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Abstract Assimilation by mafic to ultramafic magmas of
sulfur-bearing country rocks is considered an important
contributing factor to reach sulfide saturation and form
magmatic Ni—Cu—platinum group element (PGE) sulfide
deposits. Sulfur-bearing sedimentary rocks in the
Archean are generally characterized by mass-
independent fractionation of sulfur isotopes that is a re-
sult of atmospheric photochemical reactions, which pro-
duces isotopically distinct pools of sulfur. Likewise, low-
temperature processing of iron, through biological and
abiotic redox cycling, produces a range of Fe isotope
values in Archean sedimentary rocks that is distinct from
the range of the mantle and magmatic Fe isotope values.
Both of these signals can be used to identify potential
country rock assimilants and their contribution to mag-
matic sulfide deposits. We use multiple S and Fe
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isotopes to characterize the composition of the potential
iron and sulfur sources for the sulfide liquids that formed
the Hart deposit in the Shaw Dome area within the
Abitibi greenstone belt in Ontario (Canada). The Hart
deposit is composed of two zones with komatiite-
associated Ni—Cu—PGE mineralization; the main zone
consists of a massive sulfide deposit at the base of the
basal flow in the komatiite sequence, whereas the eastern
extension consists of a semi-massive sulfide zone located
12 to 25 m above the base of the second flow in the
komatiite sequence. Low 5°°Fe values and non-zero
5*S and A*S values of the komatiitic rocks and asso-
ciated mineralization at the Hart deposit is best explained
by mixing and isotope exchange with crustal materials,
such as exhalite and graphitic argillite, rather than intrin-
sic fractionation within the komatiite. This approach al-
lows tracing the extent of crustal contamination away
from the deposit and the degree of mixing between the
sulfide and komatiite melts. The exhalite and graphitic
argillite were the dominant contaminants for the main
zone of mineralization and the eastern extension zone
of the Hart deposit, respectively. Critically, the extent
of contamination, as revealed by multiple S and Fe iso-
tope systematics, is greatest within the deposit and de-
creases away from it within the komatiite flow. This pat-
tern points to a local source of crustal contamination for
the mantle-derived komatiitic melt and a low degree of
homogenization between the mineralization and the sur-
rounding lava flow. Coupled S and Fe isotope patterns
like those identified at the Hart deposit may provide a
useful tool for assessing the potential of a komatiitic
sequence to host Ni-Cu—(PGE).

Keywords Komatiite - Nickel - Isotope - Sulfur - Iron -
Geochemistry
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Introduction

Exploration models for magmatic nickel-copper—platinum
group element (PGE) sulfide deposits are relatively well
established, and, in komatiite-associated deposits, it is gener-
ally accepted that the source of metals is the mantle-derived
ultramafic magmas. However, sulfur is generally thought to be
derived from an external source (Lesher 1989), typically from
the melting of sulfur-bearing country rocks to generate sulfide
xenomelts (Lesher and Campbell 1993; Lesher and Burnham
2001). An external sulfur source is necessary due to an increase
in sulfur solubility in komatiitic magmas with the decrease in
pressure during the magma ascent from the mantle through the
crust to near-surface environments (Wendlandt 1982; Lesher
and Groves 1986; Mavrogenes and O’Neill 1999). Sulfur
sources can be relatively well constrained by field evidence
and geological relationships for some komatiite-associated de-
posits, such as those at Alexo (Houlé et al. 2012), Kambalda
(Lesher 1989), or the Agnew-Wiluna belt (Fiorentini et al.
2012a, b). However, for some deposits where more than one
possible sulfur source exists, identifying the one responsible
for sulfide saturation becomes more difficult.

Early attempts to determine sulfur sources for komatiite-
associated mineralization relied on §**S. However, the range
of bulk-rock 5**S values in Archean supracrustal deposits is
much smaller than that in their Phanerozoic counterparts,
resulting in potential crustal sources with 5**S values that
are largely indistinguishable from the mantle range (Ripley
1999), which makes this approach inconclusive in some
cases. More recently, multiple sulfur isotopes have been
used to link nickel sulfide mineralization to sedimentary
sulfur sources in Archean komatiite-associated deposits
(Bekker et al. 2009; Fiorentini et al. 2012a, b; Konnunaho
et al. 2013; Hofmann et al. 2014).

This study expands on these previous efforts by linking
magmatic nickel sulfide mineralization to the sedimentary sul-
fur source at the Hart deposit and investigates the lateral and
vertical variations of the stable isotope signatures, using mul-
tiple sulfur isotopes and iron isotopes, with increasing distance
away from the mineralization within the host komatiite flows.
Stable isotope (6348, A>3S, and 656Fe) and major and trace
element geochemistry are used to identify the most likely sed-
imentary contaminants for the genesis of the Hart komatiite-
associated Ni-Cu—PGE deposit within the Shaw Dome area in
the Abitibi greenstone belt (Ontario, Canada).

Background
Under present terrestrial conditions, most sulfur isotope
fractionations are controlled by relative isotope mass dif-

ference, leading to a close “mass-dependent” correspon-
dence between & values of 5§3°S=0.5 x §34S. However, as
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a result of photochemical reactions in the anoxic Archean
atmosphere, atmospherically processed Archean sulfur ex-
hibits mass-independent fractionation that can be charac-
terized by the difference between the 5**S value expected
from normal mass-dependent fractionation and the mea-
sured 5°°S value (Farquhar et al. 2000; Farquhar and
Wing 2003). It is calculated by

33 33 5's e
A”PS =6°85— IOOO—H —1| x 1000 (1)

where Azp; is the slope of the reference mass-dependent
fractionation line equal to 0.515.

