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Abstract 
Late Devonian strata in the MacMillan Pass District, Selwyn Basin, Yukon, are 
host to two Pb-Zn-Ba deposits, Tom and Jason. Mineralization has previously 
been considered stratiform, and base metal sulphides (pyrite-sphalerite-galena)
are thought to have precipitated from the water column, along with barite. A first 
order control on the precipitation of sulphides, therefore, is the presence of 
reduced sulphur in the water column (euxinic conditions). Over 400 samples of 
drill core intersecting the mineralization at Tom and Jason were obtained, in order 
to comprehensively evaluate the textural evidence for stratiform mineralization. 
The mineralogy and the paragenetic relationship between barite and base metal 
sulphides were determined using transmitted and reflected light, and backscatter 
electron imaging. The paragenetic framework provided a context within which to 
perform in situ sulphur isotope microanalysis (secondary ion mass spectrometry; 
SIMS) of barite and pyrite. 
In the samples from both Tom and Jason, there is strong petrographic evidence 
that barite formed during early diagenesis, pre-dating hydrothermal input. In 
addition, there are at least two generations of diagenetic pyrite associated with the 
barite. All hydrothermal sulphides (pyrite, sphalerite and galena) clearly post-date 
and overprint the diagenetic barite-pyrite assemblage. This textural evidence 
raises the question as to whether mineralization is truly syn-sedimentary. 
Diagenetic pyrite comprises two end-member isotopic populations: framboidal 
pyrite (py-I; -23‰ to -28‰), and euhedral pyrite (py-II; 8‰ to 26‰). Barite 
intergrown with py-II has a median δ34S composition of 28‰, and a range of 24‰ 
to 34‰. These δ34S-barite values overlap with the isotopic composition of Late 
Devonian seawater sulphate, which rules out near quantitative reduction of 
seawater sulphate in the water column as a mechanism for sulphide production. In 
the absence of euxinic conditions, an alternative source of reduced sulphur is 
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required to account for base metal sulphide accumulation in the MacMillan Pass
strata; barite replacement is one potential mechanism, and is supported by 
substantial textural and mineralogical evidence. Further work will be required to 
establish its importance from a mass balance perspective.  

Introduction 

However, recent petrographic work has demonstrated that sulphide and barite 
mineralization is not strictly stratiform, rather stratabound, and thus could have 
originated below the sediment-water interface (SWI) (Magnall et al., 2014). It is 
possible that the diagenetic history of many of these samples was more complex, 
with multiple generations of barite and pyrite. Using bulk analytical techniques 
these details cannot be resolved, and there is the risk that the isotopic data, 
previously from bulk-sample analysis, represents a mixture of multiple 
generations of these minerals. This study presents comprehensive petrographic 
analysis, combined with sulphur isotope  analysis of pyrite and barite, obtained 
using secondary ion mass spectrometry (SIMS), a micro-analytical technique that 
provides the necessary spatial resolution to analyse individual crystals (>15 µm). 
This  approach  offers  the  unique  capability  of  being  able  to  interpret isotopic 
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MacMillan Pass, Yukon, is situated approximately 390 km NE of Whitehorse, 
adjacent to the Northwest Territories (NT) border (Figure 1a). It is the location of 
important sediment-hosted Zn-Pb-(Ba) mineralization, at the mineral occurrences 
of Tom and Jason (Figure 1b). Mineralization is hosted within Upper Devonian 
Selwyn Basin strata, comprised of organic-rich, siliceous mudstones that form 
part of the Earn Group (Figure 2) (Gordey et al., 1982). The MacMillan Pass 
deposits have traditionally been viewed as type-characteristic sedimentary 
exhalative (SEDEX) deposits (Goodfellow and Lydon, 2007); Tom and Jason 
both display a clearly defined zone of hydrothermal upflow (stockwork style 
veining), located stratigraphically above what is considered to be bedded to 
laminated, stratiform base metal sulphide mineralization in overlying mudstones 
(Figure 3). Models for this style of mineralization in the Selwyn Basin involve syn-
sedimentary precipitation of base metal sulphides from the water column 
following hydrothermal venting (Goodfellow, 2007). A prerequisite for effective 
base-metal precipitation is therefore basinal euxinia, i.e. the buildup of H S  in 
the water column, at the expense of bacterial sulphate reduction (BSR). At 
MacMillan Pass, the supporting evidence for this, aside from textural 
interpretations (e.g. stratiform sulphides), has been in the form of sulphur isotope 
data obtained from bulk rock analyses of pyrite and barite (Figure 2; replotted 
from Goodfellow and Jonasson, 1984). There is a sizeable fractionation of 
sulphur isotopes during BSR (Kaplan and Rittenburg, 1964), a result of the 
preferential reduction of     SO    over    SO   . At  MacMillan Pass, enrichments 
of  S in bedding paralle pyrite and barite are cited as evidence for basinal 
restriction and near quantitative reduction of seawater sulphate via BSR 
(Goodfellow and Jonasson, 1984). This model, it should be emphasized, is 
predicated on the assumption that reduced sulphur was generated almost 
exclusively by BSR in closed-system conditions, and that pyrite and barite 
formed coevally from a euxinic water column. 
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Figure 1. Regional map showing the geographical extent of the Selwyn Basin in western 
North America, with the location of major sediment-hosted base-metal districts 
highlighted (modified from Colpron and Nelson, 2011). The inset below shows the local 
geology of MacMillan Pass (modified from Abbott and Turner, 1990) and location of the 
Tom and Jason deposits. 
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composition in tandem with key mineralogical relationships, with the aim of 
evaluating the evidence for euxinia in the basin at MacMillan Pass during
hydrothermal activity.

