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ARTICLE INFO ABSTRACT

Understanding the association between precious metals and trace elements in ore minerals is integral to ore
deposit research and exploration. In situ characterization of ore minerals is now at the forefront of this field. The
power of in situ element mapping and characterization is the ability to combine geochemistry with mineralogical
and broader geological context. Synchrotron radiation (SR) X-ray techniques such as X-ray Fluorescence (XRF)
and X-ray Absorption Near Edge Spectroscopy (XANES) are incredibly powerful tools for studying ore systems
with applications in exploration, geometallurgy, and remediation. We provide examples of these applications to
gold-bearing samples from across the world-class Timmins gold camp in Canada. Analysis of thin sections, billet
offcuts, as well as cut rock slabs highlights the versatility of SR-XRF and XANES analysis at multiple stages of
deposit investigation and for multiple sample types. SR-XRF mapping of large areas at 20 pm resolution is very
effective for quickly identifying and characterizing gold and trace element associations with gold, even in low
grade and nuggety samples. Large area mapping is integral to quickly providing key geochemical information
within the sample context as well as for improving efficiency and mitigating bias in grain selection for higher
resolution analyses. High-resolution SR-XRF mapping and XANES analysis of individual mineral grains are
compared to conventional EPMA mapping and reveals micrometer scale associations with trace metals, Au, and
As. The characterization of trace element associations with different fluid events and gold mineralization styles is
integral to understanding mineralizing systems and developing exploration vectors. Point XRF and XANES
identified and characterized the presence and nature of refractory gold in pyrite as well as grain scale variability
in As speciation. An early understanding of the distribution and redox state of gold, trace metals, and deleterious
elements at the exploration stage has implications for mitigating future geometallurgy and remediation issues.
The examples presented highlight the potential for the application of synchrotron studies early in the mine cycle
for characterizing gold mineralization in orogenic systems.
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1. Introduction underdeveloped. With advances in x-ray fluorescence detector tech-
nologies and x-ray optics, the main limiting factors for the application
of this advanced technique (low availability, perceived high cost, long

collection times) are mitigated, and applications to ore deposit char-

The use of synchrotron X-ray techniques is well established in the
field of environmental science research (see Fenton, 2002 for a review),

as well as in the remediation and environmental research sectors of the
mining industry (e.g., Manceau et al., 2002; Sutton et al., 2002; Walker
et al., 2005; Fawcett and Jamieson, 2011; Etschmann et al., 2014; Wang
et al.,, 2016; Blanchard et al., 2017). However, applications for ore
deposit studies, exploration and production (geometallurgy) are
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acterization are being explored (e.g., Fisher et al., 2015; Li et al., 2016;
Etschmann et al., 2017; Pearce et al., 2017; Barnes et al., 2017a,b).
However, the integration of multiple synchrotron radiation micro-
analysis tools to orogenic gold deposits has not previously been de-
scribed. This study presents examples of synchrotron radiation
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Table 1
Sample Information. Au, As, and Ag values are in ppm.
Sample # Mine Host Type Sample Au Ag As
C406932 Dome Vipond Formation Ankerite Vein Thin Section 0.9 <05 177
C406934 Dome Vipond Formation Ankerite Vein Thin Section 5.7 4.7 90
E885276 Hoyle Pond Porcupine Assemblage Greywacke Thin Section (Qtz) 4.68
C408781 Dome Gold Center Formation Interflow Sediment Thin Section (Qtz) 98.1 16.4 > 10,000
C408779 Dome Timiskaming Conglomerate Sulfide Clast Thin Section and Slab 2.73 22.5 486
C410901 N/A Vipond Formation Ankerite Vein Slab 0.36 < 0.5 87
B-A Buffalo-Ankerite Hersey Lake Formation Ankerite Vein Slab 0.5 < 0.5 45
technlq}les app.hed to the c.}%aracter1z:?1t10n. of gold, pyrite anfi tra}ce 1 mm- P — — o — — — -
metals in a variety of depositional settings in the world class Timmins I SR-XRF |
gold camp in Canada. (See Table 1). 100 [
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There is a large body of work on the characterization of trace ele- s 7 I I (WDS) (EDS)
ments and gold in pyrite due its ubiquity in many ore deposit types = 1um | I ! ]
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(e.g., Cook and Chryssoulis, 1990; Simon et al., 1999; Cabri et al., 2000;
Reich et al., 2005; Deditius et al., 2008, 2011, 2014; Sykora et al.,
2018). The nature of refractory gold in pyrite is well characterized, and
occurs as both metallic Au® nanoparticles, and Au' * in the crystal
lattice of the pyrite (e.g., Cabri et al., 2000; Reich et al., 2005). The As
content and speciation (As'" vs. As®> * ) in arsenian pyrite can play a role
in the distribution of refractory gold mineralization and the introduc-
tion of other commonly deleterious trace elements into pyrite as As®>*
has been related to greater uptake of trace metals (Reich et al., 2005;
Deditius et al., 2008). Understanding associations of other trace ele-
ments (e.g., Cu, Ni, Co, W) with gold in pyrite has implications for
improving exploration in regions with complex mineralization histories
by identifying and characterizing distinct fluid events and for early
detection of potential remediation issues related to the release of de-
leterious elements (e.g., Feick 2016; Muhkerjee and Large, 2017,
Sykora et al., 2018). There are multiple techniques that are commonly
employed for in situ analysis of mineral grains applied to ore deposits,
with electron probe microanalysis (EPMA), secondary ion mass spec-
trometry (SIMS), and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) being the most common. For each of these
techniques there are trade-offs between image resolution, mappable
area, limits of detection, and the number of elements detected (Fig. 1;
see Pearce et al., 2017 for a review).

