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Abstract
Isotopic and geochemical studies conducted on the Voisey’s Bay deposit, Labrador, Canada, suggest crustal 

contamination of the primary magma as a trigger for sulfur saturation and formation of the deposit. The use of 
multiple S isotopes has allowed for the identification of a bacterial sulfate reduction biosignature in the Tasiuyak 
gneiss in the footwall to the Voisey’s Bay deposit. This putative biosignature is preserved in the deposit even at 
high silicate magma/sulfide melt ratios (R-factor) and links the S present in the Voisey’s Bay deposit to the Tasi-
uyak gneiss. Iron isotopes in the Voisey’s Bay deposit have been reset to magmatic values at R-factors > ≈100, 
but S isotope data can be used to model higher R-factors. A contamination model results in calculated R-factors 
of 433 ± 177. The multiple S isotope data are a new proxy to directly link S from the deposit to crustal S sources 
even in deposits with high R-factors where the equilibration with large amounts of silicate magma can make 
interpreting a link between the deposit and the sulfur source difficult.

Introduction and Geologic Setting
MAny studies already have been conducted to understand the 
geology of the Voisey’s Bay area and the Nain Plutonic Suite, 
Labrador, Canada (e.g., Scott, 1998; Evans-Lamswood et al., 
2000; Ryan, 2000; Rawlings-Hinchey et al., 2003; and refer-
ences therein). The Voisey’s Bay Ni deposit is hosted by the 
generally troctolitic Voisey’s Bay Intrusion (Fig. 1), part of the 
ca. 1.3 Ga Nain Plutonic Suite, at the boundary between 
Archean Nain orthogneisses, of the Nain province, and Pro-
terozoic Tasiuyak paragneisses, of the Churchill province 
(Evans-Lamswood et al., 2000; Ryan, 2000). The Nain and 
Churchill provinces collided during the 1.85 Ga Torngat oro-
geny, resulting in granulite facies regional metamorphism in 
the area around the Voisey’s Bay deposit (Ryan, 2000). At the 
boundary between the Nain orthogneisses and Tasiuyak para-
gneisses is a body of enderbitic gneiss (EGN) that has been 
interpreted to be coeval to other similar 1.91–1.87 Ga intru-
sions into the Tasiuyak paragneisses (Ryan, 2000). Although 
this boundary between Archean orthogneisses and the Pro-
terozoic Tasiuyak paragneisses may not be the actual Nain-
Churchill boundary (Ryan, 2000), this terminology is well 
established in previous publications and will be used here.

The Voisey’s Bay intrusion consists of two distinct troc-
tolitic bodies and a dike complex (Evans-Lamswood et al., 
2000). Mineralization is present both in the magma conduits 
feeding the Voisey’s Bay Intrusion (Reid Brook deposit and 
Ovoid) and at the base of the intrusion where troctolite dikes 
fed the intrusion (Eastern Deeps). The easternmost magma 
chamber hosts the Eastern Deeps deposit and outcrops at the 
surface (Fig. 1), but the western magma chamber is found at 
depth below the Reid Brook deposit (Evans-Lamswood et al., 
2000). The two magma chambers contain similar rock types, 

including a gabbroic basal breccia and variably and normally 
textured troctolite (Lightfoot and Naldrett, 1999; Evans-
Lamswood et al., 2000). The magma conduit hosting the 
Ovoid and Eastern Deeps deposits is a subvertical dike that 
dips steeply to the south near the surface, but rolls over to a 
northerly dip at depth (Evans-Lamswood et al., 2000). Depos-
its in this dike are controlled by morphologic features of the 
dike, such as changes in width and orientation of the dike, and 
structural discontinuities such as embayments and fractures 
in the host rocks (Evans-Lamswood et al., 2000). The Eastern 
Deeps feeder is a subhorizontal sill-like feeder to the base of 
the Eastern Deeps chamber, but might be steeper and joining 
the ovoid dike to the north (Lightfoot and Naldrett, 1999). 
Mineralization in the Voisey’s Bay deposits consists of pyr-
rhotite with lesser pentlandite and chalcopyrite ± magnetite 
(Lightfoot and Naldrett, 1999).

The magmatic conduit system intrudes all three types of 
gneisses found in the region, and evidence exists for assimila-
tion of multiple types of country rocks during magma ascent 
and crystallization. In particular, contamination by both the 
Tasiuyak gneiss and the Nain gneiss near the deposits has 
been proposed as an important factor in producing the min-
eralization at Voisey’s Bay (Lightfoot and Naldrett, 1998; Li 
et al., 2000). In this study we use multiple S and Fe isotope 
data to investigate the significance of crustal assimilation in 
the formation of the Voisey’s Bay deposits, with a focus on 
constraining the specific host-rock contaminants. We pres-
ent calculations that relate the observed isotopic data to the 
calculated R-factor for the deposit. Finally we demonstrate a 
new technique for using S isotope data to identify biological 
S isotope fractionation signatures in high-grade metamorphic 
rocks with a sedimentary protolith like the Tasiuyak gneiss 
and show how that signature can be preserved in the mineral-
ization in the Voisey’s Bay deposit.
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S and Fe Stable Isotope Systems
Stable S and Fe isotope ratios are expressed in per mil (‰) 

using the delta notation, where
xxS / 32SsampleδxxS (‰) = (—————— –1) ×1,000 (1)

xxS / 32Sstandard

and
xxFe / 54FesampleδxxFe (‰) = (—————–—— –1) ×1,000 (2)

xxFe / 54Festandard

In the case of S, xx = 33, 34, or 36, and in the case of Fe, xx
= 56 or 57. For S isotopes, results are reported on the Vienna-
Canõn Diablo Troilite (V-CDT) scale, and for Fe isotopes 
results are reported relative to the international standard 
IRMM-14. Many authors (e.g. Beard et al., 2003) use the ter-
restrial igneous rock standard, which has values of δ56Fe = 
0.09‰ and δ57Fe = 0.11‰ relative to IRMM-14 (Beard et 
al., 2003).

