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Abstract 
Till sample surveys were conducted near the headwaters of the Mackenzie River in 2007, 2008, and 2012, as part of the 
Northwest Territories Geological Survey’s Protected Area Strategy surveys. Numerous sphalerite, galena, chalcopyrite, and 
arsenopyrite grains were recovered from many of the till samples. No proximal, up-ice mineralized bedrock source for these 
sulphide grains has been found to date, with the nearest known outcropping bedrock source of sphalerite and galena being 
the Qito Pb-Zn showing (~274 km to the northeast) and the Pine Point Mississippi Valley-type (MVT) Pb-Zn deposit (~400 
km to the east). The sulphide indicator mineral grains were analysed via electron probe micro analysis and laser ablation-
inductively coupled plasma-mass spectrometry to determine their major, minor and trace elemental composition to elucidate 
their potential bedrock source and to characterize the potential host mineralization type. Sphalerite grains are Fe-poor, having 
up to 5.07 wt% (6.38 mol% FeS) with Cd abundances up to 2.21 wt% (0.97 mol% CdS); they also have variable Cu, Ga, Ge, 
In, Ag, Sn, As, Te, Sb, and Bi. Most trace elements in galena are below the limit of detection with the exception of Ag, Cd, 
In, Sn, Sb, Te, and Bi. Similarly, most trace elements in chalcopyrite are in low abundance, with the exception of Zn, Ge, 
As, Se, Ag, In, Sn, and Bi. Arsenopyrite grains contain Co, Ni, Cu, Ge, Se, Ag, In, Sb, Te, Au, and Bi; all other elements 
analysed are below the detection limit. The trace element compositions of sphalerite and galena are indicative of deposition 
in a low temperature (and low aS2) environment, such as carbonate-hosted MVT Pb-Zn mineralization. Chalcopyrite and 
arsenopyrite mineral chemical data do not provide signatures that are diagnostic of a specific deposit type.

 

Introduction 

Regional till sample surveys were conducted in 
the Sambaa K’e (Trout Lake region), Ka’a’gee 
Tu (Kakisa Lake region) and Lue Túé Sųlái 
(Jean Marie River region), southwestern 
Northwest Territories as part of the Protected 
Area Strategy (PAS) assessments conducted by 
the Northwest Territories Geological Survey 
from 2007 to 2012 (Fig 1; Watson, 2011a, b; 
Watson, 2013). The till sample surveys 
identified high indicator mineral counts of 
several sulphide species, including sphalerite 
(up to 334 grains, normalized to 25 kg sample 
weight), galena (up to 28 grains, normalized to 
25 kg sample weight), chalcopyrite (up to 31 
grains, normalized to 25 kg sample weight) and 
arsenopyrite (up to 3 grains, normalized to 25 kg 
sample weight) of which there is no known up-
ice bedrock source proximal to the survey areas 
(Fig 2; Watson, 2011a, b; Watson 2013; King et 
al., 2018). The region is host to several 

carbonate-hosted Pb-Zn occurrences, both at 
depth in NTS map sheet 85B and outcropping in 
the northern part of NTS map sheet 85F (Qito), 
as well as polymetallic vein-hosted Cu in map 
sheet 95G (Fig. 2; Dudek, 1993; Paradis et al., 
2006). Previous Pb- and S-isotope work on PAS 
grains determined that sulphides were not likely 
sourced from Pine Point or Qito, thus warranting 
further geochemical work to determine potential 
deposit origins (King et al., 2018). Herein, we 
report major, minor, and trace element 
geochemistry compositions of sulphide indi-
cator minerals determined using electron-probe 
microanalysis (EPMA) and laser ablation-
inductively coupled plasma-mass spectrometry 
(LA-ICP-MS). This research focuses on 
determining the provenance of these sulphide 
indicator minerals. 
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Methods 

Picked sulphide indicator minerals from the 
0.25-2.0 mm size fraction from 39 samples 
collected throughout the region (Fig 2) were 
provided by the Northwest Territories 
Geological Survey and mounted in 25 mm 
epoxy pucks and carbon-coated prior to analysis 
using a JEOL JSM 7100F field emission 
scanning electron microscope (SEM) equipped 

with a Thermo energy dispersive X-ray 
spectrometer at the Department of Earth 
Sciences, Memorial University of New-
foundland. Each grain was imaged using a 15.0 
kV beam in backscatter and secondary electron. 
In addition to SEM imaging, each grain was 
analysed at two points (one each, core and rim) 
to qualitatively determine the chemistry of the 
grains and validate identification during the 
mineral separation process.

