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Abstract. Determining the contribution of individual 
episodes of mineralisation to the overall metal 
endowment of a gold deposit may be challenging, 
especially where veins are complex. We have applied a 
novel approach to address this problem which utilizes the 
variance of gold alloy compositions with environment of 
mineral precipitation.  Studies at Curraghinalt (N. Ireland) 
and Cononish (Scotland) have linked gold compositions 
to paragenetic stage through classical petrography, and 
then correlated these compositional ranges to those 
observed in populations of detrital gold particles derived 
from erosion of the whole orebody. In this way the gold 
compositions which relate to the most important phase of 
mineralisation may be identified. The approach may, in 
some cases, be limited by the particle size ranges of gold, 
but can offer an efficient route to targeting the most 
important ore type and underpin further studies which 
develop deposit models.   
 
1 Introduction  
 
The nature and origins of fluids that create orogenic/ 
mesothermal gold deposits are most commonly inferred 
from studies of the ore mineralization (Pitcairn et al. 2006; 
Goldfarb and Groves 2015). However, details of gold 
mineralogy are rarely reported, even though they may 
vary with each paragenetic stage. Information on gold 
composition is generally derived from petrographic 
studies of vein mineralogy within the orebody.  Here we 
describe a new approach to characterizing the wider 
mineralisation which combines information from 
petrographic studies with data sets describing the 
composition of populations of detrital gold particles.   

The gold within these deposits is present as a metallic 
alloy, which is a continuous solid solution of Au and Ag, 
the ratio of which is a function of physico-chemical 
parameters of the ore fluid (Gammons and Williams-
Jones 1995). Compositional studies which identify the 
principle composition of the electrum therefore have the 
capacity to yield information regarding the pertinent 
mineralizing conditions within an ore body. Paragenetic 
descriptions of auriferous lodes report mineral species 
present. Unfortunately, gold is typically reported as either 
‘gold’ or ‘electrum’ (native gold containing >25 wt% Ag) 
without the exact alloy composition given, or noting any 
variation there may be in the deposit (Spence-Jones et 
al. 2018; Mumin and Fleet 1995).  

In order to assess the characteristics of a meaningful 
number of gold particles within a deposit large volumes 
of ore can be crushed & processed, however with this 

methodology the mineralogical context is lost, and gold 
particles <50 µm are difficult to recover by standard 
mineral processing equipment (Morrison et al. 1991; 
Chapman et al. 2017). While both petrographic and bulk 
sampling approaches generate information specific to the 
volume of ore studied, these are only a tiny fraction of the 
mineralized systems. The potential for variation in 
mineralizing conditions, and hence variation in gold alloy 
composition, mean that compositional data sets 
generated are likely to be unrepresentative.  

Detrital gold particles are an erosional product of 
auriferous mineralisation. The high density of gold results 
in preferential retention in fluvial lags in which dense 
minerals may accumulate in specific sedimentary 
environments: for example, the ‘pay streaks’ of gold 
placer mines. Specialized field techniques for gold 
collection yield populations of particles derived 
throughout the eroded mineralisation such that the 
degree of compositional variation may be established 
(Chapman et al. 2018; Chapman et al. 2017). This study 
has characterized gold particles revealed in polished 
sections of ore and has also evaluated the information 
obtained from the study of populations of detrital gold 
particles collected from the environs of the orebodies.  
 
2 Geological background to the studied lode 

systems 
 
Two lode gold deposits, Curraghinalt (Northern Ireland) 
and Cononish (Scotland), within the Neoproterozoic 
Dalradian Supergroup were selected for study. The 
Dalradian Supergroup metasediments underwent 
metamorphism and deformation during the Grampian 
Orogeny, ~470 Ma (Stephenson et al. 2013b). The two 
deposits are separated by 235km, but are located along 
strike of each other within the Grampian/Caledonian 
orogenic belt, which extends from Britain and Ireland into 
Newfoundland in Canada.   
 
  



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

2.1 The Cononish deposit 
 
The Cononish deposit comprises a single composite vein 
hosted within the sub-vertical Eas Annie fault (041/89SE), 
which is a splay of the regional-scale Tyndrum Fault 
(Earls et al. 1992; Tanner 2014). The minerology and 
paragenesis of the deposit is described in Spence-Jones 
et al. (2018) and has been summarized here. The vein is 
up to 5m thick and records two main events; a pre 
mineralisation quartz-pyrite vein, and later crosscutting 
gold-bearing veins. The gold-bearing veins have been 
characterized  in petrographic studies which identify 
temporally constrained stages (Spence-Jones et al. 
2018);  

Stages 1-2, early gold mineralisation: comprises 
quartz veins with coarse pyrite (stage 1) hosting Au-Ag 
mineralisation within fractures containing hessite + 
electrum + galena ± altaite ± chalcopyrite (stage 2). 
Gold associated with this stage has a compositional 
range from 10 to ≈ 30 wt% Ag.  

Figure 1. Simplified map of the Dalradian rock of Scotland and 
Northern Ireland within the Grampian terrane showing the location 
of the studied deposits after Stephenson et al. (2013a). 

 
Stages 3-4, intermediate and later veins: cross cutting 

veins containing quartz with abundant chalcopyrite and 
galena, with subordinate pyrite, sphalerite, calcite and 
electrum. Distinctively, these veins contain >50% 
sulphides by volume and gold compositions from ≈ 30 
to 90 wt% Ag. 

Spence Jones et al (2018) interpreted the variation 
in gold composition in terms of progressive changes in 
the ore fluid over time; specifically, a marked reduction 
in tellurium fugacity in the ore fluids ascribed to fluid 
mixing. This conclusion was supported by S isotope 
studies which indicate that an early gold bearing 
(possibly magmatic) fluid was diluted progressively 

with larger proportions of crustal derived fluids during 
the ore deposition.   
 
2.2 The Curraghinalt deposit 
 
The Curraghinalt deposit comprises an array of sub 
parallel auriferous veins with the current deposit resource 
model containing 21 individual veins (Earls et al. 1989; 
McCaffrey and Johnston 1996; Wilkinson et al. 1999; 
Rice et al. 2016; Moloney 2012; Dalradian Resources 
2018). Vein mineralogy was described by Wilkinson et al. 
(1999) and Rice et al. (2016). Both studies reported two 
stages of gold deposition; the early stage (Q2) gold 
composition is reported as 2 to 7 wt% Ag and later 
crosscutting vein hosted gold (Q4) is more silver rich, 11 
– 20 wt% Ag, (Figure 2).  
 

Figure 2. Paragenesis for the Curraghinalt deposit (Rice et al. 2016) 
with gold compositions from (Wilkinson et al. 1999). 
 
3 Placer sampling 
 
Over a thousand placer gold particles were collected from 
three drainages cutting the two study areas. These large 
sample sizes ensure that the populations are 
representative of the overall inventory of gold particles, 
<50µm in size, within the deposits. Curraghinalt Burn 
flows perpendicular to the vein array and two placer 
sampling localities were chosen to compare signatures 
from different groups of veins (labelled ‘1’ and ‘2’ in Figure 
3). The Eas Anie Burn locality at Cononish includes sites 
above the flood plain of the Cononish River to minimize 
any effects of potential exotic gold particles. The Ag 
contents of Au alloy of gold particles from these 
populations are compared in Figure 3. 

The populations of placer grains show that gold close 
to the mean of the detrital population is more abundant 
than gold of more extreme compositions. Thus, the 
distributions of gold sourced from the deposits is 
monomodal and approximates to a normal distribution. 
The detrital populations therefore identify the composition 
of gold that was deposited during the most significant 
mineralizing event within the deposit.    
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Figure 3. Cumulative frequency plots of the distributions of gold 
compositions in the two placer samples from Curraghinalt Burn and 
the sample from Eas Annie Burn (Cononish). Illustrating the 
consistency of the samples from the Curraghinalt deposit and the 
differences in the populations taken of the different deposits. 

 
4 Results 
 
4.1 Placer vs Lode at Cononish, Scotland  

 
The compositional range of gold particles observed in 
polished sections of Cononish ore is compared to that of 
the detrital grains from Eas Annie Burn in Figure 4. The 
results indicate that stages 2 to 3 are the most significant 
contributors to the population of placer gold. Gold from 
stage 4 a negligible contribution to the overall deposit, 
which indicates either an overall low abundance, and/or 
that the gold particles are too small to collect by standard 
panning techniques (i.e <50µm). The correlation of the 
placer to the early vein stages is supported by the 
presence of the diagnostic early stage mineral hessite 
(AgTe2), which is observed as inclusions within the 
detrital gold grains. 

 

  
Figure 4. Distributions of electrum compositions in the placer 
sample taken from Eas Annie Burn compared to electrum observed 
in a mineralogical study of the ore textures. This indicates that late 
stage 2/ early stage 3 of Spence-Jones et al. (2018) are the most 
important stages for gold enrichment at Cononish. 
 

4.2 Placer vs Lode at Curraghinalt, North Ireland 
 
Detailed petrographic work to date has focused on a gold 
bearing sample collected from the V75 vein. Vein 
mineralogy comprised two stages of mineralisation with 
the pyrite host of early low silver gold (3-5 wt% Ag) cross 
cut by later quartz carbonate veins containing gold with a 
higher silver content (12-18 wt% Ag). Figure 5 shows that 
the two ranges of gold compositions observed in the V75 
vein are encompassed by the populations of placer gold 
particles, but do not account for the full compositional 
range. Both gold bearing stages in the v75 were observed 
to contain bismuth tellurides and bismuth tellurides 
inclusions were observed in the entire range of 
composition of gold particles in the detrital populations.  

 

 
 
Figure 5. Cumulative frequency plot allowing direct correlation of 
samples of different sizes. The plot show that gold compositions 
observed in V75 vein and by Wilkinson et al. (1999). Q2/4 boxes 
bracket the majority detrital gold in the Curraghinalt burn.  
 
5 Discussion  

 
The results reveal that the range of gold compositions at 
Cononish and Curraghinalt are distinct, and that in each 
case the later gold is more Ag-rich. The gold at Cononish 
has a far wider compositional range than at Curraghinalt 
which can be explained by the complexity of the fluid 
regimes which involve variable fluid mixing at different 
stages of the mineralisation process (Spence-Jones et al. 
2018).  

Comparison of the two Ag curves describing placer 
samples from Curraghinalt Burn show negligible 
differences indicating that the range of gold compositions 
is the same across the different veins.  From this we can 
infer that the similar mineralizing conditions were present 
in each vein system. This inference combined with the 
observation that bismuth minerals occur throughout the 
entire range of gold compositions, questions published 
models for the Curraghinalt deposit. 

The Curraghinalt results can be interpreted alongside 
published observations in one of two ways: either that the 
Q2 stage of Wilkinson et al (1999) is the main event that 
produced the enrichment, with the range of electrum 
compositions being much wider than original reported; or 
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the previously reported mineralogy of the Q4 vein stage 
is incomplete. 

If Q4 does represent an important enrichment stage, 
which the detrital gold population supports, this implies 
that the continual evolution of ore fluids from a “Q2” style 
to a later “Q4” style over time likely existed. This would 
imply that Q3 has the potential to carry gold and could be 
an important vein stage on a deposit scale. If this is 
correct, Q3 style veining could fill in the gap currently 
present in petrographic gold particle compositions, seen 
in Figure 5. Furthermore, if bismuth tellurides are indeed 
present in the Q4 stage this questions the model of 
emplacement, of Q4, by a later chloride brine advocated 
by Wilkinson et al. (1999). 

The data sets presented here show how information 
gained from analyses of gold particles illuminates aspects 
of ore paragenesis. Comparison of alloy compositional 
ranges of samples from hypogene settings can indicate 
whether mineralizing conditions were stable or evolving. 
Study of populations of detrital grains allows us to 
evaluate the variation in alloy composition across the 
deposit and to correlate important sub-signatures with 
specific mineral assemblages.  

 
6 Conclusions  
 
Studies of placer gold in tandem with classical ore 
petrography permit rapid evaluation of the most important 
phase of gold mineralisation in complex mineralizing 
systems. Characterization of both alloy compositions and 
mineral inclusions within gold particles provide 
independent routes to link detrital gold particles to 
specific stages in the paragenesis within the overall 
mineralizing system. The approach is straightforward, 
time efficient and relatively inexpensive. Consideration of 
the range of gold compositions can also suggest whether 
evolution of the hydrothermal system was continuous or 
if multiple discrete pulses of fluid were responsible.  
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Abstract. In quaternary sediments, gold grain 
morphology is used to estimate the distance of transport 
of the grain from the source. Gold particles are malleable 
and their shape is modified during transport. In alluvial 
deposits, the Wentworth flatness index, the Corey shape 
factor and the roundness are commonly calculated to 
characterize the grains. These parameters are applied on 
gold particles greater than 200 μm to quantify the shape 
modification with the distance of transport. The 3D X-ray 
microscope produces a 3D mesh tomography of the gold 
grain. This tool has an optimal resolution to characterize 
gold particles greater than 100 μm in size. 3D SEM 
photogrammetry provides a 3D textural model of the grain 
surface. This approach is appropriate to quantify gold 
grain shapes smaller than 100 μm. For both methods, the 
axial lengths, the surface area and the volume are 
measured in order to calculate shape parameters. For the 
same gold grain, these two methods yield accurate 
results with an error less than 10% for most shape 
parameters. Our results indicate an increase of the 
flatness and a decrease of the sphericity related to the 
distance of transport over 9 km for small gold grains in 
the Moulin River. 
 
1 Introduction 
 
In quaternary sediments, the evolution of gold grain 
morphology is a common exploration tool to estimate the 
distance of transport from the source (Hallbauer and Utter 
1977; Giusti 1986; Eyles 1995; Knight et al. 1999; 
Townley et al. 2003; Barrios et al. 2015). In alluvial 
environments, the malleability of gold causes changes to 
the particle shape (Hérail et al. 1990; Craw et al. 2013; 
Kerr et al. 2017). The Wentworth flatness index 
(Wentworth 1922; Cailleux 1945), the Corey shape factor 
(Corey 1949) and the roundness (Powers 1953) are 
generally estimated based on the dimension of the 
sedimentary particle. A correlation between an increase 
of the flatness ratios and the distance of transport is 
frequently observed (Hérail et al. 1990; Knight et al. 1999; 
Youngson and Craw 1999).  

In sedimentology, other parameters are used to 
quantify a particle shape (Blott and Pye 2008). The Janke 
(Janke 1966), the Aschenbrenner (Aschenbrenner 1956), 
the Williams (Williams 1965) and the Oblate-Prolate 
(Dobkins and Folk 1970) shape factors, the Krumbein 
intercept sphericity (Krumbein 1941), the maximum 
projection sphericity (Folk 1955) and the Aschenbrenner 
working sphericity (Aschenbrenner 1956) are defined 
based on the axial lengths of the particle. The estimation 

of the operational sphericity (Wadell 1933; 
Aschenbrenner 1956) and the degree of true sphericity 
(Wadell 1932) uses the surface area, the particle volume 
and the volume of the circumscribed sphere. The 
inscribed circle sphericity (Riley 1941) and the roundness 
of Wadell (Wadell 1932) are based on the diameter of the 
largest inscribed sphere, the smallest circumscribed 
sphere and the diameters of the curvatures of the particle 
corners.  

This study aims to quantify these parameters for gold 
grains sizes greater than 30 μm. The morphology is 
characterized using two methods: (1) the 3D X-ray 
microscope and (2) the scanning electron microscope 
(SEM) coupled with photogrammetry. These approaches 
provide measurements of the particle dimensions, the 
surface area, the volume and the circle diameters needed 
to estimate morphological parameters. The variation of 
these parameters is then investigated for a suite of 
fluviatile samples over a distance of 9 km. 
 
2 Geological setting and sampling 
 
The Moulin River flows from the Volet lake to the 
Beauceville River on quaternary sediments, mainly 
composed of till blankets and veneers (Fig. 1).  
 

Figure 1. Quaternary geology map of the Moulin River with location 
of the gold grain samples (map from SIGEOM database) 
 
The gold grains were collected using a prospecting pan 
for large particles (> 100 μm) and by commercial 
processing made by Overburden Drilling Management 
Limited (ODM ltd) for small grains (< 100 μm). For this 
study, a grain collected at 2.45 km is analyzed with the 
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3D X-ray microscope and the SEM to validate the grain 
characterization methodology for both methods, before 
taking measurements on the other samples. 
 
3 3D X-ray microscope  
 
The Xradia 520 Versa 3D X-ray microscope, from Carl 
Zeiss AG, is used to scan the grain and reconstruct 3D 
shape. The grain is installed in a plastic tube filled with a 
matrix of silica powder to support it in the middle part of 
the tube. The sample is rotated at 360° during the X-ray 
radiation. Raw images of the grain are acquired with the 
following parameters: 140.1 KeV, 68.9 μA, 0.70 μm of 
pixel size, LE6 filter, 3201 projections, x4 of optical 
magnification and exposure time of 2 seconds. The 
tomography is non-destructive and the grain can be 
recovered after scanning. Dragonfly (Object Research 
Systems) is a visualization software used to produce a 
3D mesh of the gold particle from raw images (Fig. 2A). 
The dataset is defined by theoretical densities. These 
values change according to the scan environment and 
the analysis parameters. For this grain, the gold 
theoretical density is ranges from 37 770 to 59 392. This 
density is used to delimit the grain boundary and the 
dimension of the minimal bounding box to measure the 
long (L), the intermediate (I) and the short (S) axes (Fig. 
2A). The surface area (Ap) and the volume of the particle 
(Vp) are based on the mesh properties (Fig. 2A). Three 
other parameters are measured on the X, Y and Z planes 
(Fig. 2A): (1) the average value of the smallest 
circumscribed circles (Dc); (2) the average value of the 
largest inscribed circle (Di); (3) an estimation of the 
curvature of all corners of the particle (ΣDr/n). PolyWorks 
(InnovMetric) is a mesh inspection software used to 

measure the maximum length which is related to the 
diameter of the smallest circumscribed sphere (Fig.2B). 
The thickness map of the grain is produced according to 
the surface normals at mesh points. This representation 
enables the detection of anomalies inside the gold grain, 
such as a void or an inclusion as shown at 0 to 25 μm 
depth (Fig. 2C). 
 
4 3D SEM photogrammetry 
 
The Quanta-3D-FEG (FEI) SEM is used to acquire 
images of the gold grain surface with secondary 
electrons. The gold grain is placed on a wood stick with a 
carbon tape to provide a conductive setup. The energy is 
fixed at 3 KeV to obtain high quality texture and surface 
details (Fig. 3A) needed for an optimal reconstruction. A 
minimum of 20 images of the particle are required to 
reconstruct the grain in 3D. Depending on the orientation 
of the grain on the wood stick, the stand is tilted (between 
52° to 70°) so the part of the grain that is close to the base 
of the stand can be observed. The grain is turned around 
360° and an image is taken every 18°. ReCap Photo 
(Autodesk) software produces a 3D textural mesh from 
these 20 SEM images using photogrammetry (Fig. 3B). 
However, the mesh is not calibrated. To calibrate it, we 
used a magnified SEM image with a striated surface (Fig. 
3A). The striated reference surface is measured 5 times. 
The same striated surface is identified and measured on 
the model (Fig. 3B). Then, the reconstruction model is 
cleaned, the base is removed from the model and the 
hole created by removal of base in image is filled to 
calculate the surface area and the particle volume. The 
mesh coordinates are oriented and translated to the point 
cloud origin to facilitate the estimation of the minimal 

Figure 2. (A) Orthographic projection of the gold grain (2.45 km) produced by Dragonfly from theoretical density values between 37 770 and 
59 392. The blue part corresponds to the silica matrix while colored part belongs to the gold particle. The white line is the boundary of the gold 
grain. For each slice (X, Y and Z), the average value of the largest inscribed circles (Di), the average value of the smallest circumscribed circle 
(Dc) and the average value of the curvature of corners (ΣDr/n) are determined. The particle dimensions (L, I and S), the surface area (Ap) and 
the volume (Vp) are computed from the mesh properties. (B) The thickness map of the gold grain mesh is produced by PolyWorks. The 
maximum length is located and measured. (C) Thickness map of the (B) hidden face with a detection of inclusion or void at 0 to 25 μm depth. 
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bounding box (Fig. 3C). PolyWorks is used to measure 
the maximum length and to infer the volume of the 
smallest circumscribed sphere (Fig. 3D). MeshLab (ISTI-
CNR) is a 3D mesh processing software that is used to 
find a bounding box for the grain. The grain is rotated in 
X, Y and Z planes to find the minimal bounding box 
related to the dimension of the particle (Fig. 3E). The 
surface area and the volume are derived from the mesh 
properties (Fig. 3E). The same process is used to 
quantify smaller particles and gold grains with complex 
morphology (Fig. 3F).  
 
