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Abstract. Gold mineralization in the Senoufo Greenstone 
belt, northern Côte d’Ivoire, West Africa, is associated 
with hydrothermal fluids that were derived from 
metamorphic devolatilization at the transition of 
greenschist to lower amphibolite facies metamorphic 
grades during prograde metamorphism. The presence of 
locally-derived metamorphic fluids is documented in high 
gold grade quartz assemblages associated with chlorite-
epidote alteration. The bulk of gold mineralization 
occurred during post-peak retrograde metamorphism 
where hydrothermal fluids were channeled and trapped 
by pre-existing structures that were active during long-
lived Eburnean orogenesis. 
 
1 Introduction 
 
Gold mineralization is hosted in the Palaeoproterozoic 
NNE trending Birimian Senoufo Greenstone belt in Côte 
d’Ivoire in West Africa (Fig. 1). Major gold mineralization 
is found in Birimian metavolcanic rocks at geological 
contacts with intrusions, in second or third order 
structures, and with subordinate occurrences hosted in 
metasedimentary rocks (Ledru et al. 1991, Milési et al. 
1992). Mineralization in the Senoufo greenstone belt is 
generally viewed as orogenic in type (Greyling, et al. 
2013) and also as skarn type (Lawrence et al. 2017).  

The Senoufo greenstone belt hosts the 98 Mt Tongon 
gold deposit operated by Barrick Gold, which has been 
classified as skarn type mineralization (Lawrence et al., 
2017). The Tongon mine is the country’s largest gold 
mine producing 3.2 Moz at 2.7 g/t Au. Whereas several 
gold occurrences are found within the ± 400km strike 
extent of the greenstone belt, the presence of a multitude 
of lower gold grade targets necessitates the ranking of 
individual targets in order to focus exploration resources 
on targets with higher gold hosting potential. This ranking 
may be applied to other exploration targets in other 
regions.  

This study aims to provide a basis for such a ranking 
mechanism by evaluating and understanding the gold 
endowment potential of gold occurrences along the belt. 
 
2 Palaeofluid reconstruction 
 
2.1 Alteration assemblages and thermometry 
 
Gold mineralisation in the Senoufo greenstone belt 
(excluding the Tongon deposit) is associated with 
chlorite, epidote, quartz, biotite, pyrite and arsenopyrite, 

and minor occurrences of pyrrhotite. Host rocks are 
metamorphosed basalts, tuffs, carbonaceous shales, 
argillites, volcanic ash breccias, phyllites, basaltic 
andesitic tuffs and pyroclastic flows. The intrusion of 
granodiorite and dioritic plutonic bodies predate main 
mineralization events. Host rock sequences in the 
immediate hanging- and footwall units to gold targets 
include medium- to fine-grained equigranular 
assemblages of hornblende, actinolite, epidote, chlorite 
albite, quartz, micas, and sphene/titanite. 

Chlorite thermometry on quartz-chlorite-epidote 
assemblages associated with mineralization estimates 
temperatures between 275 - 347˚C.  
 

 
Figure 1. The Senoufo greenstone belt is located in northern Côte 
d’Ivoire in West Africa (image from Lawrence et al. 2017). 

 
2.2 Metamorphic devolatilization 
 
Unmineralized footwall and hangingwall samples from 
three sites in the south and north of the greenstone belt 
were used to model devolatilization and mobilization of 
hydrous and carbonaceous fluids during metamorphism. 
Quantitative mineral equilibrium modelling of greenstone 
rocks using THERMOCALC 3.45 in the system 
NCKFMASHTO were used to illustrate the metamorphic 
conditions, mineral assemblages, and fluid evolution. 
Calculated P-T pseudosections of samples containing 
medium- to fine grained equigranular assemblages of 
hornblende, actinolite, epidote, chlorite, albite, quartz, 
micas, and sphene/titanite show that 3–7 moles of fluid 
per mole of rock is produced during prograde 
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metamorphism between 450 and 500˚C during the 
transition from greenschist to amphibolite facies 
metamorphism. Fluid production occurs primarily through 
the breakdown of chlorite, and equates to the focused 
release of 30–60% of the entire fluid budget of these 
rocks. 

 
2.3 Stable isotopes 
 
Oxygen isotope data were obtained by both conventional 
and laser fluorination methods at the University of Cape 
Town. The δ18O values of auriferous quartz were between 
12.8 and 17.7 ‰, which equates to a fluid δ18O value 
between 6.0 and 11.7 ‰, using the oxygen fractionation 
between quartz and water equation of Zhang et al. 
(1989). The δ18O values of quartz veins decrease to the 
northeast to 10.0–14.1 ‰ (δ18O fluid 3.2–9.5 ‰), and 
generally increase with increasing gold grades. 

 
2.4 Fluid inclusions 
 
Minimum fluid trapping temperatures obtained from fluid 
inclusion homogenisation measurements are between 
180–340 ˚C for samples with gold grades between 5.5 
and 27.1 g/t Au. Samples with higher gold grades 
correspondingly show salinities <6 wt.% equiv. NaCl (Fig. 
2). Aqueous and aqueous-carbonic CO2 fluids are 
dominant, with minor occurrences of CH4-rich fluids. 
Aqueous fluid compositions are inferred from eutectic 
melting temperatures as H2O-NaCl- ± MgCl2±KCl 
mixtures. 

 

 
Figure 2. Gold grades and salinity plot for selected fluid inclusions 
in samples from the Senoufo belt show a decreasing salinity at 
increased Au grades.  
 
3 Results 
 
Senoufo samples show that (a) large quantities of fluid 
are generated from the host greenstones during prograde 
metamorphism at the greenschist- to amphibolite facies 
transition between 450 and 500˚C; (b) gold mineralisation 
is associated with quartz and chlorite at lower minimum 
trapping temperatures around 340˚C; (c) gold 
mineralization is associated with aqueous and aqueous-
carbonic fluids with δ18O values of 6.0–11.7 ‰ for the fluid 
δ18O. These fluid compositions are similar to what has 
been documented for other orogenic gold deposits 

(Goldfarb et al. 2001). 
 
4 Conclusions 
 
This research suggests that voluminous and focused 
hydrothermal fluids may be produced during prograde 
metamorphism of metabasic greenstone belt rocks during 
regional deformation linked to the Eburnean orogeny. 
Sufficient fluid quantities are generated to mobilize gold 
from the surrounding rocks and transport it along 
dilational structures formed by active deformation. The 
residence time of these internally derived hydrothermal 
fluids may be long lived. Gold mineralization occurred at 
lower temperatures after fluid focusing along pre-existing 
structures. Exploration targets with calculated higher fluid 
flow can be assigned higher values on a ranking system 
in addition to considering the gold values of said targets. 
This additional criterion may aide in the reclassification of 
targets already ranked solely on gold values.  
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Abstract. The characteristics of gold-bearing fluids at the 
Blagodatnoye deposit are discussed. Currently, the 
Blagodatnoye deposit is of great interest for study, as it is 
one of the largest in the Russian gold mining industry. It’s 
located in the zone of influence of the Ishimbinsky deep 
fault on the Yenisei Ridge. Gold-bearing associations are 
confined to the quartz-vein zone in which quartz forms 
veins, lenses, and veinlets. Fluid inclusions from two ore 
bodies with gold content from 0.2 to 31 g/t have been 
studied. The types of fluids that took part in the formation 
and alteration of quartz veins of the Blagodatnoe deposit 
and their thermobarogeochemical characteristics have 
been established. 
 
1 Blagodatnoye deposit 
 
The large gold deposit Blagodatnoye is located in the 
Krasnoyarsk Territory (Fig.1), in the Zaangar part of the 
Yenisei Ridge. The Ishimbinsky deep fault is one of the 
main ore-controlling structures of gold mineralization in 
the area under consideration. There are many ore 
deposits in the zone of its dynamic influence, including 
Blagodatnoye. At present, the deposit is of great interest 
for study as it is one of the largest in the Russian gold 
mining industry with gold reserves of more than 220 tons 
and an average grade of 2.5 g/t in the ore. 

Gold-bearing associations (early - quartz ± pyrite ± 
pyrrhotite ± arsenopyrite and late - quartz-sphalerite-
chalcopyrite ± galena) are concentrated in the quartz-vein 
zone with a capacity of up to 150 m, a length of 2.5 km 
and a vertical amplitude of mineralization of more than 
250 m. Quartz is the main mineral that forms veins, 
lenses, nodules, and veinlets.  

 

 
 
Figure 1. Location of the Blagodatnoye deposit.  
 

It should be noted that the ore formation process was 
multi-stage and took more than 300 Ma (Sazonov et al 
2011).  

 
2 Methods applied 

 
In order to establish the thermobarogeochemical 
characteristics of the fluids of the Blagodatnoye gold 
deposit, fluid inclusions in quartz thin sections were 
analyzed. The gold content in the samples varies from 0.2 
to 31 g/t. Primary, pseudo-secondary and secondary 
inclusions were studied using microthermometry, Raman 
spectroscopy and gas chromatography–mass 
spectrometry (GC-MS). The following inclusions types 
were analyzed (Fig.2): single-phase (LСО2, GСО2, 
LСО2±CH4±N2, GСО2±CH4±N2), two-phase (LН2О+G) and three-
phase (LН2О+LСО2+G, LН2О+G+crystal).  
 

 
Figure 2. Fluid inclusions types in quartz from the Blagodatnoye 
deposit  
 
3 Fluid temperature and pressure  
 
The homogenization temperature of primary and pseudo-
secondary inclusions, which was considered as the 
minimum temperature of the mineral formation, is in the 
range from 200 to 360 ° C (Fig. 3). Homogenization 
temperature of secondary inclusions is 140-260 ° C. 

The pressure of the ore-forming fluid in the inclusions 
varies from 0.2 to 2.6 kbar (Table 1). Moreover, there is a 
noticeable difference in the value of fluid pressure in 
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quartz with high and low gold content: 1.8-2.6 kbar and 
0.2-0.5 kbar, respectively (Fig. 3). 

 

 
 

Figure 3. Pressure and homogenization temperature in fluid 
inclusions from quartz veins with different Au content 

 
4 Salinity  
 
Three types of fluid can be distinguished by salinity: low-, 
medium- and high-saline. Low saline fluid is conserved in 
secondary substantially aqueous (LН2О+G) inclusions. 
Salinity in them varied mainly in the range from 0.5 to 5.0 
wt.%, NaCl-eq. Medium saline fluid is captured in primary 
and primary secondary aqueous and aqua-carbon 
dioxide inclusions, in which the salinity varied in the range 
from 9.0 to 23.5 wt.%, NaCl-eq. Highly saline fluid (> 40 
wt.%) is determined in secondary aqua-salt inclusions. 
 
5 Gaseous phases composition   

 
Carbon dioxide, methane, and nitrogen were identified in 
the gas phase of fluid inclusions. It was indicated by the 
melting points of liquefied gas in inclusions, which vary in 
the range from -145 to -56.6 ° C, and in some cases 
below -170 °C. Raman spectroscopy analysis of the gas 
phase in individual inclusions showed the presence of 
CO2, CH4, and N2 (Fig. 4).  
 