Photochemically fractionated sulfur was delivered to
Archean seawater and ultimately incorporated into sedi-
mentary rocks. Unlike modern oceans, the Archean
oceans had relatively low sulfate concentrations, less than
100-200 pmol L' (Habicht et al. 2002; Jamieson iet al.
2013), which resulted in the preservation of small isotopic
fractionations caused by microbial S cycling in marine
sediments (Wing and Halevy 2014). As a result,
Archean sediments do not exhibit the large range in
53*S values seen in more recent marine sediments, ham-
pering discrimination between crustal and mantle sulfur.
However, Archean sedimentary rocks typically exhibit
mass-independent fractionation of S isotopes as shown
by their non-zero A**S values (Farquhar et al. 2000;
Farquhar and Wing 2003). Therefore, multiple sulfur iso-
tope ratios can constrain the sulfur source for nickel-cop-
per—PGE sulfide mineralization in mafic to ultramafic sys-
tems and vector toward prospective areas, where crustal
sulfur incorporation occurred and triggered sulfide satura-
tion (e.g., Bekker et al. 2009).

Additionally, for several Archean lithologies, such as
ferruginous sediments and organic matter-rich shales, the
5°°Fe (and 6°"Fe) values have been shown to exhibit sig-
nificant variability (Johnson et al. 2003; Rouxel et al.
2005; Yamaguchi et al. 2005; Archer and Vance 2006;
Dauphas and Rouxel 2006) and can be used to provide
independent constraints on the mechanisms that triggered
sulfur saturation and the extent of country rock
assimilation.

Once the signatures of potential sedimentary sources are
established, tracing the contamination in the komatiite could
provide insights into the flow regime and cooling history of
the komatiite (Lesher and Arndt 1995). Utilization of both S
and Fe isotopes provides two tracers that are sensitive to dif-
ferent degrees of contamination (Hiebert et al. 2013).
Contaminant to komatiite ratios can be quantified with two-
component mixing and isotope exchange equations
(Campbell and Naldrett 1979; Lesher and Burnham 2001;
Ripley and Li 2003); there is more Fe than S in komatiite
magmas, which makes Fe isotopes in sulfide xenomelts more
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sensitive to lower silicate magma—sulfide melt ratios (R fac-
tor) than S isotopes.

Geological setting

Komatiites and komatiite-associated Ni-Cu—PGE deposits
in the Abitibi greenstone belt (Fig. 1) are recognized
worldwide for their outstanding preservation and expo-
sure (Barnes and Naldrett 1987; Houlé and Lesher
2011), including well-studied examples at Pyke Hill
(Pyke et al. 1973; Houlé et al. 2009), Dundonald Beach
(Houlé et al. 2008), and Alexo (Houlé et al. 2012). The
Abitibi greenstone belt can be subdivided into seven vol-
canic episodes with associated lesser sedimentary pack-
ages (Thurston 2008). Of these, four episodes contain
most of the komatiites, but only two host significant Ni—
Cu-PGE mineralization: the 2720-2710 Ma Kidd-Munro
and 2710-2704 Ma Tisdale volcanic episodes. Most of the
past and ongoing nickel production from this type of de-
posit in the Abitibi greenstone belt has come from the
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Shaw Dome area (Fig. 1), which hosts the Hart deposit
located approximately 30 km southeast of Timmins
(Houlé and Lesher 2011).

The volcano-sedimentary succession in the Shaw Dome
comprises from oldest to youngest: (1) massive and pillowed
intermediate volcanic rocks, thin, but laterally extensive, iron
formations, and subordinate massive to volcaniclastic felsic
volcanic rocks of the 2734-2724 Ma Deloro volcanic episode;
(2) felsic to intermediate volcaniclastic rocks intercalated with
komatiitic dikes, sills, lavas, and less extensive iron forma-
tions of the lower part of the 2710-2704 Ma Tisdale volcanic
episode; (3) intercalated tholeiitic mafic and komatiitic volca-
nic rocks of the middle part of the Tisdale volcanic episode;
and (4) calc-alkaline felsic to intermediate volcanic rocks in
the upper part of the Tisdale volcanic episode (Houl¢ et al.
2010a, b; Houlé and Lesher 2011).

The main mineralized zone of the Hart deposit is hosted in
the basal komatiite flow of the middle Tisdale episode, where
several stacked komatiite flows overly and cross-cut the felsic
to intermediate volcanic and sedimentary rocks of the lower
Tisdale episode (Houlé et al. 2010a, b; Houlé and Lesher

ey
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Fig. 1 Geological map of the Shaw Dome, Abitibi greenstone belt (modified from Houl¢ et al. 2010a, b)

@ Springer



922

Miner Deposita (2016) 51:919-935

2011). The eastern extension of the Hart deposit is hosted
within the second komatiite flow in this succession.
Combined, the main zone contains 1.9 Mt with an average
grade of 1.38 % Ni (Houlé and Lesher 2011). Following the
terminology of Lesher and Keays (2002), the main zone of the
Hart deposit is a classic, type I stratiform basal mineralization
hosted by thick, olivine orthocumulate to mesocumulate
komatiite units in which the mineralization is localized at the
base of a wide (>200 m) embayment into its footwall rocks
(Figs. 2 and 3). The embayment is interpreted to have been
produced by thermomechanical erosion of underlying felsic
volcanic rocks and iron formation (Houlé et al. 2010b). In
addition to the main zone, a secondary zone of semi-massive,
net-textured, and disseminated sulfide, referred to as the east-
ern extension, is present 12—-25 m above the base of the second
flow. No significant mineralization is known to exist in
komatiites or basalts above the second komatiite flow.
Komatiites in the study area have been strongly altered to
serpentinite, but pseudomorphs of original olivine cumulates
are commonly preserved. All rocks in the study area have
been metamorphosed under greenschist facie conditions.

The footwall rocks are dominantly composed of felsic to
intermediate volcanic and volcaniclastic rocks with a lesser,
but regionally extensive, banded iron formation, having variable

content of magnetite-rich layers that are chert-rich locally, and
minor graphitic argillite. In the vicinity of the Hart deposit, some
of the iron formation has been interpreted to represent an
exhalite (Fig. 4) due to the predominance of chert and chert-
rich lithologies. These exhalites typically contains minor lami-
nae of Fe oxides or sulfides (e.g., sample H11-16-411.4; 86.2 %
Si0,, 10.9 % Fe,03). Locally, the chert or chert-rich lithologies
within the exhalite grade into more typical banded iron forma-
tion (e.g., sample H11-13C-387.2; 41.73 % SiO,, 37.44 %
Fe,05), or barren massive sulfides, but these lithologies do not
extend laterally for more than a few tens of meters in the area of
the Hart deposit (Hiebert et al. 2013), despite the regional extent
of iron formation (Houlé et al. 2010b). Sulfides within the
exhalite are typically masses of fine-grained pyrrhotite (0.1—
0.2 mm in size) that have been locally recrystallized to form
larger pyrite grains (0.25-0.6 mm in size; Fig. 4d). Apparent
thicknesses of exhalite observed in drill core are typically less
than 10 m, but may be up to 25 m thick.