Isotope fractionation depends on the relative mass differ-
ences of the different isotopes (Urey, 1947). As a result, 

mass-dependent fractionation (MDF) by both equilibrium 
and kinetic processes produces characteristic covariations 
between δ33S and δ34S values that resemble δ33S ≈ 0.5 × δ34S. 
However, this linear law does not exactly describe the actual 
δ33S-δ34S patterns because isotopic fractionation is governed 
by an exponential relationship between isotope ratios. To 
accurately quantify this relationship S isotope compositions 
can be expressed as follows:

δ3xS (‰)
δ3xS* (‰) = 1,000 × ln (1 + ————). (3)

                                   1,000

Logarithmic δ33S* and δ34S* values allow for a straightfor-
ward evaluation of the characteristic fractionation accom-
panying equilibrium or kinetic processes because a specifi c 
process should produce a unique slope on a plot of δ33S* ver-
sus δ34S*, referred to as λ. In the case of equilibrium between 
aqueous and gaseous sulfur species, λ was calculated to be 
0.5159 at high temperatures in magmatic and hydrothermal 
environments, but decreases to 0.5149 at low temperatures 
(e.g., ~20°C; Ono, 2008). However, during kinetic isotope 
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Fig. 1.  Geologic map of the Voisey’s Bay area with location of sampled drill holes shown. Modifi ed from Evans-Lamswood 
et al. (2000).
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fractionation associated with biological S processing, λ can 
vary between 0.5077 and 0.5125 for dissimilatory sulfate 
reduction and from 0.5140 to 0.5187 for sulfur disproportion-
ation (Johnston et al., 2005; Johnston, 2011).

The deviation from high-temperature equilibrium fraction-
ation can also be quantified through D33S values, which are 
defined as follows:

                                    δ34S     
0.515

 D33S (‰) = δ33S – 1,000 × [(1 + ———)     –1]. (4)
                                  1,000

This framework can shed light on mass-dependent frac-
tionation relationships, since λ values smaller than 0.515 
should lead to negative D33S values associated with positive 
δ34S values and positive D33S values associated with negative 
δ34S values, whereas λ values greater than 0.515 should impart 
the opposite signature. Additionally, it can also  “fingerprint” 
extremely small S contributions from Archean rocks, as they 
are characterized by extremely large D33S values (Johnston, 
2011) associated with atmospheric S cycling through an anoxic 
Archean atmosphere.

Analytical Methods
Samples for multiple S and Fe isotope analyses were 

selected from drill cores provided by Vale Inc. (Table 1). 
 Samples of massive sulfide and sulfide grains of sufficient size 
were microdrilled to generate pure sulfide powder, and 
 samples with finely disseminated sulfide were crushed to gen-
erate powder in the Stable Isotopes for Innovative Research 
(SIFIR) laboratory at the University of Manitoba. The S from 
all samples was extracted and converted to Ag2S through a 
Cr(II) reduction procedure following Canfield et al. (1986) 
in the Stable Isotope Laboratory of the Earth and Planetary 
Sciences Department at the McGill University. The Ag2S was 
fluorinated at 225°C in a Ni bomb under ≈20× stoichiometric 
excess of F2 for >9 h. The SF6 produced was purified cryo-
genically and chromatographically and analyzed on a Thermo 
Electron MAT 253 mass spectrometer for multiple sulfur iso-
tope ratios in a dual-inlet mode. The sulfur isotope composi-
tions are reported with respect to the V-CDT scale, on which 
the δ34S value of IAEA-S-1≡ –0.3‰, and the D33S value is 
taken to be 0.094‰. Repeat analyses throughout the entire 
analytical procedure return 2s uncertainties on δ34S and D33S 
values that are <0.25 and <0.01‰, respectively.

Aliquots for Fe isotope analysis and major and trace ele-
ment analysis were prepared by crushing the sample in an 
agate mortar, followed by dissolving the derived powder in an 
HNO3-HCl acid mixture on a hot plate. Major and trace ele-
ment concentrations were measured by inductively coupled 
plasma-atomic emission spectroscopy at Pole Spectrometrie 
Ocean (PSO), IFREMER, in Brest, on the splits of solutions 
used for Fe isotope analysis (Table 1). The detection limit for 
these analyses is 0.05 wt % and 5 ppm for major and trace 
elements, respectively. Fe was then purified on a Bio-Rad 
AG-1X8 anion resin. Isotopic ratios were determined with 
a Thermo Electron Neptune multicollector inductively-cou-
pled mass spectrometer at PSO following methods previously 
described by Rouxel et al. (2005). Internal precision of data 
was determined through duplicate analysis of a reference 
standard, and the long-term external reproducibility is 0.08‰ 

for δ56Fe and 0.11‰ for δ57Fe values (2s). Fe isotope val-
ues are reported relative to the standard IRMM-14, using the 
conventional delta notation (Table 1).