Table 1. Fluid inclusion characteristics from the samples with a the 
different gold content 

Au, 
g/t Th, ˚C P, kbar 

Salinity, 
wt.%, 

NaCl-eq 
CO2/CH4 

4,9-
31,5 250÷360 1.8÷2.6 10÷23,5 0,01÷0,13 

0,2-
1,7 200÷280 0.2÷0.5 9÷22 31,33÷81,50 

 

 
 
Figure 4. Oxidized and reduced fluids according to the Raman 
spectroscopy data  
 
Samples with high gold content have a high methane 
content. The difference in the percentage ratio of the 
content of volatile elements indicates a change in 
oxidation-reduction conditions in the process of ore 
formation (Gize et al 1993, Gize 1999). 
 
6 Results of GC-MS  
 
Eight samples have been analyzed by gas 
chromatography-mass spectrometry. The analysis has 
proved the presence of CO2, CH4, and N2 in the 
mineralizing fluids. Apart from them, a wide range of 
compounds of subordinate quantities have been 
identified such as aliphatic, cyclic, oxygenated 
hydrocarbons, heterocyclic, nitrogenated, sulfonated, 
and inorganic compounds (in total, more than 160 
species).  

 
7 Implications  
 
Table 1 represents a summary of primary and pseudo-
secondary fluid inclusions characteristics in quartz from 
the Blagodatnoye gold deposit. The formation of quartz 
veins at the deposit took place with the participation of 
aqua-salt fluid containing CO2, N2, CH4 and other 
compounds in the temperature range from 200 to 360 ºС. 
Fluid salinity varied from 9.0 to 23.5 wt. %. Fluid pressure 
varied in the range from 0.2 to 2.6 kbar. 

In the process of ore formation of high gold content, 
the reduced fluid played a leading role, as evidenced by 
high concentrations of CH4 in fluid inclusions. 

Highly saline fluid (up to 43 wt. %) and low saline (0.5-
5.0 wt. %) were superimposed on already existing veins 
at temperatures from 140 to 260 ºС.  
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Abstract. In the drillcore of the Kola super-deep borehole 
(SG-3, 12262 m depth) gold bearing rocks of Archaean 
age have been located at depths of 9500 to 11000 m. 
Quartz veins, between 9052 and 10744 m, within this 
gold zone, contain fluid inclusions with exceptional 
concentrations of gold, which are present as 
nanoparticles. There are 4 types of fluid inclusions (1) gas 
inclusions of dense CO2, (2) liquid-vapour two-phase 
aqueous inclusions, (3) three-phase inclusions with NaCl 
daughter crystals, and (4) CO2-aqueous inclusions. In all 
inclusion types, there are extremely high concentrations 
of Au. In the high salinity FIs the average concentration is 
c. 750 ppm and may be as high as 6000 ppm. We suggest 
these fluids could be a precursor of “Orogenic gold fluids” 
which, at the Au concentrations determined, would 
reduce the requirements for large volumes of 
metamorphic fluids to form orogenic ore deposits. The 
gold is currently present as colloids and indicates that in 
this form it is possible to transport greater amounts of gold 
than in true solution. 
 
1 Introduction 
 
We first discovered fluids with the high gold 
concentrations during the study of the gold mineralization 
in deep zones of the Baltic Shield. 
Mineralization was discovered in the deepest man-made 
hole on Earth, the Kola Superdeep drillhole (SG-3, 12262 
m), drilled to provide information about rocks and 
processes in the deep zones of the continental crust of 
the Baltic Shield (Kola, 1998). The borehole was drilled in 
the Pechenga ore district of the Russian Federation 
where there is a greenstone belt of Proterozoic age with 
gold mineralization at the present day surface (Sundblad, 
2003). In drillcore from 9500-11000 m, a gold-bearing 
region with a vertical extension of about 1500 m was 
found, in which the gold concentration varied from 0.01 to 
6.7 ppm (INAA analyses). Gold, with up to 26 % Ag, is 
present as small flakes (up to 10 microns) and irregularly 
shaped grains located in biotite, hornblende, plagioclase, 
and quartz.  
These rocks were overprinted by Proterozoic regional 
metamorphism that reached amphibolite facies at 
temperatures of 520-650 °C and pressures of 3-4 kbar 
(Kola, 1998). Zones of greenschist facies metamorphism 
are also established in the Archaean section of the 

borehole. Gold mineralization at the present-day surface 
in Pechenga district and at a depth of 9.5-11.0 km in the 
borehole, is spatially associated with the zones of 
regressive transformations (1760-1700 Ma). The study of 
the deep structure of this area shows that the gold 
mineralization on the modern surface and at depth are 
controlled by a single system of faults associated with the 
tectonic activity during the Svecofennian orogen at 1760 
Ma (Lobanov et al., 2013). Taking into account the 
erosion, which cuts out about 7 km, from the actual depth 
of occurrence, the gold-bearing zone in the borehole 
corresponds to depths of 16.6-18 km during the 
Proterozoic, i.e., we are dealing with hydrothermal 
mineralization at the depth of the middle crust. 
 
2 Fluid inclusion studies 
 
2.1 Fluid inclusion petrography 
 
Fluid inclusions found in quartz veins between 9052 to 
10744 m (sample numbers correspond to their depth) can 
be divided into four types (Figure 1): type 1) gas 
inclusions of dense CO2, type 2) vapor-liquid two-phase 
aqueous inclusions, 3) three-phase inclusions with NaCl 
daughter crystals, and type 4) CO2-aqueous inclusions. 
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Figure 1. Types of FIs: (a-b) gas inclusions of dense CO2 - type 1 
(a, c +25 ºC, b -50 ºC), (c) vapor-liquid two-phase aqueous 
inclusions - type 2, (d) L-V-S inclusions with NaCl daughter crystals 
- type 3; (e, f) – carbon dioxide-water-salt fluid inclusions - type 4 (e 
+25 ºC, f -10 ºC). 
 
2.2 Microthermometry and Raman analyses 
 
Type 1 are CO2 gas enriched inclusions with a small 
amount of water with Thliq from +30.8 to -45.0 °C. TmCO2 
is from -56.7 to -60.3 °C, with densities from 0.37 to 
1.14 g / cm3. Salinity is between 3.4 and 4.1 wt.% eqiv. 
NaCl (from the clathrate melt temperature). Raman 
spectroscopy shows the composition is 99.7-98.7 mol. % 
CO2 and 1.3-0.3 mol. % N2. 

Type 2 inclusions, with Te from -74 to -55 °C, are 
brines containing Na and Ca. In these FIs Tmice is from 
-20.7 to -63 °C, corresponding to salinities of 21.6 to 30.2 
wt. % eq. CaCl2, Th is between 137 and 228 °C. Only low-
density N2 (100 mol %) was detected in the gas phase. 

Type 3 L-V-S inclusions have Th halite between 123-
381 °C, and Th of the vapour between 137 and 264 ºC. 
Low Te of -64 °C indicates Na and Ca chlorides, with 
salinities from 25.9 to 45.4 wt.% eq. NaCl. Only low-
density N2 (100 mol. %) was detected in the gas phase. 

Type 4 CO2-aqueous inclusions have Th from 203 to 
356 °C and salinities from 3.6 to 18.8 wt.% eq. NaCl. The 
composition of the gas phase is very similar to type 1, 
with CO2 (99.6-98.1 mol. %) and N2 (1.9-0.4 mol. %). 

 
 

2.3 LA-ICP-MS analyses 
 

The LA-ICP-MS data, revealed the presence of high 
concentrations of gold in individual fluid inclusions from 
all 4 types between depths of 9500 and 11000 m (Figure 
2). Gold concentration in type 1 fluid inclusions varies 
from 0.7 to 326 ppm (average 56 ppm, n=64), in type 2 
from 4.8 to 691 ppm (average 261 ppm, n=15), in type 3 
from 3.0 to 6483 ppm (average 754 ppm, n=57), and in 
type 4 inclusions from 5 to 8081 ppm (average 919 ppm, 
n=38).  

The ablation profile, for number of fluid inclusions in 
quartz (Figure 2), shows that the appearance of the gold 
signal during the ablation coincides with the appearance 
of the K and Na signals from the inclusion fluids. The 
presence of gold was not detected during the ablation of 
quartz around type 1 to 3 fluid inclusions, which indicates 
that gold is located only inside the fluid inclusions. The 
gold signal is not the continuous smooth asymmetric 
shape from elements in solution, but is a series of spikes 
indicative of particles. 

Type 4 CO2-aqueous inclusions are an exception as 
no significant signal for Na or K is present. During ablation 
of the enclosing quartz, gold was found in concentrations 
ranging from 4 to 52200 ppm. However, no gold particles 
were detected in this quartz, either by optical microscope 
or by SEM. 

 
2.4 UV-Visible spectroscopy 
 
The spikey gold signal indicates the occurrence of gold in 
the fluid as ultra-fine particles. Oblique illumination of the 
fluid inclusions by a laser beam shows intense scattering 
of the light in type 3 L-V-S inclusions (Figure 3a), while in 
aqueous only inclusions the laser beam is only scattered 
at interfaces (Figure 3c). This clearly indicates dispersed 
particles in these systems (Prokofiev et al., 2017), which 
can be attributed to the presence of gold nanoparticles in 
the inclusions. 

The definitive proof of the presence of gold 
nanoparticles in the fluid inclusions was obtained from 
recording the confocal UV-Vis absorption spectra in 
different areas of fluid inclusions. For the type 3 and 4 
inclusions, spectra recorded near the bubble/solution 
interface exhibit a pronounced band in the region of about 
500 nm. 
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Figure 2. The LA-ICP-MS signal of fluid inclusions of different types 
in quartz from Kola superdeep borehole. (a) type 2, (b) type 3, (c) 
type 1, (d) type 4. 
 
This band is characteristic for plasmonic absorbance by 
spherical gold nanoparticles of 18-20 nm in diameter 
(Link and El-Sayed, 2000). The presence in some cases 
the additional red-shifted band at 610-630 nm can be 
attributed to aggregates of the nanoparticles.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Laser illumination of fluid inclusions shows intense 
scattering from colloids in type 3 L-V-S (a) but not in a normal, 
unrelated,(to this study) aqueous inclusion (c). (b,d) inclusions in 
ppl. Inclusions are c. 20 µm. 

 
In the spectra from other areas of the fluid inclusions 

and of the enclosing quartz, such bands are not present. 
Data obtained from 12 fluid inclusions all have these 
bands and unequivocally prove the presence of gold 
nanoparticles in the fluid inclusions. The greater 
accumulation of nanoparticles near the gas/solution 
interface is a characteristic trait of particulates in solution. 

Thus, we have discovered for the first time extremely 
gold-rich deep fluids, containing gold in the form of ultra-
fine particles (nanoparticles). 
 
3 Discussion 
 
The question arises as to what processes in nature can 
cause the formation of fluids containing gold 
nanoparticles.  

Different types of fluid inclusions have different vertical 
distributions within the area of gold mineralization. Dense 
CO2 inclusions (type 1) were found in almost all the 
samples studied (9052-10744 m). Two and three-phase 
inclusions of brines (types 2 and 3) are predominantly 
concentrated at depths in the center of the gold bearing 
zone (9907-10583 m). CO2-water inclusions (type 4) are 
located at the top part of studied interval at depths from 
9052 m to 10330 m. 

