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Abstract The Maia large solid-angle detector array and im-
aging system is capable of collecting high-resolution images
of up to ∼100 M pixels in size with dwell times of less than
0.2 ms per pixel and thus it is possible to document variation
in textures associated with trace element chemistry by
collecting quantified elemental maps of geological samples
on the scale of entire thin sections in a short time frame (6–
8 hr). The analysis is nondestructive and allows variation to be
recognised on a centimetre scale while also recognising zona-
tions at the micron scale.

Studies of ore systems require microanalysis of samples to
collect information on mineral chemistry in order to under-
stand physiochemical conditions during ore genesis and

alteration. Such studies contribute to the debate on whether
precious metals are remobilised or introduced in multiple
hydrothermal events. In this study we demonstrate the micro-
analytical capabilities of the Maia large solid-angle detector
array and imaging system on the X-ray fluorescence micros-
copy beamline at the Australian Synchrotron to provide data
for these studies. We present a series of case studies from
orogenic gold deposits that illustrate the power of the Maia
detector for constraining chemical zonations in sulphides and
associated alteration minerals, which can be used to decipher
ore-forming processes associated with gold deposition. A
series of large-area (<7 cm2) elemental maps were collected
with 2 to 4 μm pixel size using the Maia detector array. The
data was processed using the GeoPIXE™ software package
which allows variation in trace, minor and major element
chemistry to be visualised in element maps. These maps are
used to target further investigation with bulk spectra extracted
and fitted for specific mineral grains and transects drawn
through regions of interest. Analysis using the Maia detector
offers a complementary method tomap element distribution in
geological samples that is both relatively fast and has a low
detection limit for many elements of interest.
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Introduction

Studies of hydrothermal ore systems have traditionally includ-
ed microanalysis of samples to collect information on mineral
chemistry, mineralogy and texture (Cline 2001; Cook et al.
2009, 2011; Large et al. 2009, 2013; Reich et al. 2013; Sung
et al. 2009). Information from in situ microcharacterisation
studies can be used to recognise both mineral zonations and
chemical relationships among mineral phases that provide a
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record of hydrothermal activity, fluid chemistry and fluid-rock
reactions. Such information is vital in constraining models of
ore genesis. Microchemical data also informs metallurgical
understanding and subsequent processing of characterised
materials (Gregory et al. 2013).

Element mapping of geological materials utilises a range of
techniques, with electron probe microanalysis (EPMA), scan-
ning ion imaging using secondary ion mass spectrometry
(SIMS) and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) beingmost common. For all these
techniques, there is a trade-off between spot size, or image
resolution, the mappable area and the limits of detection for
elements measured. LA-ICP-MS provides quantification for a
wide range of trace elements with sub-ppm detection levels
and can analyse relatively large areas; however, spot sizes are
typically between 15 and 50 μm (Morey et al. 2008; Large
et al. 2009, 2013; Dare et al. 2014; Vukmanovic et al. 2014),
and the technique is destructive to the sample surface.
Conversely, while EPMA is capable of a beam spot size of
<1 μm, achieving low limits of detection requires high count
times, limiting the area that can be mapped over a realistic
time frame (Diehl et al. 2012; Reich et al. 2013). The scanning
ion imaging method using SIMS has detection limits of 100–
300 ppm for most elements, comparable to EPMA, and beam
sizes of 2–15 μm are typical (Reich et al. 2013; Kusiak et al.
2013). Maps produced by scanning ion imaging typically
have areas smaller than 1000 μm2. Typically, individual min-
eral grains or small clusters of grains are analysed in studies of
chemical zonations using these techniques. The technique is
destructive to the sample surface.