5 Shape parameters 
 
Table 1. Gold grain (2.45 km) shape parameters analyzed with 3D 
X-ray microscope and SEM. The difference (in %) is calculated by 
taking the 3D X-ray as a reference. 

 
Table 1 presents the results of the estimation of 3D X-ray 

microscope and SEM parameters for the same grain. The 
difference between the two methods is given taking the 
3D X-ray microscope values. There is less than 10% 
difference for parameters with the exception for the 
Williams shape factor and the Oblate-Prolate index. 
According to the classifications of Blott and Pye (2008), 
the gold grain at 2.45 km is slightly to moderately flat, 
moderately elongated, moderately non-equant, prolate 
(rod-like) and has the form of an elongate block or a 
prolate spheroid. The Krumbein intercept sphericity, the 
maximum projection sphericity and the degree of true 
sphericity reveal that the particle is moderately spherical. 
But the operational sphericity corresponds to a low 
spherical particle and the Aschenbrenner working 
sphericity to a highly spherical grain. However, for the 
same grain, both methods give the same range of values. 
3D X-ray microscope provides additional results on the 
inscribed circle sphericity and the roundness of Wadell.  
 

 
Figure 4. Shape parameters for small gold grains (< 100 μm), with 
linear correlations straight lines, along the Moulin River. 
 
These parameters suggest that the grain is moderately 
spherical and sub-angular. The results for small grains (< 
100 μm) along the river show an increase of the flatness 
index and a decrease of the sphericity when the distance 
of transport increase (Fig. 4). The linear correlations of 

Figure 3. (A) Secondary electrons SEM images of the gold grain (2.45 km) at 3 KeV. On the right corner, the striated surface for calibration is 
shown with 5 measurements. (B) 3D model of the gold grain produced by ReCap Photo. On the right corner, the same striated surface as (A) 
with the 5 calibration measurements. (C) The model is cleaned, closed and oriented according to the origin of the mesh. (D) Thickness map 
of the grain produced by PolyWorks with the maximum length. (E) Minimal bounding box produced by MeshLab with the dimension of the 
particle, the surface area and the volume (Vp). (F) Minimal bounding box of a smaller gold grain (down 7.05 km). 
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the Corey shape factor and the sphericity factors 
decrease towards 0.40 - 0.50 that correspond to the value 
for a flat and a low spherical particle.  
 
6 Discussion and conclusion  
 
In exploration, the shape of gold is used to give indication 
about the mode of transport and to estimate the travel 
distance from the source whereas the chemistry of gold 
is being investigated to determine the source of gold 
(Hérail et al. 1990). Most quantitative studies are based 
on gold grains larger than 200 μm (e.g. Knight et al. 1999; 
Youngson and Craw 1999; Townley et al. 2003; Barrios 
et al. 2015) but a large part (> 75%) of gold grains is 
smaller than 200 μm such in the Athabasca River (Giusti 
1986). Also, an automated method can be used to 
quantify gold grain shape (Crawford and Mortensen 
2009), but the results are only in 2D and the volume is not 
calculated. 

The current study presents two methods to 
characterize the shape of gold grains in 3D varying in 
sizes and geometric complexity. The 3D X-ray 
microscope provides an accurate and a total 
reconstruction of the grain shape. The dimensions (L, I 
and S), the surface area, the volume and the diameter of 
inscribed and circumscribed circles are measured on the 
mesh. This approach provides more physical parameters 
than the SEM to quantify the morphology of gold particles 
with sizes greater than 100 μm. However, the resolution 
is not optimal to analyze particles smaller than 100 μm, 
such that methods based on 3D SEM photogrammetry 
are more suitable to characterize the morphology of small 
gold grain. The lack of calibration and the partial 
reconstruction are the main drawbacks of this approach 
but the results are similar to those obtained with 3D X-ray 
microscope for the same gold grain.  

Considering that: (1) the first gold grain collected in the 
river as the origin of the shape modification; (2) the river 
is the only transport agent that changes the shape of gold 
in addition to the glacial transportation; (3) there is only 
one possible source of the gold, thus excluding the 
affluents, we conclude that based on the estimated 
parameters on small grains, the Moulin River shows an 
increase of the flatness and a decrease of the sphericity 
during transport. 
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Abstract. Recently published Tellus geochemical data 
for sediment fines in SE Ireland show extensive Au 
anomalies in north Wexford, but few anomalies in 
Wicklow despite historical extraction from the Goldmines 
River. Discovery of bedrock sources is hampered by 
glacial dispersion and scarce bedrock exposure. Here we 
describe a novel approach to characterizing regional gold 
metallogeny which involves the synthesis of data sets 
from stream sediment surveys, analysis of heavy mineral 
concentrates (HMCs) and detrital gold.  Mineralogical 
characterization of HMCs and 2160 gold grains from 40 
localities in the auriferous region provides a clear 
indication of proximity of gold to source and genetic 
origins. Detrital gold in the south of the region (Wexford) 
is most likely derived from the widespread stratabound 
Au-As-Fe-S reported by exploration companies, whereas 
the distinctive Pb-Bi-As mineral inclusion signature in 
detrital gold from the Goldmines River area is suggestive 
of a magmatic influence. Combining data sets from the 
different techniques yields superior information than is 
possible using each approach in isolation. 

 
1 Introduction 
 
Regional exploration for rare and precious metal 
enrichment traditionally uses multi-element geochemical 
analysis of the fines (<150 µm) fraction of stream 
sediments, however these data can be misleading in 
glaciated regions with complex geology or due to 
anthropogenic influences. In particular, the extreme 
density of gold results in highly localized concentrations 
within fluvial sediments, an effect exacerbated as gold 
particle size increases. Thus classical stream sediment 
sampling may under-represent gold. Conversely, 
establishing placer-lode relationships for gold can be 
challenging if only gold particles are collected because 
the particles may be recycled into successive surficial 
environments. Heavy mineral concentrates co-collected 
with gold particles may be used to investigate spatial 
relationships between sediments and local lithologies. 
Here we compare the spatial distributions of data from 
sediment fines with distributions of heavy mineral 
concentrates (HMCs) including detrital gold in southeast 
Ireland, where the relationships are poorly understood 
between historically exploited Cu-Au volcanogenic 
massive sulphide (VMS) mineralization, placer gold, and 
widespread Au anomalies in stream sediment fines. 

 
 

2 Geology and mineralization 
 

Southeast Ireland comprises a NE-SW oriented belt of 
Cambrian – Ordovician sedimentary and volcanic rocks 
that were deformed and metamorphosed during later 
Palaeozoic orogenic events (Gallagher et al. 1994). 
Lower Ordovician thick laminated mudstones of the 
‘Ribband Group’ were followed by clastic sediments and 
volcanic rocks of the Duncannon Group (Brück et al. 
1979). In Wicklow the latter incorporates the Avoca 
Volcanic Group (AVG) which comprises dominantly 
rhyolitic lavas, chloritic tuffs and slaty mudstones. 

A major period of shearing towards the end of the 
Caledonian orogeny generated NE-oriented deformation 
zones, one of which occurs in the Avoca – Goldmines 
River area. The Leinster Granite batholith and satellite 
granitic plutons, including the Croghan Kinshelagh 
complex south of the Goldmines River, were emplaced 
into these actively deforming shear zones (Gallagher et 
al., 1994). Recent geochronological and geochemical 
studies (Fritschle et al. 2018) have established that the 
Croghan Kinshelagh complex comprises discrete older 
and younger units. The older granite is correlative with 
AVG volcanism and has been deformed with a 
penetrative fracture cleavage similar to the AVG rocks, 
whereas the younger granite intrusion is undeformed. 

Metalliferous mineralization in SE Ireland comprises 
the Avoca VMS deposit (100,000 tonnes Cu, Tietzsch-
Tyler et al. 1994; Williams et al. 1986), minor epigenetic 
Cu-Pb-Zn-Bi-Au mineralization in BIF on the Moneyteige 
–Ballycoog Ridge adjacent to the Ballinvally River (Fig. 4) 
(McArdle & Warren 1987; Ixer et al. 1990; Milner & 
McArdle 1992) and Au, W, Sn and Pb-Zn mineralization 
associated with hydrothermal fluid circulation 
accompanying late Caledonian shearing and granite 
intrusions (McArdle et al. 1989). Throughout the study 
area, company exploration has identified visible gold 
within Au-As-Fe-S mineralization in both stratabound- 
and shear zone-hosted quartz veins. 

In 1795, the Goldmines River area was the scene of 
Ireland’s only historical gold rush (Maclaren 1903). It has 
been estimated (Reeves 1971) that up to 300 kg of placer 
gold was recovered from gravels in the Ballinvally and 
Monaglogh Rivers (Figs. 2 and 4) and surrounding area. 
Some of the gold was very coarse-grained, the largest 
mass being the ‘Wicklow nugget’ weighing 22 ounces 
(682 g). However, despite intense exploration, bedrock 
sources have not been identified.  

Exploration in the region has recently benefitted from 
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a release (Knights & Heath 2016) of high precision re-
analyses of fine fraction sieved stream sediments 
originally collected in the 1980s (O’Connor & Reimann 
1993). Over 2000 samples had been obtained at a 
density averaging 1 per 4 km2. About 5% returned 
elevated concentrations of gold in the range 0.1 to 1.5 
ppm (Fig. 1). Samples with >0.5 ppm Au are mostly 
located in a NW-SE trending belt between Camolin and 
Carnew in north Wexford. There appears to be no spatial 
association between bedrock geology and Au enrichment 
in sediments, indeed the belt is perpendicular to the 
‘Caledonian’ trend and crosses outcrops of both Ribband 
and Duncannon Group rocks. In the Avoca – Goldmines 
River area, values of Au >0.1 ppm occur in only one 
Tellus sample, from the Coolbawn River, but not at other 
localities of historical gold winning. 
 

 
Figure 1. Au concentrations in fine fraction sediments in SE Ireland, 
showing an area of relatively high values in north-central Wexford 
and mostly low values in Wicklow and Carlow. Tellus map 
reproduced with permission from the Geological Survey of Ireland. 
Red box indicates the study area shown in Figure 2. 
 
3 Methods and results 
 
3.1 Detrital gold characterization 

 
New data describing the alloy compositions and mineral 
inclusions within 1541 detrital gold particles was 
augmented by a similar data set for 619 grains reported 
by Chapman et al. (2006). A total of 40 localities in south 
Wicklow and Wexford are represented. Although gold 
was recovered at every locality, abundances varied 
enormously (Fig. 2A). In north Wexford, scattered sites 

 

 
Figure 2. Outline geology of the study area with symbols at sample 
sites indicating (A) detrital gold abundance, with ‘high*’ indicating 
concentration previously sufficiently high to support historical 
exploitation in the Goldmines River area, and (B) median %Ag 
categories at sites from which 4 or more gold grains were obtained. 
 
returned relatively high abundance against a background 
of average to low abundance. The coarse particle size 
and rough morphology of gold grains from near the 
former placer working (‘Red Hole’) in the Ballinvally River 
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strongly suggests very local derivation, as suggested by 
Maclaren (1903). Rough gold characteristic of proximal 
derivation was found at Ballygarrett and Boley Lower in 
Wexford, while elsewhere much of the gold is flaky 
indicating transport and less proximal derivation. 

Electron microprobe analyses of gold alloy in grain 
cores revealed that Ag is ubiquitous, whereas Cu and Hg 
are detected only sporadically. A generic form of the 
cumulative frequency curves of wt% Ag in Wexford 
samples allowed their characterization using a single 
median value. Three class intervals of median wt% Ag 
(low <5.5, medium 5.5-7.5, high >7.5) were selected and 
the spatial distribution of these categories is presented in 
Fig. 2B. No spatial association is apparent between Ag 
content and underlying lithology, HMC mineralogy, or ice 
flow direction in Wexford. 

In the Goldmines River area, correlation of Ag range 
with inclusion type has yielded three generic gold types 
(Fig 3). The majority of galena and native bismuth 
inclusions, grouped because of their intimate association, 
occur within gold containing <9 wt % Ag which we refer 
to as type 1. Most arsenopyrite inclusions are hosted by 
gold grains of c. 9-14 wt% Ag, referred to as type 2. Type 
3 gold contains >14 wt% Ag and lacks inclusions of 
galena, arsenopyrite or chalcopyrite found in types 1 + 2. 

 
Figure 3. Silver content of gold populations from three catchments 
in Wicklow showing definition of gold types 1 to 3 according to the 
Ag ranges grains with arsenopyrite and galena-bismuth inclusions. 

 
Individual catchments show different gold signatures 

according to these gold types (Fig. 3) which suggests 
local sources in each case. Ixer et al. (1990) comment on 
the close association of galena and native bismuth in 
samples of mineralized BIF from the Ballycoog–
Moneyteige Ridge (Fig. 4). The similarity between 
inclusion suites in Type 1 gold and this mineralization is 
consistent with a scenario of multiple occurrences of this 
gold type in Wicklow. 

Comparison of wt% Ag ranges of gold types 1-3 
against the bulk assay of historically recovered gold 
(7.82% Ag) recorded in returns to the Irish Mint (Kinahan 
1882) shows Type 1 gold to be the most important overall 
signature. Consequently Type 1 gold probably represents 
the most attractive target for future exploration projects. 

The mineral inclusion assemblage of Wexford gold 
also shows a galena-arsenopyrite signature. Bismuth 
minerals are absent whereas chalcopyrite, sphalerite and 
pyrite are more common than in the Wicklow samples. 
This inclusion mineralogy is compatible with the 
compositional range of Phanerozoic orogenic gold 
recorded throughout the British and Irish Caledonides as 
summarized by Chapman et al. (2000). 

 
Figure 4. Outline geology of south Wicklow showing historical placer 
workings (red stippled boxes along rivers), sampled catchment 
areas colour-coded according to the proportions of hematite, 
magnetite and ilmenite in HMC samples with opacity in proportion to 
abundance of these components, and pie charts indicating the 
proportions of gold types 1–3 in each area. 

 
3.2 Heavy mineral characterization 

 
Semi-quantitative analysis of mineral abundances in 
HMCs was undertaken to investigate resistate particle 
mobility in the surficial environment and potentially 
identify mineral species genetically linked to gold 
mineralization. As shown in Fig. 4, HMC mineralogy is 
diverse in the Goldmines River area with differing 
proportions of hematite, magnetite and ilmenite in 
adjacent tributaries. There are no clear associations 
between HMC mineralogy, gold abundance and the 
proportions of the gold types. However in Wexford, 
atypical HMC mineralogy at Askamore, which included 
abundant cassiterite and ferberite, correlates with a 
distinctive gold signature which, in combination, indicate 
a local source of granite-associated Au mineralization. 

 
4 Implications for bedrock mineralization 

 
Given the current limited understanding of in situ Au-
bearing mineralization in SE Ireland, we can apply the 
spatial associations between detrital gold abundance, 
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microchemical signatures, and bedrock geology to re-
evaluate previous hypotheses for the source of gold in the 
Wicklow placers. The potential of Avoca as a source may 
be discounted on the basis of ice flow directions (McArdle 
& Warren 1987), patterns of heavy mineral distribution 
(Fig. 4), and gold abundance and Ag contents (Fig. 2). 
The potential for the BIF-hosted mineralization on the 
Moneyteige Ridge to represent an example of Type 1 
gold has been discussed above, although elsewhere 
Type 1 gold is hosted by other lithologies. 

The differences in signatures of sample populations of 
detrital gold from within individual drainages (Figs. 3 and 
4) leads us to favour a model in which intra-valley 
mineralization with magmatic-hydrothermal character-
istics (gold type 1 with bismuth inclusions) supplemented 
gold from the local stratabound Au-As-Fe-S style (gold 
types 2 and 3) to form rich gutter placers in ravine-like 
settings in the Goldmines River particularly the Red Hole. 

The decoupling of gold types from HMC mineralogy 
suggests that in the Goldmines River area, bedrock gold 
mineralization is not lithologically controlled. Instead, 
mineralization is likely to be controlled by tectonic 
structures and proximity to the Croghan Kinshelagh 
granites. This concurs with Standish et al. (2014) who, in 
interpreting lead isotope ratios in placer gold from 
southeast Ireland, favour two separate mineralization 
events associated with the Early Caledonian orogenesis 
and with Late Caledonian granite emplacement. 

 
5 Evaluation of exploration methods  

 
All three approaches are mutually supportive: sediment 
fines analyses provide a basis for more labour-intensive 
targeted gold grain studies, which in turn highlight specific 
gold-element associations useful for interpretation of 
geochemical datasets (Moles & Chapman 2019). Spatial 
distributions of heavy mineral suites constrain the 
directions and extents of glacial transport, which 
facilitates more confident interpretations of placer–lode 
relationships from gold grain studies. Microchemical 
characterization of gold establishes genetic relationships 
and clear links with known types of hypogene 
mineralization. 
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Abstract. Eastern Alaska is a region well-endowed with 
placer gold deposits, but only two significant lode 
deposits are in production (Pogo and Ft Knox). This study 
explores the potential for microchemical studies of placer 
gold to elucidate specific lode-placer relationships and to 
contribute to a wider understanding of gold metallogeny 
in the region. Gold grains from the Gray Lead and Blue 
Lead Extension lode prospects on Black Mountain and 
placer grains from drainages near the prospects were 
sectioned and analyzed for trace element chemistry and 
mineral inclusion counts. Results indicate that the gold 
placer samples in the drainages immediate to the lode 
samples have comparable mineral chemistry, but lower 
in the drainages additional chemical and textural 
signatures are noted, suggesting the presence of 
undiscovered occurrences. The distinctive Pb-Sb-As-S 
signature of the mineral inclusion chemistry is similar to 
that previously recorded in orogenic settings of 
Cretaceous age on the Alaskan-Yukon border. 
Identification of such signatures provides an efficient 
means to characterize undiscovered lode sources and to 
aid in exploration. Here we report results from a unique 
setting in Eastern Alaska where placer and lode gold are 
available for comparison.  
 
1 Introduction 
 
Mineral inclusion count and placer gold geochemistry 
have been used in the Yukon and British Columbia for 
provenance discrimination (Chapman et al. 2010a, b, 
2011, 2018; Chapman and Mortensen 2016).  Eastern 
Alaska is well known for hosting rich placer fields such as 
the 40-mile and Fairbanks districts, with only a few known 
significant lode deposits (e.g., Pogo; Fort Knox).  This is 
due in a large part to the poor geologic exposure in the 
region, which coupled with having only a few known 
significant deposits, has resulted in disputes on lode 
deposit models in the region. The Black Mountain area is 
an unique study area as it provides lode and placer 
sampling for comparison to set a baseline for a placer 
signature/source model, which will help with mineral  
exploration and defining the metallogenic make-up of 
mineralization in the Yukon Tanana Terrane. 
  
2 Geologic Setting and Mining History 
 
The Black Mountain area is within the Goodpaster mining 
district of the Tintina Gold Belt in eastern Alaska, 
approximately 110 miles southeast of Fairbanks (Fig. 1). 
Though not as well-known as the Fairbanks and 40 mile 
district for it’s placer production, the Goodpaster district is  

 
Figure 1. Map of the Black Mountain region with sample locations 
(adapted from Wilson et al. 2015). Inset shows the study area 
southeast of Fairbanks, with the yellow region representing the 
Tintina Gold Belt.  BLEE = Blue Lead Extension East; BLEW = Blue 
Lead Extension West; GL= Gray Lead. 
 
host to a few placer deposits and the well-endowed Pogo 
lode gold deposit.  Several lode occurrences have been 
explored in the Black Mountain area, with historical 
mining taking place in the early 20th century (Rombach 
1999; Flanders 2010). The lode occurrences on Black 
Mountain are hosted in (i.e. Blue Lead Extension) or 
along the margin of Mesozoic granites and Paleozoic 
meta-sedimentary rocks (i.e. Gray Lead) of the Yukon-
Tanana Terrane (YTT). Gold deposits and occurrences 
hosted within the YTT include porphyry, orogenic, and 
reduced intrusion-related systems (Allan et al. 2013). 
Regionally, the YTT is structurally set between the 
parallel strike-slip Farewell-Denali and Kaltag-Tintina 
Faults. Between these regional structures are a series of 
northeast trending faults, including the Black Mountain 
tectonic zone, where the study area sits (Flanders et al. 
2010 and references therein). Tibbs Creek, the creek off 
the west flank of Black Mountain, and Central Creek, 
which is to the west of the Tibbs Creek drainage, were 
previous placer producers (Rombach 1999). 
 
