Cook et al.
2013; Zhang et al. 2014b; Duran et al. 2015;
Gadd et al. 2015; Genna & Gaboury 2015; Lawley
et al. 2015; Meftre et al. 2015). Owing to the com-
plexity of the data acquisition and processing,
only few studies have reported methods to provide
truly quantitative maps (Paul et al. 2014; Lawley
et al. 2015).

Case studies applying microanalysis to
mineral systems

Having discussed recent advances in the microana-
lytical techniques available to study mineral depos-
its, we now outline two case studies that apply a
combination of these techniques to understanding
the processes that have led to the deposition of ore
minerals and their associated alteration. The first
example applies synchrotron XRF, SEM-based
EDS and EBSD to examine the cyclic fluid flow
and deformation events that led to the formation
of Sunrise Dam Gold Mine (SDGM), Western Aus-
tralia. The second example examines the particle
size distribution within the Mt Keith nickel sulphide
deposit, Western Australia using HRXCT and cou-
ples this with variations in the trace element chem-
istry of sulphides.

Case study 1: vein formation, alteration and
gold mineralization at SDGM, Western
Australia

Geological background

The SDGM is located 55 km south of Laverton (29°
05’ S, 122° 25’ E) in Western Australia, within the
Laverton Domain of the Kurnalpi Terrane of the
Yilgarn Craton. The SDGM ore bodies sit within
the structurally complex Laverton Domain and are
hosted in a sequence of shallow-dipping Archaean
metasedimentary and metavolcanic rocks, intruded
by dolerite and porphyritic microgranite and granite
(Newton et al. 1998). The metavolcanic rocks are
interbedded with banded iron formation units. The
region has undergone lower to mid-greenschist
metamorphism (Hallberg 1985) and multiple defor-
mation events (Baker et al. 2010). An early stage of
extensional deformation was followed by several
phases of compressional deformation (Nugus et al.
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2005; McLellan et al. 2007). Mineralization is pre-
dominately hosted within andesitic rocks, which are
variably altered. Gold mineralization is largely
associated with shear zones and breccia zones active
during the later stages of compressional deforma-
tion (Blenkinsop et al. 2007; Nugus et al. 2009).
Mineralization is hosted in shear zones and stock
works and the majority of the gold is localized
within veins.

Gold mineralization is associated with altera-
tion characterized by the breakdown of plagioclase
at the expense of sericite + carbonate—pyrite—
silica. Multiple populations of arsenian pyrite and
arsenopyrite are associated with distinct stages of
deformation (Sung et al. 2009), with later popula-
tions hosting higher concentrations of gold. At sub-
metre scales, some high gold grades are hosted in
veined samples with minimal alteration, while
some intensely altered rocks contain little gold.

Complex and mutual cross-cutting relationships
are observed in the multiple vein populations. Oli-
ver et al. (2012) explained the overprinting vein
observations as being a result of a feedback mech-
anism between alteration and cracking in which
the geochemical change associated with alteration
caused a reduction in porosity, an increase in
pore pressure, re-cracking and the deposition of
the highest grades of gold in rogue cracks. The
cycling of pressure through both over- and under-
pressured regimes is supported by fluid inclusion
results that document rapid phase changes associ-
ated with seismicity (Brown er al. 2003; Baker
et al. 2010).

In this case study we build on the framework of
deformation and fluid flow established by detailed
field observations, fluid inclusion analysis and
microstructural studies of sulphide-hosted gold to
examine: (1) the scales of element mobility during
fluid-driven alteration by examining trace elements
within and across alteration halos with synchrotron
XRF; and (2) the cyclic evolution of brittle and duc-
tile rheology using EBSD to constrain deformation
styles within wall rocks and veins. Examining
these important parameters will enable us to con-
strain the relative importance of the chemistry and
rheology in forming giant gold deposits such as
that at the SDGM.

Samples and analysis techniques applied
to SDGM samples

To investigate the microstructural and microchemi-
cal changes characteristic of large-scale fluid
pressure cycling and vein-hosted high-grade gold
mineralization, three samples from the GQ lode of
the SDGM were studied. The GQ lode is found
within altered greenschist facies andesite lavas and
volcanic rocks. The samples (GQ1, GQ2 and GQ3)