Gas inclusions of dense CO2 (type 1) are found across 
the whole depth interval where gold mineralization 
occurs, including the sample from the greatest depth 
which is beneath the depth at which the other types of 
inclusions occur. Therefore, it is unlikely that this dense 
gas fluid could be formed from phase separation of a 
hypothetical carbon dioxide-aqueous fluid. Apparently, it 
was a high-temperature gas fluid, essentially enriched by 
carbon dioxide, which ascended from much deeper. The 
density of carbon dioxide in the gas inclusions (type 1) 
varies from 0.37 to 1.14 g/cm3, over the sample interval. 
However, the minimum densities occur at the depth of 
10583 m. 

Raman spectroscopy measurements of CO2 inclusions 
show a consistent composition of the gas phase 
throughout the studied depth interval: 98.1-99.7 mol. % 
of CO2 and 0.3-1.9 mol. % of N2. The carbon isotope 
values of these inclusions, δ13CO2 values of -5.3 to -5.4, 
corresponds to values that would be consistent with a 
juvenile source of CO2 (Hoefs, 2009). Therefore, we 
envisage the presence of a stream of juvenile, 
predominantly CO2 fluid rising from deep in the earth. 

Such a fluid, like all juvenile fluids (Yudovskaya et al., 
2006.), could carry finely dispersed gold particles 
suspended in the gas phase. This is consistent with the 
discovery of gold in gas inclusions in quartz from the 
deepest sample 10744 in concentrations from 1 to 281 
ppm. 

We have also found aqueous salt solutions, with gold 
nanoparticles (colloidal gold solution?), formed at 
elevated temperatures and pressures. The simplest 
scenario for the formation of such a fluid is mixing of an 
aqueous solution with CO2 gas transporting the gold 
nanoparticles (Prokofiev et al., 2016). L-V and L-V-S 
chloride brine inclusions are present in quartz veins from 
9269 to 10179 m. These contain nitrogen in the gas 
phase without any trace of CO2. Since the gas phase here 
was separated from the brines upon cooling, the absence 
of CO2 can be due to its low solubility in brines. Therefore, 
it can be assumed that the CO2 gas phase (type 1 
inclusions) and the brines (type 2 and 3 inclusions) have 
different sources. Due to the limited availability of these 
unique samples (there is only one drillcore at these 

a 

c 

b 

d 
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depths) we can only surmise, there was a horizon of 
formational brines. However, the formation of such brines 
during metamorphism was shown by Yardley and 
Graham (2002). 

The occurrence of interaction between the deep 
carbon dioxide stream and the horizon of pore waters is 
confirmed by the presence of a minimum of the carbon 
dioxide density at a depth of 10205.8 m, i.e., in the lower 
part of the assumed horizon of pore brines. The 
thermodynamic modeling of the process of mixing of 
carbon dioxide and a chloride aqueous solution has 
shown (Prokofiev et al., 2016) that upon this interaction 
part of the carbon dioxide dissolves in an aqueous 
solution, while some part of the water passes into the 
carbon dioxide gas-phase, which leads to an increase of 
the chloride concentration in the aqueous phase. 

The process of interaction between gas and liquid is 
accompanied by the formation of a large number of gas 
bubbles, that is, the appearance of a large-area gas-liquid 
interface per unit volume of the system. This in turn leads 
to the initiation of various kinds of surface phenomena 
with high coefficients of phase-to-phase energy and 
matter transfer. Such interphase interaction could cause 
the transition of gold (and probably other metals) from the 
gaseous carbon dioxide phase into the aqueous fluid and 
its accumulation there in the form of nanoparticles. 

The data obtained indicate that fluids exceptionally rich 
in gold can occur under conditions of the mid-crust 
depths. According to modern concepts (e.g. Saunders et 
al. 2014), such an amount of gold cannot be dissolved in 
the form of the true solutions in hydrothermal fluids at the 
homogenization temperatures of the fluid inclusions 
under consideration. However, in any case, at room 
temperature, the fluid cannot contain such concentrations 
of gold in the form of a true solution. It is logical to assume 
that gold presents in these fluids in a colloid form, since 
there are no strict limitations for the dissolution of gold in 
a colloidal (dispersed) form. 

 
4 Conclusions 

 
The area of the earth's crust under consideration 
corresponds to the depths of the middle crust. This depth 
is the level at which mobilization of fluids forming 
orogenic gold deposits occurs (Goldfarb et al., 2015). 
Current estimates of gold concentration in orogenic 
deposits are 0.5-5 ppm (Garofalo et al., 2014). This is 
approximately 2-3 orders of magnitude lower than the 
maximum concentration of gold in the fluids from the Kola 
superdeep borehole. Therefore, the data from this study 
increases our understanding of the processes of 

transport and accumulation of gold by hydrothermal fluids 
at mid-crustal depths. The discovery of gold 
nanoparticles in such fluids at high concentrations, 
requires a new look at the scale of the migration of gold 
and the ratio of the mass of the fluid relative to the metal 
carried by it. The further study of these newly discovered 
fluids will expand our understanding of the gold behavior 
in deep fluid systems and mechanism of its accumulation 
in ore-deposits close to the present day surface. 
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Abstract. The conglomerate-hosted Black Reef 
Formation gold deposit is located at the base of the 
Neoarchaean to Palaeoproterozoic Transvaal 
Supergroup. It has been subjected to several post-
depositional alteration events. Compositions of ore-
forming fluids were studied using fluid inclusion 
petrography and microthermometry. Results from this 
study show that two fluid pulse events (i.e. quartz-pyrite 
and quartz-hydrocarbon) played a major role in Au 
remobilisation. Inclusions developed in ore-bearing 
fractured quartz pebbles are of two types: liquid-rich 
inclusions (type I) and mono-phase inclusions (type II). 
Microthermometric data were inconclusive for type II 
inclusions as no phase change could be observed. Type 
I inclusions showed homogenisation temperatures 
between 113.9 oC – 269.7 oC and salinities ranging from 
0.5 wt% NaCl to 19.0 wt% NaCl. Based on micro-
thermometry, fluids in the Black Reef deposit are of H2O-
CO2-H2S-CH4 type. The H2S indicates that Au was 
transported as AuHS(aq)- or Au(HS)2–complexes. The 
predominance of CO2 in carbonic fluids shows that 
hydrocarbons played a role during post-depositional 
alteration. 
 
1 Introduction and geological background 
 
The Neoarchaean Black Reef Formation (BRF) is a thin 
and laterally extensive lithostratigraphic unit of the 
Transvaal Supergroup, South Africa (Fig. 1). It contains 
sediment-hosted gold deposits and is classified as 
Witwatersrand-type gold deposits (Frimmel 2005). The 
BRF shares certain similarities with the underlying 
Witwatersrand Supergroup, including similar rock types 
and mineral assemblages. A distinct feature of the BRF 
is the high abundance of carbonaceous material. It 
consists of carbonaceous shale, quartz arenite, and 
conglomerate. 

Although the BRF contains economic Au 
concentration, the amount of Au is far less when 
compared to the Witwatersrand Supergroup. Much of the 
BRF gold mining has occurred adjacent or alongside the 
Witwatersrand auriferous conglomerates. A recent study 
by Nwaila et al. (2019) proposed that gold was introduced 
into the BRF by mechanical recycling of underlying 
Witwatersrand reefs, followed by short-range (mm to cm 
scale) remobilisation during post-depositional alteration. 

In addition, a study by Fuchs et al. (2016) suggested 
that post-depositional ore-forming fluids including 
hydrocarbons have contributed immensely to Au 

mineralisation in the BRF. In their study, Fuchs et al. 
(2016) found that some of the Au in the BRF is a product 
of a chemically triggered precipitation from hydrothermal 
fluids. 

Although secondary processes are thought to have 
concentrated some of the Au in the BRF, the basal 
conglomerate unit is the primary control. The 
conglomerate unit of the BRF is characterised by milky, 
rounded quartz pebbles, supported by a carbonaceous 
matrix and massive pyrite. In the Witwatersrand reefs, the 
presence of pyrite and carbon seams has been used as 
indicators for Au mineralisation (Frimmel 2005)- similar 
features are present in the BR. 

The aim of this current research is to characterise the 
nature and composition of ore-forming fluids responsible 
for Au remobilisation in the BRF gold deposit. 
 

 
Figure 1. Kaapvaal Craton showing the distribution of Archaean to 
Proterozoic stratigraphic units. BRF is indicated by a blue line. 
Sample location is indicated by a red star (modified from Frimmel 
2005). 
 
2 Samples and analytical procedure 
 
2.1 Optical microscopy 
 
Ten conglomerate samples were used for optical 
microscopy to obtain mineralogical and textural details. 
Uncovered thin sections (4 cm x 25 cm) were prepared 
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and analysed under transmitted and reflected light using 
the Olympus BX63 petrographic microscope at the 
Microscopy and Microanalysis Unit, University of the 
Witwatersrand. The mineral assemblages and micro-
structures were analysed at low to medium 
magnifications (4x to 40x). Fluid inclusions were located 
using higher magnifications (50x to 100x) using the 
Olympus BX51 petrographic microscope from the School 
of Geosciences, University of the Witwatersrand. Images 
from the optical microscope were captured by a normal 
light-sensitive camera in order to generate 
photomicrographs. 
 
2.2 Fluid inclusion microthermometry and raman 

spectroscopy 
 
A total of ten samples underwent fluid inclusion analysis 
using the LINKAM MDS 600 cooling microscope. The 
samples are transparent quartz pebbles with sporadic 
microfractures. Most of these quartz pebbles are 
surrounded by both primary and secondary pyrite grains. 
Doubly polished (150 µm) sections were made into 
wafers and placed on a cooling stage connected to a 
liquid N2 feeder. The LINKSYS32 program was used to 
operate the heating and cooling of the fluid inclusions and 
to also control the cooling and heating rates to at most 5 
oC/min and to 1 oC/min when close to a phase transition. 
The freezing point temperatures (Tmf) and 
homogenisation temperatures (Th) were recorded when 
heating and cooling. Images of the fluid inclusions were 
captured by a digital camera attached to the microscope. 

Raman spectra were acquired using the 514.5 nm line 
of an argon ion laser and a Horiba LabRAM HR Raman 
spectrometer equipped with an Olympus BX41 
microscope. The incident laser beam was focused onto 
the sample using a 100x objective and the backscattered 
light was dispersed via a 600 lines/mm grating onto a 
liquid nitrogen cooled CCD detector. The signal was 
acquired and processed by LabSpec v5 software. The 
laser beam spot diameter was approximately 1 um. The 
spectral resolution for this configuration is about 1.5      
cm-1. The HOKIEFLINCS_H2O-NACL excel programme 
was used to calculate the salinity and density of these 
fluid inclusions. 
 
3 Results 
 
3.1 Fluid inclusion petrography 
 
Petrography shows that the majority of the quartz pebbles 
are rounded while some show overgrowth features. 
Some of the pebbles are highly elongated. Phyllosilicate 
group minerals and carbonaceous material are the main 
constituents in the matrix of the BRF conglomerates. 
Opaque minerals are aligned along quartz pebble 
boundaries and also form aggregates. Various 
morphologies of pyrite including detrital and hydrothermal 
types were observed. Digenetic pyrite has overgrowth 
along grain boundaries. 