1.2. In situ geochemistry

The foundation for the effective application of high-resolution ore
mineral characterization and larger scale interpretations of ore forming
processes is robust characterization of sample context given the com-
plexity and heterogeneity of geologic samples (e.g., Schumann et al.,
2014). This is traditionally done by petrographic methods such as op-
tical microscopy and backscatter scanning electron microscopy (BSE-
SEM) (e.g., Large et al., 2009; Sykora et al., 2018). More recently, some
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Fig. 1. Comparison of the spatial resolution and detection range of micro-
analytical trace element mapping techniques. LA-ICP-MS: laser-ablation in-
ductively-coupled plasma mass spectrometry; SR-XRF: synchrotron X-ray
fluorescence; EPMA: electron probe micro-analysis; WDS: wavelength dis-
persive X-ray spectrometry; SEM: scanning electron microscopy; EDS: energy
dispersive X-ray spectrometry; (nano) SIMS: secondary ion mass spectrometry;
FE-SEM: field emission scanning electron microscopy; TEM: transmission elec-
tron microscopy. Techniques with dashed outlines are non-destructive. (mod-
ified from Reich et al., 2017).

of these have been automated to characterize entire thin sections and
may also include energy-dispersive X-ray spectrometry (EDS), which
provides chemical information (e.g., QEMSCAN, Mineralogic Mining,
ZEISS Atlas 5.0). The reality in the mining sector is that key questions
regarding exploration and processing need to be answered early and on
short time frames. The ability to optimize the conventional workflow by
bringing high-resolution analysis to the front end while also gaining key
contextual information represents a paradigm shift (e.g., Ryan et al.,
2018a,b).

LA-ICP-MS has become the technique of choice for in situ quanti-
tative trace element analysis with high spatial resolution in ore deposit
studies (e.g., Large et al., 2009; 2011, 2014, 2017; Muhkerjee and
Large, 2017). This technique can measure both major and trace ele-
ments with 5-50 um (typically 15-50 um) spatial resolution, but is
destructive to the sample (Pearce et al., 2017). Historically, the stan-
dard tool in metallurgy is mineral liberation analysis (MLA), which is
based on a scanning electron microscope (SEM) platform (Jones, 1987;
Petruk, 2000; Pearce et al., 2017). Electron probe micro-analysis
(EPMA) also utilizes a SEM platform, but with a wavelength dispersive
spectroscopy (WDS) detection system that allows for better precision in
detection of minor elements, as well as elements whose emission lines
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are close in energy (e.g., Pt-La and Au-La), or have multiple line in-
terferences (e.g., the REE). EPMA can in some cases achieve sub-micron
mapping resolution, but the area that can be mapped is restricted by
time and the number of elements that can be analyzed (Pearce et al.,
2017). Secondary ion mass spectrometry (SIMS) is considered the
benchmark technique for quantification of submicroscopic gold and is
commonly used in gold deportation studies (e.g., Dimov and Hart,
2011). SIMS analysis has lower detection limits than EPMA, however, is
destructive to the sample. Samples analyzed by SIMS, EPMA and LA-
ICP-MS are generally prepared as thin sections or mounted in epoxy as a
polished surface is required.

1.3. Synchrotron X-ray fluorescence (XRF)

Like other X-ray fluorescence (XRF) methods, synchrotron radiation
(SR) based micro-XRF is a non-destructive technique. It allows for the in
situ mapping of major and trace elements on the nanometer to micron
scale with minimal sample preparation (Fig. 1). Both polished thin
sections and whole rock samples can be analyzed, each with their own
set of caveats. Float glass, which is typically used for thin section pre-
paration, contains trace element impurities (e.g., As, Mn
(Supplementary materials)) that depending on the density and thick-
ness of the sample material can affect measurements due to the high
flux of a synchrotron X-ray source. In addition to reduced sample pre-
paration, the flexibility of synchrotron end stations permit for a variety
of sample sizes and shapes to be analyzed under atmospheric condi-
tions. The experimental set-up is customizable and the excitation en-
ergy is tunable, making for few limitations in terms of number of ele-
ments analyzed. The application of synchrotron SR-XRF mapping to ore
deposit studies has traditionally been restricted due to availability and
cost of beam time as well as long data acquisition times. However, with
advances in detector technology, its application to mapping trace ele-
ments in ore minerals has been pursued (e.g., Fisher et al., 2015; Li
et al., 2016; Barnes et al., 2017a,b). The introduction of the Maia de-
tector (384 element Si detector) allows for very fast data collection
(millisecond dwell times) with high-count rates (millions of counts;
Ryan et al., 2010a,b, 2013, 2014). This makes it possible to characterize
an entire thin section or rock slab at 20 um resolution within a few
hours. While in house uXRF instruments are now available with com-
parable spatial resolutions (e.g., Bruker Tornado, Sigray AttoMap™),
they are not tunable and cannot achieve the high flux of a synchrotron
source and so mapping at the sample scale is not practical, and specific
emissions cannot be targeted.

Unlike conventional in situ geochemical techniques (EPMA, SIMS,
LA-ICP-MS), SR-XRF analysis produces full spectrum data sets that can
identify elements present within a complex geologic sample that are
excited by the incident energy of the beam with ppm detection limits
(Fig. 1). The plethora of minor and trace elements found in pyrite, as
well as the inherent difficulty in characterizing trace elements in gold
make SR-XRF mapping a very effective technique for exploring the
relationship between gold, trace elements and pyrite in orogenic sys-
tems. Additionally, the non-destructive nature of SR-XRF analysis
makes it very complementary to other techniques, allowing for follow
up analysis by destructive nano-scale techniques, such as high-resolu-
tion transmission electron microscopy (HR-TEM), nanoSIMS, and atom
probe. This includes other synchrotron X-ray techniques, such as
XANES (x-ray absorption near edge spectroscopy), which provides in-
formation on trace metal speciation (e.g., Cabri et al., 2000; Etschmann
et al., 2017).