were collected from a drive wall on the 1943 level,
79E and are increasingly proximal to a decimetre-
scale vein and the accompanying alteration sel-
vedge, faults and fractures (Fig. 2). Chemical and
microstructural data were collected using the fol-
lowing techniques and conditions. A progressive
reduction in the scale of analysis (from outcrop to
centimetre- and micrometre-scale analyses) led to
the progressive refinement of the hypotheses pre-
sented here. This study combines chemical data
from XRF and EDS with microstructural analysis
by EBSD to understand the interaction between
physical and chemical processes. Synchrotron
XRF maps were collected on the XFM beamline at
the Australian Synchrotron using a Maia 384 detec-
tor, an 18.5 keV monochromatic incident X-ray
beam, a step size of 4 um and a dwell time of
0.97 ms per pixel. Details of the detection limits
for these samples can be found in Fisher et al.
(2015). The data were processed using GeoPIXE
(Ryan et al. 2002), assuming a matrix of muscovite,
to calculate the corrections for absorption and the
fluorescence yield of X-rays. This dataset was
used to produce Figure 6¢ and f. To calculate the
composition of the pyrite accurately, the raw data
were reprocessed assuming a pyrite matrix. These
data were used to produce Figure 6d and e. Full res-
olution versions of the synchrotron XRF maps are
available through the CSIRO Data Access Portal
(Fisher & Ryan 2014; Pearce et al. 2016). EBSD
mapping was carried out using a Tescan Mira
field-emission gun scanning electron microscope
and Oxford Instruments AZtec 3.0 software, a Nor-
dlysNano EBSD detector, an accelerating voltage of
20 keV and a step size between measurements of
1 wm, acquired at a rate of c. 40 patterns per second.
The resulting map covers 1.8 x 1.35 mm and con-
tains 2.43 million pixels. During acquisition, 67%
of the acquired patterns were successfully indexed.
Post-processing was carried out based on band con-
trast constrained interpolation (Prior er al. 2009)
using EBSDinterp software (Pearce 2015). This
step reduced the number of non-indexed points to
30%. Detailed mapping was subsequently carried
out at 580 nm step sizes to examine in detail the
grain size variations within the microstructure.
The raw EBSD data and processing parameters are
available through the CSIRO Data Access Portal
(Pearce & Reddy 2016). The chemistry of the sam-
ples was mapped using a Bruker XFlash EDS detec-
tor and either a Philips XL40 W-filament scanning
electron microscope (operating at 30 keV) or a
Zeiss UltraPlus field-emission gun scanning elec-
tron microscope (operating at 20 keV, 1.2 nA).
Two parts of the most altered sample (GQ3) were
scanned using HRXCT (using a XRADIA XRM
500 3D X-ray microscope) to investigate changes
in sulphide populations.
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Extent of alteration

Fig. 2. Locations and sample images for three Sunrise Dam samples. (a) Outcrop photograph showing sample
locations (GQ1, GQ2 and GQ3) in relation to decimetre-scale veining and minor faulting. (b) Sketch outline of
photograph in (a) showing fractures (yellow), faults (green) and alteration zones (pink) and the vein. (¢) Scanned,
cut-polished slabs from three samples of varying intensity of alteration. White boxes show the location of
synchrotron XFM datasets in Figure 4 (GQ2) and Figure 6 (GQ3). White dashed circles show the locations of the
two high-resolution X-ray computed tomography datasets in Figure 7.

Results

Sample GQ1 is the least altered of the samples and
contains sericite pseudomorphs after plagioclase
and chlorite after amphibole or biotite. The euhedral
feldspar pseudomorphs can be seen clearly in the
back-scattered electron montage, along with subhe-
dral pyrite (Fig. 3a). Chemical maps of the matrix
(Fig. 3b) show fine-grained intergrowths of chlorite,
quartz, rutile and calcite. There is calcite and fine-
grained chlorite within the feldspar pseudomorphs.
The association of chlorite and rutile suggests that
chlorite results from the breakdown of biotite.
Sample GQ?2 is slightly more proximal to the
mineralization than GQ1 and has two microstructur-
ally distinct parts (Fig. 4). One domain (pseudo-
morphed domain) contains sericite pseudomorphs
after plagioclase similar to GQ1 (compare Fig.
3b, ¢) and chlorite after biotite or hornblende. The
second domain is a more homogenous zone devel-
oped asymmetrically around a quartz vein (Fig. 2)
and appearing like an alteration selvedge. The
homogenous domain is more manganese-rich than
the heterogeonous domain, with a thin manganese-
rich selvedge to the quartz vein grading diffusely

into the heterogeneous domain (the extent of this
diffuse manganese-rich area is highlighted by a
dotted line in Fig. 4). The vein is cut by later calcite
ladder veinlets (strontium-bearing in Fig. 4a) and
contains pyrite (bright red in Fig. 4). Muscovite por-
phyroblasts are developed in the homogenous
domain (green flecks in Fig. 4a), which otherwise
consists of chlorite, quartz and dolomite. Titanium
(as rutile) and zirconium (distributed in the silicate
phases) are present in the heterogeneous domain, but
are absent from the homogenous domain (Fig. 4b).

The microstructure of the homogenous domain,
which is predominantly dolomite and quartz, was
detailed by EBSD. The map shows that the homog-
enous domain is composed of both polyphase and
single-phase regions (Fig. 5a). As well as phase
information, EBSD provides the crystallographic
orientation at each measurement point (Fig. Sb—d).
Processes such as oriented growth or deformation
can result in the alignment of crystals to produce
a crystallographic preferred orientation (CPO).
A CPO is most easily observed by plotting pole fig-
ures (or contoured stereograms) or crystallographic
axes and looking for concentrations that are higher
than expected for a random distribution (contour
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Fig. 3. Microstructures of alteration samples. (a) Back-scattered electron montage image of a large area of sample
GQ1 showing pseudomorphed plagioclase phenocrysts in a matrix of chlorite, quartz and calcite. Image consists of
110 individual images stitched together and took about one hour to acquire. Composite elemental maps of
energy-dispersive X-ray spectrometry chemical data showing spatial variations in potassium (red), magnesium
(green), calcium (blue), titanium (pink) and sulphur (pale yellow) in (b) sample GQ1 and (c¢) the matrix of GQ2.
Spatial resolution is ¢. 2 wm. Each image is a montage of two maps that took about two hours to collect. Large
muscovite pseudomorphs after plagioclase are associated with calcite. A finer grained matrix of mafic minerals
(biotite or hornblende) have been pseudomorphed by chlorite. Datasets were mapped at a 2 wm pixel spacing to
show the fine-grained intergrowth of minerals that result from replacement.

values as multiples of a uniform distribution (MUD)
>1). The overall preferred orientations for the
quartz and dolomite in the homogenous domain
are close to random (maximum MUD values of
c. 1; Fig. 5b). Detailed maps for the polyphase and
single-phase domain are shown in Figure 5c, d,
where the grains are coloured by their orientation.
Patches of dolomite grains with a similar orientation
(similar colour) are present in the polyphase domain
(examples highlighted on Fig. 5c) and these show
stronger CPOs with maximum MUD values >6
(Fig. 5g, h).

