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A B S T R A C T

In our study we explore the applicability of rutile as a pathfinder for orogenic gold deposits, which are an
important source of this metal worldwide. We analysed rutile associated with orogenic Au deposits from three
different Precambrian terranes, the Capricorn Orogen, the Barberton Greenstone Belt and the Ashanti Belt, all of
which formed under greenschist conditions and share similarities in the style of mineralisation. Microtextural
evidence from scanning electron microscopy and electron back-scatter diffraction indicates that rutile formed
during the main deformation and alteration stage in these rocks, and is therefore related to mineralisation. We
used electron microprobe and laser ablation ICP-MS to investigate the trace element compositions of rutile and
we compared our results to other gold deposits. We find that hydrothermal rutile from gold deposits contains
certain trace element characteristics, in particular high Sb concentrations (up to ∼1500 ppm in Au deposits of
the Capricorn Orogen), that are distinct from rutile from non-mineralised rocks of various petrogenetic origin.
Other elements, such as W and Sn, are found to be more enriched in rutile from other rock types, namely felsic
magmatic rocks and hydrothermal veins, and are therefore not diagnostic of Au mineralisation in this type of
deposits. We also find that the presence of sub-µm-scale inclusions – in particular Zr-(Si, Th)-bearing phases,
sulfide minerals and native Au – can severely affect analyses of this type of rutile and compromise the applic-
ability of Zr-in-rutile geothermometry.

1. Introduction

A major challenge for the minerals industry lies in securing the
necessary ore resources to respond to an ever increasing demand
(Herrington, 2013). A promising approach to mineral exploration in
rocks that are thickly-covered by regolith is the use of refractory ac-
cessory phases that can preserve indications of the mineralising process
in their chemical composition, even after weathering and erosion of
their host rocks. Although present only as a minor constituent of ore
deposits, accessory minerals are concentrated during transport and
deposition of sediments due to their high density. Many precious and
base metals are associated with sulfide minerals, which are readily
oxidised and thus rarely preserved in highly weathered rocks and in the
sedimentary record (Fig. 1). However, other minerals, such as apatite,
magnetite, zircon, titanite and rutile, are much more physically and
chemically robust and have been proposed as indicators of ore forming
processes (Belousova et al., 2002; Cao et al., 2012; Mao et al., 2016;
Wilson and Cesbron, 1977). The successful application of such indicator
minerals is dependent on finding a characteristic chemical signature

that can unequivocally fingerprint a particular ore deposit type.
Rutile, the most abundant polymorph of titanium dioxide (TiO2), is

a common accessory mineral in fractionated felsic igneous rocks such as
granites and pegmatites (Carruzzo et al., 2006; Černý et al., 1999;
Plavsa et al., 2018) and in magmatic-hydrothermal ore systems such as
porphyry Cu-Au deposits (Rabbia et al., 2009; Wilson and Cesbron,
1977). It is also a common constituent of metamorphic rocks, including
skarns, ranging in grade from eclogite to greenschist facies (Liou et al.,
1998), where it can form as a replacement product of Ti-bearing oxides
and silicates, such as ilmenite, titanite or biotite (Luvizotto and Zack,
2009; Scott, 2005; Yang, 1987). Studies of rutile associated with gold
deposits (Clark and Williams-Jones, 2004; Scott, 2005) have high-
lighted that the concentration of some elements, such as W, Sn, V and
Sb, are elevated in rutile from mineralised rocks relative to rutile in the
surrounding unmineralised country rocks. In addition, rutile can yield
valuable constraints on the geological evolution of a region: Zr contents
constrain magmatic/metamorphic temperatures (Zack et al., 2004), U-
Pb isotopes provide absolute age determinations (Vry and Baker, 2006)
and Cr–Nb systematics are used in provenance analysis (Meinhold et al.,
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2008). The combined information means rutile has potential as a very
powerful indicator mineral.

Here we present analyses of rutile associated with orogenic Au de-
posits, an important type of mineralisation that provide approximately
a third of the world’s reserves (Frimmel, 2008). The samples are from
three areas of Precambrian terranes, the Capricorn Orogen in Western
Australia, the Barberton Greenstone Belt in southern Africa, and the
Ashanti Belt in western Africa. All areas host gold deposited from low-
salinity aqueo-carbonic fluids under greenschist facies conditions and
the distribution of the mineralisation is controlled by major crustal
structures (i.e. orogenic gold (Mikucki and Ridley, 1993). The main aim
of our study is to identify geochemical signals that can distinguish rutile
from this type of Au deposits and non-mineralised rocks. We also dis-
cuss possible mechanisms of incorporation of impurities in rutile and
then evaluate the applicability of the Zr-in-rutile geothermometer
(Watson et al., 2006) to greenschist facies hydrothermal deposits.

2. Geological setting and samples

Samples were collected from mineralised zones at Fortnum, Killara
and Nathans (Capricorn Orogen), Sheba and Fairview mines (Barberton
Greenstone Belt), and Obuasi (Ashanti Belt). The geology of these de-
posits is briefly summarised below.

