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Abstract - Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and electron microprobe 
analysis (EMPA) techniques were used to determine the mineralogy and chemistry of dominant sulphide and associ-
ated gold deposits at the Fairview Gold Mine of the Barberton Greenstone Belt (BGB). The rocks and ore mineral 
associations at the Fairview Mine indicate mesothermal (orogenic) conditions for the gold deposit. The whole rock 
chemistry of the Fairview Mine reflects calc-alkaline affinities, and felsic provenance is revealed by high SiO2, K2O, 
Al2O3, and TiO2, and low Fe2O3, MgO, Ni, and Cr contents. The mineral assemblages of the Fairview Mine rocks and 
ores indicate three phases of metamorphisms; regional prograde, thermal, and retrograde metamorphism, which caused 
zonation and heterogeneity of the ore minerals. The principal ore minerals in this deposit are pyrite, arsenopyrite, 
pyrrhotite, chalcopyrite, and rare sphalerite, as well as minor gold. The obtained results revealed that sulphides of 
the Fairview Mine are divided into two types (generations) varying in their morphology, association, and elemental 
composition. The old type 1 is porous, anhedral, heterogeneous, contains inclusions and rich in As, Ni, Co, and Au 
compared to type 2. Trace-element distribution and occurrence mode of gold at Fairview mine reflect two phases of 
gold mineralization. The first stage is associated with sulphides (mainly pyrite and arsenopyrite), whilst the second 
phase is free-lode hosted by silicates (mainly quartz).
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Introduction

Background
There are large numbers of greenstone belts 

in the world, about 260 of them are of Archaean 
age. The name ‘greenstone’ reflects the domi-
nantly basaltic volcanic and intrusive rocks of low 
metamorphic grade (Goldfarb et al., 2001; Furnes 
et al., 2010). The Kaapvaal Craton (Figure 1) in 
Southern Africa underlies most of the northern 

part of South Africa, Swaziland, and a small part 
of eastern Botswana (Bumby et al., 2011). It is 
considered as one of the oldest and best-preserved 
Archaean continental fragments on earth (Dirks et 
al., 2013). It was accumulated between 3 and 2.7 
Ga and contains rocks as old as 3.7 Ga (Goldfarb et 
al., 2001; Poujol et al., 2003; Schmitz et al., 2004). 
Uranium/lead (U/Pb) zircon ages in the ancient 
Gneiss Complex in the Swaziland range from 
about 3.64 to 3.2 Ga. Neodymium (Nd) model 
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ages suggest that some crust may have formed in 
this region at 3.8 Ga (Kranendonk et al., 2007). 
The assembly of the Kaapvaal Craton of South 
Africa during the Archaean took place episodi-
cally over a 1,000-million-year period (3.5 to 2.5 
Ga) (Kranendonk et al., 2007). It involved several 
processes of magmatic arc formation and accretion, 
as well as tectonic amalgamation of numerous 
discrete terrains and blocks (De Wit et al., 1992; 
Lowe, 1994; Poujol and Robb, 1999). However, 
Kranendonk (2011) tentatively suggested an arc 
association for the Barberton Greenstone Belt 
because of noncalc-alkaline geochemical affinity 
of the Barberton Greenstone Belt felsic volcanics.

The Neoarchean-to-Paleoproterozoic Bar-
berton Greenstone Belt (BGB) is found on the 
Kaapvaal Craton (Yoshihara and Hamano, 2004; 
Brandl et al., 2006; Kranendonk et al., 2007). 
The BGB occupies an area of 120 × 50 km2, and 
is situated some 366 km to the east of Pretoria, 
and 45 km south of Nelspruit near the eastern 

margin of the Kaapvaal Craton (Figure 2) (Yo-
shihara and Hamano, 2004; Brandl et al., 2006). 
The BGB comprises a region of an exceptional 
three-dimensional exposure and represents the 
Archaean crustal evolution (Kranendonk et al., 
2007). The BGB consists of tectonically and 
stratigraphically inserted, NE-striking volcanic 
and clastic rocks (3.55 - 3.22 Ga) with a thickness 
of 12 to 15 km (Stiegler et al., 2010), or even 20 
km thick (Kranendonk, 2011), surrounded by 
granite-gneiss domes with the age of 3.5 Ga to 
3.1 Ga (Dirks et al., 2013). 

Structural studies, which have been carried out 
on the Archaean gold deposits, indicate that most 
of these deposits are controlled by open fractures 
at four places: the shear zone junctions, in drag 
folded sites, in zones of mashing and contortion 
of the schist, and at (or near) flexures in the walls 
of shear zone breccia (Grooves and Foster, 1991). 
The systematic alignment of the gold deposits 
suite within shear planes reflects that mineraliza-
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Figure 1. Distribution of the main Archaean stratigraphic units of the Kaapvaal Craton. The Witwatersrand Basin fill com-
prises the West Rand and the Central Rand Groups; also shown is the outline of the three crustal blocks that are believed to 
have amalgamated by 2.8 Ga to form a single craton (Frimmel, 2005).
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tion formed during a single tectonic stage (Dirks 
et al., 2013). 

The physical effects of structural disturbance 
are caused by structural porosity that increases 
the volume at the junction areas and creates 
space for the precipitation of minerals (Bliss, 
1992; McCaffrey et al., 1999). At the vicinity of 
flexures, differential movement along the shear 
zone causes dilation. Drag folding has the same 
effect (Bliss, 1992).

The episode of gold deposition is associated 
with the second and third order structures (D2 
and D3) (Pitfield and Campbell, 1996; Mhlanga, 
2002). Recently, Dirks et al. (2013) proposed that 
the principal stage of gold enrichment in the BGB 
occurred after tectonic and thermal steadiness 
of the crust during stabilization of the Kaapvaal 
Craton. They suggest that brittle-ductile shear 
zones gave the chance for the deeply mineralized 
fluids to exist during cratonic extensions. 

The Barberton Greenstone Belt is generally 
characterized by low-grade metamorphism. How-

ever, the metamorphic grade increases towards the 
sheared contacts with surrounding tonalite-trond-
hjemite granitic gneisses. These contacts have been 
interpreted as an extensional interval that separates 
the greenstone belt from mid-crustal basement 
gneisses (Diener et al., 2005; Kisters et al., 2010). 
At least three types of metamorphism (Cloete, 
1999) have influenced the rocks of the Barber-
ton Greenstone Belt: sea-floor metamorphism 
(M0≈D0), burial metamorphism (M1≈D0-D1), and 
dynamic (retrograde) metamorphism (M2≈D2-D3).

There are several operating gold mines in 
the BGB, which include the Fairview Mine. The 
Fairview Gold Mine consists of greywackes, 
metapelites, and arkoses, which hosting pyrite, 
arsenopyrite, pyrrhotite, chalcopyrite, and rarely 
sphalerite as major domains, and loellingite, neck-
line, gersdorffite as minor phases (Otto et al., 2007; 
Dziggel et al., 2007) (Figure 2). These rocks have 
been subjected to long periods of metamorphism 
and deformation, which affected the chemistry of 
the ore deposits at the Fairview Mine.

Figure 2. Geological map of the Barberton Greenstone Belt and surrounding granitoid terrains. Also shown are the locations 
of the major active gold mines (Kisters et al., 2010).
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Geological Settings
Archaean greenstone belt, where the Bar-

berton Greenstone Belt (BGB) forms part of, 
represents essential contributors in world gold 
production. In this belt, the geological setting of 
the original source of mineralization (mafic rocks) 
coupled with the high sensitivity of these rocks 
to metamorphism, and hydrothermal alterations 
complicate the determination of the genesis and 
characteristics of gold deposits associated with 
these greenstone belts (Kranendonk et al., 2007). 
Understanding of the influences of mineral asso-
ciations, metamorphism, deformation, and altera-
tions on these intensively reworked and stressed 
rocks which are definitely have been subjected to 
multiple phases of gold and sulphide mineraliza-
tion, is very important in order to characterize 
and distinguish the criteria of gold and associated 
sulphides within these deposits.