Orientation measurements can also be used
to determine grain boundaries, across which the

orientation change is greater than a threshold
value (10° in this study) and give the grain size dis-
tribution for each phase (Fig. 5e, f). In the polyphase
domain, the quartz and dolomite have a similar
mean grain size around 5 pm. In the single-phase,
quartz-rich domain, the mean quartz grain size
(7.1 pm) is larger than that of dolomite (4.3 pm).
Sample GQ3 is the most proximal sample to the
decimetre-scale vein (Fig. 2) and contains part of a
vein and native gold. Micro-XRF mapping of the
entire sample (Fig. 6) shows that pyrite is present
throughout the sample (green in Fig. 6b) and the
rock is also strongly sericitized (blue in Fig. 6b).
There is extensive dolomite/ankerite veining
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Fig. 4. Red—green—blue composite maps of synchrotron XFM data from sample GQ2. Map produced from a
dataset of 33.1 megapixels collected in about nine hours with a step size of 4 um and a dwell time of 0.98 ms/pixel.
(a) Iron (red), rubidium (green) and strontium (blue) highlights show the sample has two microstructural domains.
Pseudomorphed domain: igneous textured with large sericite pseudomorphs after plagioclase that concentrate
rubidium and iron-bearing chlorite. Homogenous domain: developed asymmetrically around a quartz vein
containing muscovite porphyroblasts. The quartz vein is cut by later calcite veins (containing strontium) with minor
dolomite and is associated with pyrite on one margin. White boxes show approximate locations of the
energy-dispersive X-ray spectrometry map in Figure 3b and the electron back-scattered diffraction dataset in

Figure 5. (b) Iron (red), titanium (green) and manganese (blue) show chemical alteration (manganese addition)
around the quartz vein. The titanium grains are ubiquitous in the pseudomorphed domain and completely absent in
the homogenous domain. Dotted line shows the edge of the manganese-enriched domain on the wall rock side of

the vein.

(iron 4+ calcium; orange in Fig. 6b) at the margin
with the main quartz vein and there are pieces of
pyrite- and sericite-bearing wall rock within the
quartz vein itself. The pyrite shows two distinct
microstructures within the wall rock (Fig. 6¢). One
microstructure has finer grained pyrite in chlorite
interspersed with centimetre-scale patches of seri-
cite (rubidium-bearing in Fig. 6¢) and chlorite.
Adjacent to this are coarser grained pyrites nucle-
ated on quartz-rich veins, surrounded by sericite
selvedges that are completely devoid of pyrite and
chlorite. Titanium-bearing grains are distributed
uniformly throughout the microstructure.

The pyrite grains in GQ3 have variable arsenic
contents. Assuming that similar pyrite trace element
compositions grew at the same time, a marker com-
position has been selected to compare pyrite popula-
tions based on their copper and arsenic contents
(Fig. 6d, e). Pyrite with 0.03-0.2 wt% As and

0.0004-0.03 wt% Cu is highlighted in green on
Fig. 6d. The exact compositional range used is
shown in the white outline in Figure 6e. The ele-
ment combination plot shows copper and arsenic
values for all pixels in the entire map with high cop-
per and arsenic in tennantite (not shown). Most of
the pyrites have low copper and arsenic contents.
The high arsenic values highlighted in Figure 6d
are found within a thin band in the large pyrites
and more widely distributed in the fine-grained
pyrite.

Sulphide distribution between gold-bearing and
barren samples was examined using HRXCT (Fig.
7a, b). Two 25 mm round samples were taken
from sample GQ3. One was from the gold-bearing
part and the other from the opposite end of the sam-
ple (c. 10 cm away). Crystal sizes distributions are
plotted as equivalent spherical diameter of the sul-
phide aggregates (Fig. 7c, d). The unmineralized
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sample contains a uniform number of particles of
diameter <1200 pwm, with very few particles larger
than this. In the gold-bearing sample particles
>1200 pm are more prevalent and there is a de-
crease in the proportion of particles with diameters
between 600 and 1200 wm relative to the unminer-
alized sample.

Cyclic vein formation and deformation

The homogenous domain appears as an asymmetri-
cal alteration selvedge with metasomatism so
intense that there has been complete destruction of
the original mineralogy and extreme bulk composi-
tional change. The diffuse zone of manganese
enrichment at the boundary between the two regions
is consistent with the homogenous domain being the
alteration selvedge to the vein, which grades into the
pseudomorphed domain. However, the difference in
immobile trace elements (e.g. titanium, zirconium,
Fig. 4b) between the two domains is not consistent
with derivation from the same protolith. We suggest
instead that the homogenous domain is an older vein
that has been recrystallized and fractured by the
later quartz vein. Elements conventionally consid-
ered immobile (e.g. titanium, zirconium) are present
in the pseudomorphed domain, but are absent from
the homogenous domain. This demonstrates that
the homogenous domain was originally a different
composition from the pseudomorphed domain.
The presence of the titanium-bearing grains within
the zone of diffuse manganese enrichment also
shows that this zone was originally part of the
homogenous domain that has minor amounts of
manganese-rich vein material in it. Observations
made at the outcrop scale that veins are often
re-fractured during subsequent fluid pressure cycles
are consistent with the homogenous domain being a
previously deformed vein.