3 Methods 
 
In total, eight placer gold and three lode samples were 
collected from the study area.  The placer gold grains 
were collected from four tributaries draining Black 
Mountain leading into Tibbs Creek and two locations 
along Tibbs Creek, as well as in one location along 
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Central Creek, a drainage to the west of Tibbs Creek. The 
area is densely vegetated, providing a challenge for 
access and workable material for sampling in the 
drainage. Surface samples were collected from Gray 
Lead and the eastern and western out crops of Blue Lead 
Extension. These three sample were processed by 
electric pulse disaggregation using the Selfrag Lab 
system in the standard closed vessel with pulse power of 
150,000 volts at a repetition rate of 5 Hz.  Sample sets of 
gold grains were mounted in one-inch rounds following 
Chapman et al. (2000), during which textural observation 
where made with optical microscopy. Microanalytical 
work was done at the USGS Denver Microbeam 
Laboratory. Major and trace element analysis of the 
electrum was done on the JEOL JXA-8900 Superprobe, 
outfitted with five wavelength dispersive spectrometers, 
operated at an accelerating voltage of 20 keV, a beam 
current of 50 nA, and a beam diameter of < 1 µm. Mineral 
inclusion counts were conducted using an Oxford 
XMAX50 EDS with Silicon drift on a FEI Quanta 450 FEG 
SEM operating at 20kV by taking BSE images and 
acquiring EDS spectra for each mineral inclusion.  
Mineral inclusions are observed with optical microscopy, 
SEM imaging to be physically and texturally intergrown 
within the gold grain (Fig. 2).  

 

 
Figure 2. SEM BSE image of a grain collected from the A) lower 
Tibbs Creek site and B) separated from Gray Lead lode sample.  
Note the bright thin electrofined (Groen et al. 1990) pure gold rim on 
the placer grain.  Only minerals clearly intergrown with the electrum 
were counted in this study. 
 
4 Results 
 
Placer grain morphology for the most part is rough. 
Following the empirical shape classification by Knight et 
al. (1999), out of the 137 grains from the Central Creek 
and Black Mountain placers, 102 are angular/irregularly 
shaped, 18 are irregular, and 17 are irregularly rounded 
or rounded.   

Mineral microchemistry of the electrum grains from 
both lode and placer samples contain a range of Ag and 
Hg +/- Sb, Ni, Cu, Zn, and minor Bi, Pb, Co. The Ag 
content in the electrum for the Black Mountain placer and 
lode samples range from 4.9-39.7 wt% and 4.8-27.2 wt%, 
respectively (Fig. 3).  Central Creek electrum samples 
contain 4.9-39.7 wt% Ag.  The Black Mountain placer 
sample suite contains minor Co and Cu and a higher 
range of Hg and Ag than the lode sample suite (Fig. 4).  
The Black Mountain lode sample suite mineral chemistry 
shows little to no Cu, but minor Pb and higher Bi than the 
placer samples suite.  The Central Creek placer sample  

 
Figure 3. Cumulative percentile plots of Ag in A) Placer creek 
samples except for Central Creek and B) lode gold samples from 
Gray Lead (GL), Blue Lead Extension East (BLEE), and Blue Lead 
Extension West (BLEW). Only three grains were collected from 
Johnson Creek, insufficient data for this plot. 

 
suite had no Pb or Co and a slightly higher Sb signature.   

Inclusions observed in the placer samples include 
boulangerite, stibnite, aurostibnite, stibiconite, 
chalcostibnite, antimony alloy, pyrite, pyrrhotite, 
arsenopyrite, chalcopyrite, sphalerite, galena, as well as 
ankerite, iron oxide, mica, clay, and quartz. The lode 
samples contained each of these except for chalcopyrite 
and the addition of andorite, bismuthinite, Bi-tellurides, 
and Bi-Au-tellurides.  Within the lode samples, Grey Lead 
alone has the bismuth- and tellurium-bearing minerals as 
well as less antimony-bearing inclusions, whereas Blue 
Lead Extension samples are rich in arsenopyrite and 
stibnite +/- boulangerite, andorite, and sphalerite mineral 
inclusions. 
 
5 Discussion 
 
Parallel studies of alloy compositions and inclusions 
revealed in polished sections of gold grains comprise the 
methodology of ‘microchemical characterization’. 
Consideration of the microchemical signatures of gold 
from the lode sources reveals subtle differences, only 
some of which are replicated in the populations of placer 
gold grains. Such patterns are common in gold from 
orogenic settings (e.g. Chapman et al. 2010a,b) and may 
be used to infer the presence of undiscovered sources. 
In the present study, an additional source is required to 
explain the signature in gold from lower Antimony and 
Tibbs Creek samples. The Ag cumulative percentile plot 



Gold from Orogenesis to Alluvial  697 

shows that the population of gold grains from lower 
Antimony Creek is more complex than can be explained 
by a simple downstream dispersion of upper Antimony 
Creek material, as the highest Ag population from 
Antimony Creek is not seen in the lower Tibbs Creek 
sample.  There is a pronounced break in slope at ~23 
wt % Ag in gold from lower Antimony Creek that is absent 
in the Tibbs Creek sample. The hypothesis of a source 
local to the Tibbs creek placer is consistent both with the 
larger accumulation of gold at that point and the 
morphology of the gold which is suggestive of very limited 
fluvial transport.  

Additionally, the Hg vs Ag plot (Fig. 4) shows higher 
Hg and Ag content in gold from Antimony and Tibbs 
Creek than grains derived from the Gray Lead and Blue 
Lead Extension lodes.  Gold grains from Central Creek 
exhibit a similar Ag vs Hg pattern but with a larger range 
then those of the Black Mountain lodes. The overall 
similarity strongly suggests a similar lode source type for 
the Black Mountain and Central Creek placers.  

In addition to distinct gold chemistry in Antimony 
Creek-Lower Tibbs Creek and the Upper Tibbs samples, 
there are also differences in the mineral inclusions, 
intergrown within the gold (Fig. 5). In this approach to 
characterizing inclusions, only primary minerals are 
included as these provide the clearest indication of 
hypogene mineralogy. Upper Tibbs Creek gold contains 
fewer arsenopyrite inclusions, more pyrite and, lacks the 
diverse suite of antimony minerals found in gold from 
Lower Tibbs Creek and Antimony Creek, having only a 
few inclusions of just antimony-gold alloy. Thus, 
differences between the alloy signatures of the placer 
samples are also reflected in their inclusion suites. These 
factors, together with evidence from morphological 
studies all indicate the presence of undiscovered 
mineralization near the floor of the Tibbs Creek valley, 
and this area could form a future exploration target.  

  

 
Figure 4. Plot of EMP Ag vs Hg measurements. Traced areas are 
extent of the lode sample EMP data. BLEE = Blue Lead Extension 
East; BLEW = Blue Lead Extension West; GL= Gray Lead 
 

The dominant stibnite- boulangerite- arsenopyrite 
inclusion signature of the gold reported here is atypical 
for most orogenic gold mineralization both globally 
(Chapman et al. 2009) and in most of the contiguous  

 
 

 
Figure 5. A) Plot of inclusion count from Lower Antimony, Upper 
Antimony, Upper Tibbs, and Lower Tibbs Creek. Bo-boulangerite, 
St-stibnite and stibiconite, Cst-chalcostibnite, Ant-antimony alloy, 
Py-pyrite, Aspy-arsenopyrite, Cpy-chalcopyrite, Sph-sphalerite, Gn-
galena, Goe - goethite) B) Plot of inclusion count from all Antimony 
and Tibbs Creek, Central Creek and all Moosehorn Range placer 
samples. Tet – tetrahedrite 

 
terrane in the Yukon (Wrighton 2013). However, it closely 
resembles that observed in placer samples from the 
Moosehorn Range on the Alaskan Yukon Border (Fig. 5; 
Wrighton 2013). Allan et al. (2013) determined a 
Cretaceous age for Moosehorn mineralization, similar to 
that at the Coffee Prospect, western Yukon, where the 
mineralization also exhibits a strong Pb-Sb-As-S 
signature, both of which are interpret by Wrighton (2013) 
and MacWilliam (2018), respectively, as orogenic Au 
deposits. Identification of the microchemical signatures in 
gold from placer areas where the source style of 
mineralization is uncertain can help to inform our 
understanding of regional metallogeny.  

 
6 Conclusion 
 
Microchemical characterization and consideration of gold 
grain morphology from placer and lode sources in the 
Black Mountain area suggests the presence of an 
undiscovered lode gold source in the Tibbs Creek valley. 
Identification of a very similar microchemical signature in 
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the gold sample from Central Creek suggests that this 
style of mineralization is more than a local occurrence. 
Furthermore, the similarity of this microchemical 
signature to that of gold from the Moosehorn Range 
provides evidence for a generic Pb-Sb-As-S signature 
associated with orogenic gold mineralization of 
Cretaceous age.  

Our application of microchemical characterization of 
populations of placer gold grains in an area where 
understanding of placer-lode relationships is limited, 
suggests there are one or more hitherto undiscovered 
placer-feeding lode gold sources. In addition, the 
potential wider benefits of this method to understanding 
regional metallogeny have been demonstrated. 
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Abstract. A significant amount of the gold extracted 
today is sourced from orogenic deposits where it is 
concentrated in very high-grade quartz veins. The local 
elevated gold concentration in the veins appears to 
exceed the gold solubility expected in hydrothermal fluid 
in mid-crustal conditions. Accordingly, the gold transport 
mechanism and/or deposition processes associated to 
the formation of the ultra-high grade veins remains 
contentious. Here, we present Transmitted Electron 
Microscopy (TEM) analyses conducted on a high-grade 
quartz vein (>100 g/t Au) from the world-class Callie 
orogenic gold deposit (14.6 Moz Au). The TEM analyses 
are focused on a silica inclusion (~2.5 µm wide) enclosed 
within a gold grain and the results reveal that the inclusion 
is composed of amorphous silica that contains numerous 
Au nanoparticles which vary in size between 0.5 to 11 nm. 
The preservation of amorphous silica and Au 
nanoparticles indicates that the formation of colloidal Au 
and Si might have played a significant role in the 
formation of high-grade gold veins. 
 
1 Introduction 
 
The growing cost of gold exploration together with 
surficial resource depletion requires new impetus in our 
understanding of how high-grade orebody form. The 
concentration of Au into high-grade quartz veins (>> 100 
g/t Au) appears to exceed the expected Au solubility in 
hydrothermal fluid at thermodynamic conditions typical of 
orogenic-gold deposits in which Au is traditionally 
interpreted to be transported as Au(I) hydrogen sulfide 
complexes (Pokrovski et al. 2014; Seward et al. 2013). 
The sampling of currently active, natural hydrothermal 
systems indicates that the dissolved gold quantities in the 
hydrothermal fluids varies from 13 to 16 ppb (Hardardóttir 

et al. 2009; Simmons and Brown 2006).  
The world-class Callie deposit, Northern Territory, 

Australia, preserves local Au enrichment exceeding 100 
g/t in narrow (2 cm thick) quartz veins. Therefore, it would 
require large volumes of fluids (~3e+13 L) containing ppb 
levels of gold, and/or Au solubility exceeding that 
measured in current hydrothermal solutions. To 
overcome this problem, several models have been 
proposed including an increased fluid flow by fault-valve 
processes (Sibson and Scott 1998), multiple 
mineralization events (Thébaud et al. 2018; Fougerouse 
et al. 2017), Au upgrade by remobilization (Fougerouse 
et al. 2016) and alternative Au transport mechanism in 
which Au is transported as nanoparticles suspension 
(colloid) in the mineralizing fluid (Herrington and 
Wilkinson 1993; Saunders 1990; Saunders and Schoenly 
1995; Hough et al. 2011; Gartman et al. 2018). 

In this study we present petrographic observation 
combined with TEM results from a high-grade gold 
sample from the Callie deposit. The TEM analyses allows 
to probe into the sample at the nanoscale and detect the 
presence of nanoparticles.  
 
2 Geological setting 
 
2.1 Regional geology  
 
The study area is located in the Paleoproterozoic 
Granites-Tanami Orogen, situated approximately 650 km 
NW of Alice Springs, in the North Australian Craton 
(Figure 1). The Granites-Tanami Orogen hosts several 
significant gold deposits including the world-class Callie 
deposit (Ahmad et al. 1999). The Granites-Tanami 
Orogen consists of folded Paleoproterozoic meta-
turbidites and volcanic units of the Tanami Group (Blake 
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et al. 1975; Ahmad et al. 2013; Bagas et al. 2014). The 
Tanami Group was first deformed and metamorphosed 
by an inferred NW-directed collision (Li et al. 2014; Bagas 
et al. 2010). The Tanami Group was affected by a second 
shortening event which is associated with dolerite dykes 
and granitic pluton emplacement between c. 1830 and c. 
1780 Ma (Iaccheri 2017; Bagas et al. 2010). Some of the 
magmatism was coeval with the gold mineralization in the 
Granites-Tanami Orogen, which formed between c. 1805 
and 1790 Ma (Bagas et al. 2010; Cross et al. 2005; Fraser 
et al. 2012; Petrella et al. Accepted).  
 

 
Figure 2. Geological Map of the Granite Tanami Orogen modified 
after Bagas et al. (2014)and major crustal elements of Australia 
simplified after Pirajno and Bagas (2008). 

 
2.2 Local geology 
 
The Callie deposit is held by Newmont Mining 
Corporation and is hosted in the Dead Bullock Formation 
of the lower part of the Tanami Group. The Dead Bullock 
Formation consists of planar laminated siltstone, finely 
laminated siltstone, iron- and chert-rich fine-grained 
siltstone and fine-grained sandstone (Bagas et al. 2014; 
Lambeck et al. 2010; Pendergast 2011).  

The stratigraphy is affected by three main deformation 
events (summarized in Figure 2); 1) a N-S oriented 
shortening event (D1) expressed by a tight folding of the 
stratigraphy along a fold axis that trends ~ N110 and dips 
~80° to the SSW, 2) an E-NE to W-SW shortening and 
main mineralization event (D2) responsible for the 
formation of several structural pathways along a S2 
foliation that trends from N060 to N110 and steeply dips 
from 60° to 75° to the SSE. The structural pathways are 
host to gold and are characterized by a high density of 
quartz-veins which are oriented parallel to the structural 
pathways; 3) a E-W oriented shortening event (D3) 
expressed by reverse faults oriented NW-SE to N-S and 
dipping ~ 50° to 60° to the E. The faults are associated 
with low angles carbonate-rich veins (Petrella et al. 
Accepted). 

The ore at DBS includes vein-hosted and stratabound 
styles which are hosted in different units of the Dead 
Bullock Formation (Petrella et al. Accepted). The vein-
hosted style has the highest Au grade (averaging 6 g/t 
Au; Schmeider et al. (2018)) and consists of visible gold 
hosted in quartz veins in decarbonized siltstone units. In 

contrast, the stratabound style is lower grade (averaging 
2 g/t Au) and is associated with disseminated sulfides in 
iron-rich stratigraphic horizons. Both mineralization types 
result from the same mineralizing event associated with 
D2 and dated at c. 1805 Ma (Petrella et al. Accepted). 
 

 
Figure 3. Block diagrams illustrating the three main deformation 
events at DBS from Petrella et al. (Accepted).  

 
3 Method 
 
3.1 Transmitted Electron Microscopy (TEM) 
 
A high-grade gold-bearing quartz vein (sample 
N700_9672B @82.5m; Figure 3A) was selected for this 
study. We prepared a thin foil of approximately 10 x 10 
µm size from a polished thin section at the interface 
between an Au grain and its quartz host (Figure 3B and 
C). The foil was prepared using a Tescan Lyra Ga+ 
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focused ion beam coupled with a scanning electron 
microscope (FIB-SEM). In-situ lift out techniques was 
used to mount the TEM foil onto a copper grid. The foil 
was thinned to ~100 nm, followed by a low kV (2 kV) 
‘clean up’ routine to remove Ga+ ion surface implantation. 
The foil was then analyzed using a Talos FEG TEM 
operating at 200 kV accelerating voltage. Both 
instruments are housed at the Microscopy and 
Microanalysis Facility (MMF) at Curtin Universiy’s 
centralized research infrastructure hub, John de Laeter 
Centre (JdLC). 
 
4 Gold nanoparticles associated to high-

grade mineralization 
 
From the selected sample, a foil was extracted that 
includes a quartz grain and a gold grain containing a silica 
inclusion (Figure 3B and C). Sub-rounded silica 
inclusions of 1 to 2 µm are common in the Au grains from 
this sample. The targeted inclusion is approximately 2.5 
x 0.5 x 1 µm in size, sub-rounded to elongated and 
located close to the outer border of the Au grain. The TEM 
bright field images reveal the presence of a cluster of 
numerous Au nanoparticles within the silica inclusion 
mainly located along the contact with the Au grain. The 
Au nanoparticles are rounded and their size varies 
between 0.5 to 11 nm. Within the clustered area, the 
lattice continuity within the Au nanoparticles indicates the 
presence of numerous individual particles. The lattice 
continuity and selected areas electron diffraction (SAED) 
pattern acquired over the gold nanoparticles cluster, 
confirms the presence of multiple individual crystals of 
Au.  

Electron diffraction of the quartz grain shows the 
presence of a single crystal, however, electron diffraction 
in the silica inclusion revealed a complete absence of 
crystalline structure, and therefore the presence of 
amorphous silica can be assumed.  

 

 
Figure 4. A. Photograph of sample N700_9672B @82.5m that 
consists of a very high-grade quartz vein; B. Backscatter image of 
the black rectangle area in a., the rectangle shows the section 
collected for TEM analyses (foil) including gold, quartz and a silica 
inclusion. C. Backscatter image of the foil section showing the silica 
inclusion in the Au grain. 

 
5 Conclusion  
 

In this study we present TEM analysis from a high-grade 
Au vein at the world-class Callie deposit that show 
numerous Au colloids trapped in an amorphous silica 
inclusion preserved within a gold grain. The estimated 
pressure and temperature of formation of the Callie ore 
system is 70 to 130 MPa and 240° to 360°C respectively 
(Mernagh and Wygralak 2007) and the mineralization is 
estimated to have formed at c. 1805 Ma (Petrella et al. 
Accepted) which make the preservation of amorphous 
silica inclusions very remarkable. Amorphous silica 
generally consists of spherical nanoparticles of SiO or 
SiOH groups. The crystallization of amorphous silica into 
quartz, which consists of a re-ordering of the atoms and 
an increase in density, is mainly linked to the removal of 
water from the amorphous silica phase (Herdianita et al. 
2000; Rodgers et al. 2004). When Si nanoparticles are 
linked in a coherent three-dimensional aggregates they 
form a silica gel (Iler 1979), consequently, we propose 
that a silica gel containing Au nanoparticles was 
deposited in the vein.  

Therefore, the finding of naturally occurring Au 
nanoparticles within a Au grain supports the involvement 
of colloidal Au in the formation of high-grade veins 
predicted by Herrington and Wilkinson (1993). The 
presence of Au colloid in the mineralizing fluid might 
explain Au concentration that exceeds the expected Au 
solubility in the fluid.  

The results presented in this study suggest that Si and 
Au colloids might contribute in forming high-grade gold 
intercepts. The preservation of amorphous silica 
inclusions opens further research probing into their 
composition and potential contribution to the 
hydrothermal system.  
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Abstract. The Daliuhang gold deposit (>20t gold) is 
located in the central Penglai-Qixia belt of the giant 
Jiaodong gold province, eastern China. The ore-hosting 
Guojialing granodiorite and pegmatite were formed at 
129.0 ± 0.6 Ma and 126.2 ± 0.6 Ma, respectively. Syn-ore 
monazite, with a U-Pb age of 120.5 ± 1.7 Ma, represents 
the timing of gold mineralization. Noble gas isotopes of 
pyrite indicate that the initial ore-forming fluids were 
deeply-sourced from the sedimentary wedge overlying 
the subducted plate and mantle during early Cretaceous 
paleo-Pacific plate subduction. There is a narrow 
variation of δ34S values (3.7−8.3‰) of ore pyrite, which 
also suggest that the initial ore-fluid and some of the 
sulfur component were derived via subduction-related 
devolatilization. The elevated δ34S values of the ore-
related pyrite are partly ascribed to mass fractionation 
and partly to a contribution from sulfur leached from 
crustal host rocks. This interpretation is also supported by 
Nd isotope ratios of monazite, which correlate well with 
the ore-hosting rocks. This study highlights the combined 
roles of deeply-derived fluids and intense interaction with 
upper crustal rocks in the formation of Jiaodong gold 
deposits. 
 
1 Introduction 
 
The Jiaodong Peninsula is the largest and most 
productive gold province in China, with more than 4500t 
of gold resources (Fan at al. 2016; Yang et al. 2018). 
Located in central Jiaodong and hosted in early 
Cretaceous granodiorite, the Daliuhang deposit is a 
typical auriferous quartz vein-style gold deposit. This 
deposit has high-grade gold ores (20g/t on average), and 
locally contains visible gold (Chang et al. 2013). There 
are abundant mafic and felsic dykes that are broadly 
coeval with gold mineralization in the mining district. 
Thus, the Daliuhang deposit represents an excellent 
example to investigate the possible genetic relationship 
between Au mineralization and magmatism. 