Figure 3. Photograph of a mineralized hand sample (TYK2-8) from the Tom deposit. 
Scale bar = 1cm. B - thin section of area in A marked by a red rectangle. Red circles 
indicate zones drilled out of thin section for SIMS microanalysis. 

Results/Data Analysis 
Methodology 

Samples were collected during the summer field seasons of 2012 and 2013 from 
drill core stored at MacMillan Pass. Over 400 samples were collected from drill
core from 10 drillholes from the Tom and Jason deposits. For the purposes of this 
study, care was taken to target the least deformed samples with the most 
representative mineralogical and textural relationships. These relationships were 
evaluated using a binocular microscope and transmitted and reflected light 
microscopy. A mineralogical paragenesis was developed on the basis of 
crosscutting relationships and evidence (or lack thereof) of textural equilibrium 
between key mineral phases.  
Isotopic analysis of pyrite and barite, along with precursory sample preparation 
and imaging, were performed at the Canadian Centre for Isotopic Microanalysis 
(CCIM) at the University of Alberta, Edmonton, Canada, using a Cameca IMS-
1280 ion microprobe. Samples were cored from either thin sections or rock chips 
using diamond core bits ranging between 2 and 3 mm diameter. The sample 
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cores (n = 40) were cleaned, and cast in epoxy, along with pre-polished pieces of 
in-house barite and pyrite reference materials (RM’s) to form two standard 25mm 
mounts (M1269 and M1270). The mounts were coated with 30nm Au, and 
imaged using a Zeiss EVO MA15 Scanning Electron Microscope (SEM). 
Greyscale cathodoluminescence (CL) images were also acquired using the SEM. 
Sulphur isotope ratios (34S/32S) and oxygen isotope ratios (18O/16O) were 
determined using an IMS-1280 multi-collector ion microprobe. The isotopic 
composition of sulphur and oxygen are reported in terms of standard -notation, 
in reference to the composition of Vienna Canyon Diablo Troilite (VCDT) for 
sulphur (1), and Vienna Standard Mean Ocean Water (V-SMOW) for oxygen (2); 

δ34S ‰ = 1000 x [ (34S/32S) sample - (34S/32S) VCDT ] / (34S/32S) VCDT (1) 

δ18O ‰ = 1000 x [ (16O/18O) sample - (16O/18O) VSMOW ] / (16O/18O) VSMOW (2) 