The lack of CPO indicates that deformation was
not predominantly by dislocation creep. However,
the dolomite component of the homogenous domain
has a patchy CPO, where spatially clustered grain
aggregates exhibit similar orientations. Patchy
CPOs have been previously observed in dolomite
where neoblasts inherited the orientation of their
parent grain with limited subsequent rotation
(Leiss & Barber 1999). This phenomenon has also
been observed in albite where it is due to chemically
driven neocrystallization during deformation by
granular flow and the CPOs are unrelated to the
bulk deformation kinematics (Jiang et al. 2000).
Similarly, if the rocks deformed by fracturing, but
with little subsequent shearing and further commi-
nution, adjacent grains would share orientations.
The quartz does not appear to show the same patchy
CPO as the dolomite, even within the almost mono-
mineralic quartz domain.

Under the conditions of ore body formation at
SDGM (>300°C and 1-3kbar; Baker er al.
2010), dolomite would be expected to deform by
brittle fracture. However, examples of natural dolo-
mite fault rocks show evidence of the onset of
recrystallization at lower temperatures (c. 270°C)
where fluids are present (Newman & Mitra 1994),
possibly due to chemically driven neocrystallization
and not driven by strain alone. The patchy CPOs
present in this sample and the overall lack of a
CPO are consistent with a combination of one or
more of chemically driven recrystallization and brit-
tle fracturing in a low strain environment. The phase
mixing in the quartz—dolomite part of the micro-
structure would have occurred at this time by the
precipitation of quartz at triple junctions and along
micro-fractures, in a similar way to the processes
outlined by Kruse & Stiinitz (1999) and Kenkmann
& Dresen (2002).

Comparison between experimental and natural
quartz samples (Hirth & Tullis 1994) suggest that
the quartz would be in a semi-brittle deformational
regime with limited dislocation mobility. The gen-
eration of a random CPO by brittle processes prob-
ably requires larger strains than the patchy CPO in
the dolomite would allow. Therefore it is suggested
that the quartz-rich domain may be deforming by
brittle fracture, whereas the dolomite-rich region
is undergoing chemically driven recrystallization
and quartz precipitation. These microstructures
show that, although chemically homogenous at the
scale of the synchrotron XFM maps, this region con-
tains a wealth of information about how rocks
deform in mineral deposits and how successive gen-
erations of first dolomite, then quartz, then calcite
veins overprint one another both physically and
chemically.

Relationship between sulphide and gold
mineralization

The coarse-grained pyrites within the barren zone
are growing around a thin quartz vein (c-py in
Fig. 6¢), consistent with this being a locus of fluid
flow. During fluid flow the bulk composition of
the rocks can change significantly with the introduc-
tion of some elements (including gold and arsenic)
and the removal of others. The arsenic is present
within both the coarse and fine-grained pyrite
(f-py in Fig. 6¢) populations, indicating that these
were growing during fluid flow. The barren zone
could either be a vein of a different composition to
the rest of the rock (as highlighted in the previous
section), a zone of coarse pyrite growth, or a zone
of coarsening following the initial growth of
fine-grained pyrite.

A uniform distribution of titanium-bearing
grains across the barren zone (Fig. 6f) shows that
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it is not vein material, but has the same compo-
sition as the rest of the rock, although with no
fine-grained pyrite. Rough bulk composition calcu-
lations from areal sums of the synchrotron datasets
show that the regions surrounding the barren zone
have similar Rb/Sr and Ti/Zr ratios (i.e. these ele-
ments are immobile). Iron varies between 8 and
13% and, with the exceptions of the barren zone,
the Fe/As ratios are consistent (c. 65). The barren
zone is lower in arsenic (Fe/As = 214). This sug-
gests that the coarse sulphide occurred separately
to the fine-grained sulphide and is not just a prod-
uct of post-pyrite growth coarsening in a closed
system. The coarse zones are associated in three
dimensions with increased gold concentration (Fig.
7) due to protracted fluid flow that led both to the
addition of gold and the growth of the coarse
sulphides.

As the chemical zoning developed in the pyrites
records the mineral growth and has not been modi-
fied post-deposition, this zoning records the hydro-
thermal fluid flow in the deposit. High arsenic
concentrations occur as several growth zones within
the coarse-grained pyrites. The geometry of these
zones is slightly cryptic in some pyrites, but clearly
forms two parallel growth bands in others. The same
compositional range encompasses the majority of
the fine-grained pyrite. Oscillatory zoning in miner-
als can be attributed to oscillations in pressure, tem-
perature and bulk composition driven by externally
derived disequlibrium fluids (Ord er al. 2012) or
local kinetically controlled fractionation that devel-
ops due to differences in mineral growth rates and
inter-crystalline diffusion (Shore & Fowler 1996).
Recent models of non-hydrostatic metamorphism
suggest that the grain-scale stress distribution may
also be able to control the composition of minerals
precipitated (Wheeler 2014). Given the variations
in stresses that can be inferred from repeated vein-
ing, the effect of non-hydrostatic equilibrium should
also be kept in mind. It is not possible to say
unequivocally which of these is the driving force

for the observed zoning, but we postulate that the
coarse pyrites began growing in an arsenic-absent
environment and continued to grow, along with
the finer grained pyrite, during or after the addition
of arsenic to the rock over a length scale >10 cm. It
is likely that the first-formed pyrite is coarse due to
growth proceeding faster than nucleation, possible
in the open space of the forming quartz vein in
which they sit. Sulphur was introduced by the
fluid and iron was consumed from around the grow-
ing pyrites by the breakdown of chlorite to sericite,
forming an iron-depleted zone around the pyrites
similar to the aluminium depletion zones that have
been shown to develop around garnet porphyro-
blasts when growth is diffusion-limited (Carlson
1989). The fluid distribution was subsequently
more uniform through the rocks and nucleation
was easier, possibly due to higher degrees of super-
saturation or the presence of arsenic. The low iron
concentration around the coarse pyrites prevented
further nucleation.