In this study, the U–Pb age of hydrothermal monazite 
in the ores was obtained to delineate the precise timing 
of gold mineralization. In addition, the U-Pb ages of zircon 
from ore-hosting granite, a pegmatite dyke and two mafic 
dykes were obtained, collectively, to determine the timing 
of relevant mafic and felsic magmatic events. In-situ 
sulfur isotopic analyses on gold-hosted pyrite, in-situ Nd 
isotopic analyses on hydrothermal monazite, and He–Ar 

isotopic analyses on primary ore-forming fluids entrapped 
in pyrite, were conducted in order to place constraints on 
the sources and temporal evolution of the ore-forming 
fluids, and also on the possible sources of sulfur and ore 
metals. The integrated results allow a better 
understanding of the genesis of the Daliuhang deposit. 
 
2 Regional and ore deposit geology 
 
The Jiaodong Peninsula is located on the south-eastern 
edge of the North China Craton. It comprises the Sulu 
ultra-high pressure orogen in the southeast and the 
Jiaobei Terrane in the northwest (Fig. 1). Almost all gold 
deposits are distributed in the Jiaobei Terrane, which 
mainly comprises Precambrian basement rocks and 
Mesozoic magmatic intrusions and volcanic-sedimentary 
sequences (Zhai and Santosh 2013). The Jiaodong gold 
province is divided, from west to east, into the Zhaoyuan-
Laizhou, Penglai-Qixia and Muping-Rushan belts (Fig. 1). 
Most gold deposits are hosted in the Linglong and 
Guojialing granitoids or their contacts with the basement 
metamorphic rocks. The distribution of gold deposits is 
controlled by a set of NE- and NNE-trending crustal-scale 
faults zones. Gold deposits have been traditionally 
classified as disseminated-style and auriferous quartz 
vein-style (Fan at al. 2007).  

The Daliuhang gold deposit, with a proven reserve 
of >20t gold, is situated in the northern segment of the 
Penglai-Qixia gold belt. Granitoids are widely distributed 
in the mining district, and include the late Jurassic 
Linglong gneissic biotite granite and early Cretaceous 
Guojialing granodiorite. Late-magmatic pegmatite and 
aplite dykes are well-developed within the Guojialing 
granodiorite. The ore bodies are mainly hosted in the 
Guojialing porphyritic granodiorite. The mineralization 
occurs predominantly in the form of massive auriferous 
quartz veins. The No. 103 vein is the most important and 
representative orebody in this district, with a length of 2.5 
km and a width of approximately 0.2 to 2 m. It generally 
strikes 020°–045°, dips 50°–80° SE. The gold grade 
varies from 1.06 to 160.02 g/t, averaging 20.09 g/t. The 
alteration halos include an intense sericite-quartz 
alteration zone, followed by sericitization, silicification, 
and K-feldspar alteration zones. 
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Figure 1. Geological map of the Jiaodong gold province, showing 
the major gold deposits and lithological units (Wen et al. 2015). 
 

 
Figure 2. Photographs of major wallrocks and various mineralized 
veins. a Multiple pegmatite dykes intrude into Guojialing 
granodiorite: the earlier pegmatite-1 is crosscut by later pegmatite-
2; b Guojialing granodiorite and pegmatite are crosscut by mafic 
dyke; c Quartz vein (Stage I) and its adjacent sericite-quartz 
alteration, sericitization and silicification; d Representative 
specimens of quartz-pyrite veins (Stage II) which are crosscut and 
overprinted by quartz-galena-pyrite vein (Stage III).  
 

Four stages of mineralization in the ore-bearing lodes 
have been recognized based on crosscutting 
relationships between veins and mineral textures within 
them. Stage I is characterized by coarse-grained milky 
quartz with sparsely disseminated fine-grained pyrite 
(Py1) that contains no gold mineralization. Stage II is 
represented by quartz-pyrite veins. Pyrite in this stage 
(Py2) is euhedral to subhedral, and is compositionally 
homogeneous in BSE images. Some visible gold grains 
occur either along the grain boundaries or within fractures 
of Py2 (Fig. 3a). A few monazite grains were also 
identified as inclusions in Py2 grains or adjacent to their 
margins, showing a close spatial association with pyrite 
(Fig. 4a-b). The anhedral monazite grains have variable 
diameters (5–100 μm) and are compositionally 
homogeneous under BSE images. Stage III veins contain 
coarse-grained quartz and pyrite, with subordinate 
galena, sphalerite and chalcopyrite (Fig. 3b-c). Locally, 
stage III minerals are superimposed on Py2, forming an 
irregular, dark inner core (marked as Py2-altered) with 

fine-grained galena overgrown by a bright outer rim of 
arsenian Py3 (Feng et al. 2018 and our unpublished 
data). Irregular electrum grains occur along grain 
boundaries of Py3 where they display a close paragenetic 
association with galena (Fig. 3b). Stage IV is represented 
by milky carbonate-quartz veins with minor pyrite (Py4). 
Stages II and III represent the main gold mineralization 
episodes. 
 

 
Figure 3. Microscopic images showing occurrences of visible gold 
and textural features of pyrite from main mineralizing Stage II and 
III. a Coarse-grained Py2 and visible gold grains occur in fractures; 
b Visible gold grains intergrown with galena along grain boundaries 
of the Py3; c Py2-altered (core) and Py3 (rim) are both infilled by 
galena; d Oscillatory-zoned Py3 that has overgrown the porous Py2-
altered. Representative δ34S values are shown in figure c (via SIMS) 
and figure d (via LA-MC-ICPMS). 
 
3 Geochronology 
 
Hydrothermal monazite dating indicates that the gold 
mineralization occurred at 120.5 ± 1.7 Ma (Fig. 4). It 
places the age of gold mineralization at least five million 
years younger than the latest granitic magmatic activity 
indicated by the ca.126 Ma age of pegmatite dykes that 
intruded the ca. 129 Ma Guojialing granodiorite. The 
above robust dating results show a measurable age gap 
between the ore-hosting intrusion solidification and gold 
deposition, such that gold mineralization cannot have a 
direct association with granite magmatism. This is also 
supported by the 40Ar/39Ar ages of pristine biotite from 
Guojialing granodiorites (124.5-124.0 Ma, Li et al. 2003), 
indicating that the intrusions have cooled below ~350℃ 
before gold mineralization.  

The contacts between granitic intrusions and 
Precambrian basement rocks are particularly favourable 
sites for mineralization, with heterogeneous stress and 
inhomogeneous strain between different rock units 
focusing ore-fluid infiltration (Groves et al. 2018). Note 
that some syn-ore mafic dykes (121.1 ± 0.7 Ma), with no 
obvious wallrock alteration, are interleaved with nearby 
auriferous quartz veins within the same fault zones in the 
adjacent Heilan’gou deposit. Given the spatial and 
temporal association between gold mineralization and 
mantle-derived mafic rocks, the ore-controlling faults are 
inferred to have great vertical depth extension (Zhao et 
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Figure 4. a-b Representative monazite crystals, coexisting with 
pyrite; c The U–Pb Tera–Wasserburg Concordia diagram for 
monazite; d the 207Pb-corrected 206Pb/238U weighted mean age 
 
al. 2012; Zhu et al. 2015) and to have facilitated the 
advection of deeply sourced fluids to the site of gold 
mineralization at shallower crustal levels.  
 
4 Origin of ore-forming fluids and ore metals 
 
On a 3He versus 4He plot, samples from the Daliuhang 
deposit lie between the crustal and mantle curves (Fig. 
5a), indicating mixed sources between those two 
reservoirs. As a result, the mantle contribution from the 
current study is estimated to be between 20% and 40%. 
The 40Ar/36Ar ratios (327–574) of fluids in pyrite are much 
lower than those of deeply-derived mantle fluids (≥
12000, Burnard et al. 1997), but slightly higher than the 
atmospheric value of 295.5, which indicates a significant 
atmospheric influence. In addition, there is a broadly 
positive correlation between 36Ar and 3He (Fig. 5b). The 
most logical interpretation is that there has been addition 
of an atmospheric noble-gas component into the mantle 
through subduction (Gautheron et al., 2005; Broadley et 
al., 2016). Therefore, it is deduced that ore fluids were 
derived via devolatilization of the sedimentary wedge, 
with its atmospheric component, and oceanic crust or 
overlying mantle lithosphere during subduction of the 
paleo-Pacific plate beneath the eastern North China 
Craton in the early Cretaceous (Zhai and Santosh 2013; 
Goldfarb and Groves 2015 and references therein).  

 

 
Figure 5. a Plots of 3He versus 4He of fluid inclusions in pyrite from 
the Daliuhang deposit and other deposits in Jiaodong; b Plots of 3He 
versus 36Ar of fluid inclusions, showing a broadly positive correlation 
between these two isotopes 

There is a narrow variation of δ34S values (3.7−8.3‰) 

at Daliuhang, similar to other deposits in the Jiaodong 
gold district (Fan et al. 2016). In concert with the noble 
gas data, these positive δ34S values are consistent with a 
model in which some sulfur was derived from mantle-
crustal mixing processes at depth related to 
devolatilization during subduction of the paleo-Pacific 
plate (Deng et al. 2015; Zhu et al. 2015; Goldfarb and 
Groves 2015). However, it is inevitable that such fluids 
would scavenge additional sulfur from upper crustal rocks 
during advection, making it difficult to unequivocally 
define the ultimate fluid source. Compared with early-
stage Py1, ore-related pyrites (Py2 and Py3) have higher 
δ34S values (6.7–8.3‰), with corresponding calculated 
δ34S values of 8.6–10.2‰ for ore-forming fluids (ln34α
Pyrite/H2S=-1.9‰, Syverson et al. 2015). Considering the 
limited amount of Py1, mass fractionation during 
precipitation of pyrite seems unable to explain such 
elevated δ34S values (Ohmoto 1972; Zheng and Hofes 
1993). In this case, an external 34S-enriched source 
appears to be required. It is proposed that some sulfur 
from the Jingshan Group (δ34S: 8.2–12.0‰, average 
9.7‰; Zhang and Chen, 1999) was leached into the ore-
forming system. This interpretation is also supported by 
elevated As concentrations of ore-related pyrite (Feng et 
al. 2018 and our unpublished data), with As commonly 
enriched in meta-sedimentary rocks (mean 3.32ppm) 
relative to Guojialing granodiorite (mean 0.25ppm) and 
Linglong granites (mean 0.38ppm) as determined by Ding 
et al. (1997). 
 

 
Figure 6. a Variations of sulfur isotope of various generations of 
pyrite in the Daliuhang deposit, with the mean δ34S values for each 
type; b A comparison diagram of the in-situ monazite Nd isotopes in 
the Daliuhang ore bodies and whole-rock Nd isotopes of other 
typical units in the Jiaodong, all calculated at 120 Ma. 

 
Hydrothermal monazite has initial Nd isotopic 

compositions overlapping those of the ore-hosting 
Guojialing granodiorite (Fig. 6b). Thus, REE components 
in the ore-forming fluids were most likely extracted from 
the Guojialing intrusions along the fluid flow path. The 
ore-forming fluids that formed the Jiaodong deposits are 
characterized by lower REE concentrations (the bulk of 
sulphide ore in Xinli gold deposit: average 71 ppm; Zhao 
et al. 2015) than Guojialing granodiorites (average 309 
ppm; Li et al. 2019). This interpretation is consistent with 
the rarity of REE-bearing minerals (mainly as monazite) 
in the ores. Thus, the Nd isotope ratios of ore-forming 
fluids are sensitive to input of REE from wallrocks via 
fluid-rock interaction. 
 
5 Conclusions 
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The U-Pb age of 120.5 ± 1.7 Ma for hydrothermal 
monazite represents the timing of gold mineralization at 
the Daliuhang gold deposit. It places the age of gold 
mineralization at least five million years younger than the 
latest granitic magmatic activity indicated by the ca.126 
Ma age of pegmatite dykes that intruded the ca. 129 Ma 
ore-hosting Guojialing granodiorite. Therefore, a genetic 
relationship between gold mineralization and early 
Cretaceous magmatic-hydrothermal activity is negated. 
Noble-gas isotope ratios are consistent with a model in 
which ore forming fluids were initially derived from 
devolatilization of the subducted slab and overlying 
sediment wedge and interaction with overlying mantle 
lithosphere during paleo-Pacific plate subduction in the 
early Cretaceous. The deeply-sourced fluids migrated 
upwards along crustal-scale faults, defined by the 
occurrence of widespread mafic dykes, scavenging sulfur 
and REEs from upper crustal rocks into the ore-fluid, thus 
creating mixed mantle-crustal signatures in isotopic ratios 
of ore minerals and fluid inclusions within them. During 
the main ore stage, gold was initially incorporated into 
arsenian pyrite, but later was deposited as native gold as 
sulfur activity decreased in an already low-S fluid.  
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Abstract. The Barsele Gold deposit is located near 
Storuman in Northern Sweden. Mineralization is hosted 
in approximately N-S to NW-SE trending D3 oriented 
quartz-carbonate veins and microfractures located in a 
granodiorite intrusion dated at 1.872 Ga ±11 Ma by this 
study. Gold is primarily free milling with a minor proportion 
occurring as invisible gold associated with sulphide 
minerals.  
 
1 Introduction  
 
The Barsele prospect is located in the Storuman area 
and forms part of the so-called Gold Line, a NW-SE 
trending belt of anomalous gold concentration in the till 
overburden c. 50 km southwest of the Skellefte district. 
As well as Barsele the deposits in the belt include 
Knaften, Fäboliden, Svartliden, Stortjärnhobben and 
Blaiken (Bark & Weihed 2007). The Storuman area hosts 
both volcanic-hosted massive sulphide (VMS) and 
orogenic gold mineralization at Norra and Barsele 
respectively (Fig. 1).  

Gold mineralization at Barsele occurs mainly as free 
gold and electrum, with a minor portion present as 
refractory gold associate with arsenopyrite and pyrite. 
Arsenopyrite occurs throughout the paragenesis at 
Barsele, but is not always associated with strong gold 
enrichment. Tungsten occurring as scheelite is also 
variably associated with gold. Other phases present 
include pyrrhotite, pyrite, chalcopyrite, galena, sphalerite, 
tetrahedrite/tennantite.  

The characteristic elongated shape of the intrusion 
along a regional D2 shear suggests that the deformation 
is roughly coeval with deformation dated in the Skellefte 
district at 1.87Ga (Skyttä et al., 2012 and references 
therein). This confirms the area as a south-westward 
extension of the Skellefte district with interesting 
implications for gold deposit formation in the area as the 
structural setting and granodiorite host combine to 
provide a favourable host for orogenic gold 
mineralization. 

Further work in this project is expected to confirm the 

Norra VMS deposit, hosted in NNW-SSE trending D1/D2 
structures, as younger than the Barsele gold deposit, as 
is common in the Skellefte district (Allen et al., 1996; 
Bauer et al., 2011).  Mineralization at Norra consists of 
reduced assemblages containing pyrrhotite, chalcopyrite, 
dark sphalerite and gold-bearing arsenopyrite.  

Geochemical data analysed here includes assay data 
(multi element, after 4 acid digest) and hyperspectral core 
scanning. Textural observations are based on drill core 
study as well as petrographic study under the optical 
microscope. Samples for petrographic study were 
mounted in resin blocks and analysed using Scanning 
Electron Microscopy (Zeiss Merlin FEG-SEM-EDS/WDS) 
and Laser Ablation Inductively Coupled Mass 
Spectrometry (Thermo Scientific iCAP Qc, coupled to an 
ESI NWR193 laser) at Luleå University of Technology, 
Sweden. 
 
2 Regional geological framework 
 
The Barsele prospect is located within Palaeoproterozoic 
supracrustal and associated intrusive rocks (Fig. 1). 
Bedrock in the area consists of 1.9–1.8 Ga supracrustal 
and associated intrusive rocks that were deformed and 
metamorphosed during the Svecokarelian orogeny 
(Lundström et al., 1997; Mellqvist et al., 1999; Kathol & 
Weihed, 2005). The Storuman area borders the Skellefte 
district to the east. North of the Skellefte district 
Palaeoproterozoic and reworked Archaean rocks form 
the Norrbotten craton. South and east of the study area, 
metasedimentary rocks of the Bothnian Basin occur, so 
the Storuman area represents a kind of transitional zone 
between two major tectonic units. 

The lowest stratigraphic unit in the area consists of 
metasedimentary and intercalated volcanic rocks of the 
Bothnian Supergroup (Kathol & Weihed, 2005; Skyttä et 
al., 2012). The Bothnian Supergroup forms the inferred 
basement to the 1.89–1.88 Ga, mainly felsic volcanic 
rocks of the Skellefte Group (Allen et al., 1996; Skyttä et 
al., 2011). VMS deposits formed dominantly as sub-
seafloor replacement in volcanoclastic and sedimentary 



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

rocks and partly as exhalative deposits within the 
stratigraphically uppermost part of Skellefte Group 
volcanic rocks (Allen et al., 1996) utilizing the syn-
extensional faults as fluid conduits (Bauer et al., 2014). 
Studies from the nearby Skellefte district indicate that the 
Skellefte Group volcanic rocks are overlain by a 1.88–
1.87 Ga, dominantly sedimentary unit called the Vargfors 
Group (Allen et al. 1996).  

 

 
Figure 1. Geological map of the Storuman area. Modified after 
Kathol et al. (2005) and Krispinsson (2018). Coordinates in 
SWEREF99. Thick black lines represent major structures in the 
area. The vein orientation in the Barsele Gold Deposit is controlled 
by N-S trending D3 structures; with the Norra VMS deposit hosted 
in roughly E-W trending D2 structures. From Bauer et al. (2019). 
 

The oldest intrusive rocks in the district are early 
orogenic, 1.89–1.88 Ga granitoids, diorites and gabbros, 
including a quartz-monzodiorite in Barsele dated at 
1880±4 Ma (Eliasson et al., 2001).  

The main compressional deformation event (D2) took 
place at 1.88–1.87 Ga and resulted in folding, re-
activation of the syn-extensional faults and related 
transposition of VMS deposits (Bauer et al., 2011). The 
latest major deformation event at 1.82–1.80 Ga (D3; 
Weihed et al., 2002) is inferred to have resulted from 
east-west crustal shortening causing reactivation of major 
syn-extensional high-strain zones with reverse 
kinematics (Bergman Weihed et al., 1996; Bauer et al., 
2011; Bark & Weihed, 2012; Skyttä et al., 2012). Gold 
deposits south and east of the Barsele area are classified 
as orogenic gold deposits and are related to the E-W 
crustal shortening event at 1.80 Ga (D3; Bark 2008). 
 
3 U-Pb and trace-element analysis of zircon 
 
Zircons from seven granodiorite samples were selected 
for trace element (Ti, REE) and U-Pb isotopic analysis, 
conducted at University College Dublin using a Thermo 
Scientific iCap Qc ICPMS, coupled to a Teledyne Analyte 

G2 193 nm excimer laser mounted with a two-volume cell. 
Analytical parameters and data reduction were similar to 
those described by Mark et al. (2016), except that the 
primary standard for trace-element analyses was GZ7 
zircon (Nasdala et al., 2018). For six samples, zircon 
were mounted conventionally in resin, ground to expose 
internal surfaces and polished, following which 
cathodoluminescence images were acquired to guide 
placement of laser spots (n = 162). Zircons from the 
remaining sample were placed intact on adhesive tape (n 
= 13); the laser was then rastered over the grain surfaces 
in order to ablate only the most recent zircon growth.  

Age calculation was not straightforward, as all samples 
show evidence of post-intrusion Pb-mobilisation and/or 
(re)crystallisation (Fig.2). 

 

 
Figure 2. Results of zircon U-Pb analysis. Red – analyses used for 
discordia calculation, including raster analyses; grey – conventional 
spot analyses; blue – data from subset of conventional analyses 
yielding highly discordant data. Inset: upper intercept age calculated 
using only weighted-means of equivalent conventional analyses.   

  
Following exclusion of a small number (n=10) of 

inherited grains and highly discordant outliers, all 
remaining analyses which yielded single-analysis 
concordia ages with probability of concordance ≥ 0.001 
were assumed to fall on a two-end-member mixing line. 
The Isoplot plug-in for Microsoft Excel (Ludwig, 2012) 
was used to generate weighted-mean isotopic ratios for 
all analyses which were equivalent for each 
conventionally-analysed sample. These six weighted-
mean values define a discordia with an upper intercept of 
1.872 ± 11 Ma (2σ), which we interpret as the age of 
crystallisation, plus a poorly defined lower intercept. 
Together with the raster analyses, the weighted-mean 
values define a discordia with an upper intercept of 1.869 
± 11 Ma, and a lower intercept of 225 ± 17 Ma. Finally, 
one conventional sample yielded a few (n=13) analyses 
which exhibited highly discordant portions of the 
downhole signal. The age significance of these is unclear; 
they may represent isotopic mixing between >2 end-
members, or a separate discordia produced by an event 
intermediate between intrusion and Triassic zircon 
overgrowth.  