Key analytical parameters are summarized in Table 1. The primary beam used 
focused 20 keV133Cs+ ions to form a probe (diameter and beam current; Table 1). 
Rastering of the primary beam (area; Table 1), for 60 s prior to analysis, cleared 
the surface of contaminants and implanted Cs.  The normal incidence electron 
gun was utilized for analysis of barite. Isotopes of interest (32S-, 34S-, 16O-, 18O-) 
were analyzed simultaneously in Faraday cups (L’2 using 1010 Ω amplifier, and 
FC2 or H’2 with 1011 Ω, respectively); see Table 1 for mass resolutions and mean 
count rates. Analyses of unknowns were interspersed with the RM’s in a 4:1 ratio.  
Instrumental mass fractionation (IMF) was determined for each analytical session 
from utilizing all the replicate analyses of the RM’s. Final uncertainties are 
typically ±0.20 to 0.25 ‰ (Table 1) at 95% confidence interval (2σ), and 
propagate within-spot counting errors, between-spot errors (geometric effects) 
and between-session errors. Errors do not include the absolute uncertainty in the 
composition of the RMs (Table 1) of ±0.2 to 0. 5 ‰. No orientation-related biases 
have been found for SIMS analysis of pyrite or barite at CCIM (e.g. Kozdon et al., 
2010). During the analytical sessions, a total of 176 δ34S analyses of pyrite were 
performed, and 184 δ34S and 121 δ18O analyses of barite. 

Petrography 
Three pre-mineralization generations of barite are recognized; (1) barite-I occurs 
as small (<25μm) interstitial, anhedral crystals that form enrichments along and 
within individual mudstone laminae (Figure 4A), (2) barite-II forms a distinctive, 
commonly patchy replacement of mudstone (Figure 4B and C), but also occurs 
as equant, euhedral crystals in mono-minerallic stratiform laminations (Figure 
4A), and discontinuous stratabound enrichments, (3) barite-III is present within 
irregular veinlets that cross-cut mudstone laminae and earlier generations of 
barite (Figure 4A). All three generations of barite formed before hydrothermal 
input and precipitation of sphalerite, galena and hydrothermal pyrite. 
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δ34S-pyrite δ34S-barite δ18O-barite 

Cs probe diameter (μm) 10 15 12 

Beam Current (nA) 0.85 2.5 2.5 

Electron gun used no yes yes 

Implantation raster (μm) 18 x 18 20 x 20 20 x 20 

Entrance & field 
apertures (μm, mm) 

122, 5x5 122, 5x5 122, 5x5 

Field magnification 100x 100x 100x

Energy slit Full open Full open Full open

Detectors 
L’2 (FC, 1010Ω), FC2 

(FC, 1011Ω)
L’2 (FC, 1010Ω), FC2 

(FC, 1011Ω)
L’2 (FC, 1010Ω), H’2 

(FC, 1011Ω)

