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ABSTRACT

Multi-sulphur isotope (328, 338, 34S, and 36S) analysis of galena, sphalerite, and pyrite from 30 Archean vol-
canogenic massive sulphide deposits and occurrences from across the Slave Province reveals a variable con-
tribution from Archean atmosphere-derived sulphur. Mass-independent fractionation of the sulphur isotopes
produced anomalous abundances (A33S) of the sulphur isotopes that were incorporated to varying degrees
in deposits that formed in different tectonic settings. Our data indicate that deposits of the bimodal-mafic
type (bimodal rift setting) are characterized by a restricted range of A33S from -0.3 to 0.1 per mil, whereas
deposits of the bimodal-felsic type (arc-like settings) exhibit a broader range in A33S, from -0.8 to 0.6 per
mil. Mantle-derived (juvenile) sulphur is essentially the sole source of sulphur in deposits of the bimodal-
mafic type, whether derived directly by magmatic degassing, or indirectly by leaching of magmatic sul-
phides in the associated hydrothermal system; these deposits are also characterized by relatively low silver
contents. Bimodal-felsic type deposits, typified by high silver contents, contain variable amounts of atmos-

phere-derived sulphur that was more readily available in arc-like settings.

INTRODUCTION

Herein we present the results of a reconnaissance study
of the multiple sulphur isotope compositions of sul-
phides from 30 selected Archean volcanogenic massive
sulphide (VMS) deposits or occurrences in the Slave
Province (Fig. 1). Several of these VMS deposits
(notably High Lake, Hackett River, and Izok Lake)
have significant contents of precious metals, in partic-
ular Ag. Bleeker and Hall (2007 and references therein)
described two major subdivisions of volcanism in the
Slave Province: mafic, rift-related volcanism (ca.
2.73-2.70 Ga and 2.70-2.66 Ga) and transitional to
calc-alkaline arc-like volcanism. Both occurred on an
ancient basement complex, with crustal ages becoming
younger to the east (Bleeker and Hall, 2007). These
volcanic rocks were deposited in two different tectonic
environmental settings, with the older (ca. 2.73-2.70
Ga) rocks in bi-modal rift settings, and the younger
(post-2.70 Ga) rocks in arc-like settings, in which calc-
alkaline volcanism occurred. VMS deposits occur in
rocks of both these time periods. We conducted a
reconnaissance multiple sulphur isotope investigation
of sulphide minerals from VMS deposits throughout
the Slave Province. In rocks older than ca. 2.2 Ga, and
especially those older than 2.45 Ga, mass-independent
fractionation (MIF) of sulphur provides a unique envi-
ronmental tracer. Our goals were to ascertain whether

the sulphur isotope compositions reflect these different
ages of volcanism, and host-rock lithogeochemical and
deposit metal contents.

BACKGROUND

Prior to ca. 2.45 Ga, the distribution of sulphur isotopes
was characterized by production of anomalous
amounts of 33S through photolysis reactions in the
atmosphere involving volcanic SO-SO; (Farquhar et
al., 2000, 2001). The result of this process, which was
able to proceed due to the absence of an ozone layer
and to low pressures (concentrations) of atmospheric
oxygen, was the mass-independent fractionation (MIF)
of the isotopes of sulphur and the creation of a unique
tracer of surface-processed sulphur (e.g. Farquhar and
Wing, 2003). A brief discussion of the causes and
effects of MIF follows in order to provide background
for discussion of the data acquired in this study.

The typical mass-dependent fractionation (MDF)
relationship between 33S and 34S is shown by the lin-
ear trend of values in Figure 2 and is contrasted with
the trend for MIF, which is indicated by positive and
negative values of A33S (= 633SMEASURED — 033SMDE-
PREDICTED; see Fig. 2), relative to MDF, which is
defined by the equation 833S = 0.515 $34S (Farquhar et
al., 2000). In the absence of the shielding effects of
ozone during the Archean, MIF is thought to have been