2.1. Capricorn Orogen: Padbury, Bryah and Yerrida groups

Samples representative of different small-scale structurally-con-
trolled lode gold deposits and prospects hosted in the Palaeoproterozoic
Padbury, Bryah and Yerrida groups of the Capricorn Orogen of Western
Australia were used in this study. These basins developed between 2.0
and 1.8 Ga during collision of the Pilbara and Yilgarn cratons (Myers
et al., 1996; Occhipinti et al., 2004). The lodes are hosted within high-
strain zones affecting greenschist facies metasedimentary and meta-
volcanic rocks. The association of gold with quartz-carbonate veins is
common to all the deposits, and hydrothermal alteration is character-
ized by quartz, muscovite, chlorite, biotite, carbonate, fluorite, tour-
maline, pyrite (Pirajno et al., 2000; Thornett, 1995). The deposits are

interpreted to have formed during retrogressive metamorphism
(Pirajno, 2004).

Fluid inclusion studies from Peak Hill, Fortnum and Labouchere
mines indicate that the mineralising fluids comprise both H2O and CO2,
and had moderate salinity (7–12wt% NaCl equivalent) (Windh, 1992).
Microthermometry of these fluid inclusions yields homogenisation
temperatures of 170–320 °C (Windh, 1992). In addition, alteration as-
semblages at Peak Hill indicate addition of Fe, K, S, B, F, CO2, SiO2 and
H2O (Thornett, 1995). Chlorite geothermometry indicates temperatures
of 375 °C at Peak Hill (Thornett, 1995). Lead isotope measurements
(Thornett, 1995; Windh, 1992) recalculated according to the Stacey and
Kramers (1975) Pb evolution curve at Peak Hill, Nathans, Fortnum, Mt.
Pleasant and Labouchere indicate mineralisation ages comprised be-
tween ca. 2.07 and 0.92 Ga (Hawke et al., 2015), suggesting deposition
followed by remobilisation during different deformation events. The
occurrence of rutile has been mentioned in deposits of the Peak Hill
area, although only minor information is available (Thornett, 1995).

2.2. Barberton Greenstone Belt, Sheba and Fairview mines

The Palaeoarchaean Barberton Greenstone Belt is situated in the
east of the Kaapvaal Craton, southern Africa. Its volcano-sedimentary
succession, the ca. 3.55–3.22 Ga old Barberton (or Swaziland)
Supergroup (Anhaeusser, 1973), is preserved in a southwest-northeast-
trending belt surrounded by granitoid rocks, and has been subdivided
into three main lithostratigraphic units: the mafic volcanic-dominated
Onverwacht Group, and the sediment-dominated Fig Tree Group and
Moodies Group, in stratigraphically ascending order (Viljoen and
Viljoen, 1969). The Barberton Supergroup has been metamorphosed at
greenschist to amphibolite facies conditions, with temperatures in-
creasing towards the margins of the belt (Diener et al., 2005; Dziggel
et al., 2005). Three major tectono-magmatic events have affected the
northern terrane, located north of the Inyoka-Saddleback fault. The first
and main event is related to accretion and collision of the southern and
northern terranes at ca. 327 Ga (de Ronde and Kamo, 2000; Schoene
et al., 2008), and coincided with emplacement of tonalite-trondhjemite-
granodiorite (TTG) intrusions, such as the Kaap Valley Tonalite (Kamo
and Davis, 1994).

All major greenschist-facies gold deposits in the Barberton
Greenstone Belt occur as auriferous quartz-carbonate veins and sulfide
bodies (Agangi et al., 2014; Anhaeusser, 1986). Ore assemblages in-
clude predominant pyrite and arsenopyrite, with minor chalcopyrite
and sphalerite. Most gold is hosted by sulfides as “invisible” (or re-
fractory) gold and microinclusions, whereas minor free-gold is asso-
ciated with quartz veins (Cabri et al., 1989; de Ronde et al., 1992). Gold
mineralisation is hosted by different rock types, ranging from meta-
mafic-ultramafic rocks of the uppermost Onverwacht Group, to meta-
sediments (greywacke, shale, sandstone) of the Fig Tree and Moodies
groups.

Fluid inclusion studies from the major deposits hosted in greenschist
facies rocks indicate predominant low-salinity (NaCl eq=5–6wt%),
H2O-CO2-rich fluids, and homogenization temperatures in the
T= 290–310 °C range (de Ronde et al., 1992). As-in-arsenopyrite esti-
mates gave temperatures up to 400 °C (Agangi et al., 2014). Estimated
mineralisation age ranges between 3,015 to 3,084Ma, thus post-dating
the main compressional stage in the greenstone belt by approximately
150 to > 200Ma (de Ronde et al., 1992; Dirks et al., 2013; Dziggel
et al., 2010). Rutile has been described at different mines as occurring
in quartz-carbonate veins and in the mineralised host rocks (de Ronde
et al., 1992).