Results

Major and trace element data

Major (Fe, Al, Ca, Na, Mg, K, Ti, and Mn) and trace (Cu, 
Ni, Co, Cr, Sr, and Zn) element data were used to characterize 
samples and assess the purity of the sampled sulfide before 
isotopic work (Table 1). Several samples that were micro-
drilled to obtain a pure sulfide powder still contained signifi-
cant concentrations (>1%) of Al, Ca, and Mg, which indicates 
that silicate minerals are present in the massive sulfide as very 
fine disseminated grains or inclusions.

δ34S, δ33S, and D33S values of sulfide mineralization and 
Voisey’s Bay troctolite

The δ34S values observed in this study are near mantle val-
ues, similar to the δ34S values obtained by Ripley et al. (1999). 
Sulfides in the barren troctolite and mineralized zones have 
δ34S values ranging from –0.4 to +3.5 and –2.2 to +0.2‰, 
respectively, with the averages of +0.8 and –0.8‰ (Table 1, 
Fig. 2). The δ34S values from the mineralized samples show a 
general trend of becoming more positive from the Reid Brook 
zone to the Eastern Deeps zone, as was also observed by Rip-
ley et al. (1999). Sulfur isotope data show little variation in 
D33S, with values ranging between  –0.02 and +0.03‰. These 
values are within the range of mass-dependent fractionation 
and rule out any significant contributions of Archean sulfur to 
the sulfide mineralization.

δ34S, δ33S, and δ33S values of Tasiuyak and Nain gneisses

The δ34S values of Tasiuyak gneiss observed in this study 
vary from –10.3 to –2.0‰, with an average value of –7.1‰ 
(Table 1, Fig. 2). These data do not show as much variation 
as the –17.3 to +18‰ range reported by Ripley et al. (2002). 
As with the mineralization and troctolite samples, sulfur iso-
tope values have little variation in D33S, with values ranging 
between 0.02 and 0.07‰. These D33S values are consistent 
with the inferred age of the Tasiuyak gneiss.

Fig. 2.  δ34S versus D33S data for the Tasuiyak gneiss, Nain gneiss, miner-
alization, and troctolite.
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TAble 1.  δ34S, δ33S, D33S, δ56Fe, and δ57Fe Values, with Major and Trace Element Data

Sample VB-10-02 VB-10-03 VB-10-04 VB-10-06 VB-10-08 VB-10-09 VB-10-12 VB-10-14 VB-10-16
Litho Grp MIN MIN MIN TR MIN TGN TGN TGN TGN
Drill hole no. Ovoid pit Ovoid pit Ovoid pit Ovoid pit Ovoid pit VB-99-506 VB-99-506 VB-09-892 VB-09-892
Sample type Pure sulfide Pure sulfide Pure sulfide Whole rock Pure sulfide Pure sulfide Whole rock Whole rock Pure sulfide

δ33S1 –0.77 –0.46 –0.36 –0.17 –0.10 –4.46 –4.85 –5.23 –0.99
δ34S1 –1.55 –0.92 –0.74 –0.36 –0.22 –8.70 –9.47 –10.27 –1.96
D33S2  0.02  0.02  0.02  0.01  0.01  0.03  0.04 0.07 0.02
δ56Fe3  0.00  0.14  0.14 –0.21  –0.32 –0.46 –0.01 –0.16
δ57Fe4  0.02  0.10  0.24 –0.32  –0.66 –0.66 –0.03 –0.24
Fe (wt %)5 53.65 46.13 54.54   40.62   42.12
Cu (wt %)5  0.65 18.42  1.68   bdl   bdl
Ni (wt %)5  4.94  0.37  2.44    0.07   0.10
Al  (wt %)5 bdl bdl  0.07    0.88   0.87
Ca  (wt %)5 bdl bdl  0.08    2.13   0.23
Na  (wt %)5 bdl bdl bdl    0.14   0.23
Mg  (wt %)5 bdl bdl bdl    1.84   0.34
K  (wt %)5 bdl bdl bdl   bdl   bdl
Ti (wt %)5 bdl bdl bdl    0.07   0.08
Co (ppm)6 1,657   48 943    46   197
Cr (ppm)6 bdl bdl bdl    15   10
Mn (ppm)6  866  125 535   341   35
Sr (ppm)6 bdl bdl bdl   bdl   9
Zn (ppm)6   95 1,612  86    37   23

Sample VB-10-18 VB-10-24 VB-10-25 VB-10-27 VB-10-32 VB-10-33 VB-10-34 VB-10-35 VB-10-36
Litho Grp TGN MIN EGN TR NGN PX NGN TR TR
Drill hole no. VB-09-892 VB-06-739 VB-09-882 VB-09-882 VB-09-889 VB-99-512 VB-99-512 VB-99-512 VB-99-512
Sample type Whole rock Pure sulfide Whole rock Pure sulfide Whole rock Whole rock Whole rock Pure sulfide Pure sulfide