Microscale constraints on macroscopic
processes at SDGM

Sulphide microstructures and chemical zoning point
to evolving fluid compositions during alteration by
dissolution and re-precipitation. The pyrite zoning
(Fig. 6¢) shows that coarse-grained pyrite begins
to grow in an arsenic-poor environment. As they
grow, consuming sulphur that enters the rock locally
along the fracture that they sit along, they remove
the iron from the surrounding rock by the break-
down of chlorite to produce pyrite. If the growth is
limited by the availability of sulphur, the rock is
never significantly supersaturated with respect to
pyrite, retarding the nucleation of new grains. The
removal of iron and the breakdown of chlorite
increases the wall rock permeability, allowing
wider alteration zones. Evolution of the fluid com-
position to be more arsenic-rich with a higher sul-
phur activity leads to large-scale growth of the

Fig. 5. Electron back-scattered diffraction data showing microstructure of homogenous domain adjacent to quartz
vein in Figure 4. (a) Phase map showing monomineralic quartz and quartz—dolomite areas. Dataset consists of a
map of 1800 x 1475 pixels and has a step size of 1 wm collected overnight. Chlorite is distributed through the
matrix and muscovite forms porphyroblasts. White boxes show locations of detailed datasets in (c) and (d).

(b) Contoured pole figures of dolomite fabrics contoured using a cone with a 10° half-width. Values denote
multiples of a mean uniform distribution. Values close to unity show that there is no preferred orientation within
either phase. (c¢) Orientation map of dolomite in the polymineralic domain using an inverse pole figure colour
scheme relative to sample surface normal (z). Patches denote manually identified areas of similar orientation
selected for analysis in (g) and (h). (d) Orientation map of quartz in the monomineralic domain using an inverse
pole figure colour scheme relative to sample surface normal (z). Dolomite is coloured blue. (e) Grain size
distribution for the polymineralic domain. Dashed lines show mean grain size for each phase. (f) Grain size
distribution for the monomineralic domain. Dashed lines show mean grain size for each phase. (g) Contoured pole
figures of dolomite fabrics from within patch 1 (in a) contoured using a cone with a 10° half-width. Values denote
multiples of a mean uniform distribution. (h) Contoured pole figures of dolomite fabrics from within patch 2 (in c)
contoured using a cone with a 10° half-width. Values denote multiples of a mean uniform distribution.
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Fig. 7. High-resolution X-ray computed tomography data showing sulphide (grey) and gold (black) distribution
from two 25 mm sub-sample cores of sample GQ3. (a) Rendering of particles in a native gold-bearing sub-sample.
(b) Rendering of particles in a barren sub-sample from c. 10 cm away from (a). (¢, d) Crystal size distributions for
each dataset are shown as equivalent spherical diameter of the particles. The cumulative frequency curves are also
shown (dashed line). The frequency plots show a decrease in the frequency of particles between 600 and 1200 wm
and an increase in frequency of particles coarser than 1200 wm, indicating a coarsening of particles close to the
gold mineralization.

Fig. 6. Chemical analysis of sample GQ3. (a) Optical image of the analysed rock slab. Bleached zones show
alteration around veins and the main vein on the right-hand side cuts across wall rock clasts. (b) Red—green—blue
composite map of microscale X-ray fluorescence data with calcium (red), iron (green) and potassium (blue) showing
the entire sample mapped at a 25 um pixel size. Pyrite (green) is distributed throughout the sericitized (blue) wall
rock, including in wall rock pieces within the gold-bearing quartz vein (darker area on the right-hand side).
Dolomite/ankerite (ank) veins are spatially coincident with the quartz vein. White dashed box shows the extent of
the synchrotron XFM map. Solid white box shows part of XFM map shown in (b) and (c). (¢) Red—green—blue
composite image of XFM data showing strontium (red), copper (green) and rubidium (blue). This is superimposed
on arsenic variations (greyscale from black = 0 to white = max) within the pyrite. Map produced from a dataset of
32.7 megapixels collected in about nine hours with a step size of 4 um, a dwell time of 0.98 ms/pixel (full dataset
shown in (f)). (d) Iron intensity map (greyscale) with compositions of pyrite outlined in (e) highlighted. The two
scales of pyrite, coarse and fine grained, are denoted by c-py and f-py, respectively. (e) Composition plot of arsenic
versus copper contoured for data density. White outline shows compositions highlighted in (c). (f) Red—green—blue
composite map showing zircon (red), titanium (green) and rubidium (blue) across the entire alteration zone to the
quartz vein. Titanium is uniformly distributed across the barren zone, indicating that this is all the same lithology as
the zones containing the fine-grained pyrite.
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fine-grained pyrite throughout the alteration halo.
Potentially superimposed on this are the effects of
local equilibrium, kinetic fractionation due to the
limited diffusion length scale and non-hydrostatic
stresses.