Taylor, B.E., Peter, J.M., and Wing, B.A., 2015. Multiple sulphur isotope reconnaissance of Slave Province volcanogenic massive sulphide
deposits, /n: Targeted Geoscience Initiative 4: Contributions to the Understanding of Volcanogenic Massive Sulphide Deposit Genesis
and Exploration Methods Development, (ed.) J.M. Peter and P. Mercier-Langevin; Geological Survey of Canada, Open File 7853,
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Figure 1. Generalized geological map of the Slave Craton (Province) (after Bleeker and Hall, 2007), showing the locations of
volcanogenic massive sulphide deposits included in this study (see index for deposit names, numbers, and tectonic environ-
ments). Undifferentiated Archean rocks include granitoid, gneiss, and turbidite sequences. Tholeiitic greenstone belts are indi-
cated by the darker green colour. Exposures of pre-2.9 Ga basement, and boundaries based on Pb isotopes in deposits
(Thorpe et al., 1992) and on Nd isotopes in granitoid rocks (Davis and Hegner, 1992) are shown for reference.

caused by UV photolysis of atmospheric SO»-SO,
resulting in an excess or depletion of 33S relative to that
produced by mass-dependent fractionation of sulphur
among existing sulphur-bearing compounds (Farquhar
et al., 2000). The resulting MIF sulphur is transported
to the Earth’s surface as native sulphur (S°; A33S > 0)
or sulphate (HpSOy4; A33S < 0), and incorporated in
pyrite via bacterial (BSR) or thermal (TSR) sulphate

reduction. These processes are schematically shown in
the context of a seafloor hydrothermal system in Figure
3. MIF was a significant process prior to 2.45 Ga. Thus,
non-zero A33S values are a unique, chemically conser-
vative tracer/signal of atmospheric sulphur that can be
variably present in pre-2.45 Ga paleohydrothermal sys-
tems. This MIF signal cannot be modified or masked
by MDF processes, but is susceptible to dilution.



Multiple sulphur isotope reconnaissance of Slave Province volcanogenic massive sulphide deposits

© sulphur-bearing 20
compounds
younger than 15— /
2.0 Ga +A33S

84S (%)
| |

-A338
l 1 |

-25 -20 -15 -10 5 10 15 20 25 30 35 40
MDF T
N 10 A%3S = 633Smeasured - 63?’Spredicted
15—

33-345 = slope of MDF line = 0.515

Figure 2. Plot of 833S versus 34S illustrating the mass-
dependent fractionation (MDF; &33S = 0.515 034S) that has
dominated S-isotope abundances since ca. 2.0 Ga (modified
from Farquhar et al., 2001; Farquhar and Wing, 2003). Prior
to that, an atmosphere depleted in ozone and oxygen facili-
tated photochemical fractionation of 33S relative to 34S from
atmospheric SO-SO,, resulting in mass-independent frac-
tionation (MIF) of the sulphur isotopes (A33S), with reduced
sulphur products enriched in 33S (verified) and oxidized sul-
phur products depleted in 33S sulphates (predicted, but not
yet corroborated).

Archean oceans are generally thought to have been low
in sulphate, with A33S = 0 (e.g. Jamieson et al., 2013),
but details remain controversial.

The occurrence of the MIF signal in sulphides as a
function of geological age is shown in Figure 4, where
the abrupt presence of a marked MIF signal at ca. 2.45
Ga, and older, is apparent. The apparently sudden onset
of a MIF signal (Fig. 4) has been attributed to a rapid
oxygenation of the Earth’s atmosphere and termed the
“Great Oxidation Event” (GOE) (e.g. Holland, 2006).
Although the onset of a MIF signal appears abrupt in
this figure, the oxidation of the Earth’s atmosphere was
not sudden and linear, but gradual and punctuated (e.g.
Ohmoto, et al.,, 2006; Pufahl and Hiatt, 2012;
Planavsky et al, 2014). Since 2.0 Ga, however, sulphur
isotope distribution has been controlled by the MDF
processes, which have dominated over MIF processes.

SAMPLE SELECTION AND
METHODOLOGY

Sulphide samples were selected from the archived col-
lection of Ralph Thorpe (formerly, Geological Survey
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Figure 3. Schematic diagram of an Archean volcanogenic massive sulphide-producing submarine hydrothermal system illus-
trating sources, sinks, and general fractionation tendencies for sulphur isotopes in two principal tectonic settings (adapted, in
part, from Farquhar and Wing, 2003 and Sharman et al., in press). The mass-independent fractionation (MIF) “signal” (i.e., A33S
# 0) is thought to derive from photolysis reactions involving atmospheric (volcanic) SO2. Microbial sulphate reduction (BSR)

and hydrothermal sulphate reduction (TSR) forms sulphides with A33S< 0. Such sulphate-reduction systems were generally

similar to those operating today. Mixing of sulphur sources may dilute the MIF signal in some crustal sinks.
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Figure 4. Plot of A33S versus age for sulphides (from Farquhar et al., 2010) illustrates the presence of marked mass-inde-
pendent fractionation (MIF) in the isotopic record prior to ca. 2.45 Ga. A subsequent, rapid increase in atmospheric oxygen is
inferred to have occurred about 2.45 Ga, after which MDF dominated. Inset illustrates minor (£ 0.1%o) variation in A33S of

marine sulphate since about 2.0 Ga.