The assembly of the Kaapvaal Craton of 
South Africa during the Archaean took place 
episodically over a 1,000-million-year period (3.5 
to 2.5 Ga) (Kranendonk et al., 2007). It involved 
several processes of magmatic arc formation 
and accretion, as well as tectonic amalgamation 
of numerous discrete terrains and blocks (De 
Wit et al., 1992; Lowe, 1994; Poujol and Robb, 
1999). However, Kranendonk (2011) tentatively 
suggested an arc association for the Barberton 
Greenstone Belt because of noncalc-alkaline 
geochemical affinity of the Barberton Greenstone 
Belt felsic volcanics. 

Neoarchean to Paleoproterozoic volcano-sed-
imentary sequences cover most of the Kaapvaal 
Craton (Figure 1). One of these is the Barberton 
Greenstone Belt (BGB), which comprises a 
region of an exceptional three-dimensional ex-
posure and represents the type area for Archaean 
crustal evolution on the Craton (Kranendonk et 
al., 2007). The BGB consists of tectonically and 
stratigraphically inserted, NE-striking volcanic 
and clastic rocks (3.55 - 3.22 Ga) with a thick-
ness of 12 to 15 km (Stiegler et al., 2010), or even 
20 km thick (Kranendonk, 2011), surrounded 
by granite-gneiss domes with the age of 3.5 Ga 
to 3.1 Ga (Dirks et al., 2013). The Barberton 

Greenstone Belt is one of the most studied Early 
Archaean greenstone belts and is considered one 
of the oldest granite-greenstone belts worldwide 
(Kranendonk et al., 2007), belonging to the Swa-
zian Era (3.6 - 3.1 Ga) (Kamo and Davis, 1994; 
Kroner et al., 1996; Brandl et al., 2006). 

Rocks of the Barberton Greenstone Belt strati-
graphically belong to the Barberton Supergroup 
(Viljoen and Viljoen, 1969; Kent, 1980; Ward, 
1995; Ward, 1999; Brandl et al., 2006), which 
comprises three major lithostratigraphic units 
(from older to younger):

1. The Onverwacht Group (ca. 3.49 - 3.45 Ga; 
Eriksson et al., 2001) comprises largely 
ultramafic to mafic volcanic rocks, dated by 
Kranendonk et al. (2007) between 3.55 and 
3.3 Ga. The Onverwacht consists of komati-
ites, komatiitic basalts, basalts and pillow 
lavas, minor felsic volcanics, and sedimen-
tary rocks (such as chert beds), which formed 
in a deep to shallow marine environment 
(Eriksson et al., 2001; Hofmann, 2005). De 
Wit et al. (2011) suggested that the Onver-
wacht Formation was subdivided into seven 
geological complexes, which were separated 
by at least seven major shear zones. These 
geological units are the Sandspruit Com-
plex, the Theespruit Complex, the Komati 
Complex, the Hooggenoeg Complex, the 
Noisy Complex [3432 ±10 Ma. (Grosch et 
al., 2011)], the Mendon Complex, and the 
Kromberg Complex. 

2. The Fig Tree Group (3.260 - 3.226 Ga) is a 
metaturbiditic succession (Hofmann, 2005), 
up to 2,000 m thick (Eriksson et al., 2001), 
and consists mainly of greywackes, shale, 
chert, and dacitic rocks. Five formations have 
been distinguished north of the Inyoka Fault 
namely the Ulundi, Sheba, Belvue Road, 
Bien Venue, and Schoongezicht Formations 
(Hofmann, 2005). 

3. The Moodies Group (3.227±1 Ga) is char-
acterized by arenaceous rocks (Hofmann, 
2005; Kranendonk et al., 2007), consisting 
of conglomerates, sandstones, siltstones, 
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and shale. The Moodies group sequence is 
approximately 3,000 m thick, consisting of 
conglomerates or pebbly sandstones at the 
base, a thick sandstone unit in the middle, 
and siltstones, wackes, shale, and banded 
iron formation (BIF) at the top (Eriksson et 
al., 2001; Kranendonk et al., 2007).

The Moodies Group was deposited in a shal-
low marine to fluvial environment, prior to the 
emplacement of the Kaap Valley tonalite plutons 
(Figure 2), which has been dated after (Kamo and 
Davis, 1994). Eriksson et al. (1997) and Eriksson 
et al. (2001) suggested braided fluvial, littoral, 
and shelf depositional systems for the Moodies 
sedimentary rocks.

Methodology

Gold and associated sulphides in the Fair-
view Mine have been studied using microscopic 
and analytical methods, which are mentioned 
below. The methods were applied to determine 
mineralogical, chemical characterizations of 
gold deposits, and their association timing of ore 
mineralization. These techniques are transmitted, 
ore, and SEM (Scanning Electron microscopies), 
Electron Microprobe Analysis (EMPA), and La-
ser Ablation-inductively Coupled Plasma-Mass 
Spectrometry (LA-ICP-MS). The samples used 
in this study were sponsored by Forensic Labora-
tory, Pretoria, South Africa, and were collected 
from Fairview Mine, which is located in the 
Barberton Greenstone Belt.

Microscopy
For the microscopic investigations, polished 

and thin sections were prepared at the Geology 
Department, University of Pretoria. These sec-
tions were studied using a conventional trans-
mitted and reflected light microscope in order to 
determine the mineral assemblages using point 
counting for % mineral proportion, textural and 
microstructural characteristics, the degree of al-
teration, and the metamorphic grade of the rock 

units. Representative samples were selected for 
chemical analyses after microscopic examina-
tions. Finally, the mineral parageneses, textures, 
and structures of the ores were also investigated.

X-Ray Diffraction Analysis
 For the XRD analysis, ten grams from each 

sample were ground following the standard pro-
cedure. They were examined using the X-Ray 
diffractometer model ‘PANalytical X’Pert PRO’. 
The measurements were performed at the Depart-
ment of Geology, University of Pretoria, on a 
Panalytical X’Pert PRO X-ray diffractometer in 
θ–θ configuration, equipped with a Fe filtered Co-
Kα radiation (1.789Å) and with an X’Celerator 
detector and variable divergence- and receiving 
slits. Samples were prepared according to the 
standardized Panalytical back loading system, 
which provides nearly random distribution of 
the particles. 

The data were collected in the angular range 
5° ≤ 2θ ≤ 90° with a step size 0.008° 2θ. The 
phases were identified using X’Pert Highscore 
Plus software. Errors are on the 3-sigma level, 
Amorphous phases (if present) were not taken 
into consideration in the quantification.

The relative phase amounts (weight %) 
were estimated by the Rietveld method using 
Autoquan/BGMN software (GE Inspection 
Technologies; Kleeberg & Bergamnn) employ-
ing Fundamental Parameter Approach. In the 
Rietveld Method, an observed data pattern was 
compared to a calculated pattern. By variation of 
all parameters, the difference between the calcu-
lated and observed pattern was then minimized 
by a least square procedure, until the best possible 
fit is obtained.

X-Ray Fluorescence Analysis 
The samples were analyzed using the pressed 

powder technique based on the method described 
by Watson (1996). Ten to 12 grams (75% <63 
µm) were taken from each sample and mixed 
with ten drops of polyvinyl alcohol (48 - 80) satu-
rated solution (as binder), added to each sample 
powder, then loaded into collapsible aluminium 
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cups (diameter 40 mm) and pressed by a manual 
oil-hydraulic press under 20 ton/cm2 for two 
minutes. The Cr-steel piston (diameter 40 mm) 
was levelled by polishing. The samples are then 
dried at 110°C before analysis.