The graphitic argillite is observed as two thin (<5 m) layers
in drill core northeast of the main zone of mineralization in the
Hart deposit. It is composed predominantly of graphite (45—
65 vol.%) and pyrite (1040 vol.%), with lesser amounts of
metamorphic chlorite, epidote, and quartz (10-20 vol.%;
Fig. 5a). Sulfide in the graphitic argillite takes two forms: finely

Komatiitic volcanic rocks
Ni-Cu-(PGE) sulphide mineralization
Exhalite

Felsic volcanic rocks

Stratigraphic top

- »NAHN

Diamond drilled hole collar
Outcrop boundary

a MGH502
MGH600

MGH601

5350500N

Ko

300076%

==

2
2
2

Footwall Rocks

a\]“‘e"‘

o

Fig.2 Geologic map of the Hart deposit area (modified from Houlé et al. 2010b). Drill hole collar locations and section lines for composite isotope data
traverses through the deposit are indicated. Location of sampled surface trenches are indicated by the green bars
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Fig. 3 Field photograph of mineralized zone in trench MGH600. From
stratigraphic base to top; a felsic volcanic rocks, b exhalite, ¢ felsic
volcanic rocks, d massive sulfides, e net-textured sulfides, f barren
komatiite, g disseminated sulfides in komatiitic peridotite, h barren
komatiitic peridotite

disseminated pyrite (Fig. 5b, ¢; <0.1 mm in size) or large (1—
1.5 cm in diameter) pyrite nodules and bands (Fig. 5a, c).

Material analyzed and analytical methods
Sampling methodology

The 93 samples were selected from mechanically stripped
trenches and diamond drill cores (Electronic Supplementary

Fig. 4 a, b Outcrop photographs
taken along strike from the
deposit of chert (a) and iron
formation (b) stratigraphically
equivalent to the exhalite unit in
the Hart Deposit area. The coin is
18 mm in diameter on (a) and (b).
¢, d Reflected light
photomicrographs of exhalite in
the footwall of the Hart deposit:
oxide-rich laminae in chert (¢
sample H11-13C-363) and coarse
pyrite grains surrounded by fine
pyrrhotite grains in barren sulfide
lens within exhalite unit (d
sample H11-08-58.3)

Material, ESM 1). Several transects were made within and
away from the main mineralized zone at the Hart deposit to
create composite traverses that include all footwall lithologies
(felsic volcanic rocks, exhalite, and graphitic argillite), the min-
eralization (massive, semi-massive, net-textured, and dissemi-
nated sulfides), and the hosting komatiite flow immediately
above the mineralization and upward into barren komatiitic
flows. These transects utilized 11 diamond drill holes and 3
trenches along 5 sections on the local mine grid (Fig. 2).

This sampling strategy ensured that the basal komatiitic
flow, which hosts the main mineralized zone, was sam-
pled as far as 500 m east and 300 m west of the main
mineralized zone. The second komatiitic flow, which
hosts the eastern extension zone, was only sampled west
of the mineralization due to a lack of drilling east of
mineralization at the time of the investigation.
Additionally, one sample of the third flow from drill hole
HO07-33 was taken to represent barren komatiite flow that
likely never interacted with the sulfur source rock.

Whole rock geochemistry

Samples were analyzed for major, trace, and rare earth elements
in two different laboratories: the Ontario Geological Survey
Geoscience Laboratories (GeoLabs; Sudbury, Ontario) and
the Acme Laboratories (Acme Labs; Vancouver, British
Columbia). All the materials were crushed at the Stable
Isotopes for Innovative Research (SIFIR) laboratory at the
University of Manitoba to a fine powder (200 mesh) using an
agate puck mill before the pulps were sent to these laboratories
for geochemical analysis. At GeoLabs, major element analyses
were performed by wavelength dispersive X-ray fluorescence
(XRF) using a fused disk method. Total sulfur content was
determined by oxidation of sulfur through combustion of the
sample in an oxygen-rich environment and SO, detection by
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Fig. 5 a Core photo of graphitic argillite showing nodules and bands of
pyrite. The coin is 18 mm in diameter. b Photomicrograph of graphitic
argillite unit in reflected light (sample H11-13C-366.1) showing minor
disseminated sulfide (bright grains) and opaque mineral (graphite). ¢
Photomicrograph in reflected light of pyrite nodule in graphitic argillite
showing concentric growth bands (sample H11-13C-357.1)

1mm e 5

infrared absorption (LECO elemental analyzer). Trace ele-
ments, including the main refractory elements and rare earth
elements (REE), were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) following a closed vessel
multiacid digestion. At Acme Labs, concentrations were deter-
mined by ICP-MS following a four-acid digestion. One sample
(H11-11-407) was analyzed by both labs and showed reproduc-
ibility of data between the two laboratories.

@ Springer

Sulfur isotope analysis

Sulfur was extracted from rock powders and converted to
Ag,S in both the SIFIR lab (University of Manitoba) and the
Stable Isotope Laboratory of the Department of Earth and
Planetary Sciences (McGill University) with a Cr(I) reduc-
tion procedure that has been already applied to a range of
different types of ore metal sulfides from mafic to ultramafic
intrusive systems (Fiorentini et al. 2012b; Hiebert et al. 2013),
komatiite-associated Fe—Ni—Cu sulfide mineralization
(Konnunaho et al. 2013), volcanic massive sulfide deposits
(Sharman et al. 2014), and oxidized intrusion-related gold
deposits (Helt et al. 2014). All samples were analyzed at
McGill University by first fluorinating the Ag,S at 225 °C
in a Ni autoclave under =20x stoichiometric excess of F, for
>9 h to produce SF¢, which was then purified cryogenically
and chromatographically and analyzed on a Thermo Electron
MAT 253 mass spectrometer for multiple sulfur isotope ratios
in a dual-inlet mode. The sulfur isotope compositions are re-
ported with respect to the V-CDT scale, on which the 5**S
value of TAEA-S-1 is defined as —0.3 %o, and the A**S value
is taken to be 0.094 %o. Repeat analyses throughout the entire
analytical procedure return 20 uncertainties on 5**S and A**S
values that are <0.3 and <0.02 %o, respectively.