The data presented here are consistent with pre-
vious studies (Blenkinsop et al. 2007; Hantler 2009;
Baker et al. 2010; Oliver et al. 2012) that showed
multiple vein-forming deformation events that are
spatially localized such that the same rocks are frac-
tured in each event, although the absolute timescale
is not constrained. Distal alteration across one alter-
ation halo in the GQ lode is limited to pseudomorph-
ing of the original igneous microstructure by a
calcite—sericite—chlorite assemblage (Fig. 3). De-
spite the high mica content, which often leads to
weakening, these rocks remain relatively unsheared.
Closer to the gold-bearing quartz veins, the dolo-
mite veins show evidence for a combination of
chemically driven recrystallization and brittle defor-
mation (Fig. 5). Since the initial dolomitization, the
rocks have been fractured with several generations
of quartz, dolomite and calcite veins. None of these
microstructures show significant evidence for major
shear strain, with only minor centimetre-scale offset
on any fractures in the outcrop (Fig. 2). This style of
deformation can be generated by repeated cycles of
fluid pressure building up and releasing during brec-
ciation, as hypothesized by Baker ez al. (2010) based
on data from fluid inclusion studies. Cycles of pres-
sure release and fluid flow lead to large integrated
fluid fluxes through the rocks. In contrast with
some modestly sized deposits where small fluid vol-
umes have been inferred based on the extent of alter-
ation (Pearce et al. 2015), SDGM was the focus of
protracted fluid flow with temporally varying com-
positions. Moreover, the gold mineralization is spa-
tially associated with the fluid flow loci highlighted
by coarse-grained pyrite in the HRXCT datasets.
The lack of appreciable deformation within any of
the alteration zones is due to much of the deforma-
tion being brecciation caused by elevated fluid pres-
sure (Cox 2010) rather than due to high differential
stresses that would cause shearing.

Case study 2: compositional and
microstructural variations in sulphide ores
from Mt Keith, Western Australia

Geological background

The Mt Keith nickel sulphide deposit is located in
the Wiluna Domain of the Kalgoorlie Terrane of
the Yilgarn Craton, Western Australia (Hill &
Gole 1990). The Agnew Wiluna Greenstone Belt
(c. 2-7 Ga in age) consists of felsic to intermediate
volcanic and volcaniclastic rocks and sedimentary

rocks (mainly composed of sulphidic cherts and car-
bonaceous shales) with komatiites and komatiitic
basalts. The belt contains several world-class nickel
sulphide deposits and is considered to be the most
nickel-endowed region in the world after the
major Sudbury and Noril’sk-Talnakh camps (Hron-
sky & Schodde 2006). The Mt Keith (referred to as
the MKD5) deposit represents the world’s largest
accumulation of komatiite-associated magmatic
sulphide and is one of the best example of low-
grade, low-tonnage type II nickel sulphide hosted
in komatiite (Grguric et al. 2006). The deposit is
hosted in the Mt Keith Ultramafic Unit, which is
formed by olivine adcumulates (dunites) flanked lat-
erally by olivine meso- to orthocumulates (Rose-
ngren et al. 2005; Grguric et al. 2006; Rosengren
et al. 2008). The primary igneous silicate minerals
in these rocks have been completely replaced by
secondary minerals; however, there is an excellent
pseudomorphic preservation of the igneous textures.
Most of the economic mineralization is character-
ized by S/Ni ratios >1 and a sulphide abundance
varying between 0.5 and 5 vol%. The sulphide
minerals present consist mainly of pentlandite and
pyrrhotite and result from the crystallization of a
magmatic sulphide liquid. Sulphide liquids crystal-
lize as a mono-sulphide solid solution and an inter-
mediate solid solution and subsequently unmix to
form polymineralic aggregates, typically of pent-
landite, pyrrhotite and chalcopyrite with variable,
but minor, amounts of pyrite.

The PGEs (including platinum, palladium,
osmium, iridium, ruthenium and rhodium) and semi-
metals (e.g. selenium, arsenic, bismuth and tellu-
rium) have large partition coefficients with respect
to sulphide (see reviews by Barnes & Lightfoot
2005; Mungall & Brenan 2014). Consequently, as
soon as a sulphide liquid forms, it will collect the
PGEs and semi-metals from the coexisting silicate
magma. The metal concentrations in the sulphide
(relative to those in the parent magma) are mainly
a function of two parameters: the relative masses
of the silicate magma and the sulphide liquid
(Campbell & Naldrett 1979) and the kinetics of
PGE diffusion through the boundary layers around
sulphide liquid droplets (the kinetic factor; Mungall
2002). PGEs behave as immobile elements dur-
ing the alteration or metamorphism of disseminated
sulphide hosted in komatiites (Barnes & Liu 2012).
As a result, the PGE and semi-metal concentrations
in sulphide minerals may be used as a fingerprint
of silicate magma-—sulphide liquid interactions.
Previous LA-ICP-MS studies on the distribution of
PGE:s and other trace elements (including selenium,
arsenic, bismuth, tellurium and cobalt) within
magmatic base—metal sulphides have focused on
sulphides from PGE and nickel-PGE sulphide
deposits hosted in mafic intrusions, with only a


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Australian National University on

June 9, 2020

MICROCHARACTERIZATION OF ORE DEPOSITS 29

few studies carried out on sulphides associated
with komatiites.

Recent HRXCT studies have highlighted the pre-
sence of four main sulphide textures and sulphide
distributions at Mt Keith, based on the abundance,
the 3D size, the morphology, the degree of connec-
tivity and the distribution of the sulphide minerals
(Godel 2013; Godel et al. 2013). In this case study
we use this classification, along with the variations
in trace element concentrations from the LA-ICP-
MS mapping of sulphides, to constrain large-scale
sulphide—silicate melt interactions during komati-
ite-hosted magmatic sulphide ore formation.