The analyses were performed using the 
wavelength dispersive X-Ray Fluorescence Spec-
trometer (PANalytical) model “ARL 9400XP+”. 
The analyses were executed using the computer 
software “UniQuant”. In this study, only ele-
ments found above the detection limits have been 
reported. The data reduction software reports the 
results of all elements above the lower limit of 
detection. Due to the calculation procedure in 
“UniQuant”, the data are reported normalized 
to 100. The quantification of the analyses was 
obtained by analyzing certified standard materials 
as references.

Scanning Electron Microscopy-Energy Disper-
sive Spectroscopy (SEM-EDS) Analysis

The polished sections used in this study were 
coated with carbon with a thickness of approxi-
mately 40Å, which allows dispersion of charging 
during the SEM analyses. A silver strip was used 
for conduction between carbon coating on the 
sample and the sample holder during the analysis. 

The scanning microscope instrument, model 
‘JEOL JSM-5800V’ of the Physics Department 
at University of Pretoria, was used to investigate 
the samples in this research. This task was done 
by using an accelerating potential of 20 kV. Semi-
quantitative chemical analyses were performed 
using the Energy Dispersive Spectroscopy (EDS, 
X-Raytech). Sample photos were taken with the 
help of the ‘Orion 6.60.4’ programme, and semi-
quantitative analyses were carried out using the 
‘NSS-X-Ray’ microanalysis software. 

 EMPA
In this study, imaging and elemental analyses 

were performed (using the ‘CAMECA VX 100’ 
electron microprobe) on the gold and sulphide 
ores from the Fairview Mine. The standard proce-
dures at the University of Pretoria were followed, 
which were based on Reed (2005). 

The samples were repolished on nylon pads 
with a series of diamond powder to 0.25 µm fin-
ish. Atomic number, absorption, and fluorescence 
were processed by ZAF corrections. Quantifica-
tion analysis of the samples was performed with 
an accelerating voltage of 20 kV, a current of 20 
nano ampere (nA), and a focused spot (<1 µm 
diameter). Count times, for all elements, were 10 
seconds. Mineral matrix matched standards were 
used for calibration.

LA-ICP-MS
Laser Ablation Inductively Coupled Plasma 

Mass Spectrometry (LA-ICP-MS) is favoured 
in many geological studies including ore mineral 
identification because of its high range of sensi-
tivity, high precision, low detection limits, and 
relatively analysis large sample volume compared 
with EMPA, which mainly examines sample 
surface (Sylvester et al., 2005; Humayun et al., 
2010; Shaheen et al., 2012). The LA-ICP-MS 
technique requires minimal sample preparation 
(Shaheen et al., 2012). In LA-ICP-MS, the sample 
is directly analyzed by spot ablating with a pulsed 
laser beam. The created aerosols are transported 
into the core of inductively coupled argon plasma 
(ICP), at a temperature of approximately 8,000°C 
(Thomas, 2005). The plasma in the ICP-MS is 
used to generate ions, which are introduced to 
the mass analyzer. The ions are separated and 
collected to their mass values and charge ratios 
accordingly. The LA-ICP-MS has a higher sen-
sitivity than the EMPA and is probably able to 
detect concentrations below one part in 1012 (part 
per trillion) (Sylvester, 2008).

In this research, an Agilent Technologies 
model ‘ICP-MS 7500 Series’ instrument was used 
at the South African Police Forensic Science Lab-
oratory, Pretoria, South Africa. This machine is 
equipped with a high-performance NEW WAVE 
model UP-213 laser ablation system. This system 
is presently considered the best type to reduce and 
minimize the inter-elemental fractionation that 
could be caused by local temperature changes, ab-
lation time, and variations in the matrix matched 
elements (Chen, 1999; Gaboardi and Humayun, 
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2009, Woodhead et al., 2009). The fluency value 
of the laser beam is > 30 j/cm2.

The samples were placed in the ablation cell, 
and the aerosol produced by ablation was swept 
into the mass spectrometer using a stream of 
ultrahigh purity He gas (800 ml/min). A stream 
of Argon gas with flow rate of ̴ 900 - 1,400 ml /
min. was added downstream to achieve the dif-
ferential flow needed to obtain a bright, stable 
signal. A CCD (charge-coupled device) camera 
allows imaging of the sample during ablation. The 
operating MEOLaser 213 software was used to 
analyze the trace elements in the sulphides and 
gold of the Fairview Mine of the BGB. The radio 
frequency (RF) power was 1200 Watt, and the 
carrier gas (optional gas 95%, 0.90 - 0.95 l/min.). 
The laser ablation power was 50% with 15 second 
delay time; the consistent spot size and depth was 
25 µm with 10 Hz pulse repetition rate and 100% 
power output. The spots were each ablated for 45 
seconds to reduce the possible inter-elemental 
fractionation. 

The machine performance of the LA-ICP-MS 
was calibrated with international standards as 
mentioned in Sylvester (2008). The operational 
parameters were optimized using argon (Ar) gas 
blanks, and NIST glasses 610 and 612 before 
starting analyzing an individual mineral grain. 
The procedure was also repeatedly applied dur-
ing large numbers of analyses in large grains. The 
selection of these materials instead of pure gold 
and sulphide standards is because the optimiza-
tion requires a creation of steady state signals, and 
continuous ablation of gold and sulphides may 
result in coating the core of the laser cell which 
contaminates the system for a significant time 
(Watling and Herbert, 1994). The use of NIST 
glasses is applicable and suitable for measuring 
reproducibility and instrumental optimization 
(Watling and Herbert, 1994). Sylvester (2008) 
suggested that NIST 610 glass might be used to 
measure concentrations of Cu, Zn, Ag, Pt, and 
Au in sulphides with an accuracy of 10% using 
Fe as the internal standard. However, this line of 
analysis is not approached due to the effects of 
small amount of impurities in the pyrite which 

disturb the ablation rates even if the same ma-
trixes are used. 

After analyses, the raw data were cleaned from 
the background noise by subtracting the blank 
count per second values from the data for the 
same spots. The first fifty analyses were omitted 
from the data set to avoid any background noise.

Glass, gold, and sulphides are not the same 
material. That means the plasma loading will vary 
between the three materials; the technique used in 
this research was not based on the quantification 
or absolute values of the analyzed elements, but 
on their counts per second. Once the calibration 
had been accomplished, reference blanks were 
also analyzed using the same analytical condi-
tions, and then subtracted from the results. LA-
ICP-MS technique used in this study is a less stan-
dard technique, and it is highly recommended to 
verify comparability of the element associations 
in the samples with data from previous analyses 
at the same areas (Watling and Herbert, 1994).

Results

Rock Types
Arkoses

These rocks mainly consist of quartz 35 - 
67.5 wt. % (Table 1). The quartz is found in 
four different types: (1) the first is angular and 
fragmented quartz. (2) The second is medium- to 
coarse-grained deformed crystals which show 
kidney-shaped and augen deformational micro-
textures. (3) The third type is small posttectonic 
polygons that are located in the pressure shadows 
of the sulphides (mainly pyrite). (4) The rounded 
to subrounded quartz represents the fourth type. 
The Moodies sedimentary rocks are made up of 
poorly sorted, angular to subrounded clasts with 
diameters exceeding 25 cm (Eriksson, 1978).

Muscovite (fuchsite) is subdominant, associat-
ed with small calcite veins, and ranging from 28.2 
wt. % to 42.2 wt. % of these rocks (Table 1). Mus-
covite is also found as radial lepidoblastic laths 
and small sheets situated in pressure shadows of 
the large quartz and sulphide porphyroblasts. Do-
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Mineral/Sample 125208 125483 125484 125485 125486
Quartz 51.3±1.6 51.9±1.1 32±1.4 49.7±1.5 -
Muscovite 26.5±1.7 28±1.1 50±1.8 39.4±1.7 42.2±1.2
Biotite - - 3.2±2 2.6±1.9 -
Dolomite - 16±0.9 - - -
Chlorite - - - 3.7±1.1 4.5±1.3
Pyrite 7.1±0.6 3.9±0.4 6.1±0.7 - -
Arsenopyrite - - - 4.5±0.5 3.8±0.7
Magnetite 5.89±0.57 - - - -

Table 1. Representative Quantitative XRD Analyses of the Fairview Mine samples (error at the 99.7 % confidence)

lomite is a common secondary component within 
these rocks; epidote and chlorite are rarely found 
and represent the accessory minerals (Hofmann, 
2005). The quartz-mica schists dominate all the 
lithology of the Fairview Mine. These schists and 
slates mineralogical and structural characteristics 
are similar to those described by Kohler and An-
haeusser (2002).