Quartz pebbles have multiple intergranular micro-
fractures filled with secondary minerals. Most of the 

cracks have matrix material (Fig. 2B (ii)) and at places, 
they contain pyrobitumen as the carbon phase. Some of 
the gold occurs in the cracks of quartz and along fracture 
zones (Fig. 2 A and B (iii)). 
 

Figure 2. Photomicrographs of BRF through transmitted light in 
plane polarised light (i) and cross polarised light (ii) and in reflected 
light (iii). a. Sample shows irregular gold occurring in quartz 
fractures. b. Sample shows gold occurring inside quartz and in 
highly fractured veins. Scale is 5 mm. 
 
Using high magnification, fluid inclusions were located in 
quartz pebbles. At room temperature (25 oC) these 
inclusions are two-phased consisting mostly of a higher 
percentage of liquid than vapour (~3:1 and 3:2 ratio) and 
have been classified as type I. Type II inclusions were 
identified as mono-phase fluid inclusions but no 
conclusive microthermometry measurements were 
obtained. This is because phase changes could not be 
observed. Type II inclusions are not as abundant as type 
I inclusions. 
 

 
Figure 3. Photomicrographs of fluid inclusions in quartz pebbles 
from conglomerates of the BRF. Images are obtained using plane 
polarized light. a. Fluid inclusions that are less than 5 µm occurring 
in close proximity to pyrite veins. b. Type I fluid inclusions 
dominating the interior of quartz pebbles. c. Type I fluid inclusions 
occurring as small trails (indicated by the dashed lines). d. A cluster 
of type I inclusions in a trail.  Scale is 50 µm. 
 
In the quartz pebbles, away from quartz fractures, the 
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fluid inclusions are occasionally randomly orientated and 
more commonly aligned as trails (Fig. 3D). Near quartz 
fractures, they occur as trails sub-parallel to the fracture 
orientation (Fig. 3B) and also at an angle obtuse to the 
microfractures (Fig. 3C). Fluid inclusions that are in close 
proximity (<10.0 µm) to pyrite are smaller than 4 µm (Fig. 
3A). However, the average width of the fluid inclusions in 
the studied samples is 9.2 µm (σ = 4.8). 
 
3.2 Microthermometry 
 
Most of the studied quartz pebbles for microthermometry 
were in close proximity to pyrite mineralisation and along 
quartz microfractures. Microthermometric results are 
represented in Figure 4 as histograms of homogenisation 
temperature and salinity. The results reveal a large range 
of homogenisation temperatures from 113.9 oC to 269.7 
oC (x = 171.0 σ = 31.6) (Fig. 4A) and a constrained range 
in the freezing point temperature from -15.5 oC to -0.3 oC 
(x = -4.9 σ = 3.6). Salinities of the fluid inclusions range 
from 0.5 wt% NaCl to 19.0 wt% NaCl (x = 7.4 σ = 4.7) 
(Fig. 4B) while the density of the fluid inclusions range 
from 0.792 g/cm3 to 1.060 g/cm3 (x = 0.956 σ = 0.052). 
 

 
Figure 4. Frequency histograms of a. homogenization temperatures 
in oC and b. salinities in wt% NaCl for fluid inclusions from the Black 
Reef Formation. 
 
3.3 Raman spectroscopy 
 
Raman data was obtained at room temperature of 25 oC. 
Raman spectroscopy of vapour phases (Fig. 5A) showed 
peaks at 1340 – 1380 cm-1 corresponding to CO2, 1560 – 
1620 cm-1 corresponding to H2O vapour, 2670 – 2730 cm-

1 corresponding to H2S and two peaks for CH4 from 2930 
to 3260 cm-1. The liquid phases of the inclusions (Fig. 5B) 
showed peaks at 2890 – 3620 cm-1 corresponding to a 
broad H2O band. 
 
4 Discussion 
 
4.1 Characteristics of the ore forming fluids 
 
The results show that quartz pebbles from the BRF 
conglomerates contain fluid inclusions that are two-phase 
inclusions dominated by a liquid-phase with a minor 
vapour phase. This confirms a nearly homogeneous state 
of fluid during fluids capture (Lai et al. 2015). The 
microthermometric results (Figs 4 and 6) indicate a wide 
range of homogenisation temperatures and medium to  

 
Figure 5. Raman spectroscopy graphs for different phases of the 
fluid inclusions. a. Raman spectra for the vapour phase of a two-
phase fluid inclusion. The major species is CO2 followed by H2O, 
H2S and CH4. b. Raman spectra for the liquid phase of a two-phase 
fluid inclusion. The major species in this phase is H2O. 
 
low salinities. This large range of salinity from 0.5 wt% 
NaCl to 19.0 wt% NaCl indicates a wide variety of source 
fluids that may have mixed with a low salinity fluid (Lai et 
al. 2015). This low salinity fluid may have had a different 
composition to that of the main mineralising fluid and 
locally buffered the salinity of the mineralising fluid to 
result with an average salinity of 7.4 wt% NaCl. The 
homogenisation temperature data indicate that ore-
forming fluids were of low to moderate temperatures 
(Yang et al. 2013). 
 

 
Figure 6. Correlation between homogenization temperature and 
salinities of fluid inclusions in the quartz pebbles of the Black Reef 
Formation. Pink circles represent BRF fluid inclusions. Fields used 
are obtained from Yang et al. 2013. 
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The vapour phase composition of the fluid inclusions is 
mainly composed of CO2 with lesser amounts of CH4, 
H2O and H2S. The CO2 is the abundant phase whereby 
the carbon is oxidised and exceeds the reduced species 
(CH4 - the carbon is reduced). This suggests that the ore-
forming fluid evolved in an oxidising environment (Yang 
et al. 2013). The liquid-phase composition of the fluid 
inclusion is mainly composed of pure H2O. 

The quartz pebbles of conglomerates from the BRF 
have fluid inclusions that are hydrocarbon-rich with minor 
components of hydrogen sulphide. This implies that 
hydrocarbon fluids were an integral part in the 
remobilisation and mineralisation of Au in the BRF. These 
fluids could have been internally derived within the 
Transvaal Basin. A study by Hallbauer and Kable (1982), 
focusing on quartz pebbles of conglomerates from the 
BRF, Ventersdorp Contact Reef and the Vaal reefs, found 
a range of homogenisation temperatures (~110 oC to 180 
oC). Drennan et al. (1999) also obtained intermediate 
homogenisation temperatures (between 150 oC and 210 
oC) for fluid inclusions in the Carletonville goldfield. These 
temperatures alongside homogenisation temperatures 
obtained in this study have been used to classify the 
hydrocarbon and sulphur-rich fluids as post-depositional. 

The preservation of hydrocarbons in fluid inclusions 
led Drennan et al. (1999) to conclude that fluid 
hydrocarbons migration was a strong factor in the 
Witwatersrand Basin and had the potential to transport 
large concentrations of gold. This is also effective for the 
BRF whereby remobilisation of carbon, gold and pyrite 
occurred in millimeter to centimeter scale. Metal 
transportation within oils and brines in hydrothermal 
systems has been focused on strongly by William-Jones 
et al. (2009) on Witwatersrand reefs and they found that 
metals such as V, Ni, Cr, Mn, As, Hg, U, Fe and Au are 
transported in crude oil around 100 oC. These 
hydrocarbon fluids contain sulphur which aids in 
increasing the solubility of metals such as Fe, Cu, Ni and 
Co (Woods 2017). Sulphur complexes metals such as 
Au, Hg and Ag to make them slightly soluble in 
hydrocarbon fluids (William-Jones et al., 2009). Carbon 
nodules have also been attributed to being effective at 
remobilising elements since they are isolated from the 
carbon seams (Woods 2017). The nodules are minute 
and contain higher concentration of REEs than the 
seams. In the seams the REEs would be dispersed. 
Therefore, carbon nodules exhibit the ability for a 
hydrocarbon-rich fluid to remobilise elements that are 
considered immobile (Woods 2017). 

Previous studies (e.g. Gartz and Frimmel 1999; Fuchs 
et al. 2016) suggested that bisulphide complex (Au(HS)2-) 
acted as transport mechanism for dissolved Au and the 
presence of H2S in figure 5A compliments theirs. The 
presence of H2S in the Witwatersrand Basin has been 
interpreted by Frimmel (2005) and Heinrich (2015) as an 
indicator for magmatic water in the ore-forming fluid. In 
the absence of O-H isotopes, this may not be conclusive, 
however, figure 6 shows it may be magmatic water. A 
recent study by Nwaila et al. (2019) showed that some of 
Black Reef gold is found in fractured quartz pebbles 
alongside pervasive fluids. The results show that ore-
forming fluids in BRF was a H2O-CO2-H2S-CH4 fluid. This 

is similar to the hydrothermal fluid systems obtained by 
Drennan et al. (1999) which were classified as aqueous, 
H2O-CO2-rich, H2O-CH4-CO2-rich and CH4-N2-rich fluids. 

The graph of homogenisation temperature versus 
salinity (Fig. 6) shows that in hydrothermal fluids, the fluid 
inclusions from the Black Reef cluster in a field where 
secondary magmatic fluid mixed with meteoric fluid. This 
suggests that a large amount of meteoric fluid diluted the 
secondary magmatic component (Yang et al. 2013). 
 
5 Conclusion 
 
This study emphasises the role of fluid chemistry as a 
transport medium for dissolved Au and subsequent short-
range Au remobilisation in the BRF. Classifying the 
chemistry of the Au mineralising and mobilising fluids is 
important for studying similar Witwatersrand-type 
deposits outside the Kaapvaal Craton. This will assist in 
delineating the chemistry of the fluids as an important 
constituent for gold mineralisation. 
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Abstract: The Barberton Greenstone Belt (BGB) in South 
Africa hosts numerous lode gold deposits in several 
lithologies and structural settings. The goal of this project 
is to characterize and understand the nature/source of the 
gold-transporting fluids in the Sheba/Fairview mining 
district. To achieve this, a comprehensive fluid inclusion 
(FI) and 𝛿𝛿O18 investigation of black quartz veins present 
within the Hope Reef (HR) and Main Reef Complex 
(MRC) at the Fairview mine is being conducted. The 
formation of both orebodies is related to progressive 
phases of horizontal NW-SE directed shortening 
correlative to D3 deformation. Preliminary petrographic 
work shows that the samples contain primary and 
secondary FI assemblages containing liquid and vapor 
phases. Fluid inclusions revealed freezing temperatures 
between -55° to -56°C, indicating a CO2 rich fluid. 
Clathrate melting temperatures ranged from 8° to 18.9°C 
suggesting a thin liquid or vapor film may exist within the 
FI and the fluids are a H2O-CO2 mixture. Finally, 
homogenization temperatures ranged between 202°C to 
231.6°C, suggesting the mineralizing fluids to be similar 
in composition and in P-T conditions. Further 
geochemical analytical work, based on a structurally 
constrained and larger sample set, will better characterize 
the fluids responsible for Au mineralization in the HR and 
the MRC. 
 