Gold from Orogenesis to Alluvial  709 

Crystallisation temperatures calculated by Ti-in-zircon 
thermometry (Ferry and Watson, 2007) yield 
temperatures scattered between c. 800-900 ° C for the 
grains recording intrusion; the raster analyses yield 
nominal  temperatures of c. 900-1200 ° C. Given the 
absence of a HT overprint, the latter are interpreted as 
evidence for Mesozoic crystal growth during the 
breakdown of a Ti-bearing phase, and are not 
meaningful. REE spectra were relatively uninformative.    
 
4 Mineralization 
 
Mineralization at Barsele is hosted by an early orogenic 
metagranodiorite that intruded at 1.872 Ga ±11Ma (this 
study) during emplacement along an WNW-ESE D2 
structure to give an elongated shape. 
 

 
Figure 3. LA-ICPMS map showing trace element evolution in 
overgrowths of arsenopyrite. Red: Gold; Green: Copper, Blue: 
Antimony. 
 

Multiple generations of veining occur at Barsele with 
most veins hosting varying amounts of sulfide minerals 
including arsenopyrite. However, the relationship 
between sulfide mineralization is not simple with no direct 
correlation between gold grade and proportion of sulfide 
minerals, trace element concentrations in assay or 
presence or absence of scheelite. This is complicated by 
the protracted sulfide precipitation history illustrated in 
Figure 3. 

Vein types described by Agnico Eagle geologists 
(Imaña, 2016) are classified based on visual observations 
in drill core and geochemical assay data and are 
described as Qtz-0 to Qtz-4. Qtz-0 are early, syn 
crystallizaion in nature, while Qtz-1 to 4 appear to overlap 
paragenetically during the main stage of mineralization. 
Gold is present in most vein types from Qtz-0 grey wormy 
quartz veins, to later Qtz-1 to 4 quartz-carbonate veining. 
These vein stages are characterized further in Rann and 
Pitcairn (2019).  
 

 
Figure 4. Association of electrum with pyrite and quartz in a Qtz-4 
polymetallic vein. 
 

Figure 4 shows an SEM (scanning electron 
microscope) map of a Qtz-4 polymetallic vein from a high 
grade sample, where quartz precipitation is accompanied 
by the addition of sulfides and electrum. Quartz-
carbonate veins hosting base metal sulfides  (Qtz-4) 
appear to occur late in the deposit evolution and are 
characterized by the presence of varying amounts of 
arsenopyrite, galena, pyrrhotite, pyrite, chalcopyrite, 
tennantite/boulangerite sulfosalts and bismuth bearing 
minerals. Arsenopyrite occurring in these veins differs 
from arsenopyrite elsewhere in the Barsele deposit as it 
is strongly included by galena. 

Tourmaline veining occurs early in the deposit 
evolution, but after Qtz-0, as it has been observed to be 
cross cut by the quartz vein sets Qtz-1 to 4. Alteration 
associated with tourmaline veining consists of variable 
amounts of fine-grained arsenopyrite, and bleached 
haloes proximal to the veins indicating local albitization of 
the host rock (few cm wide). 

A decreased ratio of As/Sb in the central part of the 
deposit is consistent with the presence of Pb sulphides 
and sulphosalts and may represent lower temperature 
parts of the system  
 
5 Hydrothermal alteration 
 
Hydrothermal alteration at Barsele is typical of an 
orogenic gold system. Proximal to veins fine-grained 
arsenopyrite occurs as cm-wide haloes, accompanied by 
weak bleached haloes as a result of a sulfidation reaction 
where iron is removed from the host to form sulphide 
minerals in the veins.  

Chlorite occurs as a common alteration mineral, 
replacing biotite and other Fe-Mg bearing minerals and 
as selvages to Qtz-2 veins. There may be a weak 
association between veining and alteration of white mica 
composition as seen in hyperspectral core scanning, but 
this appears to be confined to very proximal areas. Very 
early and probably synvolcanic chlorite alteration also 
occurs in the shear zones at the Barsele gold deposit 
unrelated to gold mineralization, but associated with Zn 
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enrichment. 
 
6 Conclusions 
 
Based on new dates presented here for the host rocks to 
mineralization, the Storuman area appears to be a 
westward extension of the Skellefte District. Gold 
mineralization appears to be orogenic in nature with the 
granodiorite host providing a favourable structural host 
for veining rather than a source for most of the gold. 
Further work is planned to investigate a possible source 
for the gold and to date the mineralization itself. The 
possibility that mineralisation is Triassic in age, perhaps 
linked to postulated Mesozoic unroofing of Paleozoic 
sedimentary cover (Larson and Tullborg, 1998), will be 
considered. 
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Abstract. The ability to detect mass-independent 
fractionation of sulfur (MIF-S) with reliable precision at the 
micro-scale has opened a new dimension in tracking 
changes of hydrothermal fluid conditions and sulfur 
reservoirs. Orogenic hydrothermal fluids often transport 
gold associated with sulfur complexes. However, the 
origin of sulfur in these fluids remains elusive. 
Furthermore, the mechanism for gold precipitation is yet 
to be fully understood. Interpretation of widespread δ34S 
values in the past indicate  a severe limitation in 
distinguishing between changes in P-T-pH-fO2 conditions 
versus a change in sulfur reservoirs. To address these 
knowledge gaps, we apply multiple sulfur isotope 
analysis to rocks in the structurally controlled Kanowna 
Belle deposit, Kalgoorlie Terrane of Western Australia, 
where five temporally-distinct vein sets intrude different 
Archean lithologies. Results yield a consistent positive 
MIF-S (∆33S = +0.05‰ to +0.39‰) with highly variable 
δ34S values (-10.46‰ to +12.47‰) across different vein 
sets. These results are consistent with previous sulfur 
isotope results in other orogenic gold systems across the 
Yilgarn Craton and are compiling to show that the 
hydrothermal fluids source sulfur away from the 
precipitation site. Gold is later released from 
hydrothermal fluids through thermodynamic changes as 
preserved by the δ34S spread in mineralised vein sets. 
 
1 Introduction 
 
The advancement of analytical techniques in sulfur 
isotope analysis using Secondary Ion Mass 
Spectrometry (SIMS) has enabled the in situ analysis of 
the ratio of 34S and 33S compared to 32S with high 
precision. Thanks to these technical advances, it is now 
also possible to conduct in-situ multiple sulfur isotope 
analyses with high spatial resolution across a sulfide-
bearing hydrothermal paragenetic sequence while 
preserving textural context (LaFlamme et al. 2018a). 
Orogenic gold deposits are structurally controlled 
deposits that commonly formed during late to post-peak 
metamorphism within orogenic belts throughout the crust 
(Goldfarb and Groves 2015). The source of orogenic 
gold fluids is, however, still poorly constrained with 
researchers suggesting origin from; (1) magmatic or 
mantle (Xue et al. 2013), (2) gold-rich lamprophyres 
(Rock and Groves. 1988), (3) devolatilization of 
subducting slab (Goldfarb and Groves 2015; Selvaraja et 

al. 2017; LaFlamme et al. 2018), (4) meteoric fluid 
(Hagemann et al. 1994), (5) metamorphic devolatilisation 
(Phillips and Powell 2010; Tomkins 2010), (6) local 
sediments, especially carbonaceous shales (Large et al. 
2011). Further, the precipitation process of gold in 
orogenic gold systems is also still not well understood, 
and has been described as a result of; (1) fluid mixing 
(Mikucki 1998), (2) fluid-rock interaction (Palin and Xu 
2000) and (3) rapid changes in either temperature, 
pressure and oxygen fugacity of fluids (Palin and Xu 
2000; LaFlamme et al. 2018a).  

Gold transport in orogenic systems is thought to be 
mainly achieved by bi-sulfide complexes and/or with 
radical ion tri-sulfur complexes acting as ligands for Au 
(Seward 1973; Pokrovski and Dubessy 2015). However, 
early application of sulfur isotopes to trace the source 
reservoir was inhibited by the inability to distinguish 
between the change of sulfur source versus the change 
of thermodynamic conditions affecting the sulfur as it is 
transported and deposited. Sulfur isotope analyses have 
been used for the investigation of both source and 
changes in thermochemical processes within various 
hydrothermal processes (LaFlamme et al. 2018; Thébaud 
et al. 2018). The recognition of Archean-sourced sulfur 
through the signature of mass-independent fractionation 
of sulfur (MIF-S) (Farquhar et al. 2000; Farquhar and 
Wing 2003) added another dimension to sulfur isotope 
application. Symbolised as ∆33S, MIF-S is an indelible 
trace of the reservoir in which a mantle-derived sulfur 
should have ∆33S of 0, whereas sulfur affected by 
Archean atmospheric processes through short 
wavelength (<340 nm) photolysis should have ∆33S ≠ 0 
(Farquhar and Wing 2003). Therefore, with the 
combination of both, it is now possible to monitor how 
hydrothermal fluids evolve though time (LaFlamme et al. 
2018a).  

The Kanowna Belle deposit, which contains multiple 
style of mineralisations that occur across different 
lithologies (Davis et al. 2010) offers a fantastic 
opportunity to further test this technique. In this natural 
laboratory, the application of multiple sulfur isotopes may 
help to discover the effects of different host rock 
lithologies on the hydrothermal fluids sulfur composition. 
Furthermore, this study is our first application of our 
recently developed techniques on pyrite and arsenian 
pyrite to objectively tracking the evolution of hydrothermal 
fluids within Archean orogenic gold systems leading into 
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a more consistent genetic model for Archean orogenic 
gold systems. 

 
2 The geology of the Kanowna Belle deposit  
 
The world-class 6 Moz Kanowna Belle deposit is situated 
in the gold-rich Kalgoorlie Terrane of the Archean Yilgarn 
Craton of Western Australia. The regional basal 
stratigraphy comprises the 2.72 to 2.69 Ga mafic-
ultramafic volcanism (Kambalda Sequence; Tripp 2013). 
The Kambalda Sequence is overlain by the Black Flag 
Formation, which is dominated by felsic volcanoclastic 
units and polymictic conglomerate (Tripp 2013). 
Unconformably overlying the Black Flag Formation is the 
Panglo member polymictic conglomerate unit (Tripp 
2013). The main intrusion in the Kanowna district is the 
Scotia batholith, located in the core of the Scotia-
Kanowna anticline (Ross et al. 2004).  

The lithological architecture of the Kanowna Belle 
deposit can be split into two main groups: the Footwall 
sequence at the north side of Fitzroy Fault and the 
Hanging wall sequence at the south  (Figure 1). The 
Footwall sequence consists of the Golden Valley member 
and intercalation of footwall felsic volcanoclastic units. 
The Golden Valley member is part of the Black Flag 
Formation and comprises of sandstone and sparse 
interbeds of polymictic conglomerate (Tripp 2013). The 
Hanging wall sequence consists of the Kambalda 
sequence and Grave Dam member. The Grave Dam 
member is part of the Black Flag Formation and 
comprises thickly bedded felsic polymictic volcaniclastic 
breccia interbedded with feldspathic sandstone and 
polymictic conglomerate (Tripp 2013). Multiple types of 
intrusions were observed within the Kanowna Belle 
deposit geology, consisting of lamprophyre dykes, an 
aphyric felsic porphyry and the Kanowna Belle Porphyry 
(2655±6 Ma, Ross et al. 2004; Bull et al. 2017). Part of 
the Scotia batholith, the Kanowna Belle Porphyry is a 
feldspar-rich dacite with quartz-feldspar groundmass. 

 

 
Figure 1. Geological map of the Kanowna Belle deposit (modified 
after Neumayr et al. 2005; Bull et al. 2017) 
 
2.1 Deformation sequence and vein paragenesis 

of the Kanowna Belle deposit 
 

The structural expressions in the Kanowna Belle deposit 
were formed through multiple events of local deformation 
events (Figure 2). The earliest recorded deformation in 

the Kanowna Belle deposit is D0 extension, which is 
related to the formation of the mafic-ultramafic Kambalda 
Sequence and deposition of the Golden Valley member 
and Grave Dam member (Tripp 2013). The first 
contractional event (D1) results in the emplacement of 
the Kanowna Belle Porphyry and the early formation of 
the ENE-WSW trending Fitzroy Fault. D1 is syngenetic 
with the emplacement of gold bearing carbonate-
chalcostibite-pyrite-telluride-electrum veins (V1) 
exclusively hosted within the Kanowna Belle Porphyry 
adjacent to Fitzroy Fault. The next deformation stage is 
NE-SW shortening (D2) preserved as a regional foliation 
(S2) observed across all lithologies in the Kanowna Belle 
deposit. Early barren sericite-chlorite-pyrite stringers (V2) 
also formed during D2 and occur pervasively across all 
lithological packages at the deposit. This is followed by a 
N-S shortening event (D3), which led to the formation of 
mineralised quartz-carbonate-pyrite±gold veins (V3a) 
filling sub-parallel reverse faults to the Fitzroy Fault syn-
genetic with the shallow dipping extensional veins (V3b). 
This deformation event is followed by an auriferous ENE-
WSW shortening (D4), which may have occured 
synchronously with D3. The D4 deformation formed 
sinistral NW-SE Troy shear zones with quartz-pyrite-gold 
veins (V4a), steep barren quartz extensional veins (V4b) 
and late quartz-tourmaline veins (V4c). Both V3a and V4a 
mineralisation assemblages are strikingly different The 
deformation of the Kanowna Belle deposit ended with the 
late normal movement of the Fitzroy Fault (D5). With the 
exception of gold-mineralised V1 veins which is 
exsclusively hosted within Kanowna Belle porphyry, all 
other veins sets were hosted across different lithologies 
in the Kanowna Belle deposit. 

 

 
Figure 2. Deformation paragenesis of the Kanowna Belle deposit 

 
3 Methods 
 
Geological and structural observations on core and 
underground exposure permitted the definition of the vein 
paragenetic sequence, which provided the framework for 
further analytical investigations. Representative sulfides 
which are associated with different vein sets were 
sampled for further analysis. Mineralogical petrography 
and characterisation of the ore mineral assemblage was 
realised using optical microscopy together with Scanning 
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Electron Microscopy and Energy Dispersive X-ray 
Spectroscopy.  

Multiple sulfur isotope analyses utilised the CAMECA 
IMS1280 SIMS at the University of Western Australia. 
Cylindrical samples (around 2.8 to 3.2 mm in diameter) of 
spatially and temporally constrained sulfides were 
embedded within the 8 mm from the centre of a 1 inch 
mount together with a small chip of Sierra pyrite (see 
below). Trimmed mounts were coated with 30 nm of Au 
and loaded with a standard block inside the sample 
chamber. A focused Cs+ beam with an impact energy of 
20 keV and beam current of 2.2-2.3 nA in Gaussian 
mode, rastered the sample surface to create a 10 µm 
analytical spot. More detailed procedures are defined in 
LaFlamme et al. (2016). 

The sufur isotopes 32S, 33S and 34S, were 
simultaneously recorded through three Faraday Cups 
using amplifiers with 1010 Ω (L’2), 1011 Ω (L1), and 1011 Ω 
(FC2 or H1). Measurement of sulfide standards was 
integrated into early and in between the analyses to 
correct the drift, monitor external standard repeatability 
and correct for instrumental mass fractionation. Matrix-
matched reference materials used to normalise isotope 
ratios were the Sierra pyrite (δ34S = +2.17 ‰; ∆33S = -
0.02‰) and Nifty-b chalcopyrite (δ34S = -3.58 ‰; ∆33S = -
0.06‰) (LaFlamme et al. 2016). Measurement error (2σ) 
on the pyrite is about δ34S = ±0.34 ‰; ∆33S = ±0.22‰ and 
the chalcopyrite is δ34S = ±0.48 ‰; ∆33S = ±0.34‰. 
 
4 Sulfur isotope results 
 
Multiple sulfur isotope results were acquired on sulfides 
that form within the vein sets across different lithologies 
that hosted them as described above (n=231). Results 
show widespread δ34S values ranging from -10.46‰ to 
+12.47 ‰, and small variation of ∆33S, ranging from 
+0.05‰ to +0.39‰ (Figure 3. A, B) with two ∆33S outliers 
from the V4 vein set (∆33S = +0.45‰ and +0.58‰). The 
pyrite in the gold-bearing chalcostibite-telluride rich V1 
veins exhibits a homogenous metals composition but 
shows a large δ34S variation from -8.63‰ to +5.77‰ 
(n=54). The barren V2 (ser-py) veins pyrite do have a 
smaller variation of δ34S (-6.31‰ to +0.29‰; n=30). The 
gold bearing V3a (qtz-carb-py) pyrites exhibit a large 
variation of δ34S (-7.58‰ to +2.01‰; n=47). The isotopic 
signature of the larger euhedral V3 pyrite grains can be 
subdivided according to their different zoning. The core 
of the pyrite yields a sulfur isotope content of δ34Savg = 
+0.06‰ (n=13). The gold-related arsenic rims in the other 
hand have lighter isotopic component (δ34Savg = -5.39‰; 
n=9) with the outer rims have slightly heavier sulfur 
isotopic component (δ34Savg = -3.72‰; n=3) (Figure 3. C). 
The V4a pyrite is also in equilibrium with gold 
precipitation, however, is less well zoned compared to the 
V3 pyrite. The gold-associated V4a (qtz-ser-py-au) pyrite 
has the largest variation of δ34S (-10.46 ‰ to +12.47 ‰; 
n=97). The zoning of most V4a pyrite grains is 
distinguishable and carries similar characteristics to V3 
pyrite with δ34Savg of the core (-2.23‰; n=49), arsenic 
rims (-5.38‰; n=20) and outer rims (-5.21‰; n=9) (Figure 
3. C). The late V4c (n=3) measured through the 

chalcopyrite have sulfur isotope signature of δ34S= -
0.93 ‰; -0.62 ‰; -1.13 ‰.  

 
Figure 3. A.) ∆33S distribution on each vein sets. With MDF-S line 
based on LaFlamme et al. 2018b. B.) δ34S distribution on each vein 
sets. C.) SEM-BSE (Back-Scatter Electron) image of the pyrite 
zoning with sulfur isotope results. The lighter zoning (As-rich) 
contains more arsenopyrite and gold inclusion (bright color) with 
zoom into the arsenian pyrite zoning (C1). E.) Distribution of δ34S 
on each pyrite zones on V3 and V4 veins combined. 

 
5 Constraining the source and processes 

occurring within Archean orogenic gold 
 
Through the combination of multiple sulfur isotopes and 
vein paragenesis, it appears that mineralisation at the 
Kanowna Belle deposit tapped a rather homogeneous 
sulfur reservoir throughout the emplacement of the 
different vein generations. The various host rocks to 
mineralisation at the Kanowna Belle deposit exhibit little 
to no influence in contributing sulfur to the system, as 
indicated by the homogeneous and exclusively positive 
(∆33S = +0.05‰ to +0.39‰; with two positive outliers) 
MIF-S signature. Through multiple sulfur isotope 
analyses, we are now able to reliably distinguish between 
the mixing of sulfur reservoir or thermochemical 
processes that are recorded by the sulfides. In the 
Kanowna Belle deposit, there is a clear indication within 
the gold bearing V1, V3a and V4a that there are important 
thermochemical processes (shown by the large spread of 
δ34S values and constant ∆33S) that occur throughout the 
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hydrothermal systems that lead to precipitation of gold 
within the Kanowna Belle deposit (Figure 3.). The 
increase in oxygen fugacity is known to decrease the δ34S 
values in sulfides (Palin and Xu 2000). Therefore this shift 
of δ34S values to lighter sulfur isotopes in the gold-bearing 
arsenic rim of pyrites in Kanowna Belle implied that the 
hydrothermal fluids became more oxidised. This change 
in oxygen fugacity lead to the precipitation of gold without 
involving any mixing of different sulfur reservoirs in the 
arsenian pyrite.  