Mass Resolution 2000, 2100 2000, 2100 1950, 2275 

Secondary ions detected 
and mean counts/s 

32S- = 1*109 34S- = 
4.5*107

32S- = 7*108 34S- = 
3*107

16O- = 3.5*109 18O- = 
7*106

RM identity S0322A pyrite S0327 barite S0327 barite 

RM composition 
δ34SVCDT =  -0.2 ± 

0.2‰ 
δ34SVCDT = +22.3 ± 

0.5‰ 
δ18SVSMOW = +11.0 ± 

0.5‰ 

Peak counting time 75 s 75 s 75 s 

Standard deviation of RM 
analyses 

0.04‰ 0.05‰ 0.07‰ – 0.11‰ 

Typical ±2σ of unknowns ± 0.17‰ ± 0.18‰ ± 0.24‰ 

Table 1. Key analytical parameters 

Two principal pre-mineralization generations of pyrite include: (1) pyrite-I is 
framboidal, mostly 10-20 μm in diameter (Figure 5A), (2) pyrite-II is euhedral, and 
forms either stratiform accumulations (Figure 5B) of euhedral pyrite (pyrite-IIa) or 
individual idiomorphic crystals (pyrite-IIb), which often occur within barite-II 
(Figure 5C). These two sub-generations of pyrite-II are associated with different 
δ34S compositions (see below). Both pyrite-I and pyrite-II are present within 
samples from the stratabound mineralization, and also unmineralized mudstone 
samples. 
Hydrothermal pyrite (pyrite-III) can be found in association with sphalerite and 
galena. It occurs as large, sub- to anhedral replacements and overgrowths of 
earlier-formed barite (Figure 5D), in a mineral assemblage with witherite and 
sphalerite. Galena is the last phase to form in the paragenesis, and occurs as 
anhedral,  interstitial  crystals  that  overprint  earlier  barite  and  pyrite along  
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Figure 4. Photomicrographs in reflected light of: A - mudstone lamination with interstitial 
barite (Brt-I), interlaminated with Brt-II and cut by Brt-III. Sphalerite replaces barite 
towards bottom of the image. B - interstitial barite (Brt-II) in microcrystalline quartz (Qz). 
Barium feldspar (celsian; Cn) occurs in the centre of the image, partially replaced by 
barite. Sphalerite (Sp) occurs as interstital replacement of barite. C – interstitial 
replacement of barite-II by galena (Gn). 
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Figure 5. Photomicrographs in reflected light of: A - framboidal Py-I overgrown by 
euhedral pyrite-IIb, in a siliceous mudstone with interstitial pyrobitumen. B - pyrite-IIa, 
concentrated along a bedding parallel horizon. C - barium feldspar (celsian; Cn) 
precipitated along a stratal horizon, overlying and replaced by  equant, euhedral barite 
(Brt-II). Barite-II is associated with euhedral pyrite crystals (Py-IIa), and both are 
replaced by subsequent sphalerite (Sp). D - backscatter electron image Of framboidal 
pyrite (Py-I) and barite (Brt-I) overprinted by later generation of pyrite (Py-III); framboidal 
pyrite seems to provide a porous framework for the mineralizing fluid to exploit, 
highlighted by the precipitation of galena.  

stratiform layers (Figure 4C). Sphalerite and galena appear to precipitate and 
replace barite at triple-point junctions of crystals, leading to the development of 
anhedral, interstitial crystals within more euhedral barite.  

Sulphur Isotopes 
The sulphur isotope compositions of all generations of pyrite and barite are 
compiled in Figure 6. Pyrite-I has a distinctive isotopic composition, with δ34S 
values between -28‰ and -15‰. Subsequent generations of pyrite (pyrite-II + III) 
overlap in isotopic composition, with a wide range of δ34S values between 3‰ 
and 28‰. Barite, in contrast to pyrite, has a much narrower range of δ34S 
composition, with values ranging between 24‰ and 34‰, and a median of 27‰. 
There are notable small-scale δ34S variations, between barite crystals less than 
50μm from each other, on the order of 3-4‰. 
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Discussion/Models 
Textural Relationship of Barite and Pyrite 

At the Tom and Jason deposits, there are some important mineralogical 
relationships that have not been documented in previous studies: (1) in all 
samples, barite pre-dates the ore forming sulphides (galena, sphalerite and 
pyrite-III); (2) there are multiple generations of barite, including vein barite (barite-
III), which suggests that barium underwent remobilization within the host-rock; 
and (3) there are multiple generations of pyrite, including two that formed prior to 
Zn-Pb sulphide mineralization. 

The mineralogy of these MacMillan Pass systems, although simple (pyrite –
sphalerite – galena ± barite), is clearly complicated in terms of its temporal 
development. There are multiple generations of barite and pyrite that precede the 
main hydrothermal event, and only barite-II and pyrite-IIb formed coevally (Figure 
5C). Pyrite-III, which was associated with hydrothermal input, shows clear 
disequilibrium textures with respect to earlier-formed barite and pyrite (Figure 
5D). Therefore, in terms of bulk analyses, it is clear that previous sulphur isotope 
data (Goodfellow and Jonasson, 1984) represent a mixture of the isotopic 
compositions from multiple generations of barite and pyrite. Furthermore, at the 
micro-scale, there is minimal evidence of truly synsedimentary, laminated base 
metal sulphide precipitation (Magnall et al., 2014). It is therefore necessary to re-
evaluate the isotopic evidence for basinal euxinia.  