of Canada) for Pb isotope analysis (see Thorpe, 2008)
with the aim to select as geographically representative
a set of samples as possible. In some cases the samples
analyzed in this study were aliquots of the same galena
concentrates previously analyzed for lead isotopes
(Thorpe et al., 2008). In numerous cases, however,
hand-picked separates of pure pyrite, sphalerite, or
galena prepared from small chip samples of massive
sulphide were used. In a few instances, the small grain
size precluded efficient purification to 100%, and the
analyzed samples also contained small amounts of sil-
icate minerals and/or other sulphides.

Sulphide samples of 1 to 3 mg size were converted
to SF¢ (generally <5 pmol total yield) by laser-assisted
fluorination in an atmosphere of 100% pure F; using a
micro-isotopic laser extraction system (MILES; Taylor,
2004), modified by the addition of a Stanford Research
Institute® gas chromatograph (model 310), dedicated
computer and control software, and associated high-
vacuum line with gas chromatograph- (GC) multiport
valves for injecting/collecting sample splits (Fig. 5).
The SFg generated by the fluorination reaction was
cryogenically separated from non-condensable by-

product gases and excess F at -192°C and then passed
through a variable temperature trap at -135°C for addi-
tional purification before further on-line purification
over two GC columns in series: Haysep Q (2 m length)
and Molsieve 5A (2 m length) at 60°C by means of a
pure He carrier gas at a rate of 25 mL/min. The SFgq
was isolated from contaminants and the carrier gas by
means of a high-efficiency cold finger at -192°C
(Taylor, 2004) and sealed in 6 mm glass tubes for sub-
sequent analysis by mass spectrometry. The sealed
gases were analyzed for the four stable isotopes of sul-
phur (328, 33S, 34S, 36S) in a Thermo-Electron MAT
253 isotope ratio mass spectrometer in the Department
of Earth and Planetary Sciences, McGill University,
Montreal. The mass spectrometer was fitted with a dual
inlet, micro-volume and a custom-built (B.E. Taylor)
inlet manifold designed for use with micro samples.

Results are reported using the standard d-notation, in
per mil (%o) relative to V-CDT. Uncertainties in 834S,
as determined on duplicates, were typically <0.2%o and
<0.02%o for A33S. However, the technical challenges of
irregular intervals between sample extraction (Ottawa)
and mass spectrometry (Montreal), may have added
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Figure 5. Schematic diagram of MILES+GC (Micro-Isotopic Laser Extraction System) plus Stanford Research Institute® gas
chromatograph (Model 310). Components include (1) zoom stereo microscope; (2) Synrad® 25 watt CO, laser and beam deliv-
ery system; (3) small-volume sample chamber, with individual Ni crucibles (for grains), or flat stage (for in situ analysis), and
cooling finger; (4) fritted P-trap (100% efficient separation of condensable sample from carrier gas; (5) variable temperature
trap for cryogenic separations; (6) mini P-trap/manometer; and (7) 6 mm cracker tube (Pyrex® glass) for collection of purified
SF6 sample. Associated GC valves and high-vacuum piping for sample injection onto GC columns (see text) not illustrated for

simplicity (modified from Taylor, 2004).

slightly to the external uncertainty of each analysis due
to the necessity of using multiple small aliquots of ref-
erence gas. Some gas chromatographic spectra of prod-
uct gases from fluorination of sulphide samples con-
taining trace to minor amounts of silicates yielded
peaks of another gas (likely SOF,) in addition to SFg.
Although this appears to have had little effect on the
034S values in sulphide-silicate mixtures up to 1:1
(B.E. Taylor, unpub.), potential effects on other iso-
topes are unknown.