Greywackes
These rocks are considered to be generated 

from impure calcareous sandstones and are com-
posed of quartz (28.4 - 57.6 wt. %) with an augen 
microtexture. Carbonate minerals are represented 
by calcite and dolomite (5.3 - 11.2 wt. %). Green 
muscovite (fuchsite) (28.2 - 33.9 wt. %) follows 
the foliation planes, and is situated at pressure 
shadows. In some samples, it was found as radial 
large patches.

Metapelites 
 These rocks are made up of biotite (3.2 - 15 

wt. %) which formed after amphiboles as well 
as actinolite (up to 25.5 wt. %.) as radial fibres. 
Albite shows some deformation microstructures, 
such as tapered and conjugate lamellae. Musco-
vite, quartz, sphene, epidote group minerals, and 
chlorite are present in rare amounts.
TAS variation diagrams (Middlemost, 1994) re-
flect that the majority of the Fairview Mine rocks 
were derived from felsic to intermediate igneous 
rocks (granodiorites and/or dacites-rhyolites). 
This is also confirmed by the high values of SiO2, 
Al2O3, K2O, TiO2, Rb/Sr, Zr, and Ba (Table 2), 
and the low values of CaO, Na2O, Ni, Fe2O3, and 
MgO. The calc-alkaline geochemical affinity of 
Fairview Mine, suggesting these metavolcano-

sedimentary sequences had deposited in back-arc 
basins (Raymond, 2002).

Rock Chemistry 
The Fairview rocks display a dacitic to rhyo-

dacitic composition (Figure 3) with respect to the 
major element composition (Hofmann, 2005). 
The geochemical characteristics of the Fairview 
Mine indicate a calc-alkaline affinity for these 
rocks.

SiO2 contents have a range of 37.4 - 75.3 wt. 
% (the average is 59.3 wt. %). Al2O3 values are 
relatively low (the average is 14.8 wt. %). K2O 
and TiO2 values are positively related (Figure 3c). 
The MgO content ranges between 1.4 - 7.8 wt. % 
(the average is 3.7 wt. %). Fe2O3 values are higher 
than 10 wt. % which are consistent with values 
from other Archaean terrain (McLennan, 1983). 
The CaO values in most of these samples are 
very low, with an average of 2 wt. %. However, 
two of the samples from the Fairview Mine have 
relatively high values of CaO (6.1 and 3.3 wt. %). 
Greywackes show a dacitic to rhyodacitic compo-
sition in the major element chemical composition 
(Toulkeridis et al., 1999). 

Most of the high field strength elements (HFSE) 
such as Zr, Hf, Ta, Nb, and Y are depleted in the 
Fairview greywackes relative to other Archaean 
greywackes and to post-Archaean greywackes 
(Condie, 1993). The greywacke plots localize close 
to the igneous trend, between the weathering trends 
of the basaltic and granitic rocks (Figure 4). The 
sample trends toward Al2O3 in this diagram do not 
indicate weathering processes. Based on Figure 
4, no clear chemical weathering is found, and the 
shifting of the samples towards CaO area reflects 
later carbonization processes. This was observed in 
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Sample 125483 125484 125485 125486 125487 125488 125489 125940 125943 125944 EGM-87912 EGM-87913

Na2O 0.239 0.216 0.064 0.156 0.084 0.152 0.135 0.16 0.796 0.038 0.318 0.587
MgO 3.494 5.834 2.077 0.999 3.739 1.234 1.211 1.479 5.107 5.675 0.909 1.567

Al2O3 12.279 19.35 15.804 19.477 14.78 13.357 19.171 17.982 5.623 4.992 23.622 23.953

SiO2 62.131 49.114 65.212 63.959 64.58 50.804 57.171 60.512 67.035 22.964 53.852 56.931