2.3. Ashanti Belt, Obuasi

The Obuasi gold deposit is hosted in the Palaeoproterozoic
(2.2–2.0 Ga) Birimian rocks of the west African craton, in the volca-
nosedimentary rocks of the Kumasi Basin (Kumasi Group) close to the

Fig. 1. Conceptual model of an ore deposit and its footprint. Metal-bearing
mineralising fluids and the metal-depleted remainder of these fluids after ore
deposition (spent fluids) leave a primary footprint in the form of characteristic
minerals and elements in the rocks surrounding the ore. Dispersion of these
minerals and elements related to weathering and erosion (dashed arrows in the
figure) produces a secondary footprint that can be detected and explored by
means of indicator minerals.
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contact with the Ashanti volcanic greenstone belt (Sefwi Group). The
Birimian rocks were metamorphosed to greenschist and amphibolite
facies during the Eburnean orogeny between 2,125 to 1,980Ma (John
et al., 1999; Perrouty et al., 2012). The host rocks are mainly composed
of phyllites, greywackes and volcano-sedimentary rocks.

The mineralisation in the Obuasi deposit is expressed in two mi-
neralogically and temporally distinct types: (1) disseminated gold-
bearing sulfides in metasedimentary rocks, and (2) overprinting native
gold and sulfides in large quartz veins (Fougerouse et al., 2016b;
Oberthür et al., 1998). The sulfide ores are composed of arsenopyrite,
pyrite, pyrrhotite, marcasite, chalcopyrite, sphalerite and rare gold
grains. Arsenopyrite is the main gold-bearing phase in the sulfide ores
with concentration up to approximately 2200 ppm Au reported by atom
probe microscopy (Fougerouse et al., 2016c). The overprinting quartz
vein ore assemblage is composed of native gold but also minor abun-
dance of galena, chalcopyrite, sphalerite, bournonite, boulangerite,
tetrahedrite, aurostibine, löellingite, pyrite, arsenopyrite, and rare bis-
muth tellurides (Oberthür et al., 1998). Based on replacement textures
and microstructural evidence, the quartz vein ores have been inter-
preted to be the product of gold remobilisation from the disseminated
sulfide ores (Fougerouse et al., 2016a). In the Ashanti Belt, the mineral
assemblage actinolite+ chlorite+ clinozoisite+ quartz+ calcite was
estimated to have formed at temperatures of 340–460 °C and pressure
of 2 kbar (Schwartz et al., 1992). Arsenic-in-arsenopyrite in Au-bearing
arsenopyrite gave temperatures< 300–410 °C (Mumin et al., 1994).

Rutile is present both in the sedimentary rocks and quartz veins and
has been interpreted to form early in the paragenetic sequence from
destabilisation of ilmenite and magnetite (Schwartz et al., 1992). Hy-
drothermal rutile U-Pb dating from granite-hosted satellite deposits at
2098 ± 7Ma indicate mineralisation to have occurred during the
Eburnean orogeny (Oberthür et al., 1998).

2.4. Microtextures and microstructures of rutile

Samples from the Capricorn Orogen are sourced from mineralisation
at Fortnum (samples FTD52 120.8 m and 110959), Killara (110944,
110945) and Nathans (114034) and are composed of foliated chlorite-
quartz-carbonate-rich metasedimentary rocks with euhedral pyrite or
magnetite. The foliation is defined by the orientation of chlorite and
quartz-carbonate lensoid aggregates (Fig. 2). Rounded Cr-spinel grains
occur as cores to euhedral magnetite in sample FTD52 120.8 m. Fe-Ca-
Mg carbonate occurs in sample 110944 (Killara) as laths and cross-
cutting veinlets, and chlorite-rich domains occur in interstitial positions
between feldspar and quartz.

Samples of Barberton Greenstone Belt mineralisation were collected
at Fairview (46CMR and 62-11) and Sheba (33ZKA and 33ZKB) mines.
Sample 46CMR is a fine-grained foliated metagreywacke, mostly com-
posed of oriented muscovite, quartz, Fe-Mg carbonate, and µm-scale
anhedral monazite. Sample 62-11 is representative of sulfide miner-
alisation at the contact between chert and greywacke. Samples 33ZK-A
and 33ZK-B include quartz-carbonate-sulfide veins in strongly de-
formed and silicified (ultra)mafic volcanic rocks and chert. Cr-spinel is
present as an accessory mineral. Ore minerals include pyrite, chalco-
pyrite, ullmannite, gersdorffite, and sphalerite.

Samples 63089 and DF-H01, collected at Obuasi, Ashanti Belt, are
representative of mineralised muscovite-quartz-ankerite-chlorite-gra-
phite phyllite (Fougerouse et al., 2016b). Ore minerals include euhedral
arsenopyrite, up to several mm in size, and interstitial pyrite. The rocks
are complexly deformed and the main foliation, marked by muscovite,
is folded; crenulation cleavage is well-developed (Fig. 2).