Fe isotope analysis

Fe isotope analyses were performed at IFREMER (Brest,
France). Aliquots of sample powders were first dissolved in
an HF-HNO;-HCI acid mixture on a hot plate. Fe was then
purified on a Bio-Rad AG-MP1 anion exchange chromato-
graphic resin. Isotopic ratios were determined with a
Thermo Electron Neptune multicollector inductively coupled
mass spectrometer (MC-ICP-MS), following methods previ-
ously 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 0.06 %o
for 5°°Fe values (20). Fe isotope values are reported relative
to the standard IRMM-14.

Results
Sulfur and iron isotopes

Isotope results are described separately for lithologies
present in the footwall to the komatiite and those hosted
within komatiitic flows (ESM 1), where the latter have
been further subdivided based on the visual estimate of
the abundance of sulfide mineralization into barren
komatiite (<5 % sulfide minerals by volume), disseminat-
ed mineralization (5-30 %), semi-massive and net-
textured (30-70 %), and massive (>70 %).
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Footwall lithologies

The exhalite shows the largest S isotope variability of any foot-
wall lithology in the Hart area with 5**S values ranging from
~11.4 to 7.6 %o and A*S values ranging from —1.4 to —0.3 %o
(Fig. 6a). The graphitic argillite shows the least variability, with
5°*S values ranging from 1.6 to 5.0 %o and A™S values ranging
from —0.9 to —0.2 %e. Felsic volcanics have 5°*S values ranging
from —5.7 to 1.9%o and A*S values ranging from —0.5 to
—0.2%o. The 5°°Fe values of felsic volcanic rocks range from
—0.9 to —0.1 %o. Exhalite and graphitic argillite have overlapping
ranges of 5°°Fe values, —2.1 to —0.9%¢ and —2.0 to —1.7 %o,
respectively, and show systematically lower 5°°Fe values than
the average bulk silicate Earth (Fig. 7). The 5°°Fe values of
exhalite also show no relationship to the abundance of sulfides.
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Fig. 6 Plot of A®¥S versus 6**S values showing the variations in S
isotope composition of potential crustal contaminants (a) and komatiite-
associated mineralization (b). In (b), exhalite data is represented by the
brown field, and graphitic argillite data is represented by the grey field.
Orange box represents the range of the mantle values in both (a) and (b)
(Bekker et al. 2015)
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Fig. 7 Fe isotope composition of the lithologies present in the Hart
deposit area. Orange rectangle represents the range of the mantle values

Komatiite

The S isotope compositions of komatiite samples can be gen-
erally related to sulfide mineralization, with 53*S values of
mineralized samples ranging from —3.8 to 1.7%o and A*’S
values ranging from —0.7 to —0.4 %o (Fig. 6b). In general,
massive sulfides have the lowest 5>*S and A*?S values and
samples with disseminated mineralization have negative
values close to 0%o, although significant overlap exists.
Barren komatiites generally have values close to the mantle
range, with 5°*S values ranging from —4.1 to 3.3 %0 and A**S
values ranging from —0.6 to 0.5 %e.

Barren komatiites have a narrow range of 5°°Fe values near
0.0 %o, similar to near-chondritic Fe isotope composition of
the silicate Earth, reflecting minor fractionations during
komatiite magma genesis (Dauphas et al. 2010). Mineralized
komatiites, however, show significant deviation from mantle
values, with 5°°Fe values (—1.5 to 0.2%o) ranging between
those of barren komatiite and footwall lithologies (Fig. 7).
The lowest 5°°Fe values are generally found in massive and
semi-massive sulfides, whereas disseminated sulfides have
negative 5°Fe values close to 0%, although, as with S iso-
topes, significant overlap exists.

Samples from the basal flow have §°*S and A*’S values
that are lowest close to the mineralization and trend toward
mantle values (0%0) away from the zone of mineralization,
both laterally to the west (2100E; Fig. 8a), and vertically to-
ward the top of the flow (Fig. 9). To the east of the deposit,
komatiite 5**S values tend to be more positive than those in
the mineralized zone. A*’S values east of the main zone have
a bimodal distribution, with some samples having similar
values to the mineralization (approximately —0.5 to —0.6 %o),
and others having positive A*’S values. Although komatiite
above the mineralization shows significant overlap with the
range of 5°°Fe values observed in mineralization, trends sim-
ilar to those shown by 5**S and A**S values are also observed
in 6°°Fe data, with values approaching the mantle range both

@ Springer
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laterally (east and west of the mineralization) and vertically
away from the mineralization (Fig. 8b).

In the second flow, eastern extension mineralization is
characterized by positive 5**S values and negative A**S

835,y (Too)

values (Fig. 8c). These values trend to mantle values laterally
to the west (Fig. 8c), and vertically, both above and below the
mineralization (Fig. 9¢). Little variability exists in 6 °Fe
values for samples from komatiite and mineralization in the
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Fig. 9 5*'S and 5°°Fe isotopic profiles through the Main Zone of the
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2900E. Distance from the top of flow is calculated based on the
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second flow, with all values within, or near, the mantle range.
In the third flow, 5°*S and A*3S values are near 0%o, well
within the mantle range (Fig. 8d).