Analytical techniques applied to Mt Keith
samples

Samples of different ore types from the Mt Keith
nickel sulphide deposit were scanned using an
XRADIA XRM 500 3D X-ray microscope. The
acquisition parameters and details of data process-
ing are given in Godel et al. (2013). Trace element
concentrations for selected elements were measured
using a Thermo X7 ICP-MS system coupled with a
New Wave Research 213 nm Nd:YAG UV laser
ablation system in the raster mode.

Results

The main textures of sulphides observed by Godel
et al. (2013) are shown in Figure 8: (1) finely dis-
seminated sulphides (Fig. 8a); (2) disseminated
to slightly interconnected sulphides (Fig. 8b); (3)
disseminated to globular sulphides (Fig. 8c); and
(4) disseminated to strongly interconnected sul-
phides. The finely disseminated sulphides (Fig. 8a)
are characterized by the presence of sub-spherical
(sphericity >0.98) sulphide aggregates that are
homogeneously distributed within the samples (up
to c¢. 1.5vol% sulphide). These small sulphide
aggregates are located at the olivine crystal bound-
aries and more particularly at the olivine triple junc-
tions. The sulphide aggregates have a size ranging
from a few tens of micrometres to ¢. 1000 wm equiv-
alent sphere diameter (Fig. 9). In contrast with the
finely disseminated sulphides, all other sulphide dis-
tributions are characterized by the presence of a
multimodal population of sulphide aggregates
(Figs 8b, ¢ & 9). The size and degree of connectivity
of the sulphides increase drastically in the samples
with sulphide abundance >1.5 vol%. In such cases,
a large proportion of the sulphides form networks of
variable size. The sulphide topology in these sam-
ples is controlled by the olivine crystal boundaries
and is inherited from the morphology of idiomor-
phic olivine crystals with 3D dihedral angles around
125° (Godel 2013). The extent of the sulphide net-
works is strongly correlated with the sulphide

proportions, with the largest interconnected network
forming locally up to 20 vol% of the rocks and up to
95% of the sulphide forming a single interconnected
network.

The combination of HRXCT with LA-ICP-MS
mapping and analysis (Fig. 8 and Godel er al.
2013) reveals the behaviour of the PGEs and other
trace elements (including selenium, arsenic, bis-
muth and tellurium) at the sulphide aggregate scales
(Fig. 8d—g) and in pentlandite and pyrrhotite in par-
ticular. At Mt Keith, platinum, iridium and gold are
below the detection limits in the bulk sulphides, but
form distinct small (a few micrometres in diameter)
minerals (mainly sperrylite and irarsite). This be-
haviour is similar to that observed in other nickel—
copper—PGE sulphide deposits (for a reveiw, see
Godel 2015). Ruthenium, rhodium and osmium
are strongly correlated with variations in arsenic
and tellurium concentrations within pentlandite
(Fig. 8g). Palladium, selenium and cobalt are the
only elements whose concentration remains rela-
tively constant within either pentlandite or pyrrho-
tite at the sulphide aggregate scale (Fig. 8g), with
concentrations usually an order of magnitude higher
in pentlandite than in pyrrhotite.

Magma dynamics of komatiite-hosted nickel
sulphide deposits

The textures of sulphide ores described here result
from interactions between sulphide and silicate
melts prior to and during emplacement of the ore
bodies. The trace element compositions of the sul-
phide minerals can be used to infer the extent of
any interactions between the two melt phases.
Cobalt has a low partition coefficient between sul-
phide and silicate liquids and is relatively mobile
on the microscale in a large range of environments
and has been shown to be erratic at Mt Keith
(Gole 2014). Similarly, selenium has a relatively
low (c. 1000) partition coefficient between sulphide
and silicate liquids compared with palladium (c.
1000 000) and hence cobalt and selenium are
expected to be less sensitive in monitoring sul-
phide—silicate liquid interactions. This is consistent
with the relatively low and constant selenium con-
centrations recorded for the different sulphide tex-
tures at Mt Keith (Godel et al. 2013). By contrast,
the palladium concentrations in pentlandite vary
by an order of magnitude (from c. 1 to 10 ppm)
within and between samples. Comparison of palla-
dium concentrations in pentlandite and the 3D size
of the corresponding sulphide aggregates reveals a
strong correlation between the two (Godel er al.
2013). Comparison of the average palladium con-
centrations in pentlandite from samples exhibit-
ing different sulphide distributions and topology
(Fig. 8d-f) highlight the fact that samples
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Fig. 9. Size distribution of sulphide aggregates in
samples from Mt Keith exhibiting a range of sulphide
textures. The data are presented as normalized volume
frequency (i.e. total volume of sulphide within a bin
range divided by the total volume of sulphide in the
sample) as a function of equivalent sphere diameter

(ESD) range.

containing globular sulphides (Fig. 8c) have higher
average palladium concentrations in pentlandite.
This is interpreted to reflect the greater interaction
of the larger sulphide aggregates with silicate
magma during transport in the flowing magma com-
pared with smaller sulphide aggregates that formed
by in situ nucleation with minimal transport (Godel
et al. 2013). In addition, the samples that contain a
higher proportion of large globular sulphides (up
to a few centimetres in diameter, easily recognizable
in drillcore) also have a higher grade of nickel. As
such, these sulphide morphologies are important
during an exploration/logging campaign to quickly
define the potential of the system to transport and
deposit higher grade sulphide-rich ores or to locate

areas of higher metal grade (Godel 2013; Godel

et al. 2013; Robertson et al. 2015) providing that a

large number of samples are analysed.