RESULTS

Figure 6a plots the 72 434S values (%o, V-CDT) of pure
and mixed sulphides (i.e. concentrates of pyrite, spha-
lerite, and/or galena, with traces of other sulphides or
silicates in a few samples) from VMS deposits in the
Slave Province obtained in this study that exhibit a dis-
tribution of approximately -2 /+4%o about a mean 34S
value of 0.77%o; range: -2.5 to 3.9%o, with two outliers.
The mean value and small range of 834S values are

indicative of mantle-dominated Archean sulphur. The
distribution of A33S values for pure and mixed sul-
phides (defined as in Fig. 6a) from Slave Province
VMS deposits shown in Figure 6b indicates a slight
predominance of negative A33S values (mean value = -
0.08%o; range: -1.03 to 1.53%o) that indicates the
involvement of sulphur generated by MIF processes.

DISCUSSION

The incorporation of 33S in abundances that deviate
from those determined by mass-dependent fraction-
ation (i.e. 833S = 0.515 434S) in sulphides from
Archean VMS deposits signifies that mass-independent
fraction (MIF) signatures resulting from photolysis of
atmospheric SO, are preserved in hydrothermal sys-
tems (Farquhar and Wing, 2003). The deviation from
the MDF equation for sulphur isotopes (Fig. 2) pro-
vides a unique tracer of the involvement of surface
processed (atmospheric-derived) sulphur in VMS
deposits older than 2.45 Ga (e.g. Farquhar et al., 2010).
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Figure 6. a) Histogram of 834S values (%o, V-CDT; n=72) of
pure and mixed sulphide (a concentrate of pyrite, sphalerite,
and/or galena; traces of other sulphides, or silicate possible
in some samples) from volcanogenic massive sulphide
(VMS) deposits in the Slave Province (this study). The mean
034S value (0.77%o) and range of 834S values are indicative
of a dominance of mantle-dominated Archean sulphur.
b) Histogram of A33S values (%0, V-CDT, n=72) of pure and
mixed sulphide samples (as in Fig. 6a) from Slave Province
VMS deposits depicts a normal distribution with a mean
value of -0.08%o., and a range typical of rocks older than ca.
2.45 Ga (e.g. = 1.0%o). Although the primitive mantle value
(A33S = 0) dominates, incorporation of surface-derived
sulphur (indicated by A33S # 0) is apparent in a significant
number of the samples.
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Figure 7. Plot of 534S versus age for both sulphides and sul-
phates. A running average composition of sulphide is shown
by the gray curve, and for that of sulphate by the black curve
(modified after Farquhar et al, 2010).

Archean seawater sulphate is thought to be charac-
terized by rather homogeneous, negative values of
A33S (approximately -2%o; Zhelezinskaia et al., 2014),
due to the low sulphate contents of Archean seawater,
limited BSR, and mass balance considerations upon
SO, photolysis (Farquar et al., 2000; Fig. 7). However,
recent investigations of trace sulphate contained in
marine carbonate (so-called carbonate-associated sul-
phate; CAS), have reported positive values of A33S up
to ~10%o (Paris et al., 2014). Moreover, the apparent
absence of large sulphur-isotope fractionations
between sulphide and sulphate in Archean rocks has
been accepted as an indication of limited microbial sul-
phate reduction (Zhelezinskaia et al., 2014).

Zhelezinskaia et al. (2014) report large negative
values of 834S to approximately -40%o, with uniform
negative values of A33S in one carbonate unit, deter-
mined using secondary ion mass spectrometry (SIMS)
that indicates marked bacterial sulphate reduction
(BSR), despite very low aqueous sulphate levels.
However, neither SO;- nor SF¢-based techniques have
yielded such negative 634S values for these same sam-
ples (lower limit of approximately -17%o), and this
implies that there is high isotopic variability at the
microscopic scale; SIMS and SFg-based analyses are in
good agreement for A33S (Zhelezinskaia et al., 2014).
The implications of this new finding are not yet fully
understood. Although the incorporation in Archean sul-
phides of 33S by MIF provides a clear atmospheric sig-
nal, the Archean sulphur cycle remains incompletely
understood, including the preservation of an
atmospheric A33S signal during subsequent MDF
processes.