P2O5 0.058 0.113 0.038 0.032 0.044 0.024 0.021 0.022 0.015 0.068 0.015 0.024

K2O 3.105 0.231 4.039 5.043 4.118 2.809 4.547 4.557 1.523 0.886 5.86 6.041

CaO 5.945 0.676 0.546 0.101 1.5 0.101 0.366 0.239 0.363 2.985 0.081 1.463

TiO2 0.469 0.049 0.523 0.625 0.554 0.339 0.589 0.605 0.234 0.081 0.817 0.722

V2O5 0.03 0.198 0.032 0.04 0.036 0.02 0.034 0.035 0.023 0.006 0.064 0.099

Cr2O3 0.162 0.244 0.134 0.142 0.149 0.084 0.141 0.14 0.258 0.023 0.378 0.994

MnO2 0.24 14.513 0.07 0.011 0.178 0.003 0.032 0.041 0.054 1.088 0.008 0.083

Fe2O3 6.746 0.02 5.834 4.223 6.016 12.358 7.245 6.651 9.191 38.416 5.585 4.174

Co 0.017 0.091 0.021 0.016 0.027 0.028 0.017 0.013 0.036 0.037 0.014 0.026

Ni 0.042 0.012 0.037 0.039 0.041 0.025 0.04 0.043 0.075 0.044 0.074 0.14

Cu 0.011 0.018 0.012 0.011 0.006 0.007 0.013 0.018 0.018 0.105 0.007 0.012

Zn 0.013 0.003 0.006 0.009 0.01 0.005 0.006 0.024 0.013 0.007 0.014 0.04

Ga 0.001 - 0.001 0.002 0.002 0.001 0.001 0.002 0.001 0.001 0.003 0.002

As 0.335 0.512 3.398 1.985 1.362 9.435 3.474 4.301 4.47 2.291 5.466 1.231

Br - - 0.003 0.001 0.001 0.001 0.003 0.002 0.004 - 0.003 0.001

Rb 0.011 0.018 0.013 0.017 0.014 0.009 0.015 0.004 0.005 0.002 0.005 0.023

Sr 0.013 0.004 0.002 0.001 0.007 0.008 0.003 0.016 0.007 0.002 0.02 0.006

Y 0.005 0.007 0.005 0.006 0.005 - 0.005 0.002 0.002 0.001 0.003 0.006

Zr 0.015 0.017 0.02 0.021 0.019 0.004 0.015 0.006 0.004 0.003 0.007 0.009

Nb - 0.001 0.001 0.001 0.001 0.012 - 0.016 - 0.002 0.017 -

Ag 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.003

Cd 0.001 0.002 0.001 0.001 - 0.001 - 0.001 0.001 0.001 0.001 0.002

Sb - 0.002 - 0.001 - 0.001 0.003 0.002 0.006 0.001 - -

Te 0.002 0.001 0.003 0.002 0.004 0.001 0.001 0.001 0.004 0.001 0.003 0.003

I 0.003 0.004 0.001 0.004 0.014 0.01 0.002 0.005 0.012 0.001 0.001 0.038

Cs 0.001 0.044 0.038 0.038 0.001 0.003 0.039 0.001 0.004 0.005 0.001 0.004

Ba 0.004 0.015 0.004 0.002 0.035 0.014 0.003 0.037 0.011 0.001 0.001 0.001

La 0.027 0.003 0.01 0.01 0.006 0.007 0.001 0.008 0.003 0.001 0.043 0.003

Ce 0.003 0.006 0.013 0.007 0.009 0.002 0.002 0.003 0.003 0.002 0.003 0.006

Pr 0.007 0.018 0.002 0.007 0.002 0.012 0.011 0.013 0.011 0.006 0.002 0.004

Sm 0.003 0.001 0.001 0.002 0.006 0.006 0.004 0.002 0.003 0.007 0.002 0.002

WO 0.002 - 0.001 0.039 0.001 0.045 0.003 0.002 0.009 - 0.002 0.025

Hg 0.003 0.001 0.005 0.001 0.002 0.001 0.048 0.01 0.007 0.007 0.001 -

Tl 0.001 0.001 0.001 0.004 0.003 0.01 0.002 0.002 0.002 0.025 0.03 0.001

Pb 0.053 0.001 0.001 0.002 0.001 0.009 0.003 0.003 0.002 0.001 0.001 0.002

Bi 0.002 0.002 0.001 0.001 0.001 0.003 0.008 0.001 - 0.002 0.007 -

Th 0.001 0.001 0.001 - - 0.001 0.002 0.001 - - 0.002 0.001

B 0.003 0.001 - 0.002 - 0.001 0.001 - 0.001 0.002 0.002 0.002

Sc 0.001 - 0.002 0.003 0.002 - 0.001 0.002 0.002 - - -

Ru 0.005 0.003 0.002 0.004 0.008 0.001 - 0.006 0.008 0.001 - 0.001

Pd - 0.005 0.007 0.001 0.006 0.001 0.002 0.004 0.001 0.001 0.005 -

Yb 0.005 0.001 0.004 0.003 0.002 0.003 0.005 0.001 0.006 0.001 0.004 0.007

Pt - 0.007 0.001 0.001 - 0.001 0.005 0.002 0.001 0.004 0.007 0.007

Au 0.006 0.002 0.003 0.008 0.006 0.028 0.014 0.013 0.015 - 0.021 0.006

Rh 0.001 0.005 0.007 0.004 - 0.001 - 0.004 0.008 0.001 0.004 -
Ir - - 0.001 0.001 0.002 - - 0.002 0.001 0.005 - -

Table 2. Representative XRF Analyses of the Fairview Mine’s Rocks, in wt. %
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Figure 3. Fe2O3-K2O-Al2O3 diagram (after Hofmann, 2005) 
showing: (a). the distribution of shales and greywackes from 
Sheba, Fairview, and New Consort Mines from the BGB; (b). 
Field for PAAS (post Archaean average Australian shale). 
Nance and Taylor (1979); whilst (c). K2O vs. TiO2 correla-
tion diagram showing these elements are exciting in mica 
of the Sheba Mine rocks.

Figure 4. Ternary diagram of molecular Al2O3-(CaO+ 
Na2O+K2O)-(FeO+MgO), indicate weathering trends of 
granitic source (A) and basaltic source (B). C= digenetic 
and/or metasomatic transformation of kaolinite (Ka) into 
illite (Ill) with fluids characterized by high K+/H+ ratios. D= 
digenetic and/or metasomatic transformation of kaolinite 
into chlorite (Chl) with fluids characterized by high Mg+2 /
H+ ratios. Bt= biotite; Kfs= feldspar; Hb= hornblende; Ms= 
muscovite; Sm= smectite, (Toulkeridis et al., 1999).
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the rock thin sections by the presence of carbonate 
minerals such as dolomite, ankerite, and calcite. 

The Na2O values are less than 1%. Na2O and TiO2 
values are depleted; however, both of the Fe2O3 and 
MgO values are enriched (Table 2). Many of the 
Fairview rocks are similar to the post-Archaean 
average Australian shale (PAAS), but part of them 
are rich in Fe2O3 (Figure 3).

Ore Mineralogy
A total of 638 points were analyzed by EMPA 

(Table 3) on a hundred different grains of eight 
samples representing part of the selected samples 
from the Fairview Mine. This was confirmed by 
using LA-ICP-MS analysis; sixty-eight points 
were analyzed using this technique. 

A number of elements have been reported such 
as: S, As, Fe, Mn, Cu, Co, Ni, Pb, Zn, Hg, Sb, Au, 
Ag, Cd, Pd, and Bi, which represent the essential 
and secondary chemical compositions of the ore 
minerals in the Fairview Mine rocks. These are 
pyrite, arsenopyrite, pyrrhotite, sphalerite, which 
contains Au 0.12wt % and Bi 0.54wt %, chalcopy-
rite, gersdorffite, loellingite, nickeline, and native 
gold. Quartz, zircon, apatite, and chromite are the 
significant accessory phases in the Fairview Mine 
ores besides the silicates. 
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Gold
Native gold is present with variable amounts 

in part of the Fairview Mine lithologies. Gold 
grain sizes vary from microns for the inclusions 
within the sulphides (<10 µm to 30 µm) to large 
free-nuggets (>100 µm) in the silicates (quartz). 
Gold is also found submicroscopically inside 
sulphide structures, especially in arsenopyrite.

The LA-ICP-MS results reveal that arsenopy-
rite contains the highest content of invisible gold 
(Table 4), followed by pyrite and chalcopyrite. 
However, the EMPA results show no systematic 
relationship between gold and arsenic in pyrite 
(Figure 5a). Gold rather increases with high iron 
and sulphur content in the arsenian pyrite and 
arsenopyrite (Figure 6). Gold, in pyrite, formed 

Figure 5. Relationships of major and trace elements in different arsenopyrite types from the Fairview Mine, based on EMPA.
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Figure 6. EMPA data of arsenopyrite from the Fairview Mine, reflecting that Au incorporates in the arsenopyrite structure 
due to Fe contents. EMPA data of arsenopyrite and arsenic-rich pyrite from the Fairview Mine, reflecting that Au increases 
in these minerals with Fe elevated contents. (a). Arsenopyrite; (b). Arsenian pyrite.
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Figure 7. Au versus As plot. The solubility limit for Au in pyrite (Reich et al., 2005) is shown as a dashed-line. Below 
this line, Au occurs in the crystal lattice of pyrite, whereas above, a component of Au is present as inclusions (Au0). Data 
obtained from EMPA.

as very discrete electrum at nano-scale phases 
(Figure 7). It shows most of the analyses locate 
above the solubility dashed-line.

Pyrite
Pyrite is the most dominant sulphide mineral in 

the earth crust, and it is found in different geologi-
cal environments (Barrie et al., 2011; Zhao et al., 
2011; Qian et al., 2013). The pyrite of the Fairview 

Mine is classified into two types depending on their 
petrography, chemistry, and associations.  

The old one is (referred in some places here 
as core) highly porous and in deformed phase 
(pyrite 1). This type is situated at the cores of the 
pyrite grains. Pyrite 1 forms numerous textural 
types such as rounded, boudinage structures, and 
radial zoning. This type is foliated concordantly 
with the bedding planes of the host country 
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rocks, suggesting a syn-tectonic formation (Ka-
kegawa and Ohmoto, 1999). The replacement 
textures are very common in this pyrite type. 
Recent studies on deformed pyrite exposed an 
elastic deformation could operate on the pyrite at 
425° C (Barrie et al., 2011). In addition, folded 
chalcopyrite grains are found deformed inside 
this pyrite type. 

Some of these pyrite grains contain high ar-
senic contents (Table 4), which is very common 
in the orogenic gold deposits worldwide (Qian 
et al., 2013). Pyrite type 1 contains a number 
of elements that are shown in Table 3. Pyrite 1 
associates and contains a number of other sul-
phide inclusions such as pyrrhotite, chalcopyrite, 
arsenopyrite type 1, as well as native gold. Tiny 
gold grains and films commonly occur within this 
pyrite type; and it also contains invisible gold 
within its structure. These inclusions affect the 
analyses by mixing the results of small inclusions 
together. Therefore, analyzing the tiny grains (< 
4µm) by EMPA is not recommended for most of 
the Fairview Mine rocks, and the results from 
these mixed analyses must be removed from 
the datasets before making any interpretations. 
These inclusions also contribute by adding values 
of trace elements to the chemistry of the pyrite 
1 itself. No visible gold grains are found inside 
pyrite type1; but it contains invisible gold.