δ34S Composition of Barite 
The lowest δ34S-barite values (24‰) overlap with carbonate-associated sulphate 
(CAS) constraints on the δ34S composition of Late Devonian seawater (John et 
al., 2010; Chen et al., 2013). This suggests that, with respect to sulphate at least, 
the Selwyn Basin was not restricted from circulation with the global oceans 
during hydrothermal activity. Furthermore, we have not found any extremely 
positive δ34S-barite values, which would support a model involving a Rayleigh 
sulphate reduction scenario in a closed system. Indeed, the narrow range in δ34S-

barite is more typical of sulphate modified by BSR in open-system conditions, 
where sulphate resupply is greater than sulphate reduction. 
Within the barite paragenesis, there is overlap in the δ34S composition of different 
generations of barite, which likely means barite formed from fluids that had a 
similar source of sulphate. Using the criteria of Paytan et al. (2002), there is 
limited textural evidence for syn-sedimentary precipitation of barite; instead, the 
vast majority of barite is more consistent with formation below the sediment/water 
interface (SWI), in a diagenetic environment. The δ34S composition of barite 
supports this conclusion, albeit in a diagenetic environment that is well connected 
with overlying seawater (perhaps 10 to 100 cm beneath the SWI), such that 
open-system conditions are maintained.    
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δ34S Composition of Pre-mineralization Pyrite 
The δ34S isotopic composition of pyrite-I represents a large fractionation from 
Late Devonian seawater sulphate (Δ-sulphate-sulphide = 49‰), and is consistent with 
slow rates of BSR (Goldhaber and Kaplan, 1975). As with δ34S-barite, the range of 
δ34S-Py-I values we report are consistent with precipitation by BSR from the same 
diagenetic seawater pore fluid. The isotopic composition of barite and pyrite-I is 
not unique to formation from a system undergoing closed-system Rayleigh 
fractionation, and there is no evidence from the δ34S analyses of barite that 
sulphate was reduced in near quantitative proportions. The relationship between 
barite and pyrite-I, whereby a large isotopic fractionation between δ34S-sulphate and 
δ34S-sulphide is preserved, is typical of BSR in normal marine mudstones (e.g. 
Canfield, 2004). The diameter of the framboidal pyrite analysed in this study (>7 
μm) is also consistent with diagenetic pyrite formation, as opposed to 
precipitation from a euxinic water column (Wilkin et al., 1996).

Figure 6. Histogram of compiled δ34S results for entire study. Above the histogram are 
box and whisker representations summarizing the data in the histogram, along with 
labels. The grey box represents the δ34S range of Frasnian seawater (John et al., 2010;
Chen et al., 2013). Median values = vertical line; mean = circle; black box = interquartile
(Q1 to Q3) range (IQR); lines extend to Q-n +(1.5*IQR) and circles outside lines are 
outliers. 
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Pyrite-II forms a distinct contrast to pyrite-I, both in morphology and δ34S 
composition. In some cases, the δ34S-pyrite-II composition approaches coeval 
seawater sulphate (δ34S ≅ 24‰; Figure 6) and the values reported by Goodfellow 
and Jonasson (1984). However, pyrite-II is also the only pyrite formed in direct 
association with barite, and in some cases (pyrite-IIb) textural equilibrium is 
observed (Figure 5C). The δ34S composition of barite therefore forms an 
important constraint for interpreting the isotopic composition of pyrite. In 
particular, the δ34S-barite reflects the isotopic composition of unmodified Late 
Devonian seawater sulphate. Therefore, the positive δ34S values recorded by 
pyrite-II cannot have been generated during the development of euxinic 
conditions. The end members that pyrite-1 and pyrite-II form in terms of δ34S 
composition, and their textural differences (crystal morphology, mineralogical 
relationship with barite), suggest a complex diagenetic history, and perhaps one 
in which reduced sulphur was produced by different processes. Importantly, 
these isotopic signatures were developed prior to hydrothermal input, in a 
diagenetic environment. Processes operating beneath the SWI, and not in the 
water column (i.e. euxinia), must have formed the metal trap in order to account 
for the accumulation of base metal sulphides in the strata at MacMillan Pass.