All of the VMS deposits in the Slave Province sam-
pled for this study (Fig. 1) satisfy the age criterion for



Multiple sulphur isotope reconnaissance of Slave Province volcanogenic massive sulphide deposits

8%°S %o (V-CDT)

MDF: §%S =0.5158S ]

4 2 0 2 4 6
533 %o (V-CDT)

Figure 8. Plot of 333S versus 834S for pure pyrite, galena,
sphalerite, or mixtures dominated by one of these minerals.
Line for mass-dependent fractionation (MDF; A33S = 0.515
034S) is shown for reference. Deviation from the MDF trend
due to mass-independent fractionation (MIF) indicates vari-
able, significant contributions of surficial (surface-processed)
sulphur. Symbol size is approximately ten times larger than
the uncertainty.

effective use of A33S to detect surficially processed sul-
phur. Our intent was to document any differences in
034S and A33S among the deposits sampled, and if
present, determine whether they correlate with isotopic
markers of crustal age and provenance: Nd isotope line
of Davis and Hegner (1992); Pb isotope line of Thorpe
et al. (1992) (see Fig. 1). In addition, we investigated
whether our data would have implications for the ori-
gin of VMS deposits in the Slave Province with regard
to either their tectonic environments or their Ag con-
tents.

Evidence and Assessment of Mass-
Independent Fractionation in Slave
Volcanogenic Massive Sulphide Deposits

Deviation of isotopic compositions from the MDF
relationship (833S = 0.515 634S) provides the criterion
for MIF (see Fig. 8). Samples cover a broad range of
8338 and 434S, and some correspond to the above equa-
tion. However, both positive and negative deviations
from the MDF equation, indicated by +A33S and by
-A33S, respectively, shown in Figure 8, demonstrate the
clear presence of MIF in many samples. Zhelezinskaia
et al. (2014) suggest that VMS deposits with -A33S are
likely an important sink for atmospheric sulphate.
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Figure 9. Plot of A33S vs 634S for pure and mixed sulphides
from Slave Province volcanogenic massive sulphide deposits
analyzed in this study; the data indicate marked mass-inde-
pendent fractionation (MIF), and mimic trends of experimen-
tal arrays based on photolysis experiments (after Farquhar
and Wing, 2003). MIF trends for photolysis reactions in
experiments using 193 nm wavelength and >220 nm wave-
length light sources under low pressures of CO and O; other
arrays are discussed in the text. The correspondence
between the arrays and the Slave Province results is consis-
tent with photolysis of Archean atmospheric SO, to explain
the marked MIF.

Complete thermal sulphate reduction (TSR) of
dissolved marine sulphate with a -A33S signature in the
flow paths of circulating hydrothermal seawater fluids
(Fig. 3) would result in reduced sulphur with negative
A33S values. When combined with magmatic sulphur
(leached and/or degassed), the resulting VMS
sulphides would have values of A33S <0%,. Our data
for sulphides from Slave VMS deposits (Fig. 8) are
consistent with such a scenario for most samples.
Galena from the Jo Zone at Hackett River is the most
negative A33S value (-0.810%o) recorded in our study.

Details regarding the origin of MIF of sulphur iso-
topes are still a matter of some debate. Photolysis
experiments on SO using ultraviolet light, particularly
the 193 nm wavelength (Farquhar et al., 2001), demon-
strate striking MIF effects, although other wavelengths
may also be important (Farquhar and Wing, 2003; Paris
et al., 2014). Reaction products include S° with lower
834S and higher A33S than the initial SO;; residual SO,
and product sulphate have higher values of 634S and
lower values of A33S. Comparison of A33S and 434S for
Slave Province VMS sulphides with experimentally
determined fractionation trends for photolysis-induced
MIF suggests a general agreement with a UV-photoly-
sis origin (Fig. 9).
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Sulphur Sources in Archean Volcanogenic
Massive Sulphide Deposits of the Slave
Province

The similarity in the topologies of the curves for the
mean 634S values of sulphides in VMS deposits and
marine sulphate versus age has influenced the variation
(from greatest to least) inferred for role of seawater sul-
phate in VMS deposits in three different hypotheses:
(1) incorporation by bacterial sulphate reduction by
BSR (Sangster, 1968); (2) partial reduction of seawater
sulphate by TSR, plus leaching of wall-rock sulphide
(Sasaki, 1970); and (3) partial reduction of sulphate to
sulphide, plus leaching of wall-rock sulphide during
water/rock interaction in the “anhydrite buffer model”
(Ohmoto et al., 1983). In the Archean, MIF sulphur iso-
tope abundances in VMS deposits (i.e. A33S # 0) simi-
larly provide seemingly incontrovertible evidence for
incorporation of some surficial sulphur, despite esti-
mates of the low concentration of sulphate in seawater
(e.g. <80 ppm, or umol/litre: Jamieson et al., 2013;
<1000 ppm: Zhelezinskaia et al., 2014). Estimates of
the amount of seawater sulphate incorporated in
Archean VMS based on A33S are low (<3%: Jamieson
et al., 2013; <25%: Sharman et al., in press; see also
Ono et al., 2007), despite the assertion of Zhelezinskaia
et al. (2014) that VMS deposits should constitute a sig-
nificant sink for atmospheric sulphate.