The development of the Maia large solid-angle detector
array and integrated real-time processor on the X-ray fluores-
cence microscopy (XFM) beamline at the Australian
Synchrotron allows imaging of complex natural samples at
high resolution (2-4 μm pixels) with images beyond
100 M pixels (Paterson et al. 2011; Ryan et al. 2010a, b).
Detection limits of 10–100s of ppm are achievable at dwell
times of <1 ms. Consequently, it is possible to document
variation in textures associated with trace element chemistry
by collecting whole thin section elemental maps in a short
time frame (6–8 hr). The use of the Maia detector allows all
phases in a thin section to be mapped at 2–4 μm resolution
with detection limits comparable to, or exceeding, those
achieved by EPMA for most elements. The experimental
conditions used provide quantified maps for elements with
K-emissions (Ca to Zr) and L-emissions (Au, Pb, Hg, W, Bi,
U) between 2.0 and 17.5 keV (Ryan et al. 2014). Maia uses
full spectral data collection. Elements do not have to be
selected prior to measurement because they are identified
during peak fitting of the spectra during processing; this is
an important distinction from other characterisation tech-
niques such as EPMA and SIMS scanning ion imaging.
Most importantly, XFM Maia analysis is nondestructive to

the surface of the sample, allowing for follow-up analyses by
other techniques such as electron backscatter diffraction
(EBSD) or validation of key results against complimentary
quantitative element mapping techniques, such as SIMS scan-
ning ion imaging or LA-ICP-MS. Combining these tech-
niques allows the study of high-grade gold deposition in
relation to subtle proxies of the previous chemical and micro-
structural history of the host rocks.

One particular issue hotly debated within economic geolo-
gy is the source of and deposition mechanisms for high-grade
gold in orogenic gold systems (Groves 1993; Large et al.
2009; Phillips and Powell 2010; Tomkins 2013). Analysis of
pyrite and other sulphides has underpinned much of this
debate. Understanding the distribution of Au and other ele-
ments within sulphides can help address many of the ques-
tions around ore formation and provide evidence for the
timing of Au emplacement. We present three case studies
from two orogenic gold deposits. Samples in two of the case
studies are taken from the Sunrise Dam Gold Mine (SDGM).
Gold at SDGM is contained within quartz-rich veins with little
gold observed in the wall rock. Pyrite is the most common
sulphide at the deposit and is present in variable amounts in ore
zones andwithin alteration haloes in the country rocks (Yardley
and Cleverley 2013). The third case study sample is taken from
the Obuasi gold mine. Gold mineralization at Obuasi is
contained both in sulphides (mostly arsenopyrite disseminated
in the metasedimentary host rock) and as visible gold in quartz
veins (Oberthür et al. 1997; Yao and Robb 2000).

These case studies illustrate the potential for Maia element
mapping to address questions around Au emplacement and ore
formation with data collected over a range of scales (μm to cm).
The first and second examples examine the variation in sulphide
phases around high-grade gold veins while the third considers
the fine-scale alteration of sulphides. These case studies dem-
onstrate the application of theMaia element mapping technique
to solve problems relevant to economic geology.

X-ray fluorescence microscopy (XFM) mapping methods

X-ray fluorescence (XRF) microscopy was performed on the
XFM beamline at the Australian Synchrotron (Paterson et al.
2011) using the Kirkpatrick-Baez mirror microprobe end-sta-
tion. This provides a monochromatic 2 μm beam spot size for
energies in the range 4–20 keV. Equipped with a Maia 384
detector array, the XFM beamline can acquire full spectral X-
ray data for each detector at step sizes down to 2 μm over
areas of several square centimetres (Kirkham et al. 2010; Ryan
et al. 2010a) with count rates of ~4–10 M/s and energy
resolution of 300–400 eV (recent upgrades to Maia 384C
provide 240 eV resolution (Ryan et al. 2014)). Analysis of
this spectral data, in real-time or in off-line processing, yields
quantitative multi-element images with up to 100 M pixels. In
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case studies A and B, large-area (4–7 cm2) element maps were
collected on each sample, with an incident beam energy of
18.5 keV, a pixel size of 4 μm and dwell times per pixel of
0.97 ms. The sample in case study C was mapped with a pixel
size of 2 μm, dwell time of 7.8125 ms over an area of ~2 mm2

to permit measurement of trace element concentrations with
good counting statistics. Samples were prepared as polished
petrographic thin sections of 30 μm thickness mounted on
1 mm-thick glass slides (case studies B and C) or as a 1 mm
thick polished rock slab (case study A). The sample in case
study C was mounted on a quartz glass slide to avoid the
potential impact on As analysis from As present in some
normal glass slides. Standard foils (Mn, Fe, Pt and YF3) were
analysed daily to allow calculation of the X-ray flux and
monitor drift. X-ray penetration is not limited to a few mi-
crons, due to the high energy of the incident beam, so for each
pixel, the concentration is an average of the whole volume
sampled (Ryan et al. 2014; Dyl et al. 2014).