δ33S1 –3.67 –1.12  –0.01 0.93  1.98 0.10 0.67
δ34S1 –7.15 –2.20  –0.03 1.78  3.81 0.20 1.32
D33S2 0.02 0.01  0.01 0.02  0.02 0.00 –0.01
δ56Fe3 0.12 –0.02 0.05 0.08 0.05 0.24 0.18 0.25 0.41
δ57Fe4 0.20 –0.12 0.12 0.05 0.17 0.23 0.21 0.30 0.50
Fe (wt %)5  37.73 4.36 39.48 1.46 3.29 1.19 27.63 43.17
Cu (wt %)5  0.03 0.01 0.66 bdl bdl 0.00 0.95 1.22
Ni (wt %)5  3.50 0.00 3.01 0.00 0.02 0.00 3.21 4.39
Al  (wt %)5  2.06 7.97 0.98 10.19 1.17 8.15 0.77 2.92
Ca  (wt %)5  1.08 3.44 0.53 3.28 16.09 4.86 2.22 1.95
Na  (wt %)5  0.45 3.47 0.13 4.58 0.18 3.75 0.07 0.62
Mg  (wt %)5  1.05 1.78 0.53 0.71 12.19 0.83 12.69 2.37
K  (wt %)5  bdl 0.07 bdl bdl bdl bdl bdl bdl
Ti (wt %)5  0.06 0.61 bdl 0.18 0.10 0.10 0.11 0.77
Co (ppm)6  1,110 17 1,213 bdl 34 10 968 1,237
Cr (ppm)6  95 45 bdl 20 401 8 3,151 72
Mn (ppm)6  371 679 28 135 817 160 942 347
Sr (ppm)6  85 966 20 669 142 1,397 16 134
Zn (ppm)6  8 74 82 24 26 18 110 70
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TAble 1.  (Cont.)

Sample VB-10-37 VB-10-38 VB-10-40 VB-10-42 VB-10-44 VB-10-47 VB-10-49 VB-10-51 VB-10-52
Litho Grp MIN MIN MIN MIN MIN TR TR TGN TGN
Drill hole no. VB-00-534A VB-00-534A VB-00-534 VB-08-871 VB-08-871 VB-95-171 VB-95-171 VB-06-745 VB-06-745
Sample type Pure sulfide Pure sulfide Pure sulfide Pure sulfide Pure sulfide Pure sulfide Whole rock Whole rock Whole rock

δ33S1 –0.47 –0.35 –0.23 0.09 –0.24 0.02 1.77  –2.52
δ34S1 –0.92 –0.65 –0.44 0.20 –0.45 0.06 3.46  –4.93
D33S2 0.01 –0.02 0.00 –0.01 –0.01 –0.01 –0.01  0.02
δ56Fe3 0.01 –0.01  0.14 0.09 0.03 0.18 0.12 0.22
δ57Fe4 –0.01 –0.07  0.15 0.10 –0.22 0.32 0.12 0.12
Fe (wt %)5 38.62 50.86  45.40 41.21 37.65 5.54 7.82 11.88
Cu (wt %)5 0.39 0.67  7.97 0.72 1.04 0.00 0.03 0.08
Ni (wt %)5 4.15 2.88  1.63 3.12 6.28 0.03 0.02 0.02
Al  (wt %)5 0.84 1.61  bdl 1.59 1.77 10.65 7.69 5.67
Ca  (wt %)5 0.57 0.67  0.05 0.98 1.41 7.11 0.91 1.42
Na  (wt %)5 0.19 0.43  bdl 0.33 0.32 1.82 1.79 1.54
Mg  (wt %)5 0.46 0.58  bdl 1.06 6.83 5.11 1.93 1.57
K  (wt %)5 bdl bdl  bdl bdl bdl bdl bdl bdl
Ti (wt %)5 0.43 0.22  bdl 0.35 0.13 0.75 0.35 0.41
Co (ppm)6 885 1,621  703 1,810 1,927 49 32 50
Cr (ppm)6 425 39  65 37 171 112 145 126
Mn (ppm)6 399 109  29 584 669 620 323 804
Sr (ppm)6 44 117  bdl 60 51 635 173 191
Zn (ppm)6 70 54  205 145 91 37 117 131

Notes: bdl = below detection limits, EGN = enderbitic gneiss, MIN = mineralization, NGN = Nain orthogneisses, PX = pyroxene, TGN = Tasiuyak paragneisses, TR = troctolitic rocks; abbreviations 
for mineralization: po = pyrrhotite, pn = pentlandite, cp = chalcopyrite, cub = cubanite, py = pyrite, mt = magnetite

1 2s error = 0.25‰ 
2 2s error = 0.01‰ 
3 2s error = 0.08‰ 
4 2s error = 0.11‰ 
5 Detection limit = 0.05% 
6 Detection limit = 5 ppm
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The Nain gneiss has notably positive δ34S values that are 
1.8 and 3.8‰ from the two samples that had sufficient S for 
analysis (>0.0025 wt % S). Associated D33S values are both 
0.02‰. Theses near-zero D33S values are consistent with the 
inferred igneous protolith of the Nain gneiss.