Our compilation of sulfur isotope data collected from 
various Archean orogenic gold systems across the 
Kalgoorlie terrane from this work and our previous work 
(LaFlamme et al. 2018a; Thébaud et al. 2018) present a 
remarkable consistency in their sulfur isotope pattern. In 
most instances, we observe high variation of δ34S in 
auriferous veins and low variation but consistently 
positive ∆33S in the 2.65 Ga orogenic gold deposits of the 
Yilgarn Craton (between 0 to 1‰). This data may be 
implying that Archean orogenic gold systems has an 
amalgamated source that seem to be dominated by a 
mantle sourced sulfur with some to minimal recycled 
sedimentary sulfur contribution. This results supported 
recent interpretations that auriferous hydrothermal fluid 
sulfur was sourced from either devolatilization of 
subducting slab (Selvaraja et al. 2017; LaFlamme et al. 
2018) or possibly gold enriched sub-continental 
lithospheric mantle (Tassara et al. 2017).  
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Abstract. The controversial ‘Mesoarchaean gold event’ 
might have added the bulk of all gold to the juvenile 
continental crust at the onset of crust generation by plate 
tectonic processes at ca. 3.0 billion years (Ga). Here, we 
connect the ‘Mesoarchaean gold event’ to the 
precipitation of ca. <3.19–2.98 Ga seafloor massive 
arsenopyrite accompanying ca. <3.19–3.01 Ga basalt 
magmatism. Hydrothermal alteration mobilized As, Re, 
Os and Au from serpentinites of lower crustal harzburgite 
cumulates to yield arsenopyrite with invisible gold. In 
major shear zones, retrograde greenschist-facies 
metamorphism caused local dissolution of arsenopyrite, 
reset its Re-Os geochronometer, and liberated gold 
which was deposited as native gold with pyrite at 2.66 Ga. 
The initial Os isotope ratios of Neoarchaean arsenopyrite 
(187Os/188Osi = 0.13 ± 0.02) and gold-bearing pyrite (0.12 
± 0.02) overlap with an estimated 187Os/188Os ratio for the 
Mesoarchaean mantle (0.11 ± 0.01, calculated by using 
the present-day values of 187Re/188Os = 0.435 ± 0.055 and 
187Os/188Os = 0.130 ± 0.001 for a primitive upper mantle; 
Meisel et al. 2001; Carlson et al. 2005) and preclude 
contribution of radiogenic crustal Os. This ca. 2.66 Ga 
lode gold mineralization may bear testament to the 
endowment of Earth’s stabilizing continental crust 
through metamorphic upgrading of bulk gold originally 
extracted from the Mesoarchaean mantle. 
 
1 Gold in the continental crust  
 
The continental crust enrichment in gold (Au), up to 
economic levels, has occurred in a variety of gold deposit 
types from Mesoarchaean ‘palaeoplacers’ to Miocene 
magmatic-hydrothermal deposits (Groves et al. 1997, 
2003; Goldfarb et al. 2001; Frimmel 2007). Rather than a 
preservation bias, the low fertility of Palaeoarchaean 
greenstone belts for lode gold deposits is explained by 
the pervasive silicification of sub-seafloor volcanic rocks 
older than 3.20 billion years (Ga) which resulted in the 
extensive transfer of Au to the anoxic Palaeoarchaean 
ocean (Hofmann et al., 2017). Given a sharp decrease in 
the proportion of komatiites in Earth’s crust from ca. 3.20 
Ga (Greber et al. 2017), the preferred hypothesis for the 
temporal distribution of gold deposits has favoured the 
concept by which the bulk of gold was added to the 
evolving continental crust during a so-called giant 
‘Mesoarchaean gold event’ (Frimmel 2007). Although a 
minimum of 40% of the bulk Mesoarchaean gold has 
remained concentrated in the 2.89–2.76 Ga sedimentary 
rocks of the Witwatersrand Basin as ‘palaeoplacers’ 

(Frimmel 2007; Heinrich 2015), the remainder was 
repeatedly recycled in the lithosphere through the action 
of plate tectonics (Frimmel 2007). 
 
2 Mesoarchaean auriferous greenstone belt  
 
In the fragment of the North Atlantic Craton in south-west 
Greenland, the greenstone belts hosting the Tartoq 
Group contain lode gold mineralization (Fig.1a; Nielsen 
1976; Appel and Secher 1984; Kolb et al. 2013; Steenfelt 
et al. 2016). The Mesoarchaean Tartoq Group comprises 
mafic rocks with well-preserved primary magmatic 
structures (e.g., pillow lavas, volcanic breccias) together 
with serpentinites of harzburgite cumulate protoliths 
Szilas et al. 2013, 2014). These rocks have been 
interpreted as a remnant of a <3190–3012 Ma oceanic 
crust involved in an accretionary complex (Kisters et al. 
2012; Szilas et al. 2013, 2014; Polat et al. 2016). 
Accretion and stacking of hydrated oceanic crust 
between 3012 and 2824 Ma caused the formation of 
felsic mylonites in thrusts and imbrication of the Tartoq 
Group rocks with voluminous tonalite-trondhjemite-
granodiorite (TTGs; Nutman et al. 2004; Polat et al. 2016) 
by the melting of thickened oceanic crust (Nagel et al. 
2012; Hastie et al. 2016) in a repeatedly-aborted 
‘subduction zone’ setting (Kisters et al. 2012; Szilas et al. 
2013, 2014; van Hinsberg et al. 2018).  

The Nuuluk Greenstone Belt was originally 
metamorphosed to the amphibolite facies (~580°C, ~4.5 
kbar) when imbricated into the TTGs (Szilas et al. 2014, 
van Hinsberg et al. 2018). Retrograde greenschist-facies 
mineral assemblages overprint the peak amphibolite-
facies paragenesis within shear zones comprising 
anastomosing networks of quartz-ankerite ± pyrite veins, 
which are locally walled by fuchsite ± tourmaline ± talc, 
and cut through massive sulphide bodies (Fig. 1b; King. 
1985; Petersen 1991; Evans and King 1993; Szilas et al. 
2014, van Hinsberg et al. 2018). Tourmaline thermometry 
and the retrograde assemblage of chlorite-albite-epidote-
titanite-calcite in the mafic rocks attest of conditions of 
380 ± 50°C at a pressure below 1 kbar (~4 km depth; van 
Hinsberg et al. 2018). Two 25-m-wide and ca. 5-km-long 
shear zones (i.e., the Western and Eastern Carbonate 
Zones – WCZ & ECZ, Fig. 1b; King 1985; Kolb et al. 2011, 
2013) host gold mineralization: (1) as 5 to 20 µm anhedral 
grains in arsenopyrite and pyrite (or in fractures in those 
minerals) in massive sulphide layers (up to 20 ppm Au; 
Evans and King 1993), and (2) in discordant, pinch-and-
swell veins composed of fine-grained quartz and 



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

euhedral pyrite which are enclosed and displaced by syn-
tectonic fuchsite (up to 100 ppm Au; Appel and Secher 
1984; Evans and King 1993). 
 
3 Serpentinite and seafloor massive 

arsenopyrite bodies 
 
In the WCZ, arsenopyrite is bereft of common Os and 
only contains radiogenic 187Os. Two aliquots of euhedral 
to subhedral coarse-grained (ca. 1−2 mm) arsenopyrite 
in between layers of younger medium- to coarse-grained 
subhedral to anhedral pyrite (ca. 0.25−>2 mm, sub-
sample TTQ-02-01 “sub-01”, Fig. 1b) yields reproducible 
and precise Re-Os data (1.51–1.53 ppb Re and 51.5–
51.7 ppt 187Os) with overlapping Re-Os model dates of 
3136 ± 31 [33] Ma and 3184 ± 40 [42] Ma (1.1–1.3%, 2σ, 
with [x] including the 187Re decay constant uncertainty; 
Smoliar et al. 1996). In addition, four aliquots of euhedral 
to subhedral very coarse-grained (>2 mm) arsenopyrite 
associated with quartz and younger very coarse-grained 
pyrite (sub-sample TTQ-02-02 “sub-02”, Fig. 1b) yield 
reproducible, but slightly less precise Re-Os data (2.12–
2.59 ppb Re and 67–78 ppt 187Os) which yield 
overlapping Re-Os model dates of 2967 ± 168 [173] Ma, 
2889 ± 164 [168] Ma, 3009 ± 45 [47] Ma, 2822 ± 160 [164] 
Ma and a weighted average of 2986 ± 98 Ma (Fig. 2a; n 
= 4, 95% confidence, MSWD = 2.1). The weighted 
average Re-Os model date of 2986 ± 98 Ma for very 
coarse-grained arsenopyrite overlaps with the age of the 
Tartoq Group of <3190–3012 Ma (Szilas et al. 2013a, 
2014; Polat et al. 2016), whereas the Re-Os model dates 
of 3136 ± 33 Ma and 3184 ± 42 Ma for medium-grained 
arsenopyrite are compatible with its maximum age (Szilas 
et al. 2013a, 2014). 

At Tartoq, a group of serpentinites, which contain 

boxwork/mesh-textured magnetite, has high Os and Ir 
abundances (Os > 2.0 ppb, Ir > 1.1 ppb) and Au contents 
from 0.66 to 2.45 ppb (Szilas et al. 2014). By contrast, 
other serpentinites, which comprise massive magnetite 
veins, have lower Os and Ir concentrations (< 0.8 ppb Os 
and Ir) and generally higher Au contents (0.50 to 3.73 
ppb; Szilas et al. 2014). Such vein-type magnetite, which 
may be typical of black smoker-type hydrothermal vent 
alteration of primary serpentinite on the seafloor, is 
compatible with acidic and Cl-rich hydrothermal alteration 
at high fluid-rock ratio below 350°C (Hodel et al. 2017). 
Elevated Au contents in black smoker fluids and oceanic 
crust alteration profiles are compatible with Au being 
leached during hydrothermal alteration of oceanic crust 
(Falkner et al. 1990; Hannington 1999; Patten et al. 
2015). Similarly, highly-soluble arsenic (As) can be 
leached at low temperatures from ultramafic rocks that 
typically contain ca. 10–450 ppm As (Smedley and 
Kinniburgh 2002; Hattori et al. 2005; Patten et al. 2015). 
Thus, collectively taken, (1) the low As contents of 
serpentinites associated with the Tartoq Group (ca. 0.6–
28.0 ppm; Szilas et al. 2014), (2) a Re-depletion age in 
serpentinite at Tartoq at ca. 2950 Ma (Szilas et al. 2014), 
(3) the ca. <3190 to 2986 Ma Re-Os ages of massive 
arsenopyrite, and (4) the magmatic-hydrothermal sulphur 
isotopic composition of arsenopyrite (δ34S = +1.8 ± 0.2‰ 
V-CDT, 2σ, WCZ), argue in favour of the precipitation of 
massive arsenopyrite bodies on the seafloor at ca. 2986 
Ma in connection with hydrothermal cells that altered 
serpentinites. The chemical stability of arsenopyrite in 
near-surface and hydrothermal environments was re-
evaluated as being higher than previously thought 
(Pokrovski et al. 2002). Indeed, even in the presence of 
pyrite, arsenopyrite remains chemically stable providing 
that it is kept in a water-saturated and moderately 
reduced environment at a pH above 5. At those 

Figure 1. The Nuuluk Greenstone Belt and gold mineralization in the Greenland fragment of the North Atlantic Craton (GNAC). a. Geological 
and structural map of the Tartoq district (after Kisters et al. 2012). Inset: Location of the GNAC and the main gold occurrences in southwestern 
Greenland (after Kolb et al. 2013). b. Geological map of the Nuuluk Greenstone Belt in the area of the gold-mineralized Western and Eastern 
Carbonate Zones (WCZ & ECZ; after Petersen 1991; Szilas et al. 2014). The photographs show the three samples considered for Re-Os-S 
isotope geochemistry. The whole-rock gold assays are after the database of Nanoq Resources Ltd (open report AEX Gold’s NI-43-101) and 
historical exploration data compiled by Kobl et al. (2011). Abbreviation: sup. alt.: supergene alteration. 
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conditions, water in equilibrium with arsenopyrite should 
have dissolved As concentrations at 0.01–0.10 ppm 
(Craw et al. 2003). These thermodynamic properties 
explain the stability of the ca. 2986 Myr-old massive 
arsenopyrite bodies, which is compatible with a relatively 
reduced Mesoarchaean ocean at the seafloor in spite of 
the presence of oxygenated near-shore shallow-marine 
environments at the interface with an overall reduced 
Mesoarchaean atmosphere (Heinrich 2015; Eickmann et 
al. 2018). 

 
 
4 Lode gold metamorphic upgrade  
 
In the ECZ, where gold is found at the contact between 
arsenopyrite and pyrite or as inclusion in pyrite, euhedral 
to mostly subhedral, medium- to coarse-grained (≤2 mm) 
arsenopyrite forms a textural layering with subhedral to 
anhedral, coarse-grained (0.5 mm−≤4 mm) pyrite (TTQ-
01, Fig. 1b). Arsenopyrite exhibits features of weak 
recrystallization, brecciation and cementation by quartz, 
with subsequent local dissolution and lastly replacement 
by pyrite and quartz. Unlike arsenopyrite in the WCZ, 
arsenopyrite from the ECZ (sample TTQ-01) has lower 
Re concentrations (385–534 ppt) and contains common 
Os (for which a best approximation is given by the 192Os 
contents of 30–221 ppt, ca. 35–40% of the total Os 
contents of 84–548 ppt). The regression of the Re-Os 
data of the four arsenopyrite aliquots, with a limited range 
in 187Re/188Os values (4–28), but positively correlated 
with the low to moderately radiogenic 187Os/188Os 
compositions (0.3–1.4), yields a date of 2608 ± 100 [108] 
Ma (Fig. 2b; 2σ, Model 1 isochron; mean square weighted 
deviates, MSWD = 3.0, initial 187Os/188Osi – Osi ratio = 
0.13 ± 0.02). Similarly, pyrite (sample TTQ-05) also 
possesses low Re and Os concentrations: 311–585 ppt 
Re and 18–834 ppt Ostotal (192Os = 3.4–341 ppt). 

Collectively, the Re-Os data of pyrite (n = 6) yield, within 
uncertainty, an identical date (Re-Os isochron date of 
2656 ± 83 [89] Ma; 2σ, Model 1 isochron, MSWD = 0.71, 
Osi ratio = 0.12 ± 0.02; Fig. 2c). 

In connection with the tectonic-imbrication of short-
lived and disrupted ‘slabs’ in an accretionary complex 
(Kisters et al. 2012; van Hinsberg et al. 2018) and the 
generation of TTG melts in thickened oceanic crust 
(Nagel et al. 2012; Hastie et al. 2016), the juxtaposition 
of greenstone belts and TTGs between ca. 3012 and 
2824 Ma (Nutman et al. 2004; Polat et al. 2016) may have 
caused deformation of competent massive arsenopyrite 
bodies in the oceanic crust, at amphibolite-facies 
conditions (van Hinsberg et al. 2018). Arsenopyrite 
bearing primary invisible gold remained chemically robust 
during amphibolite-facies metamorphism (Fougerouse et 
al. 2016) in the Nuuluk Greenstone Belt. Subsequently, 
the shear zones in the ECZ localized greenschist-facies 
retrograde metamorphism (Szilas et al. 2014; van 
Hinsberg et al. 2018). At the conditions indicated by 
tourmaline thermometry (van Hinsberg et al. 2018), the 
stoichiometric dissolution of pre-existing Mesoarchaean, 
gold-bearing arsenopyrite by small volumes of relatively 
low fS2, chlorine-bearing (~0.01M HCl) solutions may 
have occurred in the ECZ (Pokrovski et al. 2002; 
Fougerouse et al. 2016): 
FeAsS + 3H2O + 2H+ + 2Cl–  FeCl2(aq) + As(OH)3(aq) + 

H2S(aq) + 1.5H2(aq) (1); 

At ~380ºC (tourmaline thermometry), significant sulphur 
isotope fractionation was hampered between the timing 
of arsenopyrite (δ34S = +1.6 to +2.2‰) dissolution, 
resetting of its Re-Os geochronometer at 2608 ± 108 Ma, 
and, subsequent pyrite (δ34S = +1.8‰) precipitation at 
2656 ± 89 Ma in the ECZ (Fig. 2c). With reduction of 
sulphur activity through pyrite precipitation, gold 
deposition may have occurred over distances of a few 
micrometres in the massive arsenopyrite bodies (on grain 
boundaries, in cracks of pre-existing arsenopyrite, or 
within newly formed pyrite), or, of several meters within 
quartz-pyrite veins that were later displaced during 
fuchsite precipitation. 

In conclusion, a refined view of the ‘Mesoarchaean 
gold event’ is emerging: (i) a primary extraction of Au from 
the Mesoarchaean mantle at the time of basalt 
magmatism at the root of Mesoarchean greenstone belts 
and their associated lower crustal harzburgite protoliths, 
(ii) hydrothermal cell circulation leaching As, Re, Au and 
Os during secondary serpentinisation of those protoliths, 
(iii) magmatic-hydrothermal systems precipitating barren 
or Au-Os-bearing massive arsenopyrite bodies on the 
seafloor, (iv) metamorphic and structural upgrade of 
primary invisible gold in Mesoarchaean massive 
arsenopyrite into Neoarchaean lode gold mineralization. 
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Abstract. The Tropicana gold camp situated in the 
Albany Fraser Orogen on the edge of the Archean Yilgarn 
craton is associated with a number of gold deposits. The 
Madras deposit, situated 20 km S of the Tropicana mine 
exhibits a protracted hydrothermal history associated with 
the precipitation of successive sulfide species. Using in-
situ multiple sulfur analysis, we investigated the 
structurally constrained sulfide paragenesis, and we 
show that the Madras deposit was associated with a 
dominantly magmatic reservoir that may have locally 
interacted with MIF-S Archean crustal reservoir at depth.  

Furthermore, we show that mineralised pyrites exhibit 
δ34S fractionation of up to +35.2‰. Such large 
fractionation is best interpreted as the product of the 
successive pyrite precipitation from a restricted S source 
reservoir. 
 
1 Introduction 
 
The undeveloped Madras gold deposit forms part of the 
greater Tropicana gold camp. The main mineralising 
event (D2) generated W-thrusting, decimetre (Madras 
North) to decametre-scale (Madras Shear Zone) shear 
zones that are compatible with the Tropicana pre-
mineralisation D2 event and formed synchronous with a 
multi-phase hydrothermal system that was probably 
related to the thrusting of the Tropicana Zone over the 
Yamarna Terrane. The timing of mineralisation in the 
Tropicana gold camp has been proposed to be 
associated with the remobilisation (D2) of Archean gold 
mineralization? as proposed for the Tropicana deposit 
(Doyle et al., 2015). In order to further understand the 
mineralisation record of the Tropicana gold camp sulfur 
isotope analyses were conducted on the structurally 
constrained sulfide populations that were recognized in 
the Mardras deposit.  

In the past, isotopic investigations have focused on 
sulfur, oxygen and carbon isotopes to evaluate potential 
fluid reservoirs (e.g. McCuaig and Kerrich, 1998). Sulfur 
is a critical element commonly associated with sulfides 
coeval with gold mineralisation, and the δ34S isotopic 
variation has previously been used to delineate the 

source of sulfur (Alt et al., 1993). However, because δ34S  
is sensitive to physico-chemical processes occurring 
during hydrothermal circulation of fluids, depositional 
processes, and metamorphic re-equilibration, the original 
δ34S signatures from ore-related sulfides might not be 
representative of the sulfur reservoirs (Hodkiewicz et al., 
2008). Recent development in the in-situ acquisition of 
multiple sulfur isotopes (e.g. LaFlamme et al., 2016) has 
the ability to fingerprint and monitor the ∆33S signature of 
sulfides precipitated from an auriferous fluid (LaFlamme 
et al., 2018). As ∆33S is a numeric quantification of 
dispersion from the mass dependent relationship δ33S ≈ 
δ34S × 0.515 (Farquhar and Wing, 2003), large values are 
indicative of the mass independent fractionation of sulfur 
(MIF-S). In hydrothermal sulfides, this isotopic signature 
can indicate sourcing of sulfur from an unique MIF-S-
bearing reservoir, the Archean sedimentary record 
(∆33S > ±0.2; Farquhar and Wing, 2003). MIF-S can be 
used as an isotopic tracer since it is chemically 
conservative and can only be modified by dilution. 
Recently, MIF-S has been identified in Archean orogenic 
gold deposits, demonstrating that some orogenic gold 
deposits source a portion of their sulfur from Archean 
sediments (Agangi et al., 2016; Selvaraja et al., 2017). 
 
2 Geological framework 
 
The Madras North prospect is located in the Tropicana 
Zone of the Albany-Fraser Orogen that encompasses the 
Neoarchean Tropicana Gneiss (Tropicana Domain of 
Doyle et al., 2013), Hercules Gneiss, and subordinate 
sanukitoid granites, which are locally overlain by barren 
basin sediments and intruded by Paleoproterozoic 
granites (Doyle et al., 2014; Occhipinti et al., 2014a; 
Spaggiari et al., 2009, 2014b). The Madras North 
prospect comprises an assemblage of massive to banded 
orthogneiss and paragneiss. These gneisses contain 
anatectic segregations, indicating up to granulite facies 
metamorphism and that are generally subparallel to 
banding. The gneiss is overprinted in places by narrow 
(c. ≤1 m wide) shear bands that are defined by intensive 
brittle/ductile deformation and phyllosilicate-dominated 
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alteration. Mineralisation is hosted within a sheared 
plagioclase-amphibole-pyroxene-garnet-leucoxene-
quartz (mafic) gneiss. The main mineralisation (c. 1-10 
ppm Au) is hosted within one metre-scale shear zones. 
The footwall K-feldspar-quartz ±plagioclase-biotite 
gneiss package is barren. Minor metre-scale basalt 
dykes, which are likely part of the ENE-trending c. 1210 
Ma Gnowangerup-Fraser suite (Wingate et al., 2005), 
cross-cut both gneissosity and schistosity. 