3. Analytic methods

3.1. TiO2 polymorph identification and microstructural information

Titanium dioxide grains were studied by electron back-scatter

diffraction (EBSD) analysis, which involves indexing observed diffrac-
tion patterns with theoretical reflector files, and allows both polymorph
identification and lattice orientation. EBSD maps were collected by
gathering multiple diffraction patterns along a grid of approximately
1 µm size. The TiO2 polymorphs rutile, anatase and brookite can have
different trace element compositions (Triebold et al., 2011). Therefore,
it is important to identify the TiO2 polymorph before comparing the
compositional data from different TiO2 grains. In this study, TiO2

polymorphs were distinguished by EBSD (Taylor et al., 2012). As dif-
ferent TiO2 phases may co-exist in single grains (Plavsa et al., 2018;
Triebold et al., 2011), phase mapping is preferred to single-spot iden-
tification. In addition to phase identification, EBSD offers important
microstructural information, such as the presence of sub-grain textures
and the orientation of crystals with respect to the foliation (e.g. Reddy
et al., 2007).

The EBSD acquisition parameters include voltage of 20 kV, spot size
between 18 and 27 nm and working distances between 19 and 22mm.
Grain mapping was carried out at different step sizes (0.5–2 μm) de-
pending on the map size, analytical resolution and time efficiency.
Detailed information on the phase identification and match units used
for the different TiO2 polymorphs is given by Reddy et al. (2007) and
Plavsa et al. (2018). The accuracy and validity of the method was
achieved by maximizing the number of Kikuchi bands used for electron
backscatter pattern (EBSP) indexing (8 bands used here). The accuracy
of the analytical method is measured by the closeness of fit between the
empirical and theoretical diffraction patterns, the mean angular de-
viation (MAD), with values< 1 suggesting a good fit. During the course
of the analytical run, rutile yielded MAD values between 0.1 and 0.7
demonstrating the accuracy of the analytical method.

3.2. Microchemical analyses

Samples of rutile from gold deposits have been analysed by electron
microprobe (EPMA) at the Centre for Microscopy Characterisation and
Analysis at the University of Western Australia. Ilmenite and magnetite
coexisting with rutile were also analysed for comparison. Analyses were
performed by EPMA using a five spectrometer-equipped JEOL 8530F
Hyperprobe. Analytical conditions were 25 kV accelerating voltage,
130 nA beam current and fully focused beam. The elements Ti, V, Cr,
Sb, Si, As, Ca, Nb, Sn, Zr, Au, Mn, Hf, Fe, Ta, W were analysed. All
elements have been analysed for 100 s, except Ti, analysed for 20 s. The
Au (Lα line) was analysed on two spectrometers. Elements were cali-
brated on a suite of natural and synthetic silicate, oxide and metal
standards. Data acquisition and reduction made use of the Probe for
EPMA software. Mean Atomic Number background corrections were
used following the methodology of (Donovan and Tingle, 1996). Un-
known and standard intensities were corrected for deadtime and the
ZAF algorithm utilised for matrix absorption (Armstrong, 1988). On
peak interference corrections were applied as appropriate (Donovan
et al., 1993). Detection limits are between ∼20 ppm and ∼70 ppm for
most elements, apart from Ti and Sb (100–150 ppm), Sn (250 ppm).
High Si concentrations (up to several wt% level) are indicative of
contamination with quartz finely intergrown with rutile. While this
contamination would have limited dilution effect on trace elements of
interest to this study, analyses with the highest Si concentrations have
been excluded from the dataset.

The analyses were compared with a dataset that includes rutile from
high- and medium-temperature and high-pressure metamorphic rocks,
granitoids from the Capricorn Orogen and other areas, and previous
analyses of rutile from lode gold deposits. Previously published che-
mical analyses of rutile from various sources used for comparison were
obtained from a combination of EPMA and LA-ICP-MS techniques. Data
are from (Cabral et al., 2013; Černý et al., 1999; Clark and Williams-
Jones, 2004; Dostal et al., 2009; Harris, 1989; Kotková and Harley,
2010; Liu et al., 2014; Luvizotto and Zack, 2009; Meinhold et al., 2008;
Rice et al., 1998; Scott and Radford, 2007; Zack et al., 2002; Plavsa
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et al., 2018). Further details on analytical settings can be found in these
publications.

3.3. Chemical depth profiling

The distribution of trace elements and the presence of inclusions
have been tested in time-resolved laser ablation inductively-coupled
plasma mass spectrometry (LA-ICP-MS) spectra (depth-profiling). LA-
ICP-MS trace element analyses were carried out using a Coherent
CompEX 193 nm laser ablation system and an Agilent 7700 ICP-MS at
the John de Laeter Centre, Curtin University. Ablation was performed at
7 Hz repetition rate, 50 µm spot size and 26% power (approximately
2–3 J/cm2

fluence). During the analyses, 20 s of background acquisition
were followed by 50 s of ablation. The following masses have been
monitored: Mg24, Al27, Si28, P31, S34, K39, Ca43, Ca44, Ti47, Ti49, V51,
Cr53, Mn55, Fe56, Fe57, Co59, Ni60, Cu65, Zn66, Se77, Zr90, Nb93, Mo95,
Ag107, Sn118, Sb121, Te125, Ta181, W182, Au197, Tl205, Pb206, Pb207, Pb208,
Bi209. Each mass was analysed for 0.01–0.03 s (total sweep approximate
time 0.5 s). Quantification of element concentrations was obtained
using glass NIST 610 and assuming TiO2=100wt%.