1 Introduction 
 
There is a lack of understanding on the dominant factors 
that lead to gold mineralization in the Barberton 
Greenstone Belt. The global accepted generic models of 
orogenic gold systems remain unanswered; however, the 
consensus is that metamorphic fluids are responsible for 
most of the world’s orogenic gold deposits (Groves et al. 
2018). What is agreed however, is that structural 
kinematics provide the necessary features to facilitate 
fluid flow, and the siting of gold mineralization commonly 
depends heavily on fluid interaction with the surrounding 
wall rock.  Models produced by Colvine, (1989) and 
Groves et al. (1998) suggest transport distances are 
extensive, coming from great depths, allowing 
hydrothermal fluids to interact with surrounding wall rock 
before being halted at more crustal depths. At the 

Sheba/Fairview mining district in the BGB, one of the 
oldest running gold mines in the world, over 345t of Au 
have been produced since 1883 (Dirks et al., 2009).  The 
current values of gold production could be much higher 
with a better understanding of the geochemistry of the 
mineralizing fluids to target exploration. 
 
2 Regional geology 
 
The BGB is a NE trending synclinal belt bounded by 3.5-
3.1 Ga Tonalite-Trondjhemite-Granodiorite (TTG) and 
granites centralized to the east of the Kaapvaal Craton 
(Anhaeusser, C.R et al. 1981; De Ronde et al. 1992; 
Lowe and Byerly 1999; Lowe & Byerly 2007; Gloyn-Jones 
& Kisters 2018). The Sheba/Fairview mining district, 
situated in the BGB, is dominated by the Eureka and 
Ulundi reclined synforms. Multiple phases of deformation 
(D1-D4) including accretion, shortening, regional folding, 
and extension have affected the regional geology of the 
BGB. 

Three main stratigraphic units make up the BGB, which 
include, starting with the base and moving upward: (1) 
The Onverwacht Group (ca. 3.57 – 3.30 Ga), composed 
of mostly mafic and ultramafic volcanic lithologies, 
interbedded with thinly layered chert and felsic volcanics; 
(2) the Fig Tree Group (3.259-3.298 Ga), consisting of 
turbiditic greywackes, chert, mudstone, shale, banded 
iron formations and some volcaniclastic rocks; and (3) the 
Moodies Group (3.226 -3.16 Ga), mainly clastic 
sedimentary rocks, sub greywacke, quartzose, and 
feldspathic sandstones (De Ronde et al. 1992; Lowe and 
Byerly 1999; Lowe & Byerly 2007). Along the central-
southern part of the Eureka and Ulundi Synclines sits the 
Fairview Mine as seen in Figure 1 (Otto et al. 2007). Over 
time the Eureka and Ulundi Synclines were refolded 
leading to the multitude of quartz-carbonate veins seen 
throughout the mine (Dziggel et al. 2007). The increase 
in structural porosity through these less competent rocks 
allowed for Au to be hosted in these numerous veins 
within the Fairview mine (Hofmann and Harris 2008; 
Altigani et al. 2016). The Sheba Fault, which acts as a 
catalyst for most deformational events within the Fairview 
mining district is made up of various sheared and 
regressed serpentinites, talc- carbonate schists and 
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cherts all found within the Weltevreden Formation fixed 
between both the Ulundi and Eureka synforms (Ramsay 
1963; Byerly et al.1996; Lowe and Byerly 1999; Gloyn-
Jones & Kisters 2018). The formation of the HR and the 
MRC orebodies is predominantly linked to progressive 
phases of horizontal NW-SE direct shortening which has 
been correlated to late D3 deformation (Gloyn-Jones & 
Kisters 2018). 

 

 
Figure 1. Regional map of the Barberton Greenstone Belt illustrating 
gold mine localities, stratigraphic lithologic groups and surrounding 
intrusive bodies (Anhaeusser et al. 1981; Dirks et al. 2013; Agangi 
et al. 2014; Gloyn-Jones & Kisters 2018). 
 
3 Mineralizing reef complexes 
 
3.1 Hope reef complex (HR) 
 
There are two main mineralized shear zones within the 
HR that are characterized as high-angled sets brittle 
ductile regions. First being a shallow ESE dipping, slightly 
undulated NNE trending reef, and several moderate to 
steeply dipping NW and NE trending structures (Gloyn- 
Jones & Kisters, 2018). The more imperative portion of 
the HR where mineralization and this study is focused is 
within the shallow reef. Structural analysis from Gloyn-
Jones & Kisters (2018) was done within the Fairview Mine 
of the Hope Reef complex at level 58.  This level of the 
mine is the shallow portion of the reef and shows high 
grade mineralization with associated quartz veining, 
sulphide mineralization, and fuschite/sericite rich 
alteration, all bounded by a SE shallow dipping brittle-
ductile shear zone system (Gloyn-Jones & Kisters 2018).  
The Hope Reef is situated in the lower portion of the 
Sheba Formation above the Sheba fault and Main Reef 
Complex, composed of mostly a greywacke package 
(Gloyn-Jones & Kisters 2018). The entirety of the Hope 
Reef is made up of both shallow and steeply dipping 
mineralized zones that are confined to the greywacke 
units of the Fig Tree Group (Gloyn-Jones& Kisters 2018). 
 
3.2 Main reef complex (MRC) 
 
The MRC is moderately- to steeply- SE-plunging orebody 
governed by a jog-like corridor characterized by a 
severely mis-orientated brittle-ductile shear zone 

confined to the immediate hanging wall greywacke and 
shale units along the Sheba fault zone (Gloyn-Jones & 
Kisters 2019). In the MRC of the Fairview mine, higher 
gold grades are spatially associated with shale units of 
the metasediments in the lower Fig Tree Group and 
gradually terminates along strike (Gloyn- Jones & Kisters 
2019).  There are two distinct forms of mineralization 
within the MRC; sulphide mineralization that is associated 
with blackish-grey quartz carbonate veins, and 
mineralization of similar sulphides dominantly in the 
surrounding shale wall-rocks (Gloyn-Jones & Kisters 
2019). Samples were collected from level 25/27 for this 
study.  
 
4 Preliminary data 
 
4.1 δ18O stable isotope data 
 

 
Figure 2. 𝛿𝛿O18 stable isotope data of samples from this study 
collected at Sheba/Fairview mines MRC and HR compared to other 
isotopic data collected in similar localities. The data range between 
12-14.5 for all studies show similar metamorphic signatures for fluid 
source.  For this study the purple points represent MRC samples, 
light blue is from HR and dark blue are samples analyzed from 
Sheba mine. 
 
Black quartz grains from both HR and MRC were crushed 
and isolated at 4g per sample to be analyzed for oxygen 
isotopes at the stable isotope laboratory of the 
Department of Geological Sciences, University of Cape 
Town utilizing the laser fluorination method of Harris and 
Vogeli 2010. A total of twelve samples were tested for 
𝛿𝛿O18 signatures, ten samples from Fairview mine (both of 
HR and MRC) and two from Sheba were analyzed. Figure 
2 shows the samples from this study have similar isotopic 
compositions compared with others in literature at similar 
deposit types such as K. Farber et al. 2016; De Ronde et 
al. 1992 study at the Barberton Greenstone Belt, and   
Beaudoin & Pitre 2005 at the Val-

G
.Beaudoin & D

. Pitre 2005 



 

758 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

d’Or vein field, Abitibi, Quebec, Canada. 
 
4.2 Microthermometric analyses 
 
Microthermometric analysis were performed on samples 
containing viewable fluid inclusion assemblages. 
Freezing and homogenization measurements were done 
using an Olympus BH-2 microscope equipped with a 
Linkam THM600/HFS600 temperature-controlled stage 
with a T95 system controller. Calibration was set using 
H2O/CO2 inclusions in quartz against the melting point of 
CO2. The results suggest an H2O-CO2 dominated 
composition that homogenized between 202-231.6°C. 
 

 
Figure 3. Preliminary microthermometry data of MRC and HR quartz 
vein samples from Fairview mine. Homogenizing temperatures were 
plotted against clathrate melting temperatures. Both sampled areas 
show similarities in average freezing temperatures, clathrate melting 
temperatures, and homogenization temperatures.  
 
4.3 Raman spectroscopy 
 
In order to better understand the composition of the liquid 
and vapor phases for selected fluid inclusions, the Raman 
spectrometer (Witwatersrand University, School of 
Physics) was used. Representative samples of viewable 
fluid inclusions from both HRC and MRC were analyzing 
using a Horiba LabRAM-HR Raman spectrometer, 
mounted to an Olympus BX-41 microscope with a Lexel 
Model 95 SHG Argon ion laser. Preliminary results 
suggested the presence of graphite, methane, water and 
carbon dioxide within the inclusions. 
 

 
Figure 4. Raman spectrum showing signatures of carbon, methane 
and water (further down the spectrum) in both liquid and vapor 
phases of fluid inclusions within black quartz veins. 
 

4.4 Scanning electron microscope (SEM)- 
cathodoluminescence (CL) 

 
SEM-CL was used to better identify quartz grain 
boundaries to locate primary FI and to analyze mineral 
compositions within each sample. Various textures of 
quartz can be seen with zonation and secondary sulphide 
mineralization.  
 

 
Figure 5. Left image: SEM images with backscattered light indicates 
zonation in quartz grains and secondary rutile mineralization 
(represented in white). Right image: Unaltered quartz grain with 
secondary sulphide mineralization along grain boundary with 
primary altered quartz and sulphide grains. 
 
5 Discussion 
 
The variable amounts of gold mineralization in the BGB 
represents the multiple fluid pulses, the differences in 
structural kinematics, and the fluid to wall rock 
interactions that can be seen in both Sheba and Fairview 
Mines (Bierlein and Maher 2001; Altigani et al. 2016). 
Combining the geochemical data from this study to the 
structural studies done by Gloyn-Jones & Kisters in 2018 
and 2019 it is evident that both the MRC and HR vary, 
structurally, lithologically and temporally. These 
differences, however, do not reflect the fluid phases that 
have flowed through both the HR and MRC. Utilizing the 
structural kinematics from Gloyn-Jones & Kisters 2018 
and 2019 for sample collecting in this study and running 
preliminary fluid inclusion and isotope analysis it is more 
plausible that the fluids that mineralized both the HR and 
MRC at Fairview mine originated from a similar source. 
After the F3 folding event of the Ulundi Syncline, the “fluid 
valve” that percolated fluid to HR was closed off.  The 
presence of the Sheba Fault allowed fluid flow to be 
centralized up the fault through the MRC. The clustering 
of isotopic data and microthermometric data supports the 
idea that fluids that mineralized both the MRC and HR 
could be similar in origin. It is essential to understand the 
role the wall rock and ligands play when interacted with 
fluid phases. Whether gold mineralization is sourced from 
fluid transport or as a result of precipitation remains 
enigmatic. More geochemical analytical work is being 
done at both mineralizing reefs at Fairview mine to further 
support the theory that mineralizing fluids could have 
originated from the same or very similar sources.  
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Abstract. The Porto Nacional gold district, in the 
Tocantins Province, Brazil, is an orogenic gold district 
hosted in the crustal-scale Transbrasiliano-Kandi Shear 
System. First-order shear zones, namely CSZ, MSZ, and 
CoSZ have been recognized. The CSZ marks the contact 
between two different geotectonic units, with the 
development of hydrothermal staurolite, garnet, and 
graphite in phyllonites. The crystallinity of carbonaceous 
material (CM) and graphite indicates median Ts of 488oC 
and 617oC, respectively. The MSZ and CoSZ comprise 
second-order shear zones, with carbonate-chlorite 
phyllonites. All zones host quartz-gold veins and quartz-
carbonate veinlets. Chlorite and carbonate 
geothermometry indicate Ts of 355-400oC for mylonites-
phyllonites and pre-ore veinlets, and 300oC for post-ore 
veinlets. Three types of fluid inclusion assemblages have 
been found in quartz-gold veins: carbonic dominant-
aqueous (CA), with median homogenization Th ~355°C 
and low salinity (< 5.7 eq. wt.% NaCl); aqueous 
dominant-carbonic (AC), with Th  ~290°C, and salinity 
2.2-15 eq. wt.% NaCl; and aqueous (A) with Th ~230°C, 
and up to 17 eq. wt.% NaCl. The δ13C of graphite (-26 to 
-28‰) from phyllonite indicate biogenic carbon sources, 
whereas the δ13C (δ13C = -6 to -7‰) of carbonate from 
veinlets indicate a magmatic/metamorphic source. The 
δ18O (9 to 11‰) of quartz from veinlets and veins also 
indicate a magmatic/ metamorphic source, with the 
heaviest values (up to 16‰) in CSZ. Mixing of fluids from 
different sources was likely responsible for gold 
precipitation. 
 