 
2.1 Madras structural evolution 
 
The Madras structural evolution may be divided into three 
distinct deformation events. The first deformation event 
(D1) is associated with the peak granulite facies 
metamorphism dated between 2718-2554 Ma (Kirkland 
et al., 2014, 2015). Present over the whole region, D1 is 
associated with the development of a NE trending and SE 
dipping gneissic fabric development (Blenkinsop and 
Doyle, 2014). Although no gold endowment may be 
related to this event, the gneisses host either pre- to syn-
D1 disseminated pyrrhotite-chalcopyrite assemblage 
(Po1) that are in textural equilibrium with the gneiss fabric.  

D2 corresponds to the main Au mineralisation event 
and is associated with a progressive deformation process 
that developed in response to a NW-SE shortening event. 
D2a refers to the development of ductile reverse shear 
zones associated with a pronounced schistosity (S2a) that 
developed subparallel to the gneissic fabric. S2a shear 
fabric is defined by phyllosilicates including platy elongate 
biotite (± chloritised) and/or sericite. As deformation 
proceeded the S2a shear fabric is crenulated and 
transposed into a new cleavage (S2b). D2 is also 
associated with the development of a syn-foliation vein 
(V2a) set and shallow dipping extension quartz-carbonate 
vein (V2b) set compatible with WNW directed thrusting. An 
additional vein set (VUNK) that is moderately NNE-dipping 
and does not correlate with any structures in the Madras 
or Tropicana deposits. VUNK consists of quartz-carbonate-
pyrite-pyrrhotite-chalcopyrite and is associated with gold 
mineralisation. Poorly constrained and rare over the 
Madras prospect, the exact timing of these veins is 
unconstrained.  

D2 is associated with development of protracted 
hydrothermal activity. The early syn-D2 metasomatic 
event is associated with the replacement of the gneissic 
mineral assemblage by biotite-clinozoisite-chlorite 
assemblage with sulfides. Ongoing metasomatism is 
associated with the widespread, but non-systematic, 
overprinting of hydrothermal biotite by late-D2 chlorite and 
deposition of sulfides.  
 
2.2 Sulfides populations 
 
Two sulfide sets were recognized in the Madras deposit 
based on the structural context but also grain texture and 
optical petrography. The first sulfide set (Po1) is 
associated with disseminated and syn-S1 sulfides that 
consists of traces of disseminated to blebby, anhedral 
pyrrhotite ± chalcopyrite within the gneiss fabric. These 
sulfides occur in textural equilibrium with the least-altered 
gneiss, often concentrated within anatectic segregations, 

and are either pre- or syn-D1. Grains are elongated and 
skeletal within the sheared gneiss and schist. The 
pyrrhotite is nickeliferous, locally exhibiting pentlandite 
exsolution lamellae. 

The second sulfide set is hosted within D2 shear zone 
and related alteration halos, and can be subdivided into 
at least three sub-populations: (1) The first subpopulation 
consists of traces of coarse-grained, rectangular, 
disseminated to conjoined pyrite (Py1) within the Madras 
shear zone and S2 fabric. Pyrite growth early to syn-D2 is 
inferred because crystals exhibit pressure shadows and 
display a crystallographic preferred orientation, 
(sub)parallel to the foliation. (2) Traces of fine-grained, 
disseminated to conjoined, subhedral to euhedral 
pyrite±chalcopyrite (Py2) are heterogeneously-distributed 
throughout the intensely sheared mafic and felsic S2 
fabric (i.e. proximal zone). Py2 represents the main gold 
bearing sulfide species. Py2 are inferred to have formed 
syn- to late-D2 because they lack pressure shadows and 
appear to be located within the D2b-related crenulation 
cleavage. Py2 was observed as both inclusion-free and 
inclusion-rich grains. Additionally, subsets of Py2 also 
occur as inclusion-free, euhedral rims enclosing 
anhedral, inclusion-rich inherited cores. The third 
subpopulation (Py3) is related to poorly constrained VUNK  
veins and comprises minor pyrrhotite and chalcopyrite in 
the vein set. 
 
3 Methods 
 
In order to assess the sulfur reservoir involved in the 
formation of the Madras deposit, in-situ sulfur isotope 
techniques were conducted on the different sulfide 
populations. Characterisation of <500 µm sulfides by 
energy-dispersive X-ray spectroscopy, and identification 
of fractures, inclusions and zoning by backscatter 
electron (BSE) imaging was conducted using a FEI 
Verios 460 XHR SEM under conditions of 15 kV with a 
focused 6.0 nA beam at the Centre for Microscopy 
Characterisation and Analysis, University of Western 
Australia (CMCA-UWA). Multiple sulfur isotopic ratios 
were determined using a CAMECA IMS1280 large-
geometry ion microprobe located at CMCA-UWA. Mounts 
(25 mm diameter) were made by coring pucks (3.2 mm in 
diameter) of rock and casted in epoxy. After polishing, 
mounts were coated with 30 nm of Au and loaded with a 
standard block into the sample chamber. A 3.7–4.6 nA 
focused Cs+ primary beam interacted with the sample at 
20 keV. The beam, in Gaussian mode, bombarded the 
sample surface to create a 15 µm analytical pit. Isotopes 
32S, 33S and 34S were simultaneously detected by three 
Faraday Cups using amplifiers with 1010 Ω (L’2), 1011 Ω 
(L1), and 1011 Ω (FC2 or H1) resistors. Data were 
collected over 123 s of acquisition time in 20 integration 
cycles. Measurements were interspersed with Sierra 
pyrite (δ34S = +2.17‰, Δ33S = −0.02‰) to correct for drift 
and monitor internal sample repeatability. In addition, 
analyses of matrix-matched reference material were used 
to calibrate isotope ratios following procedures in 
LaFlamme et al. (2016). Measurement error on δ34S is 
equal to about ~0.4‰ and on Δ33S is ~0.25‰. 
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4 Results 
 
An early sulfide set located within the foliation (Po1) were 
analysed on two distinct samples. Chalcopyrite and 
pyrrhotite grains analysed returned homogeneous δ34S 
values that range from +2.3‰ to +3.5‰. Δ33S values 
acquired on the same samples returned contrasted 
values with Δ33S equal to -0.02 ± 0.06‰ and 0.97 ± 
0.06‰, respectively. 
Syn-D2 early sulfide populations (Py1) analysed on two 
distinct samples returned δ34S values that range from 
+6.0‰ to +15.8‰, and Δ33S ranging in value from 0.25± 
0.06‰ and 0.56± 0.06‰. 

Syn-D2 gold bearing sulfide populations (Py2) present 
distinctive core and rim textures indicative of the 
protracted growth of the pyrite. The core returned δ34S 
values that range from -0.8‰ to +5.2‰, and Δ33S values 
equal to 0.20± 0.06‰. Rims returned δ34S values that 
range from 7.9‰ to +35.2‰, and Δ33S values equal to 
0.08± 0.06‰. Chalcopyrite from this sample returned 
δ34S values that range from +8.0‰ to +8.2‰, and Δ33S 
values equal to 0.13± 0.06‰. 

Sulfide populations Py3 returned δ34S values that 
range from +1.7‰ to +3.6‰ and Δ33S values equal to 
0.26± 0.06‰. Chalcopyrite analysed returned δ34S 
values that range from +2.2‰ to +3.6‰, and Δ33S values 
equal to 0.22± 0.06‰.  

 
5 Discussion 
 
Sulfide populations from the Madras deposit investigated 
as part of this study include: (1) disseminated 
chalcopyrite and pyrrhotite within the gneissic foliation 
(Po1); (2) one population of pyrite (Py1) developed during 
the early development of a D2 shear zone. (3) two syn-D2 
and Au bearing sulfides assemblages Py2 and Py3.   

Data obtained on Po1 show homogeneous δ34S 
values. Considering that δ34S is sensitive to physico-
chemical processes, the constant δ34S recorded by syn-
S1 sulfide grains may have been ‘homogenized’ during 
the granulite metamorphism that affected the host rocks. 
In contrast, Δ33S values associated with these early 
sulfides indicate very different signatures with samples 
returning both near nil ‰ values to slightly negative ‰ 
values, and positive values up to +0.97‰. A Δ33S of 
zero ‰ suggest the involvement of mantle derived sulfur 
source, whereas negative values are interpreted to 
represent the influence of sulfur derived from the Archean 
seawater sulfate reservoir. In contrast, Δ33S values 
acquired on some of the Po1 samples fingerprint the 
involvement of Archean supracrustal sulfur reservoir. 
Collectively these results suggest that the earlier phase 
of sulfides present prior to metamorphism (Archean) are 
derived from distinct sulfur reservoirs including magmatic 
and supracrustal sulfur source reservoirs.  

In contrast with Po1, Py1 sulfide assemblage depicts 
δ34S variations of over 13‰. Sulfur isotope datasets from 
hydrothermal systems commonly report a spread in δ34S 
values (e.g., Hodkiewicz et al., 2008 and references 
therein) due to the sensitivity of δ34S to: (1) varying input 
of sulfur reservoirs, and (2) changing thermochemical 

fluid conditions at the time of sulfide precipitation. The 
range of Δ33S values recorded in Py1 (+0.25± 0.06‰ to 
+0.56± 0.06‰) attests to the involvement of Archean 
crustal sulfur reservoir in the early hydrothermal alteration 
and prior to gold mineralization, which was associated 
with D2 shear zones. As for other Archean hydrothermal 
systems in the nearby Yilgarn Craton, the range of Δ33S 
values measured on the Madras sulfides is much lower 
than that of recorded Archean sedimentary rocks 
comprised between +1.6‰ to +6.2‰, but dominantly 
between +1 and +2‰ (e.g. Bekker et al., 2009). The 
values recorded for early D2 sulfides, therefore imply that 
the sulfur source was homogenised with other non MIF-
S-bearing (magmatic) reservoirs at depth.  

 

 
Figure 1. BSE photomicrograph of Py2 mineralised pyrite showing 
points analyses for δ34S vs ∆33S.  

 
Sulfides associated with the bulk of the Au endowment 

(Py2) display very complex textures and large isotopic 
variations. Locally, Py2 presents anhedral cores rich in 
inclusions surrounded by inclusion-free rims (Figure 1). 
The rim may display in cathodoluminescence light growth 
zone textures and various amount of mineral inclusions. 
Py2 also occurred as inclusion-free, euhedral crystal 
without core-rim zones. Collectively, these textural 
observations suggest that Py2 grew over multiple 
hydrothermal stages. Py2 displayed δ34S values ranging 
from -0.8‰ to +35.2‰. Py2 cores systematically show 
δ34S values that range from -0.8‰ to +5.2 (mean δ34S = 
+3.55‰), whereas Py2 rim and Ccp2 that grew at Py2 
crystal margins return δ34S values spreading from +6.1‰ 
to +35.2‰ (Figure 2). Similarly, to the early sulfide 
population, this δ34S spread may be due to: (1) the 
variation of sulfur reservoirs tapped, and/or (2) changing 
thermochemical fluid conditions at the time of the sulfide 
precipitation (e.g. variation of redox conditions). Δ33S 
values obtained from Py2 exhibit Δ33S mean values of 
+0.14 ± 0.06‰ for the cores and +0.11 ± 0.06‰ for the 
rim. The overall constant Δ33S recorded suggests an 
homogeneous sulfur reservoir and, therefore indicates 
that the spread of δ34S values may be due to processes 
associated with the sulfide precipitation. Sulfur reduction 
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in a closed-system conditions may have led to early pyrite 
crystallisation (Py2-Core). Such a process would have 
fractionated the sulfur reservoir precipitating pyrite with –
0.8‰ < δ34S < +5‰ values. Through this process, the 
remaining sulfur in the fluid may have resulted in its δ34S 
value to increase. In a second crystal growth stage pyrite 
would have crystallised from this 34S enriched fluid. This 
would have led to the precipitation of the outer crystal 
growth zones at the edge of gold rich pyrite cores which, 
in the Madreas deposit, is associated with δ34S values of 
up to +35.2‰. 

 

 
 

Figure 2. δ34S vs ∆33S measured on syn-Au pyrites showing isotopic 
values for Py1, Py2 and Py3 generations. Dashed line represent 
limit between MIF-S (>0.2) and Non MIF-S (<0.2). 

 
Sulfide populations Py3 represent an atypical and 

poorly constrained style of mineralisation that was 
documented in Madras North. Pyrites analysed returned 
δ34S values that range from +1.7‰ to +3.6‰ comparable 
with the syn-ore sulfide population (cores). Δ33S values 
ranging from to +0.22± 0.13‰ to +0.33 ± 0.13‰ pointing 
towards the contribution of Archean crustal sulfur.  

The overall low Δ33S values recorded for Au bearing 
Py2 and Py3 points toward little to no MIF-S. Accordingly, 
we proposed that the sulfur source associated with gold 
mineralisation in the Madras deposit was associated with 
a dominantly mantle derived reservoir that may have 
locally interacted with MIF-S from an Archean crustal 
reservoir at depth.  
 
6 Conclusion 

 
The sulfur isotope data obtained suggest that sulphur in 
the Madras deposit, located in the broader Tropicana 
camp, was derived from a dominantly magmatic sulfur 
reservoir that may have locally interacted with MIF-S from 

an Archean crustal reservoir at depth.  
The intense fractionation of δ34S recorded in 

mineralised pyrite appears to be closely associated with 
pyrite crystal growth processes deriving from a restricted 
S source reservoir through possible redox processes. 
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Abstract. U-Pb data for hydrothermal xenotime and 
monazite indicate that the Saattopora orogenic gold 
deposit with atypical (Au-Cu) metal association was 
formed by multiple hydrothermal events between 1.87 
and 1.78 Ga. Stable (C, O, S, B) isotope data for 
carbonates, sulphides and tourmaline suggest that fluids 
of different origin and with different degrees of 
modification by interaction with host rocks participated in 
the hydrothermal processes. O and C isotope data for 
carbonates correlate with the Au and Cu grades of ore. 
The heterogeneous, low to high salinity aqueous-
carbonic-sulphuric parent fluids contain traces of ethane 
and propane. This observation together with the negative 
δ34S data   indicate that one of the potential sources of 
hydrothermal fluids are the carbonaceous material rich 
metasediments in the CLGB. 
 
1 Introduction  
 
The majority of orogenic gold deposits contain only gold 
as the economically exploitable metal. However, base 
and semi metals, uranium or even rare-earth elements 
also have economically important enrichments in some of 
the deposits, classified as orogenic gold deposits with 
atypical metal associations (Groves et al. 2003). 
Intracratonic basins that have been turned into fold and 
thrust belts during orogenesis appear to be favorable 
places for the occurrence of this kind of gold deposit 
(Goldfarb et al. 2001). Alternatively, the high base or 
other metal content of an orogenic gold deposit could also 
been inherited from a proto-ore which was overprinted by 
the gold mineralization event during metamorphism 
(Groves et al. 2003). Sedimentary sequences with 
evaporates may also release high salinity fluids during 
metamorphism and these types of metamorphic fluids 
also have capacities to contribute base metals into 
orogenic gold systems (Yardley and Graham 2002). 

The Central Lapland Greenstone Belt (CLGB) is the 
most important orogenic gold metallogenic province in 
Europe (Fig. 1). In the belt, the Kittilä Mine exploiting the 
gold-only Suurikuusikko deposit is currently the largest 
gold producer in the European Union (196 938 oz Au in 
2017; http://agnicoeagle.fi/about-us/operation/).   

 
Figure 1. Geology of the Central Lapland Greenstone Belt (CLGB) 
and its surroundings and location of orogenic gold deposits. 
 
The CLGB also hosts numerous orogenic gold deposits 
which are enriched in Cu, Ni and Co (Fig. 1). The growing 
interest in battery metals highlights the potential 
importance of these deposits and the need for better 
understanding of the processes by which they formed in 
the CLGB and similar areas (e.g. Kuusamo and 
Peräpohja belts) in Finland. 
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2 Regional geology 
 
The CLGB consists of a supracrustal sequence of mafic-
ultramafic metavolcanic rocks, mafic dikes and sills, 
quartzites, phyllites and graphitic schists that were 
deposited between 2.40 and 1.95 Ga during the 
protracted rifting of the Archaean Karelian craton.  
Metamorphism and deformation of these rocks took 
place during the Svecofennian orogeny (1.93-1.80 Ga). 
Calc-alkaline intermediate-felsic volcanism and 
deposition of clastic sediments (Salla Group) was 
followed by accumulation of komatiitic-tholeiitic volcanic 
rocks and terrestrial to shallow marine sedimentary units 
(Sodankylä Group) during the early stages of 
intracratonic rifting between 2.44 and ca. 2.2 Ga. 
Komatiites-picrites and high-Mg basalts erupted and 
shallow to deep marine sediments were accumulated 
during the re-activation of rifting between ca. 2.2 – 2.05 
Ga (Savukoski Group; Fig. 1). Continental break-up 
commenced at around 2.05 Ga and extensive komatiitic 
and basaltic lavas, as well as carbonaceous material rich 
deep marine sediments (Kittilä Group; Fig.1) were 
deposited in the oceanic basin(s). The closure of the 
oceanic basin(s) led to accretion of the Kola, Karelia and 
Norbotten micro-continents between 1.92 and 1.87 Ga, 
followed by continental extension (from ca.1.88 to 1.85 
Ga), continent-continent collision (1.85-1.80 Ga) and 
final orogenic collapse and stabilization between 1.80-
1.77 Ga (Lahtinen et al. 2005). Syn-orogenic (Vuotso 
Complex, 1.91 Ga) and late/post-orogenic (Nattanen 
Suite, 1.81-1.77 Ga) granitoids intruded the northern part 
of the CLGB (Fig. 1). Other felsic complexes with less 
well known relationships to the orogenic stages also 
occur in the CLGB. 

The main D1-2 ductile and D3 brittle-ductile deformation 
in the CLGB took place in conjunction with the SW-
vergent thrusting of the Lapland Granulite Belt and 
northward-oriented thrusting along the Sirkka Shear zone  
(Figs. 1 and 2). The NE oriented major strike-slip fault 
zones were also formed during this accretional tectonic 
stage. However, the timing of D3 is a bit ambiguous and 
local tectonic features also support its placement into the 
later tectonic stages. Late brittle (D4) deformation 
features are connected to late- to post-orogenic 
tectonism (<1.82 Ga). The mid-greenschist facies peak 
metamorphism in the middle part of the CLGB was 
reached during the early stage deformations at around 
1.88 Ga. The metamorphic grade increases up to mid- to 
upper amphibolite facies along the southern, western and 
northeastern boundaries of the CLGB and in the vicinity 
of the granitoid intrusions (Höltta and Heilimo 2017).  

 
3 General characteristics of the Au-Cu 

mineralization at Saattopora 
 
The copper mineralization at Saattopora was discovered 
in 1970. Recognition of its similarity to the Bidjøvagge Au-
Cu deposit, which is located in Norway along the 
northwestern continuation of CLGB, triggered re-
investigation of mineralization and identification of gold 
grades in the mid-1980`s. Outokumpu Mining Ltd. 

extracted 2.24 Mt ore with 3.4 g/t Au and 0.31 wt% Cu 
average grades between 1988 and 1995 (Korkalo 2006). 
Since that time, the Saattopora mine has been closed. 

The Saattopora Au-Cu deposit is located in the Sirkka 
Shear Zone (SSZ) in the western part of the CLGB (Fig. 
1). In this area, the WNW-SSE oriented SSZ runs parallel 
with the thrusted and sheared contact zone between the 
Savukoski Group and Kittilä Suite. In this part of the 
CLGB, rocks of these units suffered mid-greenschist 
facies Svecofennian metamorphism. 

The deposit consists of two major orebodies which are 
elongated parallel with the SSZ ((Niiranen et al. 2014; 
Fig. 2). The northern orebody is located between the 
tholeiitic metabasalt-graphitic tuffite assemblage of the 
Kittilä Suite and a metakomatiite (talc-chlorite schist) unit 
belonging to the Savukoski Group (Fig. 2). The southern 
orebody is mostly hosted by the micaschist and the 
graphitic phyllite units of the Savukoski Group. 

 

 
Figure 2. Geology of the Saattopora orogenic gold deposit with 
atypical metal association (redrawn after Korvuo 1997). 
 