δ56Fe values

As expected, there is only a narrow range in δ56Fe values. 
However, the variation is significant and seems to relate to 
the dominant Fe-bearing mineral(s) in the sample. Values of 
δ56Fe for mineralized samples vary from –0.02 to +0.14‰ 
(Table 1, Fig. 3), and for troctolite samples vary from –0.21 
to +0.41‰. Although these ranges overlap, samples from the 
mineralization show a much smaller range centered on man-
tle values (Beard and Johnson, 2004; Poitrasson et al., 2004) 
in comparison with those associated with troctolites, possibly 
related to fractionation between coexisting silicates and sul-
fides in the troctolites.

The Nain and enderbite gneisses are characterized by a nar-
row positive range of δ56Fe values: 0.05 to 0.24‰ for the Nain 
gneiss and 0.05‰ for the enderbite gneiss, consistent with Fe 
predominantly present in silicates. The Tasiuyak gneiss, how-
ever, has a wider range of δ56Fe values than the other gneisses 
and has predominantly negative δ56Fe values, from –0.46 to 
+0.22‰, indicating that pyrrhotite exhibits a stronger control 
on δ56Fe values than silicates in this gneiss.

Discussion

Sulfur source for Ni-sulfide deposits associated with 
ultramafic to mafic igneous systems

Assimilation of country rocks: The assimilation of country 
rock is thought to be a significant contributor to sulfur satura-
tion in mafic to ultramafic magmas (e.g., Lesher and Groves, 
1986; Bekker et al., 2009; Keays and Lightfoot, 2010). Several 
isotopic studies have been performed to determine the source 
of contamination responsible for sulfur saturation in the Voi-
sey’s Bay intrusion. These studies explored Sm-Nd, U-Pb, 
Re-Os, and Rb-Sr radiogenic isotope systematics (Amelin et 
al., 2000; Lambert et al., 2000), and oxygen and sulfur iso-
topes (Ripley et al., 1999, 2000, 2002). Additionally, major and 
trace element geochemistry was utilized by Li et al. (2000) to 
show that at least two different types of country rocks were 

assimilated during the rise of the magma through the crust, 
one being an unknown mid-crustal felsic gneiss and the other 
the Proterozoic Tasiuyak gneiss.

δ34S values of sulfide mineralization and Tasiuyak gneiss: In 
sulfide mineralization from the Voisey’s Bay deposit, Ripley et 
al. (1999) found a range of δ34S values from –4.1 to +1.8‰. 
They also observed a change from negative values for the 
Reid Brook zone (–4.1 to –1.1‰) to slightly positive values in 
the Eastern Deeps (–2.4 to +1.8‰), with the Ovoid and Dis-
covery Hill zones having intermediate ranges (Fig. 1). Except 
for some Reid Brook samples, the observed δ34S values for 
mineralization do not fall outside the mantle range of 0 ± 2‰ 
(Chaussidon et al., 1989).

As these values are similar to mantle values, linking the sul-
fur isotope values of the mineralization to those of the country 
rocks has been problematic. Ripley et al. (1999) showed that 
there is limited direct evidence linking the contaminant source 
to the sulfide deposits except for the Reid Brook deposit, in 
which δ34S values of the mineralization are similar to those of 
the Tasiuyak gneiss. Subsequently, Ripley et al. (2002) pub-
lished new data with a wider range of δ34S values for the Tasi-
uyak gneisses (–17 to +18.3‰) with an average near 0‰, 
similar to δ34S values of mineralization. Ripley et al. (2002) 
interpreted the sulfur isotope composition of the mineraliza-
tion to be a result of assimilation of Tasiuyak gneiss with a wide 
range of δ34S values, followed by mixing and isotopic exchange 
of sulfur to produce the observed range of δ34S values in the 
mineralization. However, this interpretation is not unique and 
does not rule out other scenarios for the formation of miner-
alization with near-zero δ34S values. In addition, high-temper-
ature equilibrium isotope fractionations found in magmatic S 
can be distinguished from low-temperature kinetic isotope 
fractionations found in sedimentary S through multiple S iso-
tope analyses, potentially allowing identification of the domin-
ant fractionation process for S isotopes in this deposit.

Application of multiple sulfur isotopes to magmatic systems

Multiple sulfur isotope data can help to distinguish between 
mantle- and crust-derived sulfur when magmatic sulfide δ34S 
values are similar to mantle values, as is the case at Voisey’s 
Bay. Mass-dependent fractionation can lead to slight differen-
ces from equilibrium fractionation in terms of relative 33S-32S 
and 34S-32S variations (Johnston et al., 2005, 2007). In systems 

Fig. 3.  Histograms showing δ56Fe values for (A) mineralization (MIN) and troctolitic rocks (TR) and (B) country rocks: 
Nain gneiss (NGN), Tasiuyak gneiss (TGN), and enderbite gneiss (EGN).
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that do not show significant mass-independent fractionation, 
such as the Voisey’s Bay mineralization, logarithmic δ33S* and 
δ34S* axes (see “S and Fe Stable Isotope Systems” section 
above and figure caption for Fig. 4 for an explanation of these 
notations) give information about the processes responsible 
for the fractionation of sulfur isotopes, and, as described here, 
can be also used to understand ore genesis. Equilibrium frac-
tionation expected for high-temperature magmatic processes 
should result in a linear relationship between δ33S* and δ34S* 
values that follows a slope of 0.5159 (Ono, 2008). However, 
as discussed earlier, mass-dependent kinetic processes such 
as diffusion or biologically mediated reactions (e.g., bacterial 
sulfate reduction) will result in a slightly different slope from 
that of equilibrium processes and can potentially be used to 
identify the dominant process that fractionated S in the con-
taminant rock. High-temperature, magmatic S isotope frac-
tionations are small (e.g., Ohmoto and Goldhaber, 1997) and 
do not significantly change S isotope values of sulfides. As a 
result, the relationship between δ33S* and δ34S* values in the 
contaminant lithology should be preserved in the mineraliza-
tion produced by assimilation.