Maia uses full spectral data collection. Elements do not have
to be selected prior to measurement because they are identified
during peak fitting of the spectra during processing. The Maia
XFM full spectral data were analysed using the GeoPIXE
software suite which uses a fundamental parameters approach,
with spectral deconvolution and imaging using the dynamic
analysis method (Ryan 2000; Ryan et al. 2010b), based on
fitting a representative total spectrum and a detailed model of
Maia detector array efficiency (Ryan et al. 2010a). Spectra are
fitted using X-ray line relative intensities that reflect integration
of yields and X-ray self-absorption effects for the given matrix
or mineral phase and the contrasting efficiency characteristics
across the detector array (Ryan et al. 2010a, b). The result is a
matrix transformation that can be used in real-time or off-line
projection of full spectral data into element maps. For the
samples in this study, whole thin section maps were initially
produced by fitting the bulk spectra for the sample.
Quantification of trace element concentrations within specific
mineral phases was subsequently refined by extraction and
refitting of spectra from the mineral phase of interest, with
yields calculated using a specific matrix for that mineral.

Results

Case study A

The Maia element maps show multiple sulphide assemblages
that are observed in the sample from Sunrise Dam, which
represents the contact zone between potassic and sulphide-
altered wall rock and a gold-bearing quartz-carbonate vein. Sr,
Ca, Fe and Mn maps show thin carbonate veins also cross-cut
the wall rock, parallel or sub-parallel to the main vein contact,
and these host coarse (1–2 mm) pyrite but contain no measur-
able gold.

The large-area maps (71×7 mm) of the sample show
considerable variation in mineral chemistry moving into the
gold-bearing vein (Fig. 1). A population of fine-grained
(<200 μm) arsenian pyrite occurs within altered wall rock
(Figs. 1 and 2). The coarser pyrite grains that sit within the
thin carbonate veins have lower As content (As <0.1% in bulk
pyrite grain analyses) than the wall rock population (0.1–
0.25 % As in bulk pyrite grain analyses). The As content in
the vein-hosted pyrite is more variable than that in the wall
rock pyrite, with As-rich zones mainly formed around cracks
in the pyrite grains (Figs. 1 and 2). The wall rock around the
thin carbonate-bearing veinlets is bleached, devoid of the fine-
grained sulphides within 2–3 mm of the veinlet. Pyrite grains
in the gold-bearing quartz vein are coarse and show overgrow-
ing As-enrichment zones, similar to those observed in the thin
carbonate veins. Arsenic enrichment around fractures in the
coarse pyrite is also observed. The abundance of Cu also
varies across the sample. In the wall rock sulphides Cu con-
centration is low, while in the quartz-rich zones Cu is abun-
dant and mainly associated with As, indicating the presence of
tennantite. Tennantite occurs both as free grains within the
quartz vein and as inclusions within pyrite grains. Coarse gold
grains are hosted by quartz within the vein, and finer-grained
gold is present as inclusions within pyrite in the quartz vein
and the pyrite veinlets (Fig. 2). Trace element variations are
also observed in the non-sulphide rock matrix. Figure 2d
shows variation in Sr, Rb and Zr across the wall rock-vein
contact. Over a 19.9 mm transect (x-x′) across the contact, the
strontium content varies from below detection limit
(<10 ppm) to almost 1000 ppm (Fig. 2e). Detection limits
depend on counting statistics and, for XFM imaging, scale
generally with the inverse square root of the dwell time per
point. In the case of this transect, each data point corresponds
to a total dwell time of 32 ms over an area of 8×64 μm2.