4. Results

Samples were initially analysed by electron back-scattered diffrac-
tion (EBSD), which measures crystallographic orientation and allows
rutile to be distinguished from other TiO2 polymorphs, such as brookite
and anatase. In all the samples, rutile is the only polymorph and occurs
in elongate mineral aggregates oriented parallel to the foliation (Fig. 2)
that are composed of rutile needles intergrown with quartz, chlorite,
carbonate and Fe-(Ti)-oxide. In the Barberton samples, rutile aggregates
are also associated with pyrite, arsenopyrite, F-apatite and muscovite
(Fig. 2d). Rutile-hosted inclusions of sulfides and various Zr, Th and
rare earth element-bearing minerals occur locally in the Capricorn and
Barberton samples (Fig. 2). In samples from all the terranes analysed,
pole figures of crystallographic c axes of rutile grains within the ag-
gregates indicate three main alignments that have ∼60° misorientation
from each other, in which small deviations (< 10°) are accommodated
by low-angle boundaries (Fig. 3).

The needles of rutile with ∼60° misorientation (reticulated rutile)
typically form by replacement of other Ti-bearing minerals, such as il-
menite, Ti-magnetite, biotite and titanite (Force, 1980; Rabbia et al.,
2009) and have been synthetised in the laboratory during annealing
experiments (Putnis, 1978). Formation of such reticulated rutile is

Fig. 2. Microtextures of rutile in gold-bearing
samples from the Capricorn Orogen, Barberton
Greenstone Belt and Ashanti Belt. A and inset.
Muscovite-chlorite schist with lensoid aggregates
of quartz and carbonate. Rutile is elongate parallel
to foliation (inset). Plane polarised transmitted and
reflected light, sample 110945, Killara (Capricorn
Orogen). B and inset. Rutile intergrown with
chlorite-muscovite matrix containing nano-scale
grain of Zr and Th-bearing mineral. C Ilmenite
overgrown by rutile aggregates. Note fine-grained
monazite (< 1 µm). B and C BSE image, sample
110945, Killara. D Anhedral rutile associated with
pyrite-arsenopyrite mineralisation and F-apatite.
BSE image and XR element maps (As, Ti, P),
sample 46CMR, Fairview mine (Barberton
Greenstone Belt). E Rutile in Cr-muscovite matrix
with µm-scale inclusions of sulfide minerals. BSE
image, sample 33ZKA, Sheba mine. F Aggregates of
fine-grained rutile along the foliation. Plane po-
larised transmitted light, sample 63098, Obuasi.
Abbreviations: Asp arsenopyrite, cb carbonate, Chl
chlorite, F-Ap fluorapatite, Gn galena, Hae hema-
tite, Ilm ilmenite, Mag magnetite, Mnz monazite,
Ms muscovite, Qtz quartz, Rt rutile.
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typically accompanied by the development of microporosity due to
removal of Fe and other elements from precursor minerals (Morad,
1986). The presence of ilmenite and fine-grained Fe-oxide, common in
Capricorn samples, is also compatible with rutile formation by re-
placement of an ilmenite precursor. In our samples, rutile is intergrown
with Fe-(Mg-Ca)-carbonate, quartz and chlorite, all of which have in-
filled micro-pores between rutile needles (Fig. 5). In the presence of
CO2, this replacement may occur due to the carbonate-forming reaction
FeTiO3+CO2=FeCO3+TiO2 (Yang, 1987). Formation of carbonate
is compatible with the mineral assemblages of our samples, and with
the alteration associated with orogenic gold deposits in general
(Mikucki and Ridley, 1993).

In situ chemical analyses of rutile carried out using electron mi-
croprobe are shown in Fig. 4 and listed in Supplementary Table 1.
Multiple spot analyses within single grains or grain aggregates indicate
strong compositional variations for several different elements, most
notably Nb, W, Zr and V. For instance, in a metasedimentary sample
(46CMR, Barberton), Nb concentrations can vary from 400 ppm to
15,000 ppm within a single grain and Zr concentrations by more than
an order of magnitude in single grain aggregates. In samples from
Barberton, concentrations of Nb and Fe are positively correlated
(Fig. 4), which suggests incorporation of these elements by coupled
replacement of Ti according to the reaction 2Ti4+=Nb5++Fe3+.
Other samples have high and scattered Fe values that deviate from the
1:1 line in the Nb vs. Fe plot, likely due to contamination by fine-
grained Fe-Ti-oxide phases that were observed in SEM images and X-ray
element maps (Fig. 6). The concentrations of W range from detection
limit (∼60 ppm) to approximately 48,000 ppm (the highest values were
measured in samples from the Ashanti Belt and the Capricorn Orogen),
Sn concentrations are up to 6400 ppm in Barberton samples (but
mostly< 800 ppm in samples from the Capricorn Orogen and Ashanti
Belt). Antimony concentrations are up to ∼1500 ppm. In LA-ICP-MS
depth profiles, obtained by plotting signal intensity (counts per seconds,
cps) versus analysis time (s), the Au signal intensity is discontinuous.
Gold peaks coincide with S and the chalcophile elements (Ni and Co,
Pb, Mo) (Fig. 7). This suggests that Au occurs in sulfide inclusions,
rather than in the rutile structure. The signal of Sb is rather