1 Introduction 
 
South America hosts a major NE-SW continental-scale 
tectonic corridor called the Transbrasiliano-Kandi Shear 
System (TKSS), which extends through Brazil, Paraguay, 
Argentina, and West Africa (Fairhead and Maus, 2003).  
It represents a Neoproterozoic continent–continent 
collision involving the conjoined Amazon and West 
African cratons against the São Francisco-Congo and 
Saharan cratons (Cordani et al., 2013). Besides its 
magnitude, a few gold deposits have been described 
along the TKSS, namely the Príncipe orogenic Au deposit 
and the Natividade Au deposit.    

In central Brazil, the TKSS hosts the Porto Nacional 
gold district (PNGD), which provides a unique opportunity 

to study the structural and hydrothermal evolution of this 
important shear system, and to understand gold 
mineralization within the framework of that evolution. The 
PNGD is also important for understanding the evolution 
of the Brasiliano-Pan African orogeny, because this gold 
district occurs in a wedge of Paleoproterozoic rocks 
within the Neoproterozoic orogen.  

To achieve this, we have carried out extensive field 
work and used that as a basis for an integrated study 
combining microstructural quartz mapping, 
microthermometric and Raman spectroscopic data on 
fluid inclusions in quartz and graphite, and stable (O 
and/or C) isotopic analysis of quartz, carbonate, and 
graphite. We also discuss the applicability of the orogenic 
gold model to these deposits based on their 
characteristics, including their tectonic and structural 
environment and the composition and source of the fluids 
(cf. Goldfarb et al. 2015 and Groves et al., 2018), in order 
to obtain a better understanding of this district and its 
relationship to the development of the TKSS. Assessing 
the orogenic gold model for the Porto Nacional deposits 
will be important in the exploration for new targets in the 
region and along the entire TKSS.  
 
2 Geology 
 
The Porto Nacional gold district is in Tocantins Province, 
which consists of a series of Archean-Paleoproterozoic 
terranes that are surrounded by Neoproterozoic Goias 
magmatic arcs, and supracrustal orogenic belts 
(Araguaia, Paraguay, and Brasília belts).  

In the most northern part of Tocantins Province, 
particularly in the PNGD, Paleoproterozoic units are 
dominant, represented by the Porto Nacional Complex 
(PNC), the Manduca Suite (MS), granites of the Ipueira 
suites (IS), shelf metasedimentary rocks of the 
Natividade group, and the Morro do Aquiles formation. 
First-order shear zones, namely the Cachimbo Shear 
Zone (CSZ), the Mutum Shear Zone (MSZ), and the 
Conceição Shear Zone (CoSZ) are related to the TKTS, 
and hosts more than fifty artisanal mines (garimpos), 
some of which are actively mined.  

 
2.1 The Ore system 
 
The CSZ is the wider zone, and marks the contact 
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between granulites of the PNC and upper-amphibolite 
granite-gneisses of the MS. It is the only zone with 
staurolite, garnet, and tourmaline, and where graphite 
phyllonite hosts shear quartz-gold veins. 

MSZ and CoSZ are narrower shear zones inside the 
MS and IS. Both comprise second-order shear zones, 
mainly with biotite-chlorite-carbonate phyllonites, which 
host shear quartz-gold veins. Five types of veinlets are 
present:  type-1 quartz-feldspar veinlets, type-2 quartz-
carbonate veinlets, type-3 carbonate-sulphite±gold 
veinlets, and type-4 and -5 carbonate-quartz veinlets. 
 
3 Methods 
 
Microthermometry was performed using a Linkam THM-
600 freezing-heating stage attached to an optical 
microscope, in the Fluid Inclusion Laboratory of the 
University of Windsor, Canada, and in the Research 
Microscopy Laboratory of Campinas University. 
Microthermometric data was processed using the 
software packages FLUIDS (Bakker, 2003) and 
CLATHRATES (Bakker, 1997). Raman spectra were 
collected using a Ramanor U-1000, attached to a Spectra 
Physics Ar ion laser (514.5 nm line) and a microscope 
Nachet (80x objective). Raman microspectroscopy of 
graphite was performed at the University of Windsor, 
Canada. The isotopic data was collected using a dual-
inlet VG Optima stable isotope ratio mass-spectrometer 
at the Laboratory for Stable Isotope Science (LSIS) at 
Western University. The isotopic data are reported in δ 
notation relative to VSMOW for oxygen and VPDB for 
carbon (Coplen, 1996). Microprobe data were obtained 
using a JEOL JXA-8600 superprobe electron microprobe 
at Western University, Canada. 
 
4 Microstructural domains of quartz and fluid 

inclusion assemblage 
 
Fluid inclusion and microstructural analyses were 
performed on the same samples from the shear quartz- 
gold veins from the CSZ, MSZ and CoSZ. Three types of 
fluid inclusion assemblages (FIA) have been 
distinguished: carbonic-dominant (CA) and aqueous-
dominant (AC) carbonic-aqueous inclusions, and 
aqueous inclusions (A).  

These three FIAs are distributed in six microstructural 
domains in quartz from the veins. The aim was to 
characterize the domains in order to place the FIAs in a 
deformation chronology for the variably deformed quartz.  

Microstructural domain 1 occurs in old porphyroclast 
quartz from the CSZ and MSZ, which contains preserved 
primary CA FIAs (Fig.1A). Secondary AC FIAs are also 
common in domain 1. Domain 2 occurs in subgrain-new 
grain microstructures. Domain 3 is the recrystallized 
quartz matrix that wraps around old porphyroclasts (Fig. 
1A). Fluid inclusions in domains 2 and 3 are too small to 
be measured. Domain 4 is a new generation of vug-fill 
quartz associated with sulphide, which hosts AC FIAs 
(Fig. 1B). 

 
Figure 1. Photomicrographs of Microstructural Domains: (A) domain 
1, in preserved low strained areas (CA-FIA in the arrow) of old grain 
(Og). Note recrystallized fine grain matrix of domain 3 wrapping 
around the porphyroclast, and new grain free of inclusions (Ng). 
Thick double-polished thin-section in cross-polarized light; (B) 
domain 4, vug-fill (Vg) healed by a new generation of idiomorphic 
quartz grains and sulphide. Note the AC-FIA in the plane (arrow). 
The vug-fill cuts old, deformed quartz grains (Og). Plane-polarized 
light. 
 

AC and A FIA occur in domain 5, healing intra- and 
intergranular fractures in all shear zones, and A FIA are 
the only type in healed intergranular fractures of domain 
6, mainly in the CoSZ. 

CA FIAs contain an aqueous liquid phase and one or 
two carbonic phases, with CO2 and CH4. The median 
homogenization temperature (Th) is 355°C with density 
from 0.6 to 0.9 g/cm3, and low salinity (< 5.7 eq. wt.% 
NaCl).  AC FIAs comprise an aqueous liquid phase and 
one or two carbonic phases with pure CO2. The median 
Th is 290°C, salinity from 2.2 - 15 eq. wt.% NaCl, and 
density from 0.7 to 1.0 g/cm3. A FIAs contains two phase, 
liquid-rich, liquid-vapor inclusions. The median Th is 
230°C, with the highest salinities (9.9 -17 eq. wt.% NaCl) 
and densities (0.90 – 1.0 g/cm3). 
 
5 Geothermometry 
 
Together with Th of fluid inclusions from quartz-gold 
veins, the crystallinity of graphite from phyllonites, and 
the chemical composition of carbonate and chlorite from 
mylonites/phyllonites and veinlets were used for 
geothermometry. Graphite-phyllonite of the CSZ shows 
two types of epigenetic carbonaceous material (CM): 
type-1 graphite, elongated along the foliation, and type-2 
CM with no preferred orientation. After Beyssac et al. 
(2002), crystallinity indicates temperatures of 617oC for 
type-1 graphite and 488oC for Type-2 CM.  



 

762 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

Chlorite (Inoue et al., 2009)) and carbonate (Powell et 
al. 1984) geothermometers indicate: 1) Ts for mylonites 
of the MSZ (400oC), 2) similar T for phyllonites, type-2 
and -3 veinlets of the MSZ, as well as Ts for veinlets of 
the CSZ between 355o to 365oC, and 3) Ts for type-4 
veinlets of MSZ close to 300oC. 
 
6 Stable isotopes 
 
Isotopic compositions were determined for quartz (O) 
from veins and veinlets, for calcite and dolomite (O, C) 
from veinlets, both from the three shear zones, and for 
graphite (C) from quartz veins and graphitic phyllonite in 
the CCZ.  

The majority of quartz from veins and carbonate from 
veins and veinlets from the three shear zones show a 
narrow range of δ18O, from 8 to 11‰ (Fig. 2A). CSZ 
quartz veins and a few carbonate-quartz veinlets show 
heavier δ18O values, from 12 to up to 16‰.  

Carbonate (calcite and dolomite) samples from 
veinlets also show a narrow range of δ13C, from -7.7 to   -
9.1‰, whereas carbonates from later type-4 veinlets 
have slightly heavier δ13C values, from -5.1 to -7.1 ‰, 
(Fig. 2B). Graphite samples from phyllonites and veins 
from the CSZ show a δ13C range from -26.0 to -28.3 ‰, 
in the range indicative of biogenic carbon. 
 
7 Discussion and conclusions 
 
The combined data from mylonite, phyllonite, quartz-
carbonate veinlets and quartz-gold veins of the PNGD 
suggests fault-valve behavior throughout the evolution of 
the mineralized shear zones, as discussed below.                   

The formation of mylonites, phyllonites, type-2 
veinlets, and microstructural domains 1 to 3 in quartz-
gold veins are considered to represent pre-ore events. 
According to garnet-staurolite thermometry, the mylonites 
and phyllonites in the CSZ were developed at conditions 
similar to amphibolite facies (staurolite zone) 
metamorphism, between 550o and 610oC (Mesquita et al. 
2006). Consistent with that, type-1 graphite, which is 
oriented parallel to the phyllonitic foliation, crystallized at 
a median T of 617oC, and CA-FIA isochores in quartz 
veins suggest P from 3.7 to 6.8 kbar (Fig. 3A).  