Case study B

Elemental maps processed from the bulk spectral data from
the sample from Sunrise Dam show sulphide bands in a
foliated wall rock truncated by a carbonate vein (Fig. 3a).
The full section maps of Fe, As and Ca distribution indicate
variation in the distribution of As within these sulphide bands
across the length scale of the section. On the left side of the
carbonate vein, the bands contain extensive, fine-grained (5–
150 μm) As-dominant minerals as well as showing As zona-
tion and inclusions within coarser (50–350 μm) pyrite grains
(Fig. 3b). On the right side of the vein, the As minerals are
much less abundant (Fig. 3c). Arsenic zonation within pyrites
appears similar to that within the coarser pyrite on the left side
of the vein. Some pyrite grains on the right side of the vein
show atoll structures with As-rich cores (Fig. 3c). Fine-
grained Au (<5–12 μm) forms inclusions within the pyrite
grains on both sides of the vein. When bulk chemical
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compositions are extracted for 20 pyrite grains on each side of
the carbonate vein, a comparison of As and Cu concentrations
in each population shows that Cu concentrations in the pyrite
grains on each side of the vein are comparable, between 2000
to 4000 ppm in all grains analysed. Conversely, the As con-
centrations in pyrite grains on the left reach a maximum of
8.9 wt%, more than double the maximum in pyrite grains on
the right side of the vein (Fig. 3d).

Spectra for an arsenian, Au-bearing pyrite (Fig. 4) were
extracted and refitted to optimise the quantification (Fig. 4c).

Chemical data along a transect (y-y′) through a selected pyrite
grain show the variation in As, Cu and Au at 4-μm spacing
(Fig. 4). The concentration of arsenic within grain A (Fig. 4)
ranges from 0.1 to 6 wt%. Variations in Cu and Zn concen-
trations in the analysed pyrite grains ranged from <0.1 to
2.5 wt% and <0.04 to 0.75 wt%, respectively. For most
features within a 30 μm-thick thin section, it is appropriate
to assume a constant composition for the entire thickness of
the section. However, for discrete phases with diameters less
than the thickness of the section, this does not apply, such as

Wallrock

Vein

nieVkcorllaW

Fe Rb Sr Zr TiTiSrSrRbRb CuCuFeAs

5 mm

Fig. 2a

Fig. 2b

Fig. 2c

Coarse pyrite veinlets

1 cm

a

Fig. 2d

b

Fig. 1 a A slab from Sunrise
Dam (case study A—sample
GQ1943_3) with the white box
indicating the area mapped by
Maia detector. The dashed white
lines indicate veinlet margins and
the dashed black line indicates the
main wallrock-vein contact. b
Large-area element maps of the
sample show heterogeneity in the
distribution of elements from wall
rock into veins. Individual ele-
ment maps are presented for Fe,
Rb, Sr and Zr. Black zones indi-
cate that element was not detect-
ed; blue, low concentrations;
yellow, high concentrations. Two
RGB composite maps are pre-
sented. The subareas shown in
Fig. 2 are indicated by white
boxes. Full-resolution versions of
the maps presented in this figure
are available through the CSIRO
online data repository (Fisher and
Ryan 2014)
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for small gold grains within sulphides. When a subregion
containing Au (largest yellow grain—Fig. 4b) is analysed,
initially assuming uniform concentration with depth, a con-
centration of ~22 wt% Au is measured. This indicates that the
full thickness of the thin-section in that pixel is not composed
entirely of Au; this therefore indicates either a thin grain of Au
at the surface or that Au is present as a discrete, buried phase
within the thin section. Petrographic analysis confirms Au is
not at the surface of the section, and consequently, the Maia
mapping has located a buried phase.

Case study C

Example C is taken from the Obuasi gold mine, and the
element map represents an aggregate of euhedral to
partially-fragmented arsenopyrite crystals within a mica schist
(Fig. 5). Gold mineralization at Obuasi is contained both in

sulphides (mostly arsenopyrite disseminated in the
metasedimentary host rock) and as visible gold in quartz veins
(Allibone et al. 2002). In example C, the distribution of major
elements Ca, Fe and As (Fig. 5a) reveals a matrix composed of
ankerite, muscovite, chlorite and quartz, whereas the sulphide
mineralogy is arsenopyrite with minor pyrite. Figure 5b dis-
plays selected trace elements (Au and Ni) concentrated
in the sulphides. On the spectra (Fig. 5c), the gold
peaks are distinguished in the signal from the arseno-
pyrite despite the peak overlap and high concentration
of arsenic in the sample.