 
Figure 1. Regional geology map of the southern Northwest Territories showing the study area. Inset map shows the 
Canadian Shield (red), Western Canada Sedimentary Basin (yellow) and the Canadian Cordillera (green) (modified from 
Oviatt et al., 2015). 
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Epoxy-mounted grains of sphalerite (n=48), 
galena (n=6), chalcopyrite (n=18) and 
arsenopyrite (n=7) were later analysed using a 
JEOL JXA-8230 microprobe equipped with a W 
source and 5 wavelength dispersive spec-
trometers at the Department of Earth Sciences, 
Memorial University of Newfoundland. A 
series of mineral and metallic standards were 
used for calibration. Each grain was analysed at 
two points with a 20nA beam and a 20kV 
accelerating voltage, which measured the 
weight percent abundance of Ni, Co, Ga, Zn, 
Cu, Fe, Sb, Cd, S, Se, As, Ag, Au, and Pb 
present in the grains. Electron microprobe data 
were later used to internally calibrate LA-ICP-
MS results. 

LA-ICP-MS analyses were completed on all 
sulphide phases to determine the trace element 
composition for 29 elements (isotopes analysed: 
33S, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 
71Ga, 72Ge, 73Ge, 75As, 77Se, 82Se, 107Ag, 
111Cd, 113In, 115In, 118Sn, 121Sb, 125Te, 197Au, 
202Hg, 204Pb, 205Tl, 206Pb, 207Pb, 208Pb, and 209Bi) 
using a Thermo X-Series II ICP-MS with a 
Resonetics RESOlution M-50 laser at the 
Harquail School of Earth Sciences, Laurentian 
University. Analyses were performed using a 
193 nm wavelength ArF excimer laser with a 20 
ns pulse duration. The mass spectrometer was 
operated with a forward power of 1440 W. Spots 
previously analysed by EPMA were analysed 
using a beam diameter of 55 µm with a 
repetition rate of 8 Hz and an energy density of 
3 J/cm2. Ablation took place in a Laurin Technic 
two-volume ablation cell (Müller et al., 2009) in 
a He atmosphere (650 ml/min). After exiting the 
ablation chamber, the ablated material and He 
were mixed with Ar (800 ml/min) and N2 (6 
ml/min) which travelled to the torch via ~3 m of 
nylon 6 tubing. Data were processed using iolite 
v.3.4 (Paton et al., 2011) using the trace element 
data reduction scheme with Zn/GSE, Pb/GSE, 
Fe/GSE, and Fe/GSE as the internal/external 

references for quantification for the sphalerite, 
galena, chalcopyrite, and arsenopyrite, respect-
tively (Jochum et al., 2006). 
 
Results 

Sphalerite 

Sphalerite grains recovered from the PAS 
samples are generally stoichiometric, having Zn 
and S contents ranging from 57.29 to 65.53 wt% 
and 25.95 to 34.98 wt%, respectively. The Fe 
and Cd contents are from 0.01 to 5.07 wt% (up 
to 6.38 mol% FeS) and below the detection limit 
to 2.21 wt% (up to 0.97 mol% CdS), 
respectively (Appendix A). The weight percent 
Zn and Fe for the sphalerite grains is plotted in 
Figure 3 along with values for sphalerite 
analysed from till and bedrock sources near Pine 
Point (Oviatt, 2013); these values are compared 
with submarine hydrothermal vents of varying 
temperatures (Keith et al., 2014). Copper, Ga, 
Ge and In contents of up to 931.00, 840.00, 
731.00, and 154.80 ppm, respectively, are 
present in some samples. One sphalerite 
contains up to 174.40 ppm of Se from a till 
sample collected at the southwest margin of the 
survey area (sample TL-08-103). Other trace 
elements analysed, including Ag, Sn, As, Te, 
Sb, and Bi have up to 4.70, 54.00, 2.71, 0.69, 
57.50, and 0.61 ppm, respectively. Germanium 
and In data are plotted in Figure 4 and are 
compared to values from other deposits studied 
by Cook et al. (2009) and Ye et al. (2011), 
including stratabound, massive sulphide (both 
volcano-genic and sedimentary exhalative), 
proximal skarn, and distal skarn deposits. Data 
from Trout Lake grains plot with high Ge and 
low In, similar to stratabound deposits studied 
by Cook et al. (2009) and Ye et al. (2011), while 
Kakisa samples plot as having lower Ge and 
high In, plotting in similar fields to other higher 
temperature hydrothermal systems (Cook et al., 
2009; Ye et al., 2011).   
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Figure 2. Simplified bedrock geology (after Douglas, 1974; Okulitch, 2006) showing the location of samples provided by the Northwest Territories Geological Survey, 
denoted by yellow, orange, and green circles (Watson, 2011 a,b, 2013). Red circles indicate samples analysed in the present study. The location of kimberlites is marked by 
blue stars (Pitman, 2014). Copper and zinc-lead occurrences are indicated by yellow and dark green stars, respectively (Dudek, 1993; Paradis et al., 2006).  
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Figure 3. Scatterplot of wt% Fe versus Zn in sphalerite from this study. Data is compared to values from various seafloor 
hydrothermal systems including the Mid Atlantic Ridge (MAR), the Central Indian Ridge, and the Okinawa Trough (Keith 
et al., 2014). The lower trend observed in samples from MAR Turtle Pit is due to chalcopyrite disease in sphalerite samples 
(Keith et al., 2014). 
 