Jamieson et al. (2013) document a maximum of 3%
seawater sulphate in the giant Neoarchean Kidd Creek
deposit based on multi-sulphur isotope data. Detailed
multi-sulphur isotope analyses of VMS deposits in the
ca. 2.7 Ga Noranda complex (Abitibi subprovince) by
Sharman et al. (in press) concluded that both magmatic
sulphur (directly contributed or leached) and surface-
processed sulphur were incorporated in the sulphide
mineralization. Magmatic sulphur is interpreted to
have been the dominant sulphur source for the central
Noranda camp VMS deposits, with the contribution of
surficial sulphur increasing during evolution of the
Noranda caldera. Deposits formed on the margin of the
caldera contain <5% sulphur originating from seawater
sulphate, whereas sulphide deposits that formed later in
the caldera’s evolution contain up to 25% (Sharman et
al., in press). For comparison, Ono et al. (2007) used
high-precision multi-sulphur isotope analysis to con-
clude that seawater sulphate contributes 11 to 27% of
the sulphur comprising vent sulphides in the modern
day TAG (Trans-Atlantic Geotraverse) hydrothermal
field. The maximum estimated present-day seawater
sulphate contribution (27%; Ono et al., 2007) is in
good agreement with the maximum contribution
(£25%) estimated for VMS deposits in the Noranda
caldera by Sharman et al. (in press), and consistent
with the estimate of Jamieson et al. (2013) for the
Archean Kidd Creek deposit. From this we infer that

the dominant source of sulphur in the Slave Province
VMS deposits is of magmatic (mantle) origin (i.e. §34S
=~ 0; A33S = 0). Although consistent with a direct mag-
matic origin (i.e. by magmatic degassing), Ono et al.
(2007) demonstrated that 73 to 89% of the sulphur in
the modern seafloor VMS system at TAG was derived
by leaching from the underlying basalt during
hydrothermal alteration. Derivation of all or the major-
ity of sulphur in VMS from reduction of seawater sul-
phate is, thus, not required. Contributions of ~10 to
30% sulphur derived from seawater sulphate to VMS
are sufficient to explain the topological similarity of
the age versus 834S curves for both sulphur in VMS
deposits (see Huston, 1999 and references therein) and
seawater sulphate (Claypool, et al., 1980). Below, we
consider the implications of variation in the contribu-
tion of seawater sulphate to Slave VMS deposits for
their environment of formation.

Slave Province-Wide Variations in 634S and A33S

The values of 634S determined for VMS samples from
the Slave Province are plotted on a geological base
map of the province in Figure 10, which shows the age
of basement rocks, geographic locations of greenstone
belts, and , for reference, Pb- and Nd-isotope divisions/
boundaries of the Slave crust. No correlations with any
of these features are apparent. Figure 11 plots the A33S
ranges for sulphides from VMS deposits across the
Slave Province on the same geological base map as in
Figure 10. At the province-wide scale, there are no cor-
relations apparent with the same features outlined
above; however, any correlations would be compli-
cated by the relatively narrow range of A33S involved,
the reconnaissance nature (possible non-representa-
tiveness) of our database, the relatively limited number
of samples from each sample site, and the comparison
of sulphide concentrates with pure minerals.

The lack of correlations of the ranges of §34S and
A33S with geographic location or geology indicates
that processes and sulphur sources were similar in the
formation of all of the Slave VMS deposits.

Relationships between §34S and A33S,
Tectonic Setting, and Silver Contents in
Selected Volcanogenic Massive Sulphide
Deposits in the Slave Province

Two different tectonic settings were suggested by
Bleeker and Hall (2007) for several of the VMS
deposits analyzed in this study: an arc-like environ-
ment and a bimodal-rift environment (see Figs. 1 and
3). The tectonic styles and settings of Archean green-
stone belts in general (and the VMS-hosting Slave
greenstone belts specifically) remains a matter of some
debate and uncertainty (e.g. Cawood et al., 2006). For
most of the deposits discussed below and shown in
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Figure 10. Map showing the distribution and, in some cases,
range, of 834S values for pure and mixed sulphide samples
from volcanogenic massive sulphide deposits in the Slave
Craton. Although both mass-dependent fractionation (MDF)
and mass-independent fractionation (MIF) processes played
an important role in determining the 334S values plotted in
this figure, a correlation between 534S and the age of crust,
Pb isotope (Thorpe et al., 1992), and Nd isotope (Davis and
Hegner, 1992) lines is not apparent. See Figure 1 for addi-
tional legend information.