The gold concentration in arsenopyrite ranges from <1000
up to 4000 ppm, contained within multiple, narrow bands that
appear to be crystallographically controlled around consistent-
ly gold-poor cores (Fig. 5b, d). The arsenopyrite cores are also
slightly enriched in Ni. The gold zonation associated with
epitaxial overgrowth was previously described using SIMS
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Fig. 2 Selected subareas
highlight variation in mineral
chemistry and zonation patterns
in sulphides across the Sunrise
Dam sample in case study A. a, b
and c Three different sulphide
populations are shown in RGB
maps. d Trace element variations
across the wall rock-vein contact
are shown in an RGB map of Rb,
Sr and Zr. e A transect (x-x1)
shows the quantified variation in
Sr across the contact and parallel
carbonate veinlets. The detection
limit for Sr is 10 ppm for a total
dwell time of 32 ms per transect
point
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scanning ion imaging (Oberthür et al. 1997). In addition to the
crystallographically controlled gold, gold grains are found in
healed microfractures in the arsenopyrite and pyrite and rarely
as inclusions in the arsenopyrite. Nickel concentrations vary
in pyrite, defining nickel-rich cores and nickel-poor rims.
Nickel also substitutes into narrow rims on limited sections
of some arsenopyrite (Fig. 5b).

Along healed microfractures and grain boundaries
(Fig. 5), the major and trace element concentrations vary
from the bulk mineralogy. Transect z-z′ (Fig. 5d) follows the
same primary overgrowth rim (Fig. 5b), demonstrating that
arsenic, iron, nickel and gold concentrations vary close to a
microfracture at ‘z’, which has been infilled with secondary
arsenopyrite. Arsenic and nickel concentrations are higher
close to the microfracture (z) whereas the iron and gold
concentrations are lower in the same zone. Gold concentra-
tions decrease by approximately 30 %, whereas nickel con-
centrations change from below the detection limit (75 ppm
per transect point) in the rim to up to 4000 ppm close to the
fracture.

Discussion

Analysis of samples using the Maia detector and synchrotron
radiation is a technique for mapping the distribution of ele-
ments of interest in geological samples. It is an effective
method for determining the concentrations and distribution
of several elements that occur at low-level concentrations. The
technique has a broad application in the study of geological
materials, both for large-area mapping (e.g. Dyl et al. 2014
mapping of meteorite samples) and locating and mapping the
distribution of rare phases such as Au or PGEs (Lintern et al.
2013; Ryan et al. 2013) in geological and biological matrices.
Other potential applications include imaging subtle trace ele-
ment zonations in silicate and carbonate minerals and exam-
ination of trace element mobility associated with grain bound-
aries and microstructures.

Arsenic and antimony are common contaminants in gold
and copper processing streams. Similarly, much of the refrac-
tory gold in mineral deposits is thought to be ‘invisible’ gold,
either nanoparticulate gold or in gold in solid solution within
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Fig. 5 XFM elemental maps of Obuasi sample 215-7b. aAnRGB image
(Red, calcium; green, iron; blue, arsenic) of a sulphide aggregate. b
Yellow, gold; blue, nickel distribution in the same region shown in a.
The sulphides are pyrites and gold-bearing arsenopyrites. The gold con-
centration is zoned with higher concentration in epitaxial overgrowth
whereas the cores are gold-poor. Nickel is enriched in pyrite cores and
along microfractures and grain boundaries in arsenopyrites. The positions
of transect z-zI are indicated. c XFM spectrum for arsenopyrite grain.
Spectra peaks are dominated by iron (Kα) and arsenic (Kα); nevertheless,

the resolution available fromXFMMaia analysis allows minor peaks and
shoulders within the spectra to be positively related to the presence of
gold (Lα). d As, Fe, Ni and Au concentrations along transect z-z′, the
decreases in As and Fe at 70 and 250 mm are due to late brittle
fractures. Gold concentration decreases by 30 % adjacent to a
microfracture cemented with a secondary arsenopyrite, whereas
the nickel concentration is high in the same zone due to pseudo-
morphic replacement of the primary arsenopyrite
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sulphides (Sung et al. 2009; Large et al. 2009; Mackenzie
et al. 2014). The knowledge of the distribution of both the
value and deleterious elements in ore material is extremely
important for evaluating the value of ore and assessing wheth-
er these elements also can be extracted or concentrated during
mineral processing, feeding into mine and mill planning.