The data presented here show that the relatively
uniform palladium compositions within pentland-
ite grains from the Mt Keith deposit result from
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large-scale interactions between the silicate and sul-
phide melts. The interaction results in the enrich-
ment of palladium and the formation of large
sulphide globules. This coupled analysis of the 3D
sulphide distribution, size and morphology by
HRXCT with in sifu measurements of the palladium
concentrations in pentlandite using LA-ICP-MS not
only allows an insight into the dynamics of the mag-
matic system and the formation of the ore, but also
support the generation of new exploration models
to better target higher grade nickel ores. Current
technological developments allow the acquisition
and processing of a large number (hundreds) of sam-
ples with the capacity steadily increasing. As such,
this workflow can easily be translated into practical
use during an exploration campaign.

Microscale to mineral system: scale
integration of datasets over 10 orders
of magnitude

Microanalysis coupled with higher resolution nano-
scale techniques, such as atom probe tomography
and NanoSIMS, allows the atomic- to core-scale
analysis of mineral chemistry and microstructures.
Although these scales of data are key to understand-
ing the processes that form mineral deposits, alter-
ation halos and other ‘distal footprints’, they are
relatively time consuming and expensive, which
leads to questions of how representative the analy-
ses are of the system. Therefore it is essential to inte-
grate microanalyses within the larger deposit-scale
datasets that are routinely collected during explora-
tion and mining. Portable XRF measurements and
hyperspectral core mapping have been used suc-
cessfully to define both lithostratigraphy (Gazley
etal.2011; Haest et al. 2012) and alteration (Mauger
et al. 2007; Roache et al. 2011; Yuan et al. 2014) in
and around ore deposits. However, although semi-
automated systems are quantitative and objective,
the discrepancies that have arisen during testing
suggest that further verification may always be nec-
essary (Mauger & Hore 2009). To gain full advan-
tage from a truly multiscale analysis, datasets
should be linked together spatially so that, where
possible, the more detailed analyses are carried out
on representative parts of the system that refine
our understanding of the microstructures and,

Fig. 8. Three-dimensional distribution of sulphides in samples from Mt Keith exhibiting three different sulphide
textures: (a) finely disseminated sulphides; (b) finely disseminated to interconnected sulphide network; and (c) finely
disseminated to globular sulphide. The average palladium concentrations in pentlandite analysed from a range of
three-dimensional size and morphology of the sulphides in these samples are presented in (d), (e) and (f).

(g) Example of laser ablation inductively coupled plasma mass spectrometry map of a disseminated sulphide
aggregate from (b) showing the variable behaviour of platinum group elements and semi-metals at the sulphide

aggregate scale (see text for further explanation).
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ultimately, processes inferred from larger scale
analysis. For example, drillcore may be domain-
based on visual logging, picoscale XRF logging or
hyperspectral mapping and the domains that exhibit
interesting gradients in chemistry or are of high
grade may be sent for microscale XRF mapping.
The key reactions or host phases can subsequently
be investigated using detailed SEM-based analysis.
If mineral replacement or deformation is important,
EBSD may be able to guide the interpretation by
linking the reactants and products or investigating
deformation mechanisms to constrain temperature
and stress conditions. The impact of key processes
(replacement, deformation, ore mineral precipita-
tion) on the trace element content can be quantified
using LA-ICP-MS or PIXE mapping to record tem-
poral variations through, for example, zoned miner-
als. The preceding workflow relies on the analyses
being carried out in an appropriate order, with the
least destructive and most sensitive analyses (e.g.
CL) being performed before the analyses that have
the potential to cause minor lattice defects (e.g.
PIXE or EBSD on sensitive phases) or to remove
material (e.g. LA-ICP-MS). Once the microscale
processes are understood, an important and often
overlooked step is to upscale our microscale under-
standing of these processes to inform both the large-
scale processes (e.g. the repeated cycling of fluid
flow and brecciation in the absence of large-scale
shearing) and the signatures that can aid explora-
tion — for example, the breakdown of iron-bearing
mica enhancing permeability during metasomatism
and thus localizing fluid flow and the subsequent
gold mineralization that is manifested in hyper-
spectral core-scale or satellite-derived datasets. The
process-driven approach to exploration should ulti-
mately lead to a set of selection criteria for whether
a particular exploration model is applicable. This
will make model selection more robust than if using
only empirical relationships (e.g. gold correlates
with arsenic).

Compilations of chemical and mineralogical
logs into 3D models allows the architecture of
deposit to camp-scale plumbing systems to be
understood (Fisher et al. 2013; Hill et al. 2014a)
and statistically robust spatial associations to be
defined between the commodity of interest, the par-
ticular pathfinder elements or minerals (Hill ez al.
2014b) and phases of deformation. To understand
fully the processes active during deposit formation,
these phenomenological associations should be
tested at the microscale to identify their exact role
in ore genesis. We have shown here that, once estab-
lished, the locus of fluid flow and alteration is con-
centrated via repeated cycles of pressure build-up
and release. This can lead to protracted and complex
alteration halos that are impossible to deconvolve
using core-scale observations. For example, the

co-location of gold with sulphide, carbonate and
potassic alteration is common in greenstone-hosted
gold, with gold mineralization often linked to sul-
phide precipitation. However, it has recently been
shown that, at the microscale, gold is intimately
associated with reactions between carbonate and
potassium-bearing minerals and not with sulphides
(Pearce et al. 2015).

As microscale techniques become increasingly
widely used, it is likely that the results will drive
an ongoing reassessment of many established mod-
els for ore genesis, with changes in the weight-
ing given to microscale and macroscale features in
localizing ore deposition.
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