The second type (referred in some places here 
as rim) is younger, compact, and well developed 
(pyrite 2), and grew over old pyrite type 1. Pyrite 
type 2 is usually found as a separate phase, but is 
rarely associated with arsenopyrite 2, and even 
less with pyrrhotite. In some cases, it is found 
adjacent to arsenopyrite type 2. The grain size 
of this type increases when located close to the 
late quartz-carbonate veins. Type 2 pyrite rarely 
contains any other sulphide inclusions; however, 
its mineral chemistry is characterized by lower 
Hg contents (Table 3). LA-ICP-MS data display 
a tendency for higher contents of As, Ni, Co, Au, 
and Hg in the pyrite type 1 than the pyrite type 
2 (Table 4). Au could probably incorporate into 
arsenian pyrite by absorption of the Fairview py-
rite and other mineral surfaces during its crystal 

growth phase (Mikhlin et al., 2011). Therefore, 
pyrite type 1 contains more gold than pyrite 2.

The LA-ICP-MS results indicate that arsenian 
pyrite and arsenopyrite are the most common 
sulphides containing invisible gold, and it is also 
found within the micro shears and fractures of 
these minerals (Cook et al., 2009a). However, 
the amount of gold in both arsenian pyrite and 
arsenopyrite is very small. This is due to the 
nature of orogenic gold deposit of the Barberton 
Greenstone Belt, in which long-term remobiliza-
tion and recrystallization process (Cook et al., 
2009a, b) subjected sulphides.

Arsenopyrite
The arsenic-rich minerals of the Fairview 

Mine are represented by arsenopyrite and nickel-
rich loellingite, in which the Ni content reaches 
up to 12 wt. % (Table 3). Arsenopyrite shows 
different sizes and shapes. It forms euhedral crys-
tals, irregular aggregates, and laths, which reflect 
variable formation conditions. The arsenopyrite 
of this mine can be classified into two types which 
vary in their morphology, trace elements contents, 
and mineral associations.

Arsenopyrite type 1: This type forms irregular 
grain shapes, occasionally sub-rounded, and is 
usually associated with pyrrhotite, chalcopyrite, 
and minor pyrite. It contains both visible and 
invisible gold. This arsenopyrite forms many 
textures, and usually shows mimetic twin lamel-
lae. This is due to their heterogeneous origin 
(Ramdohr, 1958). EMPA results show that 
arsenopyrite of the Fairview Mine has Au, Ag, 
Sb, Bi, Ni, Hg, and Co values higher than that 
of pyrite (Table 3). Gold content in this type of 
arsenopyrite increases with high values of iron 
and sulphur, due to the substitution of Fe by Au 
(Cabri et al., 2000). Zoning is often present in 
this arsenopyrite type, which suggests variation 
in the element distribution and chemical alteration 
or metasomatism remobilization that has affected 
these ores. This arsenopyrite type contains higher 
Au and Hg than arsenopyrite type 2 (Figure 5).

Arsenopyrite type 2: This type forms euhedral 
grains and is usually associated with pyrite type 
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2, or occurs as individual crystals within the sili-
cates. In some samples, this arsenopyrite is found 
in disseminated patches with small amounts of 
pyrite type 2 grains. This generation contains 
small native gold grains situated in fractures and 
fissures. This type of arsenopyrite is infrequently 
found in a circular pattern.

Generally, gold values in arsenopyrite increase 
with higher values of sulphur and iron rather than 
arsenic (Figure 6). This is due to the substitution 
of Fe by Au in arsenopyrite (Cabri et al., 2000), 
which contradict with many researches that say 
gold participates in the arsenic-rich pyrite com-
position due to arsenic contents (Mikhlin et al., 
2011).

Chalcopyrite and Pyrrhotite
Chalcopyrite is often associated with arse-

nopyrite type 1, pyrrhotite, and less with pyrite 
type 1. It formed an intergrowth with pyrrhotite, 
suggesting a contemporaneously formation. 
Chalcopyrite is usually found as aggregates and 
fracture fillings. However, it formed euhedral bi-
pyramidal crystals found inside pyrrhotite grain. 
Chalcopyrite in this mine is found forming kinked 
bands inside the pyrite type 1. 

Chalcopyrite contains up to 0.21 wt. % As, 
0.03 wt. % Ni, 0.014 wt. % Pd, 0.04 wt. % Cd, 
0.18 wt. % Au, 0.18 wt. % Hg, and 0.13 wt. % Bi. 
The LA-ICP-MS analyses indicate that chalco-
pyrite of the Fairview Mine contains chemically 
bounded gold (Table 4). 

Pyrrhotite is dominant in the Fairview Mine 
rocks, displaying stock-work tensional texture 
and patch-like aggregates, usually occurring in 
anhedral crystal shapes in the matrix. Based on 
EMPA data, pyrrhotite contains As 0.7 wt. %, Ni 
0.7 wt. %, Pd 0.1 wt. %, Cu 0.2 wt. %, Au 0.15 
wt. %, and Hg 0.3 wt. %. The iron contents in the 
pyrrhotite are variable (Table 3). 

This pyrrhotite encloses tiny grains of either 
cobaltian pentlandite or (Co, Ni)-rich arsenopy-
rite. Pyrrhotite is also associated with nickel-sul-
phides (Guerra and Shepherd, 2011), especially 
gersdorffite. Obviously, the (Ni and Co) contents 
and other trace elements bounce the pyrrhotite to 

be more economically valuable. The pyrrhotite 
matrix commonly displays symptomatic textures 
of mechanical stress and deformation, such as 
disaggregation and lenticular zoning.

Gersdorffite and Loellingite
These minerals represent the Ni-rich arsenides 

in the Fairview Mine: Gersdorffite contains Co 
4.0 wt. %, Bi 0.8 wt. %, Ag 0.45 wt. %, Au 1.5 wt. 
%, Hg 0.15 wt.%, Pb 0.15 wt. %, Cd 0.17 wt. %, 
and small amounts of Fe. In gersdorffite, Fe and 
Co affect the contents of As, S, and Ni. Loellingite 
contains up to Ni 11.6 wt. %, Co 6.6 wt. %, Bi 
0.4 wt. %, Ag 0.1 wt. %, Pb 0.2 wt. %, and S 2.1 
wt. %. The cobalt contents increase with iron and 
sulphur, and have reverse relation with nickel. 
As/S ratio decreases with the increase in Fe.

The antimony content in these arsenide phases 
reaches up to 0.12 wt. %. These minerals forming 
euhedral crystals, are found as inclusions close 
to the pyrite type 2 and arsenopyrite type 2. Gold 
content in Ni-rich arsenides of the Fairview Mine 
is higher than in pyrite, arsenopyrite, and pyrrho-
tite. Generally, in the Fairview Mine, the arsenic 
of later hydrothermal solutions replaced sulphur. 
At the same time, significant amounts of Ni-Co 
replaced Fe in the old pyrite type and pyrrhotite 
to form these Ni and Co-rich sulphides and sul-
fosalts. The contents of nickel in the gersdorffite 
depend on the values of arsenic, and it correlates 
negatively with cobalt content. The iron content 
increases with the access of sulphur and cobalt. 
There was no pentlandite observed within the 
Fairview Mine sulphides. This is because of 
nickel partitioning into nickeline (the average: 
Ni= 30.4wt. %, As= 60wt. %, Fe=7.8wt. %, and 
Sb = 0.08wt. %), gersdorffite, and loellingite that 
contains nickel up to 11.55 wt. % and Co 6.58 
wt. %.

Discussions

Pyrite 
In this mine, bands of pyrite and arsenopyrite 

are common (Figure 8a), indicating repetition of 
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depositional cycles or chemical zoning (Hu et al., 
2006; Altigani et al., 2016). Infrequently, pyrite 
bands alternate with quartz-carbonate layers, 
which is consistent with the proposed concepts 
of strata bound mineralization of the Barberton 
Greenstone Belt (BGB) by Williams (1997). 