L= =
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Figure 12, the “bimodal rift environment” of Bleeker
and Hall (2007) corresponds with the ‘bimodal-mafic”
VMS deposit type of Franklin et al. (2005a,b), and the
“arc-like” setting to their ‘bimodal-felsic” VMS
deposit type. The Gondor deposit (Bubar and Heslop,
1985) is the single exception to this general association
among the deposits represented in Figure 12. The
deposit is hosted by felsic pyroclastic and volcaniclas-
tic rocks, and is situated ~1 km above a presumed heat-
providing, felsic subvolcanic porphyry intrusion
(Bubar and Heslop, 1985; Fig. 3). Bubar and Heslop
(1985) suggested that a felsic caldera developed in
response to extension and subsidence in the underlying
mafic (oceanic) crust. The thickness of this mafic crust
evidently prompted the deposit-type classification of
bimodal-mafic (Franklin et al., 2005a,b).

SLAVE CRATON

Phanerozoic cover
Proterozoic orogenic belts
and platformal cover

Hackett River
elt

opmay Fault Zone —

Central Slave)|
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7 : leads) of Thorpe et al. (1992)

Nd isotopic boundary (granitoids)
of Davis and Hegner (1992)

' Greenstone belts
-0.25 A®S

Figure 11. Map showing the distribution and (where
applicable) range of A33S for pure and mixed sulphide sam-
ples from VMS deposits in the Slave Craton. Correlations
between A33S and older crust, Pb isotope (Thorpe et al.,
1992), and Nd isotope (Davis and Hegner, 1992) lines are
not apparent. However, variations in A33S may correlate with
tectonic environment (see Fig. 12). See Figure 1 for addi-
tional legend information.

. Exposures of pre-2.9 Ga basement

O Archean, undifferentiated

Inferred extent of the Central Q VMS deposit or
Slave Basement Complex (CSBC) occurrence

Although the multiple sulphur isotope systematics
of VMS deposits constituted our principal focus, we
sought correlations with other significant characteris-
tics of the deposits; silver was selected. In Figure 12,
the contrasting silver grades of the deposits appear to
broadly correspond to the classifications of “bimodal
rift” (or bimodal-mafic) and “arc-like” (or bimodal fel-
sic). VMS deposits from “arc-like” settings have
grades of >100 g/t Ag; deposits include Hackett River
(160-231 g/t), Musk (343 g/t), Sunrise Lake (172 g/t),
and Turnback Lake (XL; 102 g/t), Indian Mountain
(116.6 g/t), and Yava Lake (102 g/t) (Franklin et al.,
2005b; Campbell, 2007). The Gondor and Izok Lake
deposits are exceptions, with silver grades of 46 and 73
g/t, respectively (Franklin et al., 2005b; MMG Ltd.,
2013). In contrast to most deposits in the “arc-like”
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Figure 12. Comparison of A33S values from selected VMS
deposits, grouped according to their interpreted tectonic
environment, as classified by Bleeker and Hall (2007).
Deposits formed in arc-like environments (see sample loca-
tion and index in Fig. 1) may be associated with a larger
range of A33S than observed for deposits formed in a
bimodal-rift environment where mantle-derived sulphur
appears to dominate. The large negative value of A33S for
the Jo zone at Hackett River is interpreted to be due to
greater contributions of sulphur from reduced seawater sul-
phate.

environment, deposits in the “bimodal rift” category all
have silver grades of <100 g/t. These include Deb (21.9
g/t), High Lake (75 g/t), Homer Lake (69.3 g/t), and
Hood #10 (34 g/t) (Franklin et al., 2005b; TerraX,
2015). Thus, the two general tectonic settings distin-
guished in Figure 12 typically also correspond to con-
trasts in silver grades and magmatic association
(bimodal-mafic versus bimodal-felsic), which may
suggest a connection with magma genesis (e.g. juvenile
character) and evolution (e.g. fractional crystallization
versus crustal melt). Nevertheless, the tectonic envi-
ronments in which these VMS deposits formed (and
associated host rock/magma compositions), also have
influenced the sulphur isotope systematics of the
deposits.