Galena 

Lead contents in galena range from 85.79 to 
86.60 wt% and S from 13.31 to 13.64 wt% 
(Appendix B). Most trace elements in galena 
grains are less than the lower limit of detection 
(Appendix B), with the exception of Ag, Cd, In, 
Sn, Sb, Te, and Bi which have contents of up to 
1.20, 14.46, 0.011, 0.04, 12.99, 0.29, and 12.60 
ppm, respectively.   
Chalcopyrite  

Chalcopyrite grains have 33.02 to 33.88 wt% 
Cu, 29.83 to 30.56 wt% Fe and 34.66 to 35.09 
wt% S with trace Mn, Ni, Ga, Cd, Te, and Au  

 
(Appendix C). Samples contain up to 3500 ppm 
of Zn, 101.50 ppm of Ge, 585.00 ppm of As, 
225.00 ppm of Se, 11.34 ppm of Ag, 8.92 ppm 
of In, 23.76 ppm of Sn, and 31.60 ppm of Bi.  
Arsenopyrite 

Grains of arsenopyrite have 30.29 to 34.07 wt% 
Fe, 17.12 to 21.96 wt% S and 42.04 to 48.64 
wt% As (Appendix D). The arsenopyrite grains 
also contain up to 1.6 wt% Co, 7460 ppm of Ni, 
3.34 ppm of Cu, 0.54 ppm of Ge, 42.3 ppm of 
Se, 21.8 ppm of Ag, 1.64 ppm of In, 160.90 ppm 
of Sb, 629 ppm of Te, 0.49 ppm of Au, and 
26.80 ppm of Bi.  
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Figure 4. Scatterplot of Ge72 versus In115 from sphalerite grains from this study.  Data is plotted against values from various 
deposit types studied by Cook et al. (2009) and Ye et al. (2011). Higher Ge content indicates lower temperature ore systems 
where as high In is indicative of higher temperature systems (Cook et al., 2009; Ye et al., 2011). Note logarithmic scale. 
 
Discussion 

Many authors have shown that the Fe content of 
sphalerite is largely controlled by temperature 
and oxygen and sulphur fugacity of the fluids 
from which they precipitated (Scott and Barnes, 
1971; Scott and Kissin, 1973; Sack and Ebel, 
2000; Cook et al., 2009; Keith et al., 2014). Iron 
(II) substitutes for Zn2+ and can be present in 
contents of up to 25 wt% Fe in sphalerites 
crystallized at higher temperatures (T ≥ 400°C) 
but are much lower in sphalerite derived from 
low temperature hydrothermal fluids (Fig 3; 