Type-2 CM, which filled pressure shadows around 
garnet and staurolite, together with sulphides, and in the 
quartz-gold veins, indicates a median T of 488oC, and 
pressures from 2.8 to 4.8 kbar. These data could suggest 
that the CSZ was activated during the metamorphic peak 
of the host Manduca Suite (Mesquita et al 2006); only the 
host rock ages are known as circa 2.09 Ga (Mesquita et 
al., in press).  

Chlorite and carbonate geothermometers suggest 
lower temperatures for MSZ activation, however, no other 
T index mineral was found in the MSZ. Chlorite from 
earlier mylonites reveals a median T of 400oC, and CA-
FIA isochores in quartz veins suggest P between 2.3 and 
3.8 kbar (Fig. 3B), and a low fluid pressure gradient.  

Chlorite from type-2 veinlets of the CSZ and MSZ, 
indicate Ts of ~360oC, and CA- and AC-FIA isochores in 
quartz-gold veins of domain 1 suggest P from ~1.5 to 3.0 

kbar (Fig. 3A, B).  Both veinlet types indicate periods of 
supralithostatic pressure regimes in the host phyllonites, 
where fluid pressure higher than shear stress was 
responsible for the development of fractures. 

 
 
Figure 2. Whisker-box diagram: (A) δ18O of quartz and carbonate 
from veins and veinlets of CSZ, MSZ, and CoSZ.  Fields are from 
Taylor (1997) and Goldfarb and Groves (2015) for orogenic gold 
fluids, and Kerrich (1987) for Au-Ag veins in Abitibi deposits; (B) δ13C 
of carbonate from veinlets of MSZ and CoSZ, and graphite from 
phyllonites and veins of CSZ. Fields are from Ohmoto and 
Goldhaber (1997), Goldfarb and Groves (2015) for orogenic gold 
fluids. The oxygen isotope composition of fluids was calculated 
using isotope fractionation factor for quartz–H2O of Matsuhisa et al. 
(1979), for calcite-H2O, dolomite-H2O, dolomite-CO2, and calcite-
CO2 of Golyshev et al. (1981), and graphite-CO2 of Ohmoto & Rye 
(1979). All calculations were run in the Alpha-Beta program 
(Beaudoin and Therrien (2009).  
 
Episodic dilation caused a drop in Pfluid and caused fluid 
percolation and veinlet formation, as described by Sibson 
(2004), among others. Episodic increase in shear stress 
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and shortening caused folding and boudinage of the type-
2 veinlets along with the phyllonitic foliation.  

The Th of CA-FIA of domain 1 (~355oC) marks the 
minimum T of formation of the quartz-gold veins.  Later 
episodic periods of high shear stress and shortening are 
recognized in structural domain 2, where the quartz 
porphyroclasts underwent recrystallization by subgrain 
rotation (SGR), which is thermally activated around 
~400oC when the rate of diffusion is higher than 
dislocation production (Stipp et al., 2002). Structural 
domain 3 in the CSZ and MSZ is characterized by 
recrystallized matrix; which indicate bulging 
recrystallization (BGR) at lower T (~280 to 380oC).  

Figure 3. P-T diagram with isochores for fluid inclusions trapped 
conditions. Vertical boxes are the median T from geothermometers 
of CM, Carbonate, and chlorite: (A) isochores for CA-FIA, CSZ; (B) 
for AC-FIA, in structural domain 1 (porphyroclast),  MSZ;  (C) for AC-
FIA, in structural domain 4 vug-fill, MSZ;  (D) for A-FIA, in structural 
domain 6 fractures, in CoSZ and MSZ.   
 

The main period of gold precipitation (syn-ore events) 
was related to open space episodes, which formed the 
type-3 ore veinlets and the vug-fill quartz (domain 4) in 
the quartz-gold veins of all shear zones. The type-3 
veinlets have a median chlorite crystallization T of 355oC, 
and AC-FIA isochores in quartz veins of domain 4 
suggest P from 1.5 to 4.0 kbar (Fig. 3C). The large 
pressure range may indicate pressure fluctuations and 
evidence from seismic-pumping fault valve processes for 
gold precipitation (Sibson et al. 1988). 

After gold mineralization, chlorite and calcite-dolomite 
crystallized in the type-4 carbonate veinlets at a median 
T of 307oC and P between 0.6 and 1.4 kbar (Fig. 3D). The 
aqueous A-FIA healed later fracture planes at a median 
Th of 236oC. 

The calculated isotope signature of the fluid that 
precipitated the graphite and CM indicates a carbon 
source that is heavier than expected form a biogenic 
reservoir, and also isotope disequilibrium between 
graphite and carbonate (Fig. 2B). The fluid δ13C values in 
equilibrium with carbonate from the five types of veinlets 
are close, and coincide with average crustal values, but 
are also close to mantle fluids (Fig. 2B).  

The fluid δ18O values in equilibrium with quartz from 

the veinlets and from the veins of the MSZ are close, 
ranging from 3 to 6‰, whereas those for the veins of the 
CSZ are heavier (~8‰), and are lighter for veins from the 
CoSZ (~1‰), consistent with a mixture of 
magmatic/metamorphic and meteoric fluids or 
magmatic/metamorphic fluids and sea water (Fig. 2A).  

The uniformity of the δ18O and δ13C fluid values could 
indicate high fluid/rock ratios along the shear zones (cf. 
Kerrich, 1987).  
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A unique (?) telescoped orogenic system: insights from the 
Fosterville gold deposit 
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School of Earth, Atmosphere and Environment, Monash University, Clayton, Australia 
 
 
Abstract. The Fosterville Au deposit is hosted in the 
Bendigo Zone within the western Lachlan Orogen, south 
east Australia. The Fosterville deposit contains three 
distinct mineralization styles, (i) refractory Au locked into 
fine-grained arsenopyrite and pyrite disseminated 
throughout metasedimentary wall rocks; (ii) visible Au 
hosted  in quartz-carbonate veins associated with 
stibnite mineralization; and (iii) vein-hosted native Au with 
no stibnite association. Refractory Au mineralization is 
found throughout the deposit, whereas visible Au +/- 
stibnite occurs deeper in the system (>800 m depth from 
surface). Thus, Fosterville provides a unique locality for 
studying a telescoped orogenic Au system that changes 
with depth. Microscopy, neutron tomography, nanoscale 
secondary ion mass spectrometry and field observations 
have been conducted to investigate mineralogical and 
structural controls on the various styles of Au 
mineralization. These results provide the foundation for 
equilibrium geochemical modelling using HCh software. 
Results are considered in the context of an evolving 
mineral system over the history of the deposit and relative 
timing of mineralization is inferred. A genesis of the 
Fosterville deposit itself is proposed and the mechanisms 
behind various Au-Sb-As relationships in orogenic Au 
systems are considered 
 
1 Introduction  
 
Telescoped ore deposits refer to those in which early 
high-temperature mineralization and alteration are over- 
printed vertically by late low-temperature mineralization 
events and their characteristics. This term is often used 
to describe the juxtaposition of epithermal-type 
mineralization over porphyry-style deposits. There has 
been little consideration for telescoped orogenic-style 
deposits, although the mineralogy in these systems can 
differ with depth (Groves et al. 1998).This may be due to 
large distances separating the distinct mineralization 
styles/deposits, so they are considered individually, or if 
vertical zonation was local it may have been lost to 
erosion or re-working Gold commonly has a bimodal 
distribution in orogenic Au systems, where Au occurs 
within sulfides as well as in quartz-carbonate veins, and 
metasedimentary-hosted orogenic depositsoftenhave an 
Au-Sb association (e.g., Hagemann & Lüders 2003). 
TheFosterville deposit hosts these threeAu assemblages 
at distinct vertical extents, providing an ideal setting for 
investigating geochemical and structural controls that 
change with depth in a single deposit. 
 
 

2 Regional and deposit geology 
 
The Fosterville Gold Mine (FGM) is hosted by Ordovician 
turbidites of the Bendigo Zone within the western Lachlan 
Orogen (Gray et al. 2003) (Fig. 1). These sedimentary 
sequences have undergone greenschist facies 
metamorphism and were deformed into dominantly north-
south trending chevron folds that are cut by thick-skinned 
thrust systems (VandenBerg et al., 2000). The majority of 
Au deposits in the Bendigo Zone contain visible 
Aumineralizationhosted by quartz veins associated with 
saddle reefs and faulting. The Fosterville deposit differs 
in that it contains three distinct mineralization styles, (i) 
refractory Au locked into fine- grained arsenopyrite and 
pyrite disseminated throughout metasedimentary wall 
rocks; (ii) visible free Au hosted in quartz-carbonate veins 
associated with stibnite mineralization; and (iii) vein-
hosted native Au with no stibnite association. Refractory 
Au mineralization is ubiquitous throughout the deposit, 
whereas visible Au +/-stibnite occurs deeper in the 
system (>800 m depth from surface) (Fig.1).  

Disseminated sulfide hosted ore is the dominant Au 
mineralization phase at FGM and averages grades of 5- 
10 g/t Au with individual assays of up to 60 g/t Au 
(Hitchman et al. 2018). This mineralization is structurally 
controlled by discordant bedding-faulting relationships 
and forms as a selvage to quartz- carbonate veining 
(Fig.1) (Leader et al. 2012). Arsenopyrite is fine-grained 
(0.05-6mm) acicular needles that occur either aligned 
with trending cleavage or with no preferred orientation. 
Auriferous pyrite crystals are pyritohedrons between 0.1-
2 mm in size. Gold contents in arsenopyrite range from 
100-1000 ppm and pyrite contains between10-100 ppm 
Au (Roberts et al. 2003). Sulfide mineralization is variably 
overprinted by visible Au ± stibnite event(s) at depths 
greater than 800m from the surface.  

Visible gold found in the Eagle Zone and below (Fig. 1) 
averages grades of 15 g/t Au with individual assays over 
1% Au and as high as 3% Au. Gold occurs as 
disseminated grains with sizes >1 mm and are loosely 
arranged in an orientation parallel to their host veins. In 
this zone, visible Au contributes ~40% of the contained 
Au ounces (Hitchman et al. 2018). Areas with stibnite 
mineralization may contain disseminated visible Au (<3 
mm), although the grade is highly variable. This 
mineralization event can replace and infill earlier quartz- 
carbonate veins or occur as massive stibnite-quartz 
breccias along  fault margins. Gold-stibnite 
mineralization can also be found hosted in variably sized 
vugs (1-5 cm) within quartz-carbonate veins. 
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Figure 1. Schematic of Australia with the state of Victoria highlighted 
in grey. Inset map of Victoria and part of New South Wales showing 
the locations of the Lachlan Orogen and the Delamerian Orogen 
modified from Willman et al. (2010) Simplified geological cross 
section of the Phoenix level of the Fosterville deposit with associated 
grades and mineralization styles.  
 
3 Methods  
 
Samples were prepared as polished sections for optical 
and scanning electron microscopy (SEM). SEMimaging 
was conducted at the Monash Centre of Electron 
Microscopy using a JOEL 7001 FEG-SEM as a first order 
examination of Au distributions and vein textures.  