Generally, zoning in pyrite is very common 
(Figure 8a), reflecting different chemical compo-
sitions of these pyrite types (Agange et al., 2014; 
Altigani et al., 2016) caused by the variability in 
trace element contents (Zhao et al., 2011) and 
precipitation at different times (Hu et al., 2006; 
Hofmann et al., 2009). The pyrite of the Fair-
view Mine is subdivided into two types based on 
variations in morphology, chemistry, and mineral 
associations (Altigani et al., 2016).

Porous pyrite type 1, which is abundant in 
the Fairview ores (Figure 8b), is thought to have 
formed as a result of transformation of iron oxides 
into pyrite with increasing sulphur fugacity (Qian 
et al., 2010). The pores in this pyrite type might be 
formed during formation, metamorphic growth, 
or during recrystallization. Ex-solution is a com-

mon feature between nickeliferous arsenides and 
nickeliferous pyrite, which contains up to 3.9% 
Ni (Figure 8c).

The results of EMPA revealed a negative cor-
relation between arsenic and iron in the pyrite, 
indicating a substitution of iron by arsenic. LA-
ICP-MS results show no systematic relationship 
between arsenic and gold in the pyrite of the 
Fairview Mine, which is due to physical incor-
poration of gold in pyrite rather than chemical 
precipitation. The differences in arsenic contents 
in both pyrite types reflect different incorpora-
tion processes for As during the pyrite formation 
(Qian et al., 2013). The arsenic forms concentric 
growth zones in pyrite type 2, but rather forms 
inclusions in pyrite type 1. Rounded pyrite may 
represent the earliest generation in this mine, 
because it is found surrounded by types 1 and 2 
of pyrite (Figure 8d). This rounded pyrite of the 
Fairview Mine could have derived from different 
sources, which might be one of the followings: (1) 
Sulphides of magmatic, magmatic-hydrothermal 
or metamorphism related to hydrothermal origin, 

b

Arsenopyrite

20kV 10μm      x1,500 

a

c

Pyrite

Arsenopyrite

20kV 10μm      x1,500 100μm      

d

Figure 8. Photomicrographs of: (a). backscattered image shows growth banding between arsenopyrite and pyrite; (b). porous 
pyrite type 1 involves tiny arsenopyrite inclusions; (c). Ex-solution and reaction rims between pyrite and arsenopyrite suggest 
later reaction of As-rich solution with pyrite; d. Rounded (possibly detrital) pyrite overgrown by pyrite 2.
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hosted in granitoid-greenstone terrains, (2) Pre-
existence of sedimentary rock successions, or (3) 
Syn-depositional to digenetic intraformational 
sulphides representing primary chemical pre-
cipitates, early digenetic products, or secondary 
replacements (Hofmann et al., 2009).

Rouchon et al. (2009) analyzed detrital pyrite 
from the Hooggenoeg Formation of the BGB, and 
found that it contains various copper amounts 
(up to 1.7 wt. %) and traces of Pb (0.1 - 0.5 wt. 
%), As (0.05 - 0.2 wt. %), Zn (200 - 300 ppm), 
Co (100 - 150 ppm), Sb (100 ppm), Cd (30 - 50 
ppm), and Cr (10 - 30 ppm). They also observed 
that digenetic pyrite has higher Cu (up to 1.1 
wt.%) and Co (up to 2.6 wt.%), and lower As, Pb, 
Ni, Zn, Cd, Co, Cr, and Sb contents than detrital 
pyrite. In this study, the pyrite type 2 is compa-
rable with Rouchon et al. (2009) observations. It 
contains As up to 2.1 wt. %, Co 0.23 wt. %, Cu 
0.1 wt. %, Pb 0.1 wt. %, Hg 0.2 wt. %. Elements 
like Ni, Co, and Ag increase with the elevated 
levels of arsenic in the pyrite, which was also 
observed by Maddox et al. (1998). Gold contents 
increase with the high Ni values; it reaches up 
to 1.13 wt. % in the arsenic-rich zones of pyrite 
(see also Reich et al., 2005; Cook et al., 2009a). 
High Ni contents in pyrite may indicate a mafic 
or ultramafic provenance of the ore-forming fluid 
(Zhao et al., 2011).

Pyrite of the Fairview Mine contains submi-
croscopic inclusions of rutile and chrome-rich 

magnetite. The presence of chrome-rich magnetite 
in pyrite indicates mafic to ultramafic associations, 
such as the komatiite-hosted sulphide deposits 
at Kambalda in Western Australia (Dare et al., 
2012). Stiegler et al. (2010) noted that there were 
no significant criteria for metasomatism modifica-
tion affected these chrome-rich magnetite grains.

Pyrrhotite and Chalcopyrite
Anhedral microstructures are commonly ob-

served in pyrrhotite and chalcopyrite of this mine, 
as well as coarsening at the hinges of the host 
rock micro-folds (Figure 9a), which suggests syn-
tectonic formation of chalcopyrite (Barrie et al., 
2007). Chalcopyrite forms zoned and gradational 
rims with pyrrhotite, indicating growth zones, or 
repeated fluid cycles. This possibly shows that 
chalcopyrite is formed due to replacement of the 
pyrrhotite in the presence of aqueous copper (El-
liot and Watling, 2011). The morphology of the 
chalcopyrite in this mine suggests the presence of  
two generations or depositional episodes (massive 
and euhedral).

Pyrrhotite of the Fairview Mine has high iron 
content, which suggests formation in a low-sulphur 
and/or low-temperature environment (low-grade 
metamorphism). Infrequently, some remnants of 
fine-grained pyrrhotite are situated inside, or are 
overgrown by arsenopyrite type 2. This implies 
fluctuations of the arsenic contents in different 
stages of hydrothermal solutions (Figure 9b).

Pyrite

Pyrotite

Arsenopyrite

20kV           2μm x6,500

ba

Figure 9. Photomicrographs of: (a). Kinked chalcopyrite inside pyrite; (b). Inclusion of pyrrhotite inside arsenopyrite, and 
both are enclosed by pyrite.
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Gold
Two gold generations (types) have been ob-

served (Figure 10a). The first one is associated 
with sulphides (mainly pyrite, arsenian-pyrite, 
arsenopyrite, pyrrhotite, and chalcopyrite), 
indicating one or more of these assumptions: 
(1) Early existence of gold grains which were 
overgrown or formed simultaneously with pyrite, 
(2) Co-precipitation of gold in the structures of 
these sulphides, suggesting direct contribution of 
the ore-forming hydrothermal system rather than 
recrystallization effects (Economou-Eliopoulos et 
al., 2007), or (3) Later auriferous hydrothermal 
fluids that deposited gold in fractured surface of 
the pyrite. 

The second gold generation is found as free 
lodes (Figure 10b), filling the spaces between 
silicates. Gold can be adsorbed on the surface of 
silicate (especially quartz and alkali-feldspar), 
and gold particles can grow to form aggregates 
and nuggets (Mohammadnejad et al., 2012). The 
sulphides present in the assemblage of free gold 
are arsenopyrite and pyrrhotite rather than pyrite 
in most of the samples. This gold generation could 
reflect metamorphic remobilization and distri-
bution of the pre-existent gold grains (type 1) 
(Vaughan and Kyin, 2004; Ciobanu et al., 2009).

No systematic relationship has been observed 
between gold and arsenic in pyrite during this 
study and in other gold deposits worldwide 
(Cook and Chryssoulis 1990; Fleet et al., 1993; 
Zachariáš et al., 2004; Sung et al., 2009, Bi et al., 

2011). Occasionally, gold can be found related 
to tellurium rather than arsenic, but even this 
relationship does not exist. 