homogeneous throughout the ablation, suggesting incorporation in the
structure of rutile or in nanoscale inclusions not resolvable with the LA-
ICP-MS. In a few cases, however, Sb peaks coincide with Ni-(Co) peaks
or with Pb-Bi peaks (Fig. 7), suggesting incorporation of additional Sb
in sulfides such as ullmannite [NiSbS], and galena. Zirconium dis-
tribution is also very irregular, in agreement with the variable EPMA
concentrations. In contrast, the ablation signals of Nb, Ta and W are
relatively continuous and only show smooth variations, which suggests
incorporation in the rutile structure.

5. Discussion

5.1. Geochemical comparison of rutile from Au-mineralised and
unmineralised rocks

The observed microstructures have important implications on the
timing of rutile formation. The low angle deformation features observed
in EBSD images (Fig. 3c) indicate that rutile crystallised during de-
formation, and the intimate intergrowths with chlorite and carbonate
suggest that it formed during the main alteration and mineralisation
event. Therefore, we interpret the chemical composition of rutile to
reflect the composition of gold-bearing mineralising fluids.

In order to identify elements that can distinguish rutile associated
with orogenic gold deposits, we compared our analyses with a large
geochemical dataset of rutile from metamorphic and igneous rocks and
other gold deposits (Fig. 4). This comparison indicates that high con-
tents of W, Sn and V are common, although not unique, in rutile from
gold deposits. When plotted in the 100·(Fe+Cr+V)− Ti− 1000W
diagram (Clark and Williams-Jones, 2004), designed to discriminate
between rutile from gold-mineralised and barren country rocks, ana-
lyses from different rock types largely overlap with the field of miner-
alised rutile (Fig. 4). Concentrations of Sn and W exceeding those
presented here have been measured in granitoids, and high V con-
centrations were found in both granitoids and metamorphic rocks un-
related to mineralisation. Tungsten-Sn-rich rutile of felsic magmatic-
hydrothermal origin could also be inherited by sediments deriving from
erosion of igneous terranes. Indeed, destabilisation of W-rich detrital

Fig. 3. EBSD-based crystallographic orientation diagram of rutile from gold deposits of the Capricorn Orogen. A Domains of rutile with similar crystallographic
orientations. B Grain misorientation map. Note stronger misorientation (yellow-red) due to deformation at grain margin. C Plots of crystallographic c axes indicating
three main clusters (dashed lines) at around 60° from each other.
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rutile in sub-greenschist conditions has been proposed as the source of
W in the orogenic Au-hosting Otago Schist of New Zealand (Cave et al.,
2015).

Thus, high W, Sn and V concentrations alone are equivocal in-
dicators of gold mineralisation, especially when studying detrital rutile,

for which the nature of source rocks cannot readily be ascertained. This
conclusion is only apparently in contrast with results of previous studies
(e.g., Clark and Williams-Jones, 2004; Scott and Radford, 2007), who
compared rutile from mineralised zones and the immediately adjacent
barren rocks. This approach allows appreciation of mobility of trace

Fig. 4. Microchemical analyses (EPMA) of rutile from gold deposits and other unmineralised rocks. All elements plotted as parts per million (ppm), analyses reported
in Additional Table1. Elements such as Sn and W cannot unequivocally fingerprint rutile from gold deposits, whereas Sb is an effective indicator of mineralisation.
Plot of Ti-100*(Fe+Cr+V)-1000*W from (Clark and Williams-Jones, 2004). Literature analyses from various techniques; data for metamorphic rutile: Liu et al.
(2014); Luvizotto and Zack (2009); Meinhold et al. (2008); Pape et al. (2016); Skublov et al. (2013); Smith and Perseil (1997); Zack et al. (2002); igneous rutile:
Černý et al.(1999); Kotková and Harley (2010); Plavsa et al. (2018); lode Au: Clark and Williams-Jones (2004); Cabral et al. (2013); Dostal et al. (2009); Harris
(1989); Scott and Radford (2007); Sb-Au deposit: Pochon et al. (2017).
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elements during fluid flow and mineralisation in homogenous rock
types, and may reflect transfer of some elements from country rocks to
the ore zone. However, the broader approach adopted here allows
minimising the misidentification of rutile as mineralisation-related (or

“false positives”), and is more applicable to campaign-style greenfield
exploration, where rutile from a wide variety of rocks may be targeted
at once.

In contrast to W, Sn and V, Sb is higher in rutile from gold deposits

Fig. 5. Model of rutile formation via replacement of precursor Fe-Ti oxide. Flow of mineralising fluids (blue arrows) accompanies deformation (black arrows). Rutile
develops at characteristic angles of approximately 60°. Porosity developed during removal of Fe is infilled by Fe-carbonate, quartz and chlorite. In addition to Au and
Sb, mineralising fluids are also capable of mobilising scarcely soluble elements, such as high-field strength elements (HFSE: Zr, Th) and rare earth elements.
Abbreviations: cb carbonate, Chl chlorite, Ilm ilmenite, Qtz quartz, Rt rutile, Zrn zircon.