Keith et al., 2014). Sphalerite grains from this 
study (Fig. 3) have similar ranges to samples 
from the Pine Point mining district, with 
relatively low Fe contents (Oviatt, 2013; Oviatt 
et al., 2015). Fluid temperatures for the Pine 
Point MVT deposits have been estimated at 50-
100°C (Rhodes et al., 1984). Further, when 
compared to global estimates for high tem-
perature sphalerites (e.g. volcanogenic massive 
sulphide (VMS) deposit sphalerite; Keith et al., 
2014), the Fe values are much lower and 
suggests that the sphalerites in this study may 
have formed in a low temperature fluid.
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The trace element contents of sphalerite are also 
useful for potentially determining deposit type 
of origin. For example, Cook et al. (2009) 
illustrated that Ge and In concentrate in 
sphalerite at different crystallization tem-
peratures. Indium tends to be enriched in 
sphalerite formed at higher temperatures (T > 
250°C; e.g., VMS, skarns, magmatic-
hydrothermal deposits; Fig 4; Cook et al., 2009; 
Ye et al., 2011). In contrast, Ge is enriched at 
lower mineralization temperatures (T < 250°C 
e.g., MVT; Cook et al., 2009; Ye et al., 2011). 
A significant number of sphalerite grains from 
this study, particularly from the Trout Lake 
region (26/31 grains), are generally enriched in 
Ge and depleted in In similar to those found in 
stratabound deposits (Fig. 4; Cook et al., 2009; 
Ye et al., 2011). Nevertheless, several samples 
from the Kakisa region returned Ge and In 
concentrations that plot closer to values from 
proximal skarn and massive sulphide deposits, 
indicating potentially higher depositional 
temperatures for some sphalerite grains (Fig 4; 
Cook et al., 2009; Ye et al., 2011). The vast 
majority, however, indicate lower temperature 
origins, likely from carbonate-hosted Pb-Zn 
mineralization as proposed previously using S 
and Pb isotopic arguments (e.g., King et al., 
2018). Those with higher In values may indicate 
grains precipitated closer to fluid conduits in the 
region or indicate potential for higher 
temperature systems in the region (e.g. 
manto/Kipushi-type; Runnels, 1969; Dudek, 
1993; Hannigan, 2006). 

Certain trace elements partition into galena 
during crystallization with partitioning in-
fluenced by oxidation state, ionic radius, and 
element availability (George et al., 2015; 2016). 
Elements such as Ag, Sb, and Bi, are affected 
mostly by temperature, where the coupled 

substitution of Ag+ + (Bi,Sb)3+ ↔ Pb2+ is most 
efficient at temperatures between 350 and 400 
°C; at these temperatures galena can incorporate 
up to several weight percent Ag (Foord et al., 
1988; Foord and Shawe, 1989; George et al., 
2015). Galena grains in this study have low Ag, 
Bi and Sb contents compared to higher tem-
perature deposits (Fig 5), suggesting that galena 
grains from this study precipitated at low 
temperatures (George et al., 2015). This is 
corroborated by sulphur isotope data from the 
same samples that support derivation from 
MVT-style mineralization (Rhodes et al., 1984; 
King et al., 2018). Although the Pine Point Pb-
Zn mine (or Qito showing) is the geographically 
closest known MVT district, the galena (and 
sphalerite) grains have features that are 
inconsistent with the Pine Point district and are 
not thought to have originated therefrom (e.g., 
King et al., 2018), and  indicate derivation from 
undiscovered MVT-style mineralization (King 
et al., 2018). 
The results of this study were unable to resolve 
deposit origin for chalcopyrite and arsenopyrite. 
In chalcopyrite, the necessary elements for 
plotting and differentiating hydrothermal or 
magmatic origin (Cd, Ni, and Se) were below 
the lower limit of detection of LA-ICP-MS 
(Duran et al., 2018; George et al., 2018). 
Similarly, arsenopyrite compositions were 
undiagnostic, and without known mineral 
associations, assessment of potential source 
deposits is impossible (Sharpe et al., 1985). 
However, based on the abundances of each 
mineral in samples and other isotopic evidence 
data chalcopyrite grains are likely of local 
origin, whereas arsenopyrite grains were 
dispersed from farther up-ice from the Canadian 
Shield (King et al., 2018). 
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Figure 5. Scatterplot of Ag versus Sb+Bi abundances in galena from this study compared to data from various deposits 
(George et al., 2015). Ag and Sb+Bi correlate well, with concentrations increasing with temperature, generally (George et 
al., 2015). High values from Baita Bihor are the result of enriched Bi content for the region (George et al., 2015). Note 
logarithmic scale.

 
Summary 

EPMA and LA-ICP-MS analyses of base metal 
indicator minerals recovered from surficial 
samples in the southern Northwest Territories 
suggest that sphalerite and galena grains formed 
in lower temperature hydrothermal fluids, pos-
sibly in an MVT environment (Fig. 3, 4 and 5). 
Trace element data for chalcopyrite and 
arsenopyrite grains are inconclusive as many of 
the trace element abundances are below 
detection, inhibiting the ability to assess 
potential deposit types of origin; however, given 
the regional metallogeny of the area and other 
lines of evidence (e.g., King et al., 2018), it is 
possible that chalcopyrite grains were sourced 
from proximal mineralization and arsenopyrite 
grains were dispersed from orogenic Au systems 
in the Canadian Shield.  
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