1.4. X-ray absorption near edge spectroscopy (XANES)

Synchrotron based research in ore deposit studies has primarily
focused on XANES analysis to study experimentally controlled systems
and processes, or very well constrained samples (see Brugger et al.,
2010 for a review). For example, metal complexing in fluid inclusions
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and experimental fluids (e.g., Brown, 1990; Bancroft and Hyland, 1990;
Mavrogenes et al., 2002; Etschmann et al., 2017), speciation of Au and
other trace metals in sulfides (e.g., Cabri et al., 2000; Cook et al., 2013),
and biogeochemical processes related to gold and platinum nugget
formation (e.g., Campbell et al., 2015; Shuster et al., 2015). XANES has
also been extensively applied to mining remediation studies to char-
acterize the speciation of metals and metalloids in environmental
samples (e.g., Walker et al., 2005; Fawcett and Jamieson, 2011;
Blanchard et al., 2017). Advances in detector technology have also had
an impact on the application of XANES analysis with the development
of XRF stacking for speciation mapping, which has been applied to
environmental, uranium ore, and As uptake into apatite (e.g.,
Etschmann et al., 2014, 2017; Lui et al., 2017). However, this technique
has yet to be applied to pyrite-rich gold ore samples. The benchmark
tool for investigations of Au and As in pyrite is generally SIMS analysis.
However, the methods and workflow by which pyrite-rich ores are
traditionally characterized may be improved by the adoption of syn-
chrotron radiation based techniques, such as XANES and SR-XRF.

2. Methods
2.1. Sample preparation

Slabs were cut from whole rock samples and standard polished thin
sections were prepared from selected samples. Aliquots of the whole
rock samples were sent for bulk rock geochemistry by inductively
coupled plasma-atomic-emission spectrometry (ME-ICP06 -Whole Rock
Package ICP-AES) and inductively coupled plasma mass spectrometry
(ME-MS81 - Lithium Borate Fusion ICP-MS) respectively, following
pulverization at ALS Minerals in Sudbury, Canada. Samples were
mounted both on standard float glass and quartz slides. The use of
quartz slides for thin section preparation mitigates the issue of con-
tamination from glass trace element content. The remaining slabs and
blocks from thin section preparation were preserved. Thin sections
were characterized by conventional light microscopy and backscattered
electron scanning electron microscopy (BSE-SEM). BSE-SEM analysis
was undertaken at the Western Nanofabrication facility where samples
were coated with 5nm amorphous osmium and imaged on a LEO
(Zeiss) 1540 XB field emission gun - scanning electron microscope
(FEG-SEM) that was operated at 10 kV.

2.2. Synchrotron radiation — X-ray fluorescence (SR-XRF) maps

SR-XRF data was collected over multiple visits at three different
third generation synchrotron source facilities (Canadian Light Source
VESPERS beam line, Cornell High Energy Synchrotron Source F3 beam
line, Advanced Photon Source 20-ID). All beam lines used are hard x-
ray beam lines with microprobe stations optimized for SR-XRF on dif-
ferent spatial scales. The details of each synchrotron, beam line, and
their analytical capabilities are summarized in the Supplementary data.

Thin sections and off-cuts were affixed onto custom designed alu-
minum sample holders and mounted on the sample translation stage.
Samples were raster-scanned through the focused beam to collect full
spectrum XRF data for each pixel across regions of interest within the
sample. Element maps were collected with an incident X-ray energy of
13.1 keV (APS and CHESS) and with the up to 20 keV pink (polychro-
matic) beam at the CLS. The spatial resolution ranged from 2 to 20 pm
and dwell times ranged from 4 msec to 1s. All experimental mapping
parameters are summarized in the Supplementary data. Standard foils
(Au, Mn, Fe, Sb) were used for energy calibration and NIST standard
SRM 1834 and implanted SIMS standards were analyzed to determine
beamline parameters for post processing.

2.3. X-ray absorption near edge spectroscopy

Individual XANES spectra were collected at the APS on beam line
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20-ID to determining the oxidation states of gold and arsenic. The en-
ergy position was calibrated to the gold L3 edge (Eq 11,919 eV) using
the first peak of the first derivative XANES spectrum of a metallic gold
foil standard. Energy scales were referenced to the gold foil spectrum.
The scan parameters of the XANES spectra with respect to E, were from
—150 to —20eV with 5eV steps, —20 to 20 eV with 0.5 eV steps, and
20eV to 9k with 0.05k steps. Eq is defined by the edge of interest
(11919eV for Au L-edge and 11868eV for the As K-edge). An in-
tegration time of 1s was used. Three (3) to five (5) scans were collected
for each point depending on the concentration of the element of in-
terest.

XANES mapping was performed at the CHESS F3 beam line by
collecting stacked SR-XRF elemental maps using the MAIA detector
(Kirkham et al., 2010; Ryan et al., 2010a,b, 2014). Regions for stacked
map and point XANES collection were selected from the Au and As XRF
maps of entire samples and data was also collected from Au and As
standards (arsenopyrite and metallic gold). Experimental parameters
were chosen to step over both the As K edge (11867 eV) and the Au L3
edge (11919 eV) with high energy resolution (0.5eV) and are sum-
marized in the Supplementary data.

2.4. Electron probe Micro-Analysis (EPMA)

Electron probe maps were collected with a JEOL JXA-8530f field
emission electron microbe at the Earth and Planetary Materials Analysis
Laboratory at the University of Western Ontario. Pyrite maps were
collected for the following elements: As, Cu, Zn, Au, Ni with a wave-
length dispersive x-ray spectrometer (WDS), and Fe and S with the
energy dispersive spectrometer (EDS) at 0.5 and 2 pym beam diameter.
Pure metal standards were used for the WDS maps (As-Gallium ar-
senide, gold, copper, nickle, zinc) to refine peak position for maximum
counts, and for the Fe and S EDS maps the default ranges from the EDS
detector were used. Maps were collected with an accelerating voltage of
15kV, 200 nA and a dwell time of 10 ms. Maps were created without
any manipulation to show the full spectrum of counts.