Pyrite-III displays a broad range in δ34S composition (~4‰ to 20‰). The 
interquartile range (Q1 to Q3; Pyrite-III) overlaps with Pyrite-IIb, but also extends 
to lower and higher values of δ34S, and likely represents mixing of reduced 
sulphur from multiple sources. There is abundant textural evidence for barite 
dissolution and replacement by pyrite (Figure 7), and so one potential sulphur 
source would be the recycling of barite-sulphur by the hydrothermal fluid. In all 
samples, barite clearly pre-dates hydrothermal input. Figure 7 provides an 
example of a mineral assemblage that is commonplace in the mineralization at 
Tom and Jason, involving witherite-pyrite-sphalerite associated with barite 
dissolution. Witherite (BaCO3) will only precipitate from high barium—low 
sulphate fluids (Hanor, 2000), and so is a likely by-product of barite dissolution 
coupled with sulphide precipitation. Barite replacement has been identified as a 
potential mechanism for sulphide precipitation at Red Dog, the world class Pb-Zn-
Ba deposit (Kelley et al., 2004), however this is the first time it has been
recognized at MacMillan Pass. However, it should be emphasized that the 
distribution of δ34S values in pyrite-III is not consistent with quantitative recycling 
of barite-sulphur, and the broad range of values may reflect the mixing of the 
hydrothermal fluid with reduced sulphur in the diagenetic fluids, derived from 
other sources.  

Implications for Exploration 
The primary conclusion of this study is that euxinic conditions do not form a 
prerequisite for sediment-hosted base metal mineralization at MacMillan Pass. 
The δ34S composition of barite provides no evidence that seawater sulphate 
underwent near quantitative reduction in the water column. This has important 
implications  for the  generation  of  base  metal  sulphide  enrichments  in Selwyn  
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Figure 7. A – barite (Brt) dissolution association with sphalerite (Sp), witherite (Wth) and 
Py-III overgrowth. B – Py-III and galena (Gn) overprinting barite intergrown with quartz 
(Qz).  

Basin strata. Although it does not rule out euxinia in other Selwyn Basin systems 
(Anvil District, Howards Pass), it does clearly show that positive excursions in the 
δ34S-pyrite record are not unique to the development of euxinic conditions, but can 
also be formed during diagenesis. At MacMillan Pass, this means that alternative
sources of sulphur are required to account for base metal sulphide deposition; 
one such mechanism is barite replacement, and from an exploration perspective 
in Late Devonian strata, barite enrichments may represent fertile host-rocks for 
base metal sulphide enrichments. The relationship between barite enrichments 
and conduits for hydrothermal fluid flow (extensional fault systems) is likely to be 
an important control on the development of hydrothermal systems. 

Future Work 
There are two main components to the planned future work: (1) given the 
importance of pre-existing barite enrichments in the strata at MacMillan Pass
what processes may be responsible for barite accumulation? Further analysis of 
barite, focusing on the oxygen isotope composition (δ18O) of barite-sulphate, will 
likely provide valuable information; and (2) the geochemical conditions under 
which sulphur is transformed from sulphate in barite to sulphide in galena, 
sphalerite and pyrite warrants further evaluation. Once the temperature and 
salinity of the hydrothermal fluid has been established (fluid inclusion studies), 
using geochemical modelling it will be possible to evaluate the conditions in 
which sulphide precipitation proceeds via barite replacement. In addition, the 
δ34S composition of galena and sphalerite from mineralization at MacMillan Pass
will be documented by in situ techniques (SIMS), which will provide important 
constraints on how sulphur isotopes are fractionated during barite replacement.  
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