However, the mixing of two S pools that each have the same 
δ33S*-δ34S* ratio will produce non-zero intercepts on a D33S-
δ34S plot. These features are produced because fractionation 
among isotope pairs is governed by exponential relationships, 
whereas mixing required for homogenization is governed by 
linear relationships (Farquhar and Wing, 2003). These signals 
are enhanced by large initial differences in the isotopic com-
position of the mixing end-members, and the signals may van-
ish in a situation where dilution of an original pair of D33S and 
δ34S values is effectively perfect (e.g., by resetting S isotope 
values to uniform near-mantle composition through interac-
tion with a large amount of silicate melt). Thus, these two dif-
ferent isotopic representations for a magmatic sulfide deposit 
can be useful for understanding the processes involved in 

mineralization as well as for characterization of the contami-
nant lithology. The slope on a δ33S* versus δ34S* graph can be 
used to link the mineralization and the contaminant, whereas 
non-zero intercepts on a D33S versus δ34S graph can reveal the 
influence of mixing processes.

The D33S versus δ34S plots for the sulfide mineralization at 
Voisey’s Bay show a distinct negative trend that passes through 
the origin. The non-zero slope indicates that the λ value for 
the mineralization is less than 0.515, implying that something 
other than high-temperature equilibrium influenced the sul-
fur isotope compositions. The lack of a non-zero intercept sug-
gests that any sources contributing S to the system started out 
with δ34S values that were within ≈10‰ of each other, ruling 
out much of an influence from the extreme end members 
from the Tasiuyak gneiss data set (i.e., –17 to +18.3‰; Ripley 
et al., 2002). In order to identify the nature of the contaminant 
from the slope on a δ33S* versus δ34S* plot, we applied a 
Monte Carlo simulation to the measured sulfur isotope data 
to estimate the influence of the measurement error when cal-
culating the trend of the data on the δ33S* versus δ34S* graph. 
The slope of the trend in the data was calculated using a boot-
strap method in which “synthetic” data sets of the same size as 
the original data set were created by randomly sampling the 
original data set. For each sample, the average of 50 values was 
randomly selected from a pool of values with a normal distri-
bution, with one standard deviation equal to the 1s measure-
ment error around the measured values for δ33S and δ34S to 
produce synthetic δ33S* and δ34S* values to calculate the slope. 
The slope was calculated for the synthetic data set by ordinary 
least squares regression. To compensate for the assumption of 
no error in y-axis values in the ordinary least squares regres-
sion, slopes were calculated twice for each data set using δ34S* 
on the y-axis and δ33S* on the x-axis for one calculation and 
reversing the axes for the second. This process was repeated 
1,000 times to get an average slope value with associated error.

The data for the Tasiuyak gneiss form a trend with the 
slope of 0.5066 ± 0.0049 (1s error), which is identical within 
error to that expected for sulfur processed by bacterial sul-
fate reduction when the overall 34S-32S fractionation is small 
(Farquhar et al., 2003; Johnston et al., 2005, 2007; Ono et 
al., 2006). Bacterial sulfate reduction is a common process in 
marine and terrestrial aqueous environments; it is, therefore, 
not surprising to find evidence for the influence of this pro-
cess on the sedimentary protolith to the Tasiuyak gneiss. The 
data from the Voisey’s Bay mineralization and troctolite form 
a trend with the slope of 0.5063 ± 0.0050 (1s error), which is 
identical within errors to that of the Tasiuyak gneiss (Fig. 4). 
Thus, it is likely that sulfur derived from the Tasiuyak gneiss 
was incorporated into the sulfide mineralization present at the 
Voisey’s Bay deposit. The steeper slope, admittedly based on 
only two data points, from the Nain gneiss (0.5168; Fig. 4) 
is close to that associated with high-temperature equilibrium 
fractionation, and although this slope is poorly constrained, 
it indicates that there was little or no S from the Nain gneiss 
involved in the mineralization process.

R-factor considerations

As the observed isotope ratios for S from the Voisey’s Bay 
troctolite and mineralization are near mantle values, it is dif-
ficult to distinguish mantle and crustal sulfur sources based on 