3. Data analysis
3.1. Peakaboo

SR-XRF maps collected at the CLS were processed using Peakaboo, a
software program developed by the University of Western Ontario as a
part of the Science Studio package (McIntyre et al., 2010). Peakaboo
allows for the identification of peaks in the XRF spectrum such as K, L,
and M fluorescence lines, escape peaks, and pileup peaks. It fits peaks
using a Gaussian function with preset widths, and the identification of
an element requires a close fit of multiple lines in the spectrum, each
with its own shape. Fits also take into account details such as separa-
tions and relative intensities of Ka 1 and 2, K 1, 2, and 3, La, L 1 and
2, Ly 1, 2, and 3 lines. The intensity of peaks for selected elements can
be plotted as a function of their spatial distribution in the sample
creating a spatially resolved elemental map. A 90% Brukner back-
ground removal is applied to the mean averaged spectrum for the entire
map to suppress background from X-ray scattering, and then the mean
average spectrum is fitted. For the fitting of spectral peaks a Gaussian
function is used with preset widths, and the identification of an element
requires a close fit to multiple lines in the spectrum. Following peak
fitting, two-dimensional maps are created to show the distribution of
selected element using two interpolation (smoothing) passes.

3.2. 2D-scan Plot

High resolution mapping data from APS ID-20 was analyzed using in
house software (2D Q-Scan Plot). 2D Q-Scan Plot processes full spec-
trum data and simultaneously creates intensity maps for preselected
regions of interest (ROI’s) within the full spectrum. Up to fifteen regions
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of interest were preselected based on the expected chemistry of the
sample. In general, the peak widths are ~420eV wide. However, the
regions were refined prior to mapping by collecting point spectra from
representative regions of the sample and adjusted to minimize the ef-
fects of peak overlap.

3.3. Athena

Athena 8.054 (Ravel and Newville, 2005) was used to processes the
XANES data. The spectra were normalized to the intensity of the in-
cident beam measured with an ion chamber upstream of these sample.
In Athena an energy calibration is performed to the gold L-edge with a
gold foil measured under the same experimental conditions. Pre- and
postedge processing follows standard methods (e.g., Dyer et al., 2001)
where the pre-edge was fit with a linear regression (—100 to —30eV)
relative to edge position), and the post-edge was fit with a second order
polynomial for normalization. Sample spectra was compared with re-
ference spectra collected during the experiment as well as reference
spectra from the literature.

3.4. GeoPIXE

Large-scale maps collected at CHESS F3 were analyzed using
GeoPIXE, a software suite that uses a fundamental parameters approach
with spectral deconvolution and imaging using the dynamic analysis
(DA) method (Ryan et al.,, 2010a). This is based on fitting a re-
presentative total spectrum and detailed model of the Maia detector
array efficiency, the details of which are outlined in Ryan et al. (2010).
This method results in a matrix transformation, which can produce real
time and offline projections of full spectrum data into elemental maps
yielding both qualitative and quantitative data and provide mineral
specific trace element contents (e.g., Fisher et al., 2015). For real time
mapping we created a bulk rock matrix, which approximates the
average composition of auriferous pyrite-rich samples. This was then
refined and refit using sample specific information with yields calcu-
lated using the specific matrix for that sample or region of interest with
the sample.

For the XRF stacks, a list of incident energies was created in
GeoPIXE. The SR-XRF spectrum at the highest incident energy was
fitted, and a XANES energy series DA matrix was formed. The same DA
matrix was used to extract the As images from maps collected at lower
incident energies. By extracting the As peak area for each pixel in all the
SR-XRF images XANES spectra were formed at each pixel. Quantitative
XANES stacking analysis may be achieved by methods such as PCA and
linear combination fitting (e.g., Etschmann et al., 2010, 2014). This is
particularly important for larger and more heterogeneous datasets.
However, at present a qualitative evaluation of our dataset is sufficient
to demonstrate the capability of XANES stacking analysis for identifying
changes in As redox on the grain scale.

4. Results
4.1. EPMA mapping

Detailed microscopy identified two euhedral pyrite grains in the
pyrite-rich vein margin of sample C46932. The grains contain small
~10pum gold inclusions and BSE-SEM identified an As-rich core
(Fig. 2a). Trace element mapping by both EPMA and SR-XRF revealed
that the As-rich core of the pyrite is made up of arsenopyrite inclusions
as well as arsenian pyrite and identifies the presence of Cu, and Zn-rich
inclusions, and zones of Ni enrichment in the pyrite which overprint the
As-rich core (Fig. 2b, c). EPMA mapping provided slightly more detail
in the As and Ni maps, showing finer structure in the enrichments as the
map resolution is 0.5 um compared to 2 pm for the SR-XRF maps.
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Fig. 2. Comparison of EPMA and SR-XRF mapping of individual pyrite grains using the conventional workflow for high-resolution analysis (C406932). A. Grain
selection for high-resolution analysis generally begins with selecting regions of interest from a whole rock sample for thin section preparation, in this case the pyrite-
rich vein a thin section followed by characterization by conventional light microscopy and BSE-SEM. B. 0.5 pm resolution EPMA trace element maps of a grain of
interest C. 2 um resolution SR-XRF maps of the same grain show comparable resolution of inclusions and trace element distributions but with full spectrum data
collection.