Fig. 6. Electron image, XR maps and EBSD maps of rutile from Fortnum. Sample FTD52-120.8. BC band contrast, Ph phase map, EC Euler color. Abbreviations: Chl
chlorite, Qtz quartz, Ms muscovite, ox oxide, Rt rutile.
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when compared with a wide variety of unmineralised rocks (Fig. 4).
Even more pronounced Sb enrichments have been measured in rutile
from gold deposits formed at higher temperature conditions (medium-
grade metamorphism), such as Hemlo, Canada and Big Bell, Australia
(Clark and Williams-Jones, 2004; Harris, 1989; Scott and Radford,
2007). Recent analyses of rutile associated with Sb-Au deposits hosted
in greenschist facies metamafic rocks of the Variscan Armorican Massif,
France (Pochon et al., 2017), have indicated strongly variable Sb con-
centrations in rutile that show bimodal distribution, and ranging
from<1 ppm (typical of unmineralised metamorphic rocks) to
540 ppm (typical of Au-mineralised rocks) (Fig. 4).

5.2. Mechanisms of incorporation of Sb into rutile

A recent atom probe investigation of rutile from amphibolite grade
metamorphic rocks of the Capricorn Orogen (Verberne et al., 2017)
provides useful indications on the mode of incorporation of some trace

elements in rutile. These authors have detected nanoscale clusters of Pb
interpreted as due to element mobilisation and trapping in crystal de-
fects. The clusters have higher concentrations of Al, Cr, Sn and V in
comparison with the surrounding rutile, whereas Nb, Sb, W and Zr
show no variations. The homogeneous distribution of the latter ele-
ments suggests lack of mobility and is compatible with their in-
corporation in the mineral structure in this specific example.

The mode of incorporation of Sb5+ in the rutile structure can be
informed by the behaviour of Nb5+ as indicated by its correlation with
Fe3+, and by the correlations between trivalent and pentavalent cations
in general. The positive correlation between M5+ and M3+ (Fig. 4)
suggests a coupled substitution of the type M5++M3+=2Ti4+ (Smith
and Perseil, 1997), where M5+ is a pentavalent cation, such as Nb5+ or
Sb5+, and M3+ is a trivalent cation, such as Fe3+, Cr3+ or Al3+. Arsenic
may also be an important trivalent cation in rutile from orogenic gold
deposits. Another possible replacement mechanism for M5+ includes
2M5++M2+=3Ti4+ (Smith and Perseil, 1997), which requires in-
corporation of divalent cations such as Mg2+, Fe2+ or Ni2+.

The virtually identical ionic radius of Sb5+ and Ti4+ (both 60 pm;
Shannon, 1976) is arguably favourable for the replacement of Ti4+ in
the rutile structure, provided that charge balance can be ensured. This
requirement implies that the incorporation of Sb into rutile will be
partly controlled by the behaviour of the coupled substitution. The most
abundant trivalent cations in rutile (Al3+, Cr3+, Mn3+, Fe3+) have
effective ionic sizes ranging between 54 (for Al3+) and 64 pm (for Fe3+

at high spin state), so that the incorporation of the relatively large ca-
tions will be favoured by increasing temperatures. This may be partly
explain the high Sb concentrations in amphibolite facies gold deposits,
such as Hemlo (Scott and Radford, 2007). Trivalent Sb3+ has much
larger ionic radius of 76 pm and is not considered to be a likely re-
placement for Ti4+ in rutile (Smith and Perseil, 1997). In addition to
these mechanisms, non-equilibrium incorporation of trace elements
during fast mineral growth should also be taken into consideration,
especially in hydrothermal environments, and will be considered in the
following discussion.

5.3. Disequilibrium crystallisation and implications on Zr-in-rutile
geothermometry to greenschist facies hydrothermal rocks

The application of the geothermometer based on Zr content in rutile
(Tomkins et al., 2007) to samples from the three studied areas gives
broadly overlapping temperatures up to 674 °C (at the relevant pressure
of 2 kbar), with outliers up to 815 °C (Fig. 8). These estimates far exceed
independent maximum temperature estimates, which range from
375 °C in the Capricorn Orogen to ≤460 °C for the Ashanti Belt (Agangi
et al., 2014; Schwartz et al., 1992; Thornett, 1995) and imply that
equilibrium was not reached. The thermometer is based on the re-
quirement of equilibrium between rutile, zircon and quartz, a condition
that can be met in slowly heating and cooling regional metamorphic
rocks, especially when element diffusion is favoured at medium to high
temperatures. In contrast, rutile from orogenic Au deposits formed
during rapid hydrothermal events that are typically characterised by
pulsating fluid flow and at relatively cool temperatures (Jiang et al.,
1997; Sibson et al., 1988). These characteristics are recorded by the
zoning of minerals and by truncation and recrystallisation textures
(Agangi et al., 2016; Mumin and Fleet, 1995). The transient nature of
these processes helps explain why the Zr-in-rutile thermometer yielded
improbable results in our samples. Incorporation of Zr as nanoscale
inclusions (Fig. 2) helps explain the mismatch between Zr-in-rutile and
other types of geothermometry, which has been previously observed in
hydrothermal rutile (Cabral et al., 2015). Some of these inclusions are
too small to be individually analysed by EPMA or LA-ICP-MS, but the
correlation of Zr and Si in some analyses suggests the presence of zircon
[ZrSiO4]. Some high-Zr analyses do not contain Si, likely due to the
presence of baddeleyite [ZrO2], and the co-occurrence of Ca and Zr in
some analyses suggests the presence of zirconolite [CaZrTi2O7]. In