The host rocks are strongly albitized in the orebodies 
but pervasively albitized zones are also continuous 
outside of the orebodies (Fig. 2). Albitization affected 
these rocks after peak metamorphism and folding, 
therefore it most probably took place during the D3 
deformation stage. Ore mineralization is predominantly 
confined to brittle fractures cutting albitites and alteration 
halos around fractures. Fractures are filled by coarse 
grained, undeformed Fe-bearing dolomite, quartz and 
tourmaline. Pyrrhotite, chalcopyrite and pyrite are the 
most common ore minerals in these veins and 
surrounding disseminations. Sulphide minerals are late 
precipitations along grain boundaries and fractures of 
other vein filling minerals. Pentlandite, gersdorffite, 
cobaltite, arsenopyrite, tellurides and native gold are 
minor minerals that form inclusions within other 
sulphides. The abundance of Ni-Co bearing minerals 
appear to be elevated in some samples, but the average 
concentration of Ni is only 0.06 wt% and 0.11 wt% in the 
northern and southern orebodies, respectively. The 
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average Co concentration is 0.02 wt% in both orebodies 
(Korkalo 2006).  In some zones of the southern orebody, 
magnetite is also associated with the vein-filling 
sulphides. Pyrite is rather common in the veins of the 
southern orebody whereas it is rare in the northern 
orebody. The veins, which are from a few mm to up to 
tens of cm thick, typically have biotite alteration selvages.  
Their predominant orientation is N-S and E-W and appear 
to have formed in a conjugate set of brittle fractures within 
the competent albitite units. 
 
4 Results of current studies 
 
4.1 U-Pb dating of hydrothermal processes 
 
Previous attempts at determining the age of hydrothermal 
mineralization at Saattopora were based on bulk U-Pb 
and Pb-isotope analyses of mineral separates by TIMS 
(Mänttäri 1995). Those studies obtained 1894 ± 46 Ma 
Pb-Pb isochron age from sulphide and carbonate 
minerals and highly variable U-Pb ages between 1781 ± 
18 and 1684 ± 5 Ma from monazite and rutile. The highly 
scattered nature of ages was explained by the 
hypothetical post-mineralization thermal effect of post-
orogenic granitoid magmatism. In our current studies we 
dated individual monazite and xenotime grains of 
hydrothermal origin with known textural settings in 
polished thin sections by LA ICPMS. Results show 
distinct age groups in the northern and southern 
orebodies of the Saattopora deposit (Fig. 3). 
 

 
Figure 3. Results of U-Pb dating (207Pb/206Pb ages) of hydrothermal 
monazite and xenotime from the Saattopora Au-Cu deposit. 
 

In the northern orebody, the ~1.84 Ga xenotime and 
monazite are from the massive albitite and its 
chalcopyrite rich carbonate-albite veins. In the southern 
orebody, the oldest monazite (1867 Ma) is also from a 
massive albitite hosted vein. Younger ages, from ~1820 
to ~1790 Ma, characterize monazite from the major 
carbonate-sulphide veins and their biotite alteration halos 
in both orebodies. 

Multiple hydrothermal mineralization in the orogenic 
gold deposits of CLGB is a common feature (Molnár et al 
2018). The most common ages for the formation of free 
gold bearing veins are between 1.81 and 1.76 Ga 
indicating the importance of late- to post orogenic re-
activation of fault systems that were formed during the 
earlier stages of the Svecofennian tectonic evolution. 
 

4.2 Stable (C, O, S, B) isotope data 
 
Carbonate and oxygen isotope analyses of iron bearing 
dolomite from ore veins of both orebodies were 
completed by conventional carbonate mass 
spectroscopy. The range of the δ13CPBD values is from -4 
to -9.5 ‰, whereas the δ18OSMOW data are between +11 
and +13‰ (Fig. 4).  
 

 
Figure 4. C- and O-isotope data for vein filling carbonate and their 
correlation with the Au ore grade of 1m long intercepts of drillcores 
that contain the analyzed carbonate veins. 
 

The C- and O-isotope data correlate with the Au and 
Cu grade of ore. The high grade zones are characterized 
by relatively heavy C-isotope and relatively light O-
isotope compositions compared to the low grade and 
barren zones. This variation probably reflects the effect 
of fluid/rock ratios on the isotope composition of 
carbonate because high grade zones are characterized 
by occurrences of a larger number and thicker carbonate-
sulphide veins. The observed trends also suggest that 
ore forming fluids were mixed with fluids from local 
sources and spatial distribution of O- and C-isotope data 
may be used as a potential tool to predict high grade 
zones. 

Sulphur isotope data in pyrite, chalcopyrite and 
pyrrhotite grains were determined by LA ICPMS (Fig. 5). 
In the veins dominated by pyrrhotite in the northern 
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Figure 5. Sulphur isotope data for vein filling sulphide minerals at 
Saattopora. 
 
orebody, the δ34S data are between +5 and 0 ‰. In the 
southern orebody, where pyrite is more common and 
magnetite is also present in the veins, and the host rocks 
are mostly albitised metasediments and mafic dikes, the 
range of δ34S data is from +18 to 0 ‰.The relatively heavy 
sulphur isotope compositions for vein filling sulphides 
reflect the primary source of sulphur from the 
metasedimentary units of the of the Savukoski group 
which are known to have heavy sulphur isotope 
compositions (Huhma and Hanski 2005) 

δ11B data for vein filling tourmaline were also 
determined by LA ICPMS. Tourmaline from a magnetite 
bearing vein in the southern orebody provided δ11B 
values from -20.9 to -24.1 ‰. Tourmaline from magnetite 
absent sulphide veins is characterized by δ11B values 
between -8.5 and -11.2 ‰ in both orebodies.  These 
results reflect diverse sources of ore forming fluids 
because the observed differences cannot be explained 
by temperature dependent fluid/mineral fractionation of 
boron isotopes. The very light boron isotope composition 
may be indicative of metasediment-sourced boron, 
whereas the heavier compositions may reflect admixing 
of marine carbonate/evaporite-sourced heavy boron 
isotopes or a magmatic (granitoid) source of boron 
(Marschall and Jiang 2011).    
 
4.3 Fluid inclusions 
 
Fluid inclusion petrography supported by cathod-
luminescence imaging and combined with micro-
thermometry and Raman microspectroscopy revealed 
that aqueous-carbonic-sulphuric fluid inclusions with 
highly variable compositions are associated with sulphide 
grains along quartz fracture-fills in the sulphide bearing 
veins. The 10-15 vol% gas phase of the halite absent and 
halite- (± Fe-pyrosmalite) bearing aqueous phase rich 
inclusions always contain small amounts of CO2, CH4 and 
H2S. Those inclusions associated with carbonic phase-
rich fluid inclusions invariably contain traces of a low 
salinity aqueous phase. The composition of the carbonic 
phase in these inclusions is highly variable, ranging from 
almost pure CO2 to CH4-rich compositions. The CH4-rich 
carbonic fluid inclusions also contain traces of ethane and 
propane together with H2S. Observations support that the 

precipitation of ore minerals were triggered by phase 
separation in the aqueous-carbonic-sulphuric fluids. The 
variable salinities of aqueous phases may have resulted 
from the phase separation process. However, the 
presence of light hydrocarbons in the carbonic phase rich 
inclusions points towards the carbonaceous material-rich 
sedimentary units of the CLGB as potential sources of the 
ore forming fluids (Gaboury 2013). 
 
5 Conclusions 
 
The Saattopora orogenic Cu-Au (±Ni-Co) deposit was 
formed by multiple hydrothermal processes between 1.87 
and 1.78 Ga. Stable isotope data for carbonates, 
sulphides and tourmaline, as well as compositions of fluid 
inclusions point towards various fluid sources including 
carbonaceous material rich metasedimentary rocks.  
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Abstract. The Cononish deposit consists of a complex of 
fault-hosted, near vertically dipping, gold- and base-
metal-bearing quartz-carbonate veins. Situated near 
Tyndrum, 70km north of Glasgow, it is on course to 
become Scotland’s first ever commercial gold mine. 
Extensive adit-mapping reveals two metallurgically 
distinct Au-bearing mineral assemblages that are 
spatially associated with discrete dilations along the 
Cononish fault. The first (X) constitutes much of the 
economic resource and is associated with: pyrite-
tellurides ± chalcopyrite-galena, coincident with a quartz 
± calcite-sericite-barite gangue. The second (Y) is 
composed of oxide-pyrite-pyrrhotite ± chalcopyrite, 
coincident with a quartz-carbonate-chlorite gangue. 
Mineralogical contrast reflects a marked change in 
composition and oxidation state of ore-fluids. Whilst 
Cononish displays broad commonality with the orogenic 
group of ore deposits, mineralization is temporally 
coincident with high-K Ba-Sr enriched, calc-alkaline 
magmatism. This observation is substantiated by δ34S 
analyses of coincident pyrite (~-1.5‰) and barite (~23.7

‰) that mineralized at epithermal temperatures 
(~223oC), and geological observations in this study. 
 
1 Introduction 
 
Owned by Scotgold Resources Ltd, Cononish hosts an 
estimated JORC (2012) resource of 266koz Au and 
1096koz Ag (Scotgold Resources, 2018).  

Although classified as an orogenic deposit by Goldfarb 
et al. (2005), its genesis is debated. Significantly, the age 
of mineralization at 407 ± 1Ma (Ar/Ar; Rice et al. 2012) 
post-dates peak metamorphism of its Dalradian 
metasedimentary host (∼470Ma; Stephenson et al. 2013) 
– discounting an ore fluid sourced during devolatilization; 
the most accepted model for orogenic gold emplacement 
(Goldfarb et al. 1993; Pitcairn et al. 2015).  However, 
whilst mineralization is coincident in time with peak Late 
Caledonian magmatism (Atherton and Ghani 2002; 
Neilson et al. 2009), the closest major plutonic body – the 
Etive Complex – is exposed over 15km away. A negative 
gravity anomaly around Cononish stimulates the debate 
(Pattrick et al. 1988).  

As the mine opens in 2019, this timely study will 

analyze new in-adit exposure for the first time in >30 
years and aims to develop a new genetic understanding 
of gold mineralization in the Scottish Caledonides. This 
paper documents new m- to µm-scale paragenetic 
observations – some of which may influence on-site 
processing methodology, preliminary δ34S data; and 
discusses the genetic implications of these observations.  

 
2 Geological Setting  
 
The Cononish deposit is located near the historic-mining 
town of Tyndrum, Scotland. The area comprises 
Neoproterozoic metasediment and metabasite of the 
Dalradian Supergroup that were subjected to lower-
amphibolite grade metamorphism and deformation (D1-
D4) during the Grampian Orogeny, ~470Ma (Stephenson 
et al. 2013).  

The sequence is cut by major NE-SW trending 
structures such as the Tyndrum fault that saw >4km of 
dip-slip displacement (Treagus et al. 1999). These 
structures actively modulated the emplacement of Late 
Caledonian intrusions within the SW Grampian Highlands 
(Jacques and Reavy 1994).  

The Cononish deposit is composed of a series of 
steeply dipping quartz-calcite veins up to 6m wide. 
Hosted by the NE-SW striking Cononish fault – a Riedel 
structure associated with the Tyndrum fault - it extends 
~1km along strike (Tanner 2012). Veining cross cuts 
southernly dipping Grampian and lower-Appin Group 
metasediment, and lamprophyre sills of Late Caledonian 
affinity (Earls et al. 1992). These were deformed to a NE 
verging nappe structure, termed the Beinn Chuirn 
synformal-anticline, that formed during D2 Grampian 
deformation (Fig.1; Tanner and Thomas 2010). 
Deformation has juxtaposed metasedimentary-SEDEX 
horizons of the Easdale Subgroup below the 
stratigraphically-lower Appin Group along the Iltay 
Boundary Slide, a regional stratigraphic disconformity 
(Tanner and Thomas 2010).  SEDEX units are enriched 
in Ba, Zn, Pb Cu, Fe, Cr and Ni around Tyndrum (Fortey 
and Smith, 1986) and are the lateral equivalents of 
mineralization at the Foss mine, Aberfeldy (Willan and 
Coleman, 1983).  

The Cononish fault hosts two documented vein arrays. 
Au-Ag-Te (± Cu-Pb) mineralization occurs early in the 
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paragenesis and is coincident with K-feldspar alteration 
of wall-rock lithologies (Earls et al. 1992; Spence-Jones 
et al., 2018). Late, shallower-dipping Pb-Zn mineralized 
structures cross-cut early Au-bearing assemblages (Earls 
et al. 1992).  Vein-sets are distinct: Au-mineralization 
displays massive crystalline textures, Pb-Zn 
mineralization is characterized by open-space textures.  

Figure 1. Cross section through the Cononish area, including the 
hypothetical concealed granite. GG: Grampian Group, AG: Appin 
Group, EsG: Easdale subgroup with dark, SEDEX horizons, CsG: 
Crinan Grit subgroup.  
 
3 Geological observations 
 
Based on new geological mapping of the Cononish 
400mL adit, samples were collected from the most 
texturally diverse exposures. From this, a paragenesis 
has been developed using a combination of standard 
petrography and SEM-CL. This builds on previous work 
by Earls et al. (1992) and Spence-Jones et al. (2018), and 
identifies three discrete gold-mineralizing episodes (Au1-
Au3). Episodes are limited to specific structural dilations 
along the Cononish fault and display distinct 
mineralization styles.  

 
3.1 System initiation 
 
A spatially widespread series of sulfide-poor milky-quartz 
generations present throughout the adit, brecciated 
surrounding country rock and mark the onset of veining. 
These consist of 1.0-5.0cm veinlets, contain no Au and 
are characterized by massive, crystalline textures that 
show evidence of annealing. Silicification and, laterally, 
orthoclase alteration of wall-rock lithologies was 
pervasive and haloes extend ≤1.0-2.0m from veining. 
These generations form the medium that host many later 
Au-mineralizing episodes.  
 
3.2 Ore zone one: assemblage X 
 
Au1 is restricted to the footwall of the Cononish fault and 
is characterized by a calcite-sericite-barite gangue that 
forms <1.0cm veinlets - locally forming layered textures 
(Fig. 2a). Euhedral to subhedral pyrite aggregates up to 
5.0cm long host a diverse gold-silver-telluride inclusion 
assemblage (≤150µm) displaying dissolution textures. A 
component of gold-ore here is refractory, present as 
petzite (Ag3AuTe2) in addition to electrum Au-Ag alloy 
(>80% Au). These are coincident with hessite (Ag2Te), 

altaite (PbTe) and rare rucklidgeite (PbBi2Te4).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. a) Layered sulfides typical of Au1 and Au2a, b) sulfide-
mantled wall-rock clasts and sulfide ‘pods’ suspended in white 
quartz, c) Polished block of Au2 displaying multi-generational 
sulfide-gangue generations. 
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coincident with a grey-quartz gangue generation that 
constitutes the main component of the Cononish ore 
resource. It can be subdivided into two episodes, a and 
b, that form a continuum and are often observed within 
the same hand specimen. Au2 is best observed as three 
distinct textures within the adit (Fig. 2):  layered sulfides 
(much like in Au1), sulfide-coated wall-rock clasts 
suspended in white quartz that may be observed as 
sulfide ‘pods’ depending on disposition, and a multi-
generational quartz breccia with spotted sulfides.  

Au2a is characterized by a pyrite ± galena sulfide 
assemblage, coincident with grey quartz and potassic 
alteration. Gold is only found as electrum (>80% Au), 
coincident with hessite and altaite, and is found as large 
inclusions (≤ 250µm) displaying dissolution textures 
within pyrite (Fig.3a). Au2b is the last gold-mineralizing 
event present in the main ore zone and is found in 
proximity to major faults. It marks a significant increase in 
base-metal mineralization (Cu-Pb) that cross cuts 
preexisting pyrite generations. Gold is hosted as less-
frequently-occurring electrum (≥70% Au) inclusions 
(≤250µm) by chalcopyrite, typically as fracture-fill in 
pyrite.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Photomicrographs displaying disposition of gold: a) as 
inclusions of electrum, coincident with hessite (Au2; X), b) as Au-Ag 
alloy in oxide-replacement assemblage (Au3; Y).  
 

3.3 Ore zone two: assemblage Y 
 
Ore zone two is separated from ore zone one by a late, 
cross-cutting dolerite dyke. Unique to this zone is the 
occurrence of a ~4.0m wide quartz-K-feldspar pegmatite 
bearing large acicular rutile rhomb’s (~1.0cm) and sparse 
pyrite mineralization.  

Au3 is coincident with a grey quartz, carbonate, Fe-
chlorite gangue generation that dissects the Cononish 
pegmatite and locally alters country rock to chlorite. 
Oxide-dominated ore assemblages and rebrecciated 
gangue textures (± country rock clasts) are indicative of 
this zone. Gold is present as Au-Ag alloy (Au:Ag ≈ 1:1) 
and is coincident with native silver (≤1.0mm) and 
acanthite (Ag2S). Precious metals are hosted by an 
oxide-pyrite-pyrrhotite assemblage that displays 
replacement textures; Au-Ag alloy has a frayed texture 
and commonly occurs with a native-silver rim (Fig.3). 
 
4 Sulfur isotope data 
 
Table 1 displays 9 new preliminary S-isotope analyses of 
sulfides and sulfate from Cononish. Paragenetically 
constrained pyrite δ34S values range from -2.1 to +7.6‰; 
barite δ34S values mean ~23.7‰ (n=2). Pyrite-δ34S values 
from the Cononish pegmatite range from      -3.0 to -1.4‰ 
- broadly overlapping the range of pyrite-δ34S values from 
Au1 (-2.1 to -0.9‰).  

Although the small set of analyses introduces a degree 
of equivocality, the trend of increasing pyrite-δ34S over 
time is in good agreement with data from Hill et al. (2013) 
and Spence-Jones et al. (2018). 
 
Table 1. Preliminary S-isotope data of Cononish. Tm: Temperature 
of mineralization, red: assemblage X, yellow: assemblage Y, blue: 
Cononish pegmatite. 

 δ34Spyrite δ34Sbarite Tm (oC) 

Au1 -0.9 21.6 256 
 -2.1 25.7 189 
  

Au2a 3.3 
Au2b 7.1 
Au3 7.6 

Cononish -1.4 
pegmatite -3.0 

 
5 Discussion 
 
5.1 Sulfur Sources 
 
Preliminary pyrite-δ34S data displays a marked change in 
sulfur isotope composition between paragenetic phases 
Au1-Au2b in assemblage X. This is interpreted as a 
temporal change in sulfur source and is congruent with 
the findings of Spence-Jones et al. (2018).  

Au1 pyrite-δ34S (~-1.5‰) is within the range observed 
in pyrites from Cononish pegmatite (-1.4 to -3.0‰) and 
published δ34S data from Late Caledonian intrusions 
(Lowry et al. 2005), implying an early magmatic sulfur 
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input. Whilst local SEDEX horizons are barite bearing, 
average barite-δ34S values from Foss (+36 ± 1.5‰; 
Moles et al. 2014) are significantly heavier than those in 
Au1 at Cononish (~23.7‰), suggesting no genetic 
affinity. Equilibrium mineralization temperature (Tm) 
estimates from cooccurring barite-pyrite (189-256oC) are 
within the expected range of an epithermal system 
(Hedenquist et al. 2000) which, given the association with 
the pegmatite, is consistent with a magmatic affinity. 

Pyrite-δ34S of Au2b (X) ≈ Au3 (Y). This suggests the 
source of sulfur to both ore zones was homogenised by 
the end of the paragenesis, and that the late fluid sourced 
sulfur from surrounding metasediment, as outlined by Hill 
et al. (2013).  
 
5.2 Interpretation of geological observations 
 
Petrographic observations highlight the presence of a 
discrete series of calcite veinlets coincident with 
assemblage X. Their presence suggests the occurrence 
of a carbonaceous, CO2-rich ore-forming fluid. Such fluids 
are characteristic of intrusion related deposits (Lang and 
Baker 2001) and given the  δ34S coincidence between 
Au1 and pegmatite suggests a genetic link exists. 

Assemblage Y displays magnetite replacement 
textures; pyrite is typically present as frayed, linear 
vestiges. The oxidation of pyrite to magnetite, and 
occurrence of relatively large Au-Ag alloy inclusions 
within the magnetite suggests interaction with a surficial 
fluid modified the disposition of gold within assemblage 
Y.  
 
6 Implications 
 
The Cononish Au deposit formed from an early fluid with 
low-δ34S (-1.5‰) and anomalously high Au-Ag-Te. Its 
spatial and isotopic association with the pegmatite 
suggests a concealed granite exists at depth (as 
indicated from gravity data). Oxidised, assemblage Y 
implies the occurrence of relatively-reduced assemblage 
X at depth and, significantly, the vertical continuation of 
ore-resource below present adit level. 
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