To inspect episodic quartz growth with respect to Au 
distributions, catholuminescence (CL) and elemental 
mapping was conducted using a JOEL 8500F electron 
probe microanalyzer (EPMA) at the Commonwealth 
Scientific and Industrial ResearchOrganization 
Microbeam Laboratory, Clayton.  

Neutron tomography was conducted on Au-rich 
samples at Australian Centre for Neutron Scattering to 
map the 3D distribution of Au with respect to vein 
microstructures using the DINGO instrument. The data 
sets were reconstructed with the Octopus package, while 
ANU Vizlab’s Drishti software was used for visualization, 
analyses, and full three-dimensional image 
reconstruction.  

High-resolution elemental mapping was carried out 
using the Camaca NanoSIMS 50L at the Centre for 
Microscopy Characterization and Analysis (CMCA) at 
The University of Western Australia. NanoSIMS 
measurements were performed with a Cs+ primary beam, 
with a spot size of approximately 100 nm, impact energy 
of 16 keV, and a beam current of 10 pA. The instrument 
was operated in multicollector mode, allowing for 
detection of seven ion species in tandem (34S, 54Fe32S, 
60Ni32S, 75As32S, 123Sb, 130Te and 197Au).  

Equilibrium geochemical modelling was conducted 
usingtheHCh software package. This package was 
developed for modelling fluid-rock systems at moderate 

to high temperatures (1000°C) and moderate pressures 
(<500 MPa) using a thermodynamic database 
(Unitherm). The system modelled here was Al-As-Au- Sb-
Fe-Mg-Sb-S-Cl-Si-K-Na-Ca-C-H-O to best represent the 
bulk rock compositions found in the Victorian gold fields 
anddepositore mineralogy. This model assumes a 
turbidite source rock with a composition of that reported 
by Pitcairn et al. 2006. Fluidderivedfrom the source rock 
at greenschist-amphibolite boundary conditions is then 
migrated through a rock column with the same 
composition at a 5:1 fluid rock ratio through a modern 
geothermal gradient of 30°C per km. This process is 
repeated for 20 waves to best represent the fault valving 
nature of orogenic deposits, where large volumes of fluid 
are repeatedly flushed through relatively narrow 
interconnected fault/vein networks.  
 
4 Results  
 
4.1 Vein and ore textures  
 
Underground exposures show that Sb mineralization is 
often on the margins of splay faults below the Phoenix 
level and exist as stibnite-quartz brecciasor vugswith 
variable Au content (Fig.2). Stibnitetextures in fault veins 
is commonly dendritic. Microscopy reveals an intimate 
relationship between Au and stibnite (Figs.2& 3). Some 
of the highest-grade Au samples from FGM (upwards of 
1-3% Au) are mineralization of this type. Gold and stibnite 
are often intergrown in vuggy cavities within quartz-
carbonate veins. Often, it appears that Au has grown onto 
stibnite crystals, as seen in Fig.2B. CL images of vein-
hosted Au-Sb show that quartz has not be recrystallized 
or damaged post-crystallization and crystal zoning is 
preserved (Fig.2). NanoSIMS images of wallrock 
selvages next to Au-Sb-bearing fault veins show stibnite 
overprinting arsenopyrite and pyrite porphyroblasts 
(Fig.4). Stibnite mineralization is contained to fractures, 
porosity and pressure shadows with no obvious crystal-
bound Sb within the grains.  
 
4.2 Thermodynamic modelling of the FGM  
 
Thermodynamic calculations using HCh software was 
implemented to replicate the ore and alteration 
mineralogy at FGM to gain insight into controls on 
mineralization. Preliminary results of this modelling are 
mimicking FGM assemblages (Fig.5). The top of Fig.5 
shows that arsenopyrite is stable during early fluid influx 
waves at depths between 1.8 and 3.6 km and 
temperatures between 150 and 250ºC.This is in fair 
agreement with fluid inclusion studiesthatdescribe the 
formation ofauriferousarsenopyrite at Fosterville to be 
between 2.6 to 5.7 km depth and temperatures of 180 to 
270ºC (Mernagh 2001).After n=5 waves of fluid influx 
events, calcite becomes stable in this same depth 
range, likely representing the calcite-ankerite spotting at 
FGM.At 10 waves of fluid influx, stibnite has a narrow 
stability range that begins to overlap near the bottom of 
the earlier deposited arsenopyrite extent. Finally, at 20+ 
fluid influx events, the stability range for stibnite has 
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grown to encompass roughly 1/3 of the early arsenopyrite 
range at depths between 2-3 km and temperatures 
between 180 to 230ºC. Pyrite is stable throughout the 
model, save the pyrite-pyrrhotite transitions at the 
greenschist-amphibolite boundary. Graphite has a wide 
stability but is lost during intermediate stages of fluid 
influx, and then returns in strong association with the 
stibnite field. 

Figure 2. A) Underground exposure of stibnite-quartz breccia from 
the Swan fault at FGM. B) CL map of Au-Sb mineralization quartz 
vein. C) Elemental map of (B) highlighting Au-Sb mineralization 
 
5 Discussion 
 
Antimony is largely considered to be deposited at shallow 
crustal levels (Groves et al. 1998), which agrees with Au-
Sb sample textures found at FGM (Figs.2&3). Structures 
and textures such as fault breccias, open cavities and 
vugs are  indicative of shallow emplacement. At 
temperatures above 300ºC, Sb is stable in hydrothermal 
fluids in many environmental conditions (Krupp1988) and 
require large changes in temperature to precipitate 
stibnite. At a pH of 5.5, a drop in temperature from 
250ºCto 200 ºC would decrease Sb solubility by one 
order of magnitude causing significant stibnite 
mineralization (Hagemann & Lüders 
2003).Thermodynamic modelling of the FGM shows 
stibnite precipitation at temperatures between 180 to 230 
ºC, suggesting Sb saturation by temperature 
decrease(Fig. 5).Cooling of ore fluids can occur by fluid 
unmixing or decompression during fluid ascent. The fault-
valve model from Sibson et al (1988) predicts dramatic 
pressure fluctuations during seismic events by an 
increase in fault permeability. Pressure reduction of 
ascendingfluidspromotesCH4, CO2, and H2S loss during 
immiscibility (Seward 1989; Hagemann & Lüders 2003). 
This unmixing would shift the ore fluid to lower 
temperatures and cause stibnite to precipitate.  

In the Fe–Sb–S system, Au-Sb co-precipitation 
requires a decrease of the fluid pH (Williams-Jones and 
Normand 1997). Modelling of the FGM shows stibnite  

 
Figure 3. A) Neutron tomographic reconstruction of vein-hosted Au-
Sb ore. B) Photograph of vugh-hosted Au-Sb ore within quartz-
carbonate vein. C) Microphotograph of intergrown Au-Sb 
mineralization in quartz vein sample. 
 
required not only a change in temperature, but also a fluid 
pH shift from 6 to 5.5 (Fig.5). This pH shift appears to be 
facilitated by CH4consumption and the onset of carbonate 
mineralization byCH4 Ca(CO)3+ 4H+. This explains the 
close association of the stibnite and carbonate stability 
fields (Fig. 6). If Sb is transported by theHSb2S4-ligand, 
reaction with free H+ ions from methane breakdown will 
occur byHSb2S4- +H+Sb2S3+H2S. Carbonate spotting in 
FGM wall rocks display sulfidation reactions by 
overprinting of ankerite with pyrite, such a reaction could 
consume excessH2SbyFeCO3+2H2S+ ½ O2FeS2+ CO2 

+H2O. A pH shift of 6 to 5.5is also coincident with drop of 
Au solubility in HS and (HS)2-bearing hydrothermal 
solutions by an order of magnitude, from 10 ppb to 1 
 

 
Figure 4. A) Photomicrograph of arsenopyrite crystals. Inlay is 
nanoSIMS elemental RGB map of the area highlighted by the red 
square. B) Photomicrograph of pyrite crystal. Inlay is nanoSIMS 
elemental RGB map of the area highlighted by the red square. C&D) 
Photomicrographsofarsenopyritecrystals. Inlays are nanoSIMS 
elemental RGB map of the area highlighted by the red squares. 
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Figure 5. Schematic of HCh thermodynamic model showing 
theoretical rock column and parameters. Lines are mineral stability 
fields. Highlighted areas are correlated to positions marked with 
stars on the bottom pH vs. wave diagram, signifying a pH value of 
5.5 which is needed for stibnite precipitation (see text). 

 
ppb (William-Joneset al. 2009). The deposition of stibnite 
has been shown to reduce the ore-fluid H2S 
concentration, thereby destabilizing Au bisulfide 
complexes in solution, and causing Au-Sb assemblages 
(Hagemann & Lüders 2003).  

These Au-Sb mineralization mechanisms is working in 
tandem explain the intimate association of Au-Sb 
mineralization FGM. Considering that Au-Sb orebodies 
are within splay faults, shear veins and breccias that 
cross cut refractory mineralization, and that Sb 
mineralization is found in fractures, porosity and pressure 
shadows of wall rock sulfide porphyroblasts (Fig.4), the 
Au-Sb mineralizing event at FGM post-date refractory ore 
deposition. This is consistent with the need of wall rock 
carbonate alteration to buffer the pH of later ore-forming 
fluids to precipitate stibnite, and consequently, Au. This 
agrees with the interpretation that Au mineralization in 
Victoria occurred in three main events, at ca 450-435 Ma, 
420-400 Ma, and ca 380-370 Ma (VandenBerg et al. 
2000; Bierlein et al. 2001). Where the first two events are 
significant Au-As mineralization events and are found 
wide-spread throughout central Victoria, and the third 
event is considered to form ‘pyrite-arsenopyrite-stibnite’ 
type assemblages and can be found only in the 
Melbourne Zone and eastern parts of the Bendigo Zone. 
In this way, it is suggested that Fosterville was situated in 
a structural corridor that was able to adopt both styles of 
mineralization, and that the first Au-As event “primed” the 
wallrock for the second Au-Sb event.  

 
6 Key points  
 
-FGM is a (unique?) telescopic orogenic Au deposit. 
Auriferous sulfides are pervasive throughout the deposit, 
a narrow vertical extent of vein-hosted Au-Sb 
mineralization exists ~800 m from the surface, and vein- 
hosted Au-only mineralization at depth.  
-Wall rocks at FGM were primed with carbonate alteration 
during early refractory Au mineralization event(s) at 420-

440 Ma.  
-Gold-stibnite mineralization appears to be late (380 Ma) 
and overprints previous refractory Au events along 
splaying linkage faults (timing difference of ~40 Ma).  
-pH buffering of fluid by altered wallrock via 
carbonatisation is needed for stibnite precipitation.  
-Stibnite mineralization active at low temperatures (< 
250°C) and can influence Au solubility, driving co- 
precipitation of Au-Sb ore.  
-Stibnite fault breccias, Au-stibnite vugs, and open 
cavities infer a shallow emplacement. Geochemical 
modelling and previous fluid inclusion studies agree with 
a shallow emplacement depth of 1.8 km to 3.6 km, placing 
FGM as an epizonal orogenic deposit.  
-Differing Au mineralization assemblages with depth may 
be the result of a continuously evolving ore system or the 
serendipity of two ‘separate’ deposits emplaced in the 
same locality during different mineralization events. 
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