Fig. 4.  δ33S* versus δ34S* data for the Tasuiyak gneiss, troctolite, mineral-
ization, and Nain gneiss. Equations for the trend lines are presented as y = mx 
± n + b, where y = δ33S*, x = δ34S*, m = slope of the line, n = uncertainty of 
the slope, and b = y intercept value. Note that natural logarithmic expression 
for delta notations was used on this figure to compensate for nonlinear behav-
ior of power law function underwritten in traditional delta notations. δ33S 
and δ34S values are conventional δ notations with respect to VCDT (Vienna-
Canyon Diablo Troilite) defined as δxS = 1,000[(xS/32S)sample/(xS/32S)VCDT − 1], 
where x is 33 and 34, respectively. δ33S* and δ34S* values are defined as δxS* 
= 1,000ln[(δxS/1,000) + 1], where x is 33 and 34, respectively.
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these ratios alone and calls into question whether the sulfur in 
the Voisey’s Bay deposit is derived from the country rock. 
Additionally, Fe isotopes have been shown to be fractionated 
in magmatic systems through crystallization of olivine (Teng et 
al., 2008; Weyer, 2008) and formation of an immiscible sulfide 
liquid (Schuessler et al., 2007). The observed Fe isotopic ratios 
from these rocks could be the result of such magmatic frac-
tionation and do not provide unequivocal evidence about con-
tamination processes. However, as has been shown previously 
(e.g., Lesher and Burham, 2001; Ripley and Li, 2003), mantle 
or near-to-mantle isotopic and concentration ratios can be 
produced through interaction between sulfide melt and the 
large amounts of the host magma, and this may be the case for 
the Voisey’s Bay deposit. The degree of interaction between 
sulfide melt and the host magma can be quantified with the 
R-factor, which is the silicate to sulfide mass ratio (Lesher and 
Burham, 2001). Previous estimates of the R-factor in the Voi-
sey’s Bay deposit that have been based on different elemental 
and isotopic proxies are presented in Table 2 (e.g., Lambert et 
al., 1999, 2000; Naldrett et al., 2000; Lightfoot et al., 2012).

Calculation of the R-factor required to produce the 
observed δ34S and δ56Fe values was done using the formula 
derived by Lesher and Burnham (2001) for isotopic mixing:
                      R              1 δAXA —–— + δBXB ——–
                    1 + R           1 + R δM = ————————————————,  (6)
                      R            1 XA —–— + XB ——–
                    1 + R        1 + R
where X is the initial concentration of S or Fe in the silicate 
magma (A) or sulfide melt (B), and δ is the δ34S or δ56Fe value 
for the initial isotopic composition of the magma (A), sulfide 
liquid (B), or the resulting sulfide mineralization (M). Input 
parameters for models presented here are shown in Table 3. 
Ripley and Li (2003) point out that isotope exchange, which is 
a different process, can be modeled using a slightly different 
equation; however, both equations yield essentially identical 
results for our data.

As indicated in the above equation, initial isotopic com-
positions and S or Fe concentrations for magma and sulfide 
are required for R-factor calculation. Ripley et al. (1999) sug-
gested an initial δ34S value of +1‰, and this was the value we 
adopted for our modeling.

The initial concentration of S in the magma, however, is 
more problematic. Based on the PGE-depleted nature of Voi-
sey’s Bay sulfides, Naldrett (2010) concluded that the Voisey’s 
Bay magma reached sulfur saturation prior to emplacement 
as a result of earlier contamination, becoming unsaturated 
again as it rose through the crust. Using the difference in PGE 

concentrations in disseminated and massive sulfides, and the 
generally PGE-depleted nature of all Nain Plutonic Suite 
rocks, Lightfoot et al. (2012) interpreted that, although prior 
contamination could have occurred, sulfur saturation was not 
necessary to produce the observed variability. In either case, 
sulfur concentration in the initial Voisey’s Bay magma would be 
near saturation, modeled to be ≈2,750 ppm by Naldrett (2010). 
Accordingly, we selected a conservative value of 2,500 ppm as 
the initial sulfur concentration in our modeling.

The initial δ34S value for the Tasiuyak paragneisses is taken 
to be the average of data from Ripley et al. (1999, 2002) and 
this study, giving a value of –2.0‰. However, Lightfoot et al. 
(2012) interpreted that the assimilation of a sulfide-rich layer 
of the Tasiuyak paragneisses was most critical for the Voisey’s 
Bay magma to reach sulfur saturation. The δ34S data for the 
Tasiuyak paragneisses samples with relatively high S concen-
trations tend to be more negative. For example, if a cutoff of 
>0.25 wt % S would be applied to the δ34S data, the average 
value would become –3.8‰, with a >0.5 wt % S cutoff, the 
average value would shift to –5.2‰, and with a >1.0 wt % S 
cutoff, the average value would reach –5.9‰. For our model-
ing, a cutoff of 0.5 wt % S was used, giving an initial sulfide 
δ34S value of –5.2‰ to represent this high-sulfide layer of the 
Tasiuyak paragneisses.

Due to uncertainty in the initial S concentration of the 
magma, and variability in the δ34S values of the mineralization 
in the Voisey’s Bay intrusion, only an estimate of the range 
of R-factor values can be obtained. To assess the accuracy 
of this estimate, a Monte Carlo simulation was done by ran-
domly selecting values from a normally distributed pool of 
random values using the mean and standard deviation of the 
sulfide mineralization (δM) and Tasuiyak gneiss sulfide with 
>0.5 wt % S (δB). The results of the Monte Carlo simulation 
were used to calculate the R-factor. This process was repeated 
1,000 times. The data were then divided into groups of 50, 
taking an average of the 50 calculated R-factors. These 20 val-
ues were then used to calculate the average and 1s standard 
error for the R-factor.