Major and trace element geochemistry

The komatiite samples in this study show a wide range of
whole-rock compositions that reflects alteration and sulfide
accumulation in addition to normal magmatic variability
(ESM 1). In order to investigate the latter, komatiite compo-
sitions were recalculated on a volatile-free basis and only
samples with MgO>10 %, TiO,<1.0 %,
40 % <Si0,<58 %, and S<0.5 % were considered. This
procedure eliminates samples with composition strongly in-
fluenced by sulfides and high degree of alteration as well as
those that do not represent true komatiites (Barnes et al. 2007).
On an Al,03/(2/3-MgO-FeO) versus TiO,/(2/3-MgO-FeO)
discrimination diagram utilizing mole proportions and de-
signed to be a projection from olivine (Hanski et al. 2001),
the Hart komatiite samples plot in both the Al-depleted
(Barberton-type komatiites) and Al-undepleted (Munro-type
komatiites) fields (Fig. 10). Note that Sproule et al. (2005)
found Tisdale komatiites, such as those at Hart, to be domi-
nantly Munro-type.

In a review of komatiite-associated ores, Barnes and
Fiorentini (2012) compared the range of values for a number
of trace element ratios normalized to the primitive mantle to
constrain which of them displays the largest variability in
contaminated rocks. For the Abitibi komatiites, ratios of [Th/
Nb]yn and [Zr/Ti]y most consistently showed the signature
of crustal contamination (e.g., values >1), when normalized to
the primitive mantle values from McDonough and Sun
(1995), even though [Zr/Ti]yn has the smallest range of
values and was considered to be the least sensitive of the
ratios shown by Barnes and Fiorentini (2012) to indicate con-
tamination. In our study, Th concentrations are commonly
below detection limit, so we used La instead, as the [La/
Nb]un ratios have been found to behave similarly to [Th/

Nb]wmn ratios (Lesher et al. 2001). Most mineralized and bar-
ren komatiite samples have [La/Nb]yy and [Zr/Ti]yy ratios
above 1, suggesting crustal contamination (Fig. 11), although
concentrations of both Zr and Ti are low in our samples, po-
tentially resulting in significant errors.

Discussion

Since the A**S and §°Fe data are likely to reflect the degree
of crustal contamination in the mineralized and barren
komatiite samples, these data are compared to the trace ele-
ment ratios to explore whether any correlation between these
two datasets exists (Fig. 12). A weak correlation between the
trace element ratios and 5°°Fe values (Fig. 12a, b), especially
for komatiites, for which Fe budget in the bulk samples is not
controlled by sulfide abundances, suggests that non-mantle
values for both proxies might be related to crustal contamina-
tion. However, when compared to A*’S values, these trace
element ratios exhibit a large range of values, within a limited
and consistently negative range of A*’S values (Fig. 12¢, d).
These consistently non-mantle A**S values formed as a result
of crustal contamination suggest a small degree of crustal
contamination even in samples that do not have [La/Nb]yn
and [Zr/Ti]y ratios above 1.

Contaminant composition versus high-temperature
fractionations

Prevalent models for the formation of magmatic sulfide de-
posits suggest that sulfide xenomelt segregates at the base of
the magma body during melting and assimilation of the coun-
try rock, with an isotopic composition of the original melted
material modified by isotope exchange with the magma
(Ripley and Li 2003). Consequently, composition of the con-
taminant material will have some effect on the isotopic values
in the sulfide mineralization. However, fractionation process-
es during melting, crystallization, and isotope exchange with

Fig. 10 Al,03/(2/3-MgO-FeO) 0.05 .
versus TiO,/(2/3-MgO—FeO) _ ¢ Flow 1 \ Picrite
discrimination diagram (in mole f 0.04 B Flow 2
%) showing chemical affinity of °
Hart komatiites (after Hanski et £
al. 2001). Note coexistence of Al- § 0.03 _
depleted komatiite (Barberton- w Al-depleted Picrite y —
type) and Al-undepleted gn /—/ ;"en ”C_?ed
komatiite (Munro- in th P omatjite
Hoan De;o(situn o-type) in the S 0.02 Ti-enriched, Al-depleted —
3 Komatiite // SAl-undepleted
Q 0.01 f—m=—"1 s\ omatiite
F Al-depleted - ”./’A’—— Boninite
Komatiite ——""]
0.00
0.00 0.05 0.10 0.15 0.20 0.25

Al,03/(2/3-MgO-FeO) (mole %)
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the silicate melt can also account for some variability in 5°°Fe
values. Experiments conducted by Scheussler et al. (2007)
show that pyrrhotite in equilibrium with a peralkaline rhyolite
melt have 5°°Fe values 0.4 %o lower than that of the silicate.
However, they suggested that this fractionation factor is de-
pendent on the redox state of the magma and would likely
decrease in more reduced ultramafic magmas (Scheussler et
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Fig. 12 Primitive mantle-normalized trace element ratios versus sta-
ble isotope values suggesting contamination with crustal materials
for mineralization and some komatiite samples. a [La/Nb]yy versus
5°°Fe. b [Zr/Ti] v versus 8°°Fe. ¢ [La/Nb]yn versus A*S. d [Zr/
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al. 2007). Significant range of Fe isotope composition has
been also reported in komatiite-associated nickel sulfide de-
posits and Ni—Cu mineralization in mafic to ultramafic intru-
sions (656Fe =0.0+0.4 %0; Bekker et al. 2009; Fiorentini et al.
2012b; Hofmann et al. 2014).

Crystallization of olivine in basalts has been shown to
fractionate Fe isotopes with 6°°Fe values in olivine 0.1 to
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0.3 %o lower than in the residual melt (Teng et al. 2008). It
is therefore expected that partial melting to produce ba-
saltic magma in the mantle would have a similar effect,
with melt 5°°Fe values approximately 0.1%o higher than
those in the residual mantle materials (Williams et al.
2005; Weyer 2008; Teng et al. 2013). However, a study
of Fe isotopes in komatiites has shown that bulk sample
5°°Fe values for komatiite are the same as chondritic
values (0.044 %o; Dauphas et al. 2010), or slightly lower
(—0.66 %0; Nebel et al. 2014), suggesting that the high
degree of partial melting required to produce komatiite
magma minimizes this fractionation effect. Additionally,
Dauphas et al. (2010) found no correlation between 5°°Fe
values and MgO concentrations, indicating that significant
fractionation of Fe isotopes did not occur during crystal-
lization of Mg-rich olivine. This implies that high-
temperature magmatic fractionation of Fe isotopes in
komatiite is minimal, with only small (<1%o) fraction-
ation between silicate and sulfide melts in this system.
We therefore interpret low §6°°Fe values in komatiite
(down to —0.9%0) and mineralized samples (down to
—1.5%o0) to be due to contamination and isotope exchange
with crustal materials, such as exhalite (with 5°°Fe values
ranging from —2.1 to —0.9 %o) and graphitic argillite (with
83°Fe values ranging from —2.0 to —1.7 %) and unrelated
to intrinsic fractionation within the komatiite system be-
tween silicate and sulfide melts at high temperatures.