4.2. Multi-scale SR-XRF mapping multiple styles of sulfide mineralization and identifies the relationship
between Au and sulfides in the sample (Fig. 3). The sample is a sericite

4.2.1. Sample E885276 altered greywacke dominated by with quartz and carbonate stringers.
SR-XRF mapping of a sample of auriferous greywacke reveals Coarse 20 um resolution mapping (Fig. 3a) reveal that the sample

Fig. 3. SR-XRF maps of sample E885276. A. 20 um resolution RGB maps of a thin section mounted on a quartz slide reveal potassic and carbonate alteration as well as
several styles of sulfide mineralization. B. 8 um resolution mapping shows that Cu and Ni are associated with arsenopyrite needles, and that Zn and Au are
concentrated in the center of the cluster of sulfide C. 3 pm resolution SR-XRF mapping shows that there are chalcopyrite grains in the centre and that the groundmass
is Ca and Mn rich.
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sulfide content is dominated by arsenopyrite, which occurs as small
clusters of needles at the margins of quartz-carbonate stringers, large
mm scale clusters associate (Fig. 3a inset), and as elongated needles.
The large clusters of arsenopyrite are associated with fine-grained
chalcopyrite, sphalerite, and gold (Fig. 3b). Coarse sample mapping
also identified gold on the < 15um scale associated with the larger
clusters of arsenopyrite. Fine-scale mapping (8 and 2um resolution;
Fig. 3b, c) reveals that the arsenopyrite needles are uniform in their
geochemistry on the micron scale, with no core-rim structures or
growth haloes (Fig. 3b, c¢). Small Ni-rich grains (likely pentlandite)
occur throughout the arsenopyrite cluster (Fig. 3b) and Cu and Zn are
concentrated at the center of the cluster, which does not contain ar-
senopyrite. Fine-grained gold also occurs in the central region of the
cluster, which is also Ca and Mn (carbonate- rich (Fig. 3b, c¢). The ar-
senopyrite raw spectra extracted from the maps indicates that there is
no refractory gold in the arsenopyrite.

4.2.2. Sample C408780

Sample C408780, a sulfide-rich and auriferous interflow sediment
(C408780) is crosscut by a small cm = scale carbonate (ankerite) vein,
and contains variable sulfide content dominated by pyrite and spha-
lerite. Coarse 20 um resolution mapping reveals the sample also con-
tains fine-grained arsenopyrite and chalcopyrite associated with the
ankerite veinlet. Two different associations with gold and trace metals
(Au-Zn and Au-Cu-pyrite) are identified and highlighted in inset boxes,

Ore Geology Reviews 104 (2019) 589-602

and gold is not related to a crosscutting ankerite veinlet (Fig. 4a). The
most spectacular gold mineralization style observed is free gold
(20-200 um scale) associated with coarse-grained subhedral to eu-
hedral pyrite, massive sphalerite and fine-grained arsenopyrite miner-
alization (Fig. 4b). The second type of gold mineralization occurs as
~20um inclusions in euhedral pyrite with associated pyrrhotite and
chalcopyrite mineralization. These euhedral pyrite grains contain Ni
and show some zonation in their As content with As-rich rims (Fig. 4c).

4.2.3. Sample C406934

The ankerite vein samples is dominated by ankerite and calcite with
minor quartz. The sample contains disseminated pyrite which is con-
centrated towards the vein margin (top of sample). 20 um resolution
mapping (Fig. 5a) reveals that gold is associated with regions of pyrite
mineralization in the carbonate-rich vein material and that many grains
have As-rich cores (Fig. 5a). Gold in the vein material occurs primarily
in the main ankerite vein material. Gold occurs with fine- and coarse-
grained pyrite, in pyrite stringers as well as with disseminated pyrite.
High-resolution (3 pm) SR-XRF mapping of a gold-bearing pyrite grain
shows that gold occurs along the pyrite grain margin and in fractures
(Fig. 5b). It also reveals complex zonation of As and trace metals (Cu,
Zn, Ni) which occurs both as laminations and inclusions, which are Cu-
and As-rich. Depletions in S are also observed in some of the As en-
riched haloes. At the grain-scale, the As content of the glass slide does
not interfere with mapping as the density of pyrite does not allow for X-

Fig. 4. SR-XRF maps of samples C408781. A. 20 um resolution RGB maps of a thin section mounted on a quartz slide reveal the textural relationships between several
styles of sulfide mineralization as well as overprinting veining. B. 8 um resolution mapping shows an example of free gold associated with pyrite and sphalerite
mineralisation C. 2 um resolution SR-XRF of a euhedral pyrite grain with a gold inclusion.
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Fig. 5. A. SR-XRF maps of sample C406934. A. 20 um resolution RGB maps of a thin section of gold bearing ankerite vein show the distribution of pyrite in the
ankerite rich vein material. The circles outline regions with Au mineralization, and the square is the region mapped in B. High resolution SR-XRF maps (2 pm
resolution) show complex zonation of As, Cu, Zn and Ni in the pyrite grain (C406934_001) as well as Au at grain margins and in fractures. The thin section is mounted
on conventionally used float glass, and the As content of the glass interferes with sample scale mapping in regions which are not sulfide rich.

ray penetration through the ~ 30 um thick pyrite grain to the glass, and
the high As content of the arsenian pyrite overshadows any As detected
in the glass through the carbonate-rich groundmass (Fig. 5b).

4.2.4. Sample C408779

Sample C408779 is an auriferous sulfide clast dominated by sub-
hedral to euhedral pyrite with minor chalcopyrite. Mapping of a thin
section and its corresponding billet off cut reveals pyrite grains with As-
rich rims and inner haloes, and that gold occurs at pyrite grain margins.
(Fig. 6a, d). At the sample scale, whole rock mapping provides better
resolution for As mapping and better reveals As-rich growth haloes
because there is no interference from the thin section glass (Fig. 6d).
Higher resolution mapping (10 um resolution) reveals euhedral Ni zo-
nation in the pyrite grains, which was not resolvable at the sample-
scale. It also reveals the textural relationships between sphalerite,
chalcopyrite and pyrite mineralization (Fig. 6b, e). Multi-stage pyrite
growth was investigated further with 2 um resolution mapping (Fig. 6e,
f) and reveals that in addition to As and Ni zonation, the pyrite grain
has a copper enriched anhedral core. This is overprinted by arsenian
euhedral overgrowth with a Ni enriched euhedral rim. In the whole
rock sample, topography begins to impact mapping at the 2 um scale,
however, the trace element associations observed in thin section map-
ping are still resolvable (Fig. 6e, f).