Fig. 7. Laser ablation ICP-MS spectra (depth profiles) of rutile from Sheba
mine, Barberton Greenstone Belt (sample 33KZB-b). Spikes in specific elements
indicate the presence of inclusions of sulfide minerals (e.g. S, Au, Mo) (A) and
Zr-bearing minerals (C). Antimony has mostly flat signal (B) and is likely pre-
sent in the structure of rutile or nanoinclusions, although spikes associated with
Pb were also observed (C).
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addition to nanoinclusions, excess Zr may have been incorporated
during fast crystal growth.

5.4. Fluid transport and metal availability in orogenic gold deposits

Antimony is common in the mesozonal to epizonal portions
(< 10 km depth) of orogenic gold deposits (Goldfarb and Groves,
2015), and Sb-bearing sulfides, such as ullmannite and tetrahedrite, are
known in gold deposits of the Barberton Greenstone Belt and the
Ashanti Belt (Agangi et al., 2014). Anomalously high concentrations of
Sb, as well as Au, As, Ag, V, W, Te, and Hg in orogenic gold deposits
relative to average crustal values (Goldfarb and Groves, 2015) can be
explained by remobilisation during metamorphism at greenschist and
amphibolite facies conditions due to chlorite dehydration and conver-
sion of pyrite to pyrrhotite (Finch and Tomkins, 2017; Pitcairn et al.,
2015). Transport of many of these elements in these deposits is believed
to be a consequence of the low-salinity aqueo-carbonic nature of mi-
neralising fluids. In these fluids, gold is thought to be transported by
hydrosulfide complexes such as Au(HS)2− and AuHS (Pokrovski et al.,
2014). Other cations that have an affinity for reduced S, such as As and
Sb, are also transported by the same fluids (as SbS2−, SbS33−, SbS43−,
SbS(HS)3, Sb(HS)4+) (Sherman et al., 2000). Low fluid salinities cause
low solubility levels of all cations forming Cl complexes, such as base
metals, resulting in the high Au/metal ratios that are typical of orogenic
gold deposits.

However, the enrichment in Nb, Ta and to a lesser extent W in our
rutile analyses is not explained by the presence of S in the fluid. Instead,
these high field-strength cations (5+ and 6+) form complexes with F
in aqueous fluids, and tend to be enriched in rocks formed from strongly
fractionated, typically F-rich and high-F/Cl felsic magmas, such as
pegmatites and associated hydrothermal fluids (Agangi et al., 2012;
Carruzzo et al., 2006; Chevychelov et al., 2005). In these igneous rocks
and magmatic-hydrothermal deposits, enrichment in Sn, Zr and other
high field-strength elements to form economically viable tantalite-co-
lumbite-ixiolite-tapiolite minerals is well known (Černý et al., 1999;
Sanematsu et al., 2016). The occurrence of F-bearing phases in our
samples, such as fluorapatite, indicates the presence of F in the mi-
neralising fluids (Fig. 2), offering an explanation for the mobilisation of

high field strength elements. In addition to F, the carbonate ion
[CO3

2−] may have also contributed to the transport of these elements
(Pokrovski et al., 2014). Thus, mineralising fluids in orogenic gold
deposits are complex fluids that are capable of mobilising relatively
insoluble high field-strength elements, a characteristic that is instru-
mental in the formation of rutile.

6. Concluding remarks

Analysis of rutile from three orogenic gold provinces formed at si-
milar greenschist facies conditions demonstrate that the chemical
composition of rutile can be used to discriminate between gold-mi-
neralised rocks and other types of non-mineralised rocks of various
petrogenetic origins. Our results indicate that trace element composi-
tion of rutile, primarily the Sb content, in combination with other
elements, such as W and V, offer the best indications of orogenic gold
mineralisation. Estimates of rutile crystallisation temperature based on
the Zr content of hydrothermal rutile may not reflect equilibrium
conditions and should be used with care; the presence of Zr-bearing
inclusions should be evaluated. The results of this study of hydro-
thermal rutile can also be applied to the study of detrital rutile, and in
particular to greenfield exploration of orogenic Au deposits. The study
of detrital rutile can aid in identifying the source rocks, including mafic
vs felsic derivation (based on Cr-Nb), association with evolved grani-
toids and related hydrothermal deposits (Nb, W and Sn) and association
with gold deposits (Sb in particular).
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