The potential contaminant that could have acted as dominant
sulfur source for the Hart deposit has been previously interpreted
to be the exhalite unit due to the relative abundance of S in the
exhalite compared to the felsic volcanic rocks, and the location
of mineralization where the exhalite unit is significantly thinned
or entirely removed by thermomechanical erosion (Houlé et al.
2010b). However, the recent discovery of significant concentra-
tions of sulfides in the graphitic argillite unit provides another
viable sulfur source for the formation of this deposit. To distin-
guish between these two potential sulfur sources, we use 534S,
A*S, and 5°°Fe values to constrain the isotopic signatures of
these footwall lithologies for comparison to the signatures ob-
served in the komatiite and associated mineralization.

Two isotopically distinct S pools that formed through pho-
tochemical reactions in the Archean oxygen-poor atmosphere
have been identified: (1) a reduced pool with positive A**S
values and (2) an oxidized pool with negative A*>S values
(Farquhar et al. 2002; Ono et al. 2003). The reduced pool is
inferred to have reacted with Fe** dissolved in the anoxic sea-
water and precipitated as disseminated Fe sulfide in sediments
(Ono et al. 2009; Maynard et al. 2013; Marin-Carbonne et al.
2014). The oxidized pool is thought to have been reduced by
bacterial sulfate reduction and incorporated into paleosols on
the continents (Maynard et al. 2013), or added to the oceans as
dissolved sulfate (Farquhar et al. 2002). Once dissolved in the
oceans, sulfate was reduced via bacterial metabolism to form

pyrite nodules in organic matter-rich sediments during diagen-
esis or cycled through submarine hydrothermal systems and
was eventually deposited on the ocean floor forming barren
massive sulfide lenses distally or volcanogenic massive sulfide
deposits proximally to hydrothermal centers (e.g., Bekker et al.
2009). However, the slightly positive 5°*S values of the
Archean seawater sulfate could be modified by mass-
dependent fractionation, for example, via bacterial or thermo-
genic sulfate reduction. This would produce nodules or layers
of sulfides in sediments with consistently negative A**S
values, but highly variable 6>*S values, reflecting S source
from dissolved seawater sulfate (cf. Ono et al. 2003, 2009),
as seen in the data from the exhalite (Figs. 13 and 14a).

Fe isotope fractionation is thought to be dominantly con-
trolled by redox reactions, with igneous rocks having values
between 0.0 and 0.1 %o, and subsequent weathering and low-
temperature, surface reactions resulting in a range of 5°°Fe
values that depends on the extent, and process of alteration
(Rouxel et al. 2003). Circulation of submarine hydrothermal
fluids along mid-oceanic ridges results in fluids having nega-
tive to 0 %o 6°°Fe values (as low as —0.9 %o; Beard et al. 2003;
Rouxel et al. 2008; Bennett et al. 2009). As a result, Fe sulfides
that precipitate from these hydrothermal fluids have similarly
negative 5°°Fe values as low as —2 %o (Rouxel et al. 2008). Fe
oxides and hydroxides that precipitated Fe added to the oceans
by hydrothermal fluids form iron formations that tend to have
relatively high 5°°Fe values (Dauphas et al. 2004; Rouxel et al.
2005; Planavsky et al. 2012; Moeller et al. 2014), although
isotopically light compositions have been also reported in
oxide-facies BIF (Bekker et al. 2010; Planavsky et al. 2012).
The residual Fe in seawater could then precipitate as sulfide
with 5°°Fe <0 %o (Rouxel et al. 2005; Guilbaud et al. 2011).

The negative A**S values of both the exhalite and graphitic
argillite at the Hart deposit suggest that sulfides in both lithol-
ogies formed as a result of bacterial reduction of Archean
seawater sulfate (Fig. 13). The A*’S values of the exhalite
and graphitic argillite do not provide an adequate means of
distinguishing between these potential sulfur sources for the
komatiite sulfides. Additionally, the negative values of 5°°Fe
in exhalite (average —1.9 +0.06 %o) and graphitic argillite (av-
erage —1.8+0.06 %) also do not differentiate between these
two lithologies. Notably, the average values of 5°*S are dis-
tinct between exhalite (—2.1%o) and graphitic argillite
(+3.4%o), although the range of values for the exhalite
(—11.4 to +7.6 %o) overlaps with that of the graphitic argillite
(+1.6 to +5.0 %o).

The exhalite is characterized by negative A**S values, neg-
ative 5°°Fe values, and 6°*S values that range from positive to
negative. The graphitic argillite also has negative A*’S and
5°°Fe values, but always has positive 5°4S values. Therefore,
consideration of these three isotopic tracers might provide a
signature to identify the dominant contaminant that contribut-
ed to sulfur saturation in the komatiite at the Hart deposit.
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Significance of negative 5°°Fe values in exhalite
and graphitic argillite