4.3. Point XRF and XANES

4.3.1. Sample C406934
A transect of XRF spectra across the As-rich halo in the Au- and As-
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rich grain in sample C406934 (Fig. 5b) reveals that even the As-poor
regions of the map have substantial As content (Fig. 7a, b). It also re-
veals a negative correlation between the concentration of As and Fe in
the sample as you move out from the grain center providing insights
into the mode of As uptake into the pyrite lattice. Point SR-XRF also
identifies a minor refractory gold contribution, which is highest in the
outer As halo of the grain as evidenced by a peak at ~9713 eV (Au Ka)
(Fig. 7a).

The XANES spectra across the same transect reveals a change in As
speciation as you move across the halo to the rim of the pyrite grain
(Fig. 7c). Arsenic in outer halo has a XANES spectrum dominated by an
edge position characteristic of As'" (11,867 eV) that is commonly ob-
served in arsenopyrite and arsenian pyrite. There is contribution of
more than one As species in the inner halo and the outer rim of the
grain (Fig. 7b). The outer rim of the grain contains less As, but has a
XANES spectrum characteristic of more oxidized As species with fea-
tures at 11,871 eV (As*?®) and 11,874 eV (As®*). The shape of the Au L-
edge XANES spectrum (Fig. 7d) of Au from the Au-rich region of the
transect (Fig. 7a) is consistent with the presence of metallic Au° and
Au'*. This indicates that the there is a refractory gold contribution
from lattice bound gold, as well as metal nano-particulate gold in that
region of the grain.

SR-XRF map stacks were collected to visualize the spatial variability
in As speciation across the grain at the 20 um scale. The average XANES
spectra for the entire region reveals that As'~ as the dominant As species
in the pyrite grain, with an edge position of 11,867 eV (Fig. 8). This
reflects the fact that the bulk of the As in the sample is from the As-rich
core of the grain (Fig. 7a, b). The contribution of As from the As poor
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Fig. 6. SR-XRF mapping of C408779 thin section and billet. A and D. RGB maps at 20 um resolution show that there is zonation in the As contents of pyrite grains,
and gold at grain margins. However, zonation in the pyrites is more pronounced in the raw rock sample due to the As content of the glass slide on which the thin
section is made. B and E. At a slightly higher resolution (B-8 pm resolution) and more zoomed in (E-20 um resolution) SR-XRF maps from the CLS (B) and APS (E)
show that there is also a bimodal spatial relationship between As and Ni pyrite content. C. and F. At 2 um resolution, the relationship between Au and Ni can be
clearly seen and sample topography begins to have an influence on map quality (C- C408779_001).
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Fig. 7. SR-XRF and XANES spectrum of C406934_001. A SR-XRF spectrum across a haloed grain show variability in As and trace metal content. The black and blue
spectra are displaced for clarity. B. Map of As content (Fig. 5) showing the positions from which point SR-XRF and XANES data was collected (spots). C. Normalized
spectra of the As-K edge region shows differences in edge position and shape indicating changes in As speciation across the grain. D. Au-L edge XANES spectra for the

outer As halo which showed Au in the XRF spectra.

regions at the edge of the grain is negligible in terms of total grain As. A
limiting factor is the 20 um spatial resolution of the map, which is not
sufficient to visualize the fine growth haloes. The map also highlights
the issue of using glass slides, as the contribution of As®** and As®*
from the glass can be detected in the 11,871 and 11,874 eV maps (see
Supplementary materials for glass XANES spectra). This is observed as
the lighter blue region around the grain where the X-rays can penetrate
the carbonate groundmass to sample the glass.

4.3.2. Sample C408779

A transect of point SR-XRF analysis across the pyrite grain from the
rim to the core in Fig. 6e (Fig. 9a), shows variability in the As and trace
metal contents (Cu, Ni, Zn) across the grain but no detectable gold
(Fig. 9b). The core of the grain is enriched in Zn whereas the rim is
enriched in Ni, Cu and As (Fig. 9a, b). XANES analyses were taken from
the same locations and reveal variability in the speciation of As across
the grain. The XANES spectra from the As-rich rim of the grain are
characteristic of As’” with an edge position of 11,867 eV (Fig. 9¢). The
As-K edge of the XANES spectra from the poor inner region of the grain
is at a higher energy than the rim spectra (Fig. 9¢). The feature at
11.871 eV is characteristic of a more oxidized form of As, likely As>*.
SR-XRF map stacks were collected and confirm the presence of As'™ as
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the dominant As species in the pyrite grain, with an edge position of
11,867 eV (Fig. 10). However, it is apparent that in the central regions
of the pyrite grain the edge shifts to slightly higher energy with a
change in edge shape that reflecting the observations made in the point
spectra.

4.4. Whole rock mapping

The capability of whole rock mapping to provide meaningful geo-
chemical information for previously uncharacterized samples was in-
vestigated with 20 pm resolution SR-XRF mapping (Fig. 11). Two
samples from different deposits and host rock are described in more
detail below.

4.4.1. Buffalo ankerite (BA)

Sample BA is an ankerite vein sample from the Buffalo Ankerite
mine hosted in an ultramafic (komatiite) volcanic unit. The sample is
dominated by quartz, ankerite, sericite, and pyrite. Mapping reveals
that the much of pyrite in the sample is arsenian in nature and is as-
sociated with fine-grained arsenopyrite (Fig. 12). It also identifies the
presence of fine-grained Ni sulfides and an association between intense
sericitization (K map), Ni and and pyrite. Gold in the sample occurs
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Fig. 8. SR-XRF As XANES stacks of C406934_001 (Fig. 5). Average As XANES
spectra of a haloed pyrite grain (20 um resolution) and As maps at multiple
energies. The As K-edge is indicative of As* * being the primary species of As in
the pyrite grain.

associated with pyrite (top of sample) as well as fine-grained Ni sulfides
(bottom right), and with the region of intense sericitization in the
center of the sample.