Recognition of trace element variation is also critical for
understanding processes of ore formation and hydrothermal
alteration. Variations in trace element chemistry and zonation
in minerals can record changes in physicochemical conditions
during mineral growth. These variations can be fully
recognised through high-resolution, whole-section mapping
using XFM and the Maia detector. The case studies presented
in this contribution demonstrate the application of this method
to sulphide chemistry; this technique is, however, applicable
to many mineral phases. In case studies A and B, variations in
As and Cu content coupled with textural and grain size obser-
vations allow multiple populations of pyrite to be discriminat-
ed, which can be used to interpret the fluid-rock reaction
history with implications for genetic models. Initial wall rock
alteration in the sample in case study A is characterised by a
potassic overprint with extensive As-rich fine-grained pyrite.
Cross-cutting veins are associated with the dissolution of
pyrite, with fine-grained pyrite absent around veinlets and
precipitation of coarse-grained pyrite with lower bulk As
content within the veinlets. The pyrite is subsequently over-
grown and overprinted with further enrichment of As in
overgrowth zones and along fractures in the coarse-grained
pyrite. The veining event associated with coarse gold em-
placement seen in case study A is also associated with Cu,
forming sulphosalts. Inclusions of Au and sulphosalts within
the later, coarse pyrites indicate that this population of pyrite
formed contemporaneously with Au emplacement.

Arsenic is an effective pathfinder for Au in many orogenic
gold systems. However, the textural observations of As, Cu
and Au distribution in pyrite in this study indicate that there
were multiple fluid events that mobilised these elements to
different degrees. The variation in As in the pyrite grains on
either side of the carbonate vein in case study B indicates that
As-rich fluids flowed along permeable horizons within the
foliated wall rock. Whereas coarse gold is mainly localised
within veins, the presence of fine-grained Au inclusions in As-
rich pyrite in the wall rock indicates that the As-rich fluids
may also have been Au bearing.

The variation in major and trace elements associated with
microfracture and grain boundaries in case study C is interpreted
as indicating that gold concentration has beenmodified from the
primary zoning of the grains by pseudomorphic replacement
(Harlov et al. 2005; Putnis 2009). Oberthür et al. (1997) previ-
ously described gold distribution in arsenopyrite at Obuasi using
SIMS scanning ion imaging, attributing the highest concentra-
tions of gold to the epitaxial overgrowth of the arsenopyrite
grains. However, the studies were restricted by the limitations of

the scanning ion imaging technique at that time to a 30 μm spot
size and a map area of 120 μm in diameter. In contrast, individ-
ual arsenopyrite grains at Obuasi are often up to 1 mm across,
and full characterisation of the gold textures in the grains re-
quires resolution at the micrometre scale. The high spatial
resolution (2 μm spot size) and multi-element analytical capa-
bility that XFM Maia analysis provides are tools to understand
complex mineral and alteration relationships over large sample
areas of several square centimetres. Data collected can be binned
over a range of length scales allowing for chemical quantifica-
tion of both micro- and macro-features. An advantage of Maia
XFM analysis is the ability to detect micrometre-scale grains at
any depth within sections of 10s of microns in thickness with an
image with spatial resolution determined by the beam spot size
(Ryan et al. 2013). This permits distinction between Au inclu-
sions within pyrite and dispersed Au in the matrix of the
sulphide and even the determination of particle depth.

Summary and conclusions

The Maia detector on the XFM beamline at the Australian
Synchrotron allows collection of high-resolution elemental
maps over whole thin sections with detection limits for many
trace elements that are comparable with, or better than, EPMA.
The step change in mappable area and resolution of this meth-
od, compared with EPMA, LA-ICP-MS or SIMS scanning ion
imaging analysis, offers the opportunity to fully recognise and
quantify variation in mineral chemistry in a sample fromwhole
section length scales to micron scales and to not miss rare
precious metal phases located at depth within a sample section.

Maia uses full spectral data collection. Elements do not
have to be selected prior to measurement because they are
identified during peak fitting of the spectra during processing;
this is an important distinction from other characterisation
techniques such as EPMA and SIMS scanning ion imaging.
Most importantly, Maia XFM analysis is nondestructive
allowing for follow-up analyses using other techniques such
as electron backscatter diffraction (EBSD) or validation of key
results against other quantitative element mapping techniques
such as SIMS or LA-ICP-MS.
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