Negative, and highly variable, 5°°Fe values are relatively
common in sulfides from Archean organic matter-rich sedi-
ments (Rouxel et al. 2005). Precipitation of Fe sulfides from
Fe** dissolved in an aqueous solution has been shown to
produce fractionations between —0.3 and —0.9 %o in the tem-
perature range of 2 to 40 °C (Butler et al. 2005), although even
larger fractionations (—2.5 %o between pyrite and Fe**) have
been shown by kinetic experiments (Guilbaud et al. 2011).
Under hydrothermal conditions, non-equilibrium Fe isotope
fractionation between pyrite in hydrothermal chimneys and
hydrothermal fluid has been found to be about —0.9 %o
(Rouxel et al. 2008). Hence, in order to account for the values
observed in this study (2.0 %o in graphitic argillite and
—2.1%o in exhalite), an additional pathway is likely required
to lower the 5°°Fe value of the water prior to precipitation of
Fe sulfide. Two mechanisms have been proposed to produce
isotopically light Fe** in solution, which might be archived in
Archean sedimentary rocks: dissimilatory iron reduction
(DIR) in pore waters by bacteria (Yamaguchi et al. 2005;
Archer and Vance 2006) and reservoir effects (e.g. Rayleigh
fractionation) involving the precipitation of isotopically heavy
Fe oxides (Rouxel et al. 2005; Planavsky et al. 2012). We infer
the latter mechanism for the origin of very low Fe isotope
values in the graphitic argillite and exhalite in our study due
to the presence of iron formation at the same stratigraphic
level as the exhalite in the Hart deposit area.

Isotopic variations within komatiitic flows

Since we have established typical isotopic signature of the
two most likely sulfur sources in the vicinity of the Hart
deposit, isotope ratios of the mineralization and associated
komatiite might identify which of the footwall lithologies
was responsible for providing sulfur to form the deposit.
The isotope signatures (A33S, 534S, and 656Fe) observed
in komatiites and the associated mineralization at Hart
deposit can be clustered into four main groups, each as-
sociated with a unique location (Fig. 14).

Barren komatiite of the third flow, which is not associated
with significant sulfide mineralization, is characterized by
near mantle values of 6348, 5° 6Fe, and A*3S and trace element
concentrations showing no evidence of contamination. In con-
trast, the main zone of mineralization, in the central part of the
basal embayment, is characterized by negative ABS, §34s,
and 6°°Fe values. These values are generally lowest where
mineralization is most abundant, gradually increasing toward
0%o above the mineralization and laterally to the west of the
main zone (Figs. 8a, b; 9a, b; and 15). This isotopic signature
is most consistent with the dominant crustal contaminant for
the main zone mineralization being the exhalite.

The eastern extension of sulfide mineralization (Fig. 14) is
characterized by negative A*S, positive 5**S, and slightly
negative to near zero 5°°Fe values (Figs. 8c, d; 9c; and 14).
This isotopic signature is more characteristic of the graphitic
argillite as the dominant crustal contaminant once the effect of
isotope exchange is taken into account. As no graphitic argil-
lite has been observed between the first and second komatiite
flows, it is likely that the second flow completely assimilated
an interflow graphitic argillite unit as a result of
thermomechanical erosion. Alternatively, this komatiitic flow
may have been in direct contact with a graphitic argillite unit
upstream from the present location of the mineralization. Both
scenarios are plausible, as thick komatiite flows are known to
be capable of extensive thermomechanical erosion, and min-
eralization within a komatiitic flow could be deposited rela-
tively far from the site of assimilation (Lesher and Campbell
1993; Arndt et al. 2008; Barnes et al. 2013).

An additional isotopic signature is present in the barren
komatiite of the basal flow east of the main zone (Fig. 14)
where only trace amounts up to ~3 % of sulfides by volume
are present. This pattern is characterized by slightly positive
A®S and 5**S and 6°°Fe values near 0%o. Although most of
the 5°*S values fall within the expected mantle range of ap-
proximately 0+2 %o (Chaussidon et al. 1989; Labidi et al.
2012,2013,2015; Bekker et al. 2015), this represents a definite
shift from dominantly negative 6°*S values, elsewhere in the
basal komatiite flow, to dominantly positive 5°*S values in the
eastern area. Considering the positive A**S values, this may be
due to local assimilation of early diagenetic sulfide that had
been formed through reduced atmospheric sulfur reacting with
Fe present in seawater and precipitating as disseminated Fe
sulfide in shale (Marin-Carbonne et al. 2014). This could have
resulted in a small amount of assimilated sulfur, insufficient to
produce a sulfide xenomelt at the base of the molten komatiite
but sufficient to preserve the signature of this local contaminant
when sulfur saturation was reached in the late stages of frac-
tional crystallization of the komatiite lava. Alternatively, this
could represent the remnant isotopic signature after the major-
ity of komatiite melt and possible sulfide xenomelt have been
flushed downstream. Different isotopic signatures of, and cor-
respondingly S sources for, the basal flow mineralization and
the zone immediately east of the mineralization emphasize a
local S source for minor amounts of mineralization, which
might not have exchanged with the rest of the komatiite flow.

Considering the low sulfur content of komatiite in the area
to the east of the basal flow mineralization, it seems likely that
only assimilation of organic matter-rich shales with pyrite
nodules would result in an economic-grade mineralization,
unless massive sulfides deposited from submarine hydrother-
mal fluids were present in the footwall. Both these lithologies
would have negative to near zero A**S values. The negative
A*S signature in mineralization and komatiite therefore does
indicate presence of favorable environmental conditions and
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Fig. 15 R factor modeling showing range of R factor between 5 and 100 for massive sulfides, semi-massive sulfides, disseminated sulfides, and barren
komatiites based on °°Fe and A*S values (a) and between 5 and 50 based on Ni concentrations and A>*S values (b)

lithologies in the footwall for generation of economic-grade
mineralization in komatiites.

R factor and isotope exchange

Silicate to sulfide mass ratio plays important role in con-
trolling the chemical composition and isotopic ratios in
sulfide mineralization (Lesher and Burnham 2001;
Ripley and Li 2003). Calculations of R factor are based
on simple mass-balance equations and can be expressed
as mixing models (Lesher and Burnham 2001) or isotope
exchange equations (Ripley and Li 2003). As such, we
use the following equation from Ripley and Li (2003)
for R factor calculations, involving isotopes:

6sul + RO (651'17A€su1, sil)
1+R

5m = (2)

where &,, is the isotope ratio of the sulfide product after iso-
tope exchange with the silicate melt, and J,,; and J,; are the
initial isotope ratios of sulfide and silicate melts, respectively,
€. Tepresents the sulfidesilicate fractionation factor at the
appropriate temperature, and R°=(Cg/Cqu) * R, where Cg
and Cg, are S concentrations in initial silicate and sulfide
melts, respectively, and R is the silicate to sulfide mass ratio.