Our limited database shows that VMS deposits in
the bimodal rift (bimodal-mafic) environment display a
restricted range of A33S, primarily -0.2 to 0% (Fig. 12).
In contrast, VMS deposits in “arc-like” tectonic envi-
ronments display a broader range of A33S values, span-
ning -0.8 to 0.6%o. Although our study is reconnais-
sance in nature, and additional information regarding
the tectonic settings of all of the deposits analyzed is
needed, the relationship in Figure 12 suggests that
there may be differences in factors influencing the
involvement of atmosphere-derived sulphur in these
two tectonic environments. For example, VMS
deposits formed in bimodal rift/bimodal-mafic rift

environments may represent deeper water settings
associated with high-temperature mafic magmatism.
The values of A33S plotted in Figure 12 suggest mini-
mal sulphur contributions from other than mantle
sources, whether directly (i.e. magmatic degassing) or
indirectly (e.g. leached from mantle rocks during alter-
ation processes). However, VMS deposits in arc-like
settings appear to have a larger range of A33S, includ-
ing both positive and negative values, indicating the
incorporation of some atmosphere-derived sulphur.
These environments could include slightly younger,
and more evolved magmatism in the arc-like setting
(see Bleeker and Hall, 2007), increased diversity of
(more-evolved) host rocks, and shallow-water (perhaps
even subaerial) volcanism and settings. The arc-like
(bimodal-felsic) environment evidently facilitated the
increased incorporation of MIF sulphur, potentially
involving additional surface sources as well as crustal
(via hydrothermal recycling; see Fig. 3). Note, how-
ever, that the correspondence of higher Ag contents
with greater contributions of MIF sulphur is only
apparent (and due to geological association) and not
causative. Nevertheless, the recognition of VMS min-
eralization with relatively greater amounts of atmos-
pheric sulphur through multi-sulphur isotope analysis
may prove useful in paleotectonic setting and volcanic
environment determination and terrain assessment in
greenfields VMS exploration.

IMPLICATIONS FOR EXPLORATION

The potential correlation between environment and
factors promoting precious metal enrichment (e.g.
redox conditions) suggests that further study and appli-
cation of multi-sulphur isotope analysis will broaden
our understanding of important aspects of deposit gen-
esis. Although detection (and quantification) of MIF
sulphur is not likely to constitute a camp-scale “vec-
tor”, it may assist in comparison and selection of poten-
tial precious metal-rich VMS environments for further
exploration.

SUMMARY AND CONCLUSIONS

Volcanogenic massive sulphide deposits throughout the
Slave Province contain variable contributions of
atmosphere-derived (i.e. surface-processed) sulphur
based on the values and ranges of A33S determined in
this study. Moreover, the contrast in two principal tec-
tonic environments hosting VMS deposits appears to
be also reflected by both the silver grades of the
deposits and their sulphur isotope systematics, particu-
larly the contributions of atmospheric sulphur.
Assessment of paleotectonic settings and volcanic
environments and mineralization processes can benefit
from multi-sulphur isotope studies.
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FUTURE WORK

Comparison with multi-sulphur isotope studies else-
where, a broader assessment of metal and Pb isotope
ratios, and analysis of the tectonic environments of
each deposit remain as goals for this study. The unique
significance of A33S as a definitive tracer of Archean
atmospheric sulphur demands a detailed study of one
or several selected deposits in the Slave Province. Such
a study would provide a better understanding of (1) the
timing of acquisition of A33S anomalies, (2) a better
assessment of the balance of magmatic versus environ-
mental sulphur sources, and (3) improved assessment
of the apparent association of MIF with tectonic envi-
ronment. The study of Sharman et al. (in press) in
Noranda, Quebec suggests that small shifts in A33S are
controlled by the local geological environment and
may be associated with the precious metal (gold)
contents. The use of A33S as a potential tracer in
Archean VMS studies can also be applied to younger
VMS deposits in comparable settings, but requires
exceptionally high-precision techniques (Ono et al.,
2007). The unique tracing capabilities due to MIF sul-
phur in the Archean makes detailed studies of Archean
VMS deposits by the techniques employed in this study
more tractable. Constraints and processes determined
by studies of ancient deposits would apply to younger
examples.
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