God and Zemann (2000) and Mikhlin et al. 
(2011) summarized the process of gold incorpora-
tion in pyrite due to arsenic traces. The observed 
nonsystematic gold-arsenic relationship is prob-
ably caused by the heterogeneity and differences 
in the elemental distributions in the pyrite grains 
(Winderbaum et al., 2012; Altigani et al., 2016). 
This kind of heterogeneity leads to uncertain or 
nonlinear overall relationships between Au and 
As. Therefore, the correlation between these two 
elements could be only valid in more homogenous 
grains, and it implies physical precipitation of 
gold in pyrite rather than chemical reaction 
processes.  

Gold values in both pyrite types are low, which 
is consistent with other orogeny-type gold depos-
its worldwide (Zhao et al., 2011). LA-ICP-MS 
smooth depth profiles on pyrite revealed that gold 
and silver occured in discrete grains in the pyrite 
type1, which might reflect coexistence formation 
(Cook et al., 2009b; Sung et al., 2009; Bi et al., 
2011) of native gold and the pyrite.

Mineralization Style
The quartz-reef deposits in the Barberton 

Greenstone Belt are probably compared to that 
of the Kalgoorlie Belt in the Western Australia. 
In which, the gold was thought to be transported 
as reduced sulphur species, in low salinity meta-

Pyrite
Gold 

Pyrite

20kV 1μm x11,000

Gold 

Silicates

Silicates

100μm

10
0μ

m

ba

Figure 10. Photomicrographs of: (a). Tiny gold grain contained by pyrite; (b). Free-lode gold grain in silicate matrix.
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morphic fluids rich in H2O and CO2 and ± CH4 
(Hammond et al., 2007). Gold is deposited due 
to the reaction of sulphur with the iron in the host 
rocks (sea-bed/possibly mafic or ultramafic?) to 
form pyrite and other iron-containing sulphides 
(Qian et al., 2010). This explains the affinity of 
gold towards iron and sulphur rather than arsenic 
in arsenopyrite. In arsenopyrite, the gold values 
increase with high values of sulphur and iron 
rather than arsenic (Cabri et al., 2000), which is 
contradictory with many researches who men-
tioned that gold participates in the pyrite com-
position was due to arsenic traces (e.g. Mikhlin 
et al., 2011).

Dehydration (dewatering) due to later meta-
morphism processes of clastic metasedimentary 
rocks in greenstone belts has been recognized as 
significant source generated fluids, causing in-
tensive metasomatism and ore depositions in the 
mafic and/or ultramafic metavolcanics (Saha and 
Venkatesh, 2002; Dziggel et al., 2007; Ordonez-
Calderon et al., 2008).

Most of gold deposits in the BGB are located 
in the second and third order structures (Dirks et 
al., 2013), or in the fault intersections correspond-
ing to places of low stress which increase fluid 
intake and location. Gold in Fairview Mine is 
normally attached to quartz-carbonate reefs; the 
mineralized fractures are spatially proximal to 
large-scale compressional and/or transpressional 
shear zone across the Kaapvaal Craton (Dzig-
gel et al., 2007 and 2010). The Au-mineralized 
fluids are usually characterized by the range of 
P-T conditions of ca. 200 - 650◦ C and 1 - 5 kbar, 
with low salinity and CO2-rich. These fluids were 
generated from metamorphic devolatilization and 
metamorphic reactions in the middle and lower 
crust (Dziggel et al., 2007). 

The dominant sulphides in the Fairview Mine 
are pyrite, arsenopyrite, and pyrrhotite, besides 
Ni-rich arsenides and sulfosalts. This assemblage 
is similar to that of the mesothermal gold ores in 
the Archaean Yilgarn Craton of Western Australia 
described by Vaughan and Kyin (2004). 

The source of the fluids, which precipitated 
these sulphides, is uncertain. Firstly, it might be 

originated from residual magmatic fluids that 
segregated after the formation of the Barber-
ton Greenstone Belt ores and migrated upward 
through the greenstones during the early stages 
of brittle deformation (dip and strike-slip shear 
zones). Another source could be due to the meta-
somatism associated with shearing that could 
represent the continued influence, which moved 
these fluids as it evolved. A third possibility is 
that it could have occurred during a separate 
episode linked to the dehydration associated with 
the metamorphism of the mafic/ultramafic rocks 
(komatiite?). 

The mineralization of this mine is syn-to late 
tectonic and postdates the peak of metamorphism. 
The relatively high formation temperatures of 
gold deposits reflect an orogenic (mesothermal) 
type which is also confirmed by the low gold 
content in pyrite due to sulphide recrystallization 
and remobilization during regional metamorphic 
overprinting, which is consistent with many other 
orogenic-type gold deposits world-wide (Zhao et 
al., 2011).

The structural pattern of gold mineralization 
in this mine is quite similar to that of the Pilbara 
in Western Australia (Thèbaud et al., 2008). The 
main host rocks of gold mineralization in this 
mine belong to the Fig Tree and the Moodies 
Group sedimentary rocks (Dziggel et al., 2007). 

The mineralogical, chemical feature, and 
relationships suggest at least two generations 
or types of mineralization at the Fairview Mine. 
This may be due to two separate mineralization 
events which occurred in different times, or as a 
consequence of remobilization and redistributions 
of old (parent) gold-bearing sulphide deposits.

Conclusions

The Fairview Gold Mine, lithologically con-
sists of greywackes, metapelites, and arkoses. 
These rocks have geochemical calc-alkaline 
affinities, suggesting a deposition in back-arc 
basins. These rocks mainly consist of (up to 67 
wt. % quartz, up to 40 wt. % micas), and minor 
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dolomite, amphiboles, and chlorite, suggesting 
low metamorphic facies.

In these rocks, four generations of quartz vary 
in their textures and shapes. The ancient primary 
depositional structures, such as trough-cross bed-
ding and lamination, are still conserved which 
prove the low-grade metamorphic green schist fa-
cies for the Fairview lithology. All lithology units 
(metapelites, greywackes, and lesser in arkoses) 
of the Fairview Mine host pyrite, arsenopyrite, 
pyrrhotite, chalcopyrite, loellingite, nickeline, 
gersdorffite, and rarely sphalerite, besides the 
gold. Ex-solution and lateral zoning are the com-
mon microtextures in these sulphides, especially 
in pyrite and arsenopyrite, which indicate a rep-
etition of depositional cycles, or presolid-state 
chemical reactions. Most of these sulphides con-
tains gold in chemical and mineralogical forms.

The pyrite of the Fairview Mine is classified 
into at least two types; the old, highly porous and 
in deformed phase (pyrite 1), and the late one 
well-developed (pyrite 2). In some of the Fair-
view samples, the pyrite 1 is situated in the core 
of the pyrite grains, sometimes as detrital, while 
the later pyrite found in the rims. This, besides 
the variations in arsenic, and probably (Ni, Co) 
contents, formed zoning textures between both of 
the pyrite types.  LA-ICP-MS data of the Fairview 
pyrite display an increase in Ni, Co, Hg, Bi, Ag, 
and Au contents with the high levels of arsenic. 
However, Au replaces Fe in arsenopyrite lattice.

The LA-ICP-MS results show that arsenic-
rich pyrite is the most gold-containing mineral 
as elemental and mineralogical phases, then ar-
senopyrite and chalcopyrite. Au was probably 
incorporated into arsenian pyrite by adsorbing on 
the pyrite and other mineral surfaces during its 
crystal growth; this causes pyrite 2 contain more 
gold rather than pyrite 1. 

Native gold is present in various amounts in 
the whole of the Fairview Mine rocks. Gold is 
associated with Ni-rich arsenides and gersdorffite. 
The gold grain size is also varying from microns 
for the inclusions within the sulphides (<10 µm 
to 30 µm) to large free-nuggets (>100 µm) in the 
silicates. The results obtained from this research 

revealed that Fairview Mine ore deposits were 
possibly classified into two groups differ in their 
chemical, mineralogical, and associations.
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