For high-temperature magmatic processes, €, s; for S iso-
topes is expected to be close to 0%o (Ripley and Li 2003).
For Fe isotopes, however, there may exist a small fractionation
between sulfide and silicate melts that might be significant for
the range of Fe isotope values observed at the Hart deposit. As
already discussed above, Scheussler et al. (2007) found a
5°°Fe fractionation factor of 0.38 %o between pyrrhotite and
silicates for a peralkaline rhyolite melt. They attributed most
of the fractionation to redox reactions and suggested that the
fractionation may approach 0%o in completely reduced
magmas. As such, we use €g,;=0.05 %o to allow for a small
fractionation at the high magmatic temperatures and reducing
conditions thought to exist in komatiite magma. R factors
were calculated using Ni concentrations with the magma
mixing equation (Lesher and Burnham 2001). In this case,
Ni concentrations were recalculated to 100 % sulfide using
the method described by Kerr (2003). Since there is a large
range of 5°*S values in exhalite, only APS and §°°Fe values
were used in R factor calculations, as local variations in 5%s
values in the footwall would have a large impact on the aver-
age value adopted for the sulfide mineralization, complicating
R factor calculations. The similar values of A**S and 5°°Fe
for exhalite and graphitic argillite allow the use of a composite
value as the initial sulfide value in these calculations. Other
values used in our calculations are presented in Table 1.

Table 1 Values for variables

used in R factor modeling dsul dsit A Ciit Csul
A®S -0.62 0.00 0.00 800 ppm 43 %
5%Fe -1.69 0.04 0.05 10.8 % 57 %
100 % sulfide® Initial silicate® Distribution coefficient® Calculated R
Ni N/A 1077 ppm 100 N/A
Pt 222 ppb 8.2 ppb 30,000 27

See text for further details
# From Barnes and Naldrett (1987)
® From Lesher and Burnham (2001)
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Many studies of komatiite-associated Ni-sulfide deposits
have reported a wide range of R factor values from 10 to
>500, calculated mainly through the use of Ni, Cu, and PGE
concentrations in the ores (Arndt et al. 2008). Estimates of R
factor using 5°°Fe and A*S tracers produce values that vary
from 5 to 250, with the higher R factor values common to
disseminated sulfide and weakly mineralized komatiite rela-
tive to massive and semi-massive sulfide mineralization
(Fig. 15a). Mineralized samples from the eastern extension
generally have 5°°Fe values close to 0%, compared to the
more negative 5°°Fe values for the main zone, suggesting a
slightly higher R factor for the eastern extension. R factors
calculated from Ni concentrations vary from 5 to 50, and
overlap with the estimates from the Fe and S isotope systems
(Fig. 15b). This study also emphasizes the value of using
multiple methods to estimate R factor as proxies such as
5°°Fe values and Ni concentrations are more sensitive to small
R factor values and show a greater range for the mineralization
at the Hart deposit. S isotopes (specifically A*S values) are
more sensitive to larger R factor values than those observed in
mineralization at the Hart deposit. This resulted in a very
limited range of A*’S values observed in the mineralized
samples, making R factor estimates based on S isotopes alone
very difficult in this case. As an independent estimate, average
Pt concentration was used to calculate an R factor based on
data from Barnes and Naldrett (1987). This calculation
yielded an estimate of 27 for the R factor (Table 1), which is
within the range of values generated in this study (5 to 50).

These R factor values are somewhat lower than those for
most comparable komatiite-associated Ni-sulfide deposits, al-
though still within the known range for these deposits (10—
1100; Arndt et al. 2008). Magmatic systems with low R fac-
tors could still produce significant mineralization in an envi-
ronment with localized contamination and S saturation and
little to no transport of sulfide xenomelt. Additionally, such
low R factor values would require rapid segregation of the
sulfide liquid from the komatiite magma, suggesting that flow
of the komatiite melt was not vigorous and at most only weak-
ly turbulent (Lesher and Campbell 1993). These processes
could have contributed to a relatively low Ni-tenor in the
Hart deposit with only an average of 3.77 % Ni in 100 %
sulfide (Barnes and Naldrett 1987).

Conclusions

Through the use of sulfur and iron isotopes, we can dis-
tinguish between the two potential crustal sources of con-
tamination for the komatiitic flow, which could have pro-
vided sulfur required for the genesis of the mineralization
at the Hart deposit. Both the exhalite and graphitic argil-
lite lithologies in the footwall to the deposit are charac-
terized by negative A**S and 5°°Fe values, suggesting

low-temperature, potentially biological processing of both
the S and Fe forming the sulfides in these rocks.

The A*S and §°*S data suggests different sulfur sources
for the main and eastern extension mineralized zones of the
Hart deposit. The main zone has sulfur likely derived from the
exhalite unit, whereas the eastern extension derived its sulfur
from the graphitic argillite unit. A minor local crustal sulfur
source with positive A*>S and §°*S values, possibly a dissem-
inated sulfide in shale, also contributed sulfur to the komatiite,
but not in large enough amounts to produce economic sulfide
mineralization. Samples from the footwall of the deposit ana-
lyzed in this study do not match this local source.

A*’S, §%%S, and 6°°Fe values trend within the flow from
the signature of crustal contamination toward mantle values
away from the deposits, both laterally and vertically. This
trend allows for vectoring toward mineralization within min-
eralized flows, even from a distance of a few hundred meters
from the main mass of mineralization.

R factor calculations, involving A**S and §°°Fe values,
and Pt and Ni concentrations, suggest a low R factor for the
Hart deposit, between 5 and 50. This is lower than the esti-
mates of R factor for several other komatiite-associated de-
posits and suggests that formation of the deposit resulted from
a local contamination and rapid segregation of sulfide
xenomelt from the komatiite magma.
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