4.4.2. Sample C410901

Mapping of a whole rock sample of ankerite veinlet in an un-
mineralized outcrop of Tisdale Assemblage reveals variability in an-
kerite chemistry (Fig. 13 Fe, Ca, Mn maps). The sample is dominated by
banded ankerite with quartz extension veins and fine-grained dis-
seminated pyrite at the vein margin. Mapping also reveals the presence
of arsenopyrite, chalcopyrite and a fine-grained T- bearing phase (likely
rutile) in the wall rock. Arsenopyrite is associated with the ankerite
veinlet margin but also a quartz stringing in the wall rock. Gold is only
conclusively detected as one small occurrence of free gold in the wall
rock (Fig. 13).
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5. Discussion

SR-XRF mapping of samples is an effective method for quickly and
effectively identifying the presence of gold in multiple types of complex
ore samples, for characterizing gold associations with various mineral
phases, and for identification of trace element associations with gold.
This is an inherently time consuming task by conventional petrographic
methods as gold in orogenic deposits is commonly nuggetty on the
sample and micrometer scale. We show that it is possible to quickly and
efficiently detect and characterize gold in heterogeneous and complex
samples from multiple depositional contexts. If this information is
available early in the mining cycle it could be used to guide exploration
in complex systems where bulk rock geochemistry does not provide
clear trace element associations or vectors towards mineralization, and
can also provide insights into future remediation and geometallurgical
issues.

5.1. Multi-scale mapping

High-resolution in situ trace element mapping of pyrite has become
an increasingly important part of ore deposit research (e.g., Large et al.,
2009; Fougerouse et al., 2016; Sykora et al., 2018). Mapping of aur-
iferous grains in sample C407932 (Fig. 2) shows that SR-XRF and EPMA
produce equivalent datasets in terms of spatial resolution and detect-
ability of trace metals. EPMA and LA-ICP-MS are broadly used in the
mining industry for grain-scale studies, and they rely on extensive
sample characterization by traditional methods (petrography, BSE-
SEM) for grain selection (e.g., Fig. 2). This is due to limitations in the
scale of the mappable area by EPMA, SIMS and LA-ICP-MS, as well as
sample preparation requirements (Fig. 1). The ability of SR-XRF to
produce large-scale maps can improve the efficiency of grain selection
for higher resolution studies and mitigate sample bias by providing
geochemical information on a large number of grains (e.g., Figs. 3 and
4.

The capability of SR analysis for interrogating samples at multiple
scales and with multiple techniques hinges on its non-destructive
nature. This also makes it very complementary to other more tradi-
tional techniques (e.g., LA-ICP-MS, SIMS, TEM). The caveat is that
mounting samples on traditional thin section glass is problematic due to
the trace element of the glass (e.g., Figs. 5 and 6). This is particularly
important for orogenic gold deposits where As is common and often an
important trace element vector for gold, but can be mitigated by using
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Fig. 9. SR-XRF and XANES spectra of C408779_001. A. SR-XRF map of As in grain C408779_001 (Fig. 10C) B. SR-XRF spectrum show variability in As and trace
metals across the growth haloes C. The normalized edge region of the As K-edge XANES spectra reveals that rim regions of the grain are dominated by As' * and the

core of the grain contain As in a higher oxidation state (As® " and As ° ).
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Fig. 10. XANES As stack of C408779. XANES spectra from a haloed pyrite grain in the auriferous clast, and a map at 11.867 keV (spectra extracted from regions

outlined in map, and corresponding colors).

quartz slides or whole rock slabs. The four examples of multi-scale
mapping highlight the ability of SR-XRF mapping of thin sections for
identifying gold in heterogeneous samples from a number of different
depositional contexts; greywacke (E885276), a massive sulfide lens
(C408781), hydrothermal vein (C406934), and conglomerate
(C408779). Gold grades range from 2.73 to 98.1 g/t in these samples
and gold is nuggety and occurs on the 5-50 um scale. SR-XRF mapping
on the sample scale quickly identified gold in each sample type and
provided integral mineralogical context for mineralization. Ad-
ditionally, the datasets are not constrained to a small number of pre-
selected elements of interest as with EPMA. Each pixel contains a full
spectrum, which allows for further interrogation of the data and can
provide insights in new and sometimes unexpected results.

Higher resolution mapping of gold-bearing regions of the samples
provided insights into mineralizing mechanisms, fluid histories and
trace element vectors. In sample E885276, gold is associated with ar-
senopyrite mineralization and not pyrite, and there is no refractory gold
in the sulfide phases. In the rest of the samples, gold is generally as-
sociated with pyrite and in the case of the conglomerate pyrite clast,
gold is related to the As-rich rims of pyrite grains (Fig. 6). The converse
is true of the vein sample (C406934) where free gold occurs in fractures
and on the vein margins of a pyrite with an As-rich core. For the syn-
volcanic interflow sediment samples, gold is not associated with As or
overprinting carbonate veining but is more closely related to early Zn
and Cu.

All the samples show evidence for multiple fluid events, and multi-
scale mapping provides insights into the timing of gold introduction to

the system. Gold in samples E885276 and C408781 is associated with
sulfide mineralization (arsenopyrite, sphalerite, pyrite) and not over-
printing veining. Both the vein (C406934) and clast (C408779) samples
show evidence for multiple overprinting fluid events in the distribution
of trace elements in pyrite. Pyrite grains show complex patterns of As,
Ni and Cu zonation as well as textural evidence for remobilization of
metals. In sample C408779, this core rim pattern is resolvable in the
sample scale mapping, and is ubiquitous in the sample providing evi-
dence post-depositional stage of hydrothermal overprinting. These
pyritic clasts are some of the earliest mineralization in the Timmins
camp and are described in detail by Gray and Hutchinson (2001). The
mapping observations provide further evidence for the role of epige-
netic upgrading and possible metamorphic recrystallization of aur-
iferous pyrite in the pyritic clasts of the Timiskaming conglomerate.
Understanding the role of variable enrichment from multiple fluid
events and remobilization of metals and gold in ore systems is integral
to developing exploration vectors.