The Monte Carlo simulation resulted in a R-factor of 433 
± 177 to achieve the average δ34S value of the mineralization 
(Fig. 5). Due to the higher concentration of Fe in the magma 

TAble 2.  Calculated R-Factors for the Voisey’s Bay Deposit

R-factor Derived using: Reference

280–1,000 Ni, Cu, PGE Naldrett et al., 2000
200–1,000 Re-Os Lambert et al., 1999
50–500 Re-Os (uncontaminated magma) Lambert et al., 2000
400–>5,000 Re-Os (previously contaminated  Lambert et al., 2000
    magma)
439 Ni  Lightfoot et al., 2012
433 ± 177 δ34S  This study

PGE = platinum group element

Fig. 5.  R-factor model showing the calculated final δ34S values as a func-
tion of the R-factor. The circle represents the calculated R-factor from our 
model. Values used in the modeling of these curves are in Table 3.
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(Table 3), the signature of crustal contamination is essentially 
eliminated at an R-factor higher than 150 (Fig. 6), and our 
data indicate that the sulfide melt and silicate magma were 
essentially in equilibrium as far as their Fe isotope compos-
itions are concerned. The obtained R-factor value (433 ± 177) 
is nearly identical to previous estimates (Lambert et al., 1999, 
2000; Naldrett et al., 2000; Lightfoot et al., 2012).

Theoretical effect of R-factor on δ33S-δ34S relationships: The 
surprising preservation of the relationship expected for sulfur 
processed by bacterial sulfate reduction in the mineralized 
rocks of Voisey’s Bay intrusion led us to investigate its sensitiv-
ity to equilibrium isotope exchange between sulfide and sili-
cate melts. We used equation (6), described previously, with 
theoretical values for δ33S, δ34S, and D33S of –2.553, –5.000, 
and +0.025, respectively, as the initial composition, corres-
ponding to λ = 0.510 for this theoretical test. We assumed a 
theoretical magma characterized by 0‰ for δ33S, δ34S, and 
D33S values. For the analytical precision reported here, the 
δ33S* and δ34S* values maintain the original relationships in 
both a D33S-δ34S plot and a δ33S*-δ34S* plot (Fig. 7) up to 
R-factors >700 .

Conclusions
Five significant conclusions can be derived from this work:
1. The S in the Tasiuyak paragneisses was originally frac-

tionated through bacterial sulfate reduction at the deposi-
tional site of its sedimentary protolith.

TAble 3.  R-Factor Model Parameters

 Initial δ34SA (‰)1 XA (wt %)2 Initial δ34SB (‰)3 XB (wt %)4 Final δ34SM (‰) Calculated R value5

δ34S 1.0 0.25  –5.2 (7.4) 38  –1.3 (1.0) 433 ± 177

 Initial δ56FeA (‰)6 XA (wt %)7 Initial δ56FeB (‰)8 XB (wt %)4

δ56Fe model 1 0.09 7.2 –0.22 62
δ56Fe model 2 0.09 9.3 –0.22 62
δ56Fe model 3 0.09 9.7 –0.22 62

1 Estimate of initial δ34SA based on Ripley et al. (1999)
2 Estimate of XB for sulfur discussed in text
3 Estimate of δ34SB based on the average of δ34S values for TGN with >0.5 wt % S from Ripley et al. (1999, 2002) and our study. Standard deviation is in  

     parentheses
4 Estimate of XB based on approximate sulfide liquid composition of FeS
5 Average and 1s error based on Monte Carlo simulation of 1,000 values, see text for discussion
6 Estimate of initial δ56FeA based on the average value for terrestrial igneous rocks (Beard et al., 2003)
7 Estimates of XA for Fe are intended to cover the full range of possible primary magma compositions from high Al-basalt to tholeiitic basalt
8 Estimate of δ56FeB based on the average of δ56Fe values for TGN from our study

Fig. 6.  R-factor model showing the calculated final δ56Fe values as a func-
tion of the R-factor. The curves represent initial Fe concentrations of 7.2, 9.3, 
and 9.7 wt % in magma used in our modeling. Values used in the modeling of 
these curves are in Table 3.

Fig. 7.  Modeling of preservation of the S isotope relationship induced 
by bacterial sulfate reduction with increasing R-factor. The circle represents 
starting composition, with subsequent “x” points at R = 100, 200, and up 
to 1,100. In both A and B, S isotope values progress toward magmatic val-
ues maintaining the original isotopic relationship between D33S and δ34S and 
δ33S* and δ34S* up to R = 700. Star symbols represent corresponding λ values.
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2. Kinetic isotope signature of sedimentary S sources can 
be preserved in magmatic sulfide mineralization.

3. Fe isotope values for the mineralization in the Voisey’s 
Bay deposit are much more sensitive to equilibration of the 
sulfide liquid with silicate magma than S isotope values. Fe 
isotope values can be reset to magmatic values at R-factors 
> ≈100, whereas resetting of S isotope values to magmatic 
values requires R-factors of >2,000, depending on the initial 
S concentration of magma. This is due to the relative concen-
tration of these elements in the silicate magma and sulfide 
melt (Fesilicate/sulfide >> Ssilicate/sulfide).

4. R-factors for the Voisey’s Bay deposit were determined 
to be 433 ± 177, which is in agreement with previously pub-
lished values.

5. Multiple S isotope data can be used to identify crustal 
sources of S in magmatic sulfide deposits of any ages. This study 
shows that high-metamorphic-grade crustal rocks <2.4 Ga 
and magmatic sulfide deposits might preserve evidence of 
kinetic isotope fractionation in S isotopes that can be used to 
link these deposits to crustal contamination.
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