Generally, in situ mapping techniques are labor intensive, time
consuming and require extensive sample preparation and so are not
utilized at the early stages of an ore deposit study or in exploration.
Using sample C408779 we show that comparable datasets to prepared
thin sections can be obtained using whole rock slabs. The ability to map
whole rock samples with full spectrum datasets allows for the appli-
cation of in situ geochemistry as early as the exploration stage. The
application of whole rock mapping was applied to two previously un-
characterized samples (BA, C410901). Both contain less than 1 g/t in
bulk sample geochemical analysis and mapping reveals free gold. This

Fig. 11. Whole rock SR-XRF RGB maps A. 6 whole
rock samples (C409401, C410910, BA, C410300,
C410280, C408779) were mapped at 20 pm resolu-
tion over ~ 11hrs. The 5 on the left are all cut from
raw samples and the far right sample is a thin section
offcut (Fig. 6). B. SR-XRF maps (20 pm resolution) of
6 whole rock samples (red — Fe, green — As, blue —
Ca).

FeAsCa
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Fig. 12. Whole rock SR-XRF maps for sample BA, a raw cut sample from the Buffalo-Ankerite mine. Mapping reveals differences in the vein geochemistry of these
ankerite veins from the Dome ankerite veins and provides context for gold mineralization as well as trace element information with mineralogical context samples.

highlights the nugget effect commonly encountered in sampling for
orogenic gold.

5.2. Metal speciation

The non-destructive nature of, and the full spectrum datasets pro-
duced by SR-XRF mapping allows for the interrogation of a large range
of trace elements and further characterization of samples of interest. In
particular, the relationship speciation of As and Au in pyrite is im-
portant for orogenic gold studies in the contexts of geometallurgy and
remediation. The nature and abundance of refractory gold will de-
termine the extraction method required for ore processing and impact
gold recoveries, and the nature of As in the ore samples has important
environmental consideration.

In the case of the arsenopyrite-rich greywacke (E885276) sample,
the relationship between gold and arsenopyrite was constrained by
multi-scale mapping and a suspected component of refractory gold was
ruled out by investigating the XRF spectrum. Conversely, refractory
gold was identified in a discrete region of As-rich halo of a zoned pyrite
grain in sample C406934 (Fig. 7). Further analysis by XANES was ap-
plied to distinguish whether the refractory gold is nano-particulate
metallic gold or lattice bound Au'* and indicated that both forms were
present. While in these examples the refractory gold content of the
sample is negligible, it serves as an example of the application of this
techniques to other deposits where there may be significant implica-
tions for ore processing and improving recoveries based on the presence
of lattice bound gold, which may require high-pressure oxidation of the
pyrite for liberation.

Understanding the relationship between Au and As is also relevant
for exploration and remediation. It can provide insights into fluid
chemistry, metal endowments and mineralizing mechanisms and the
potential for metal release into the environment. Samples C406934
(Fig. 5) and C408779 (Fig. 6) show evidence for multiple stages of
pyrite growth in their SR-XRF mapping. The speciation of As in the
zoned pyrites was investigated by XANES to provide insights in to the
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redox state of the mineralizing fluids. XANES point analysis transects
show a converse change in As speciation from the pyrite core to rim in
the two samples. The vein sample has an As'*-rich core and a rim in
which the As is in its more oxidized states (As®*/°"). Generally As
occurs in pyrite as As', but under more oxidizing conditions pyrite will
incorporate As® T into its structure (Reich et al., 2005; Deditius et al.,
2008, 2014). The speciation of As can reveal changes in the redox
conditions of the fluid, which may play a role in the concentration of
deleterious elements and gold in pyrite (Deditius et al., 2008). The SR-
XREF stacks applied to samples C406934 (Fig. 8) and C408779 (Fig. 10)
are limited in their spatial resolution, however, they provide a useful
measurement of the bulk As speciation of the samples. Despite the
variable observed in both samples on the micron scale, they are
dominated by As'". Traditionally, these sorts of speciation studies have
only been applied late in the mining cycle to address environmental and
remediation questions. However, with advances in the application of
SR-XRF stacks, it is possible to investigate trace element speciation on
the sample scale and provide insights in the distribution of refractory
gold and deleterious elements early in the mine cycle to identify po-
tential future remediation and geometallurgical issues.

6. Conclusions

This work highlights the potential for improving the speed and
workflow for high-resolution studies of ore deposits while providing
simultaneous geochemical and textural datasets which exceeds con-
ventional methods. Integrating bulk rock with in situ multi-scale syn-
chrotron analysis provides a very powerful dataset in which the micron-
scale geochemical observations are well constrained and can be more
confidently extrapolated to the sample or deposit scale. The value of
moving beyond simple bulk rock geochemistry early in the mine cycle is
being addressed by the scientific community (e.g., QEMSCAN,
Terraspec, table top XRF systems). However, none of the techniques
presently available provide the same spatially resolvable, multi-scale,
and quantitative geochemical information as SR-XRF mapping does.
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Fig. 13. SR-XRF maps C410910, a raw cut sample from Pearl Lake. Mapping reveals variations in the geochemistry of vein mineralogy (carbonate Fe and Mn
content), trace metal content of sulfide phases (As, Cu) and identifies micrometer scale gold mineralization throughout the sample.

The integration of large-scale SR-XRF mapping datasets at the begin-
ning of a workflow (on whole rock samples) followed by higher re-
solution mapping, point SR-XRF and XANES analysis has not been
previously described for orogenic systems. The lack of sample pre-
paration required for these techniques makes them ideal for integration
into standard exploration and metallurgical studies early in the mining
cycle. This is integral to avoiding mineral liberation issues in the future
of a deposit, and for exploring in a climate in which lower grade and
more complex deposit types are being exploited. This workflow is not
just relevant for orogenic deposits but can be applied to any deposit
type in which ore minerals and elements are dilute.
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