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Abstract The Howard’s Pass district of sedimentary
exhalative (SEDEX) Zn-Pb deposits is located in Yukon
Territory and comprises 14 Zn-Pb deposits that contain an
estimated 400.7 Mt of sulfide mineralization grading 4.5 %
Zn and 1.5 % Pb. Mineralization is hosted in carbonaceous
and calcareous and, to a lesser extent, siliceous mudstones.
Pyrite is a minor but ubiquitous mineral in the host rocks
stratigraphically above, within, and below mineralization.
Petrographic analyses reveal that pyrite has a complex and
protracted growth history, preserving multiple generations of
pyrite within single grains. Sulfur isotope analysis of parage-
netically complex pyrite by secondary ion mass spectrometry
(SIMS) reveals that sulfur isotope compositions vary with
textural zonation. Within the Zn-Pb deposits, framboidal py-
rite is the earliest pyrite generation recognized, and this exclu-
sively has negative 5°*S values (mean=—16.6=4.1 %o;
n=>55), whereas paragenetically later pyrite and galena pos-
sess positive 5**S values (mean=29.1 +7.5 and 22.4 + 3.0 %o,
n=13 and 13, respectively). Previous studies found that
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sphalerite and galena mineral separates have exclusively posi-
tive 5°*S values (mean=16.8+3.3 and 12.7 2.8 %o, respec-
tively; Goodfellow and Jonasson 1986). These distinct sulfur
isotope values are interpreted to reflect varying contributions of
bacterially reduced seawater sulfate (negative; framboidal py-
rite) and thermochemically reduced seawater sulfate and/or hy-
drothermal sulfate (positive; galena, sphalerite, later forms of
pyrite). Textural evidence indicates that framboidal pyrite pre-
dates galena and sphalerite deposition. Collectively, the in situ
and bulk sulfur isotope data are much more complex than 5°*S
values permitted by prevailing genetic models that invoke only
biogenically reduced sulfur and coeval deposition of galena,
sphalerite, and framboidal pyrite within a euxinic water col-
umn, and we present several lines of evidence that argue against
this model. Indeed, the new data indicate that much of the base
metal sulfide mineralization was emplaced below the sediment-
water interface within sulfidic muds under reducing conditions
during early diagenesis. Furthermore, thermochemical sulfate
reduction provided most of the reduced sulfur within the Zn-Pb
deposits.

Introduction

The Late Ordovician to Early Silurian Howard’s Pass Zn-Pb
district (HPD) of sedimentary exhalative (SEDEX) deposits
comprises 14 sulfide deposits that contain an estimated
400.7 Mt grading 4.5 % Zn and 1.5 % Pb (Kirkham et al.
2012). The HPD is located within the Selwyn Basin (Fig. 1),
a metallogenic province that is primarily known for its world-
class Zn-Pb (+xAg=+Ba) sediment-hosted deposits (Fig. 1).
Other major Zn-Pb districts in the Selwyn Basin include the
Middle Cambrian Anvil district and the Middle to Late
Devonian MacMillan Pass district. These districts, together
with the HPD, collectively formed during a long, episodic
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Zn-Pb-mineralizing history that was synchronous with Lower
Paleozoic evolution of the Selwyn Basin (Abbott et al. 1986).
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« Fig. 1 a General geologic map of the Selwyn Basin showing the major

sediment-hosted, stratiform Zn-Pb + Ag-Ba districts. b Geologic map of
the Howard’s Pass district showing locations of Zn-Pb deposits and
zones. 1: XY zone (XY, XY Central, and XY West deposits); 2: Brodel
deposit; 3: HC zone (HC and HC West deposits); 4: Don zone (Don and
Don East deposits); 5: Anniv Zone (Anniv and Anniv East deposits); 6:
OP deposit; 7: Pelly North deposit (modified from Goodfellow 2004)

A common feature of the Selwyn Basin deposits is the fine-
grained nature of the sulfide minerals, and pyrite is a ubiqui-
tous component of the mineralized zones and host rocks in all
of these districts (e.g., Goodfellow and Jonasson 1984;
Goodfellow 1987; Morganti 1979; Shanks et al. 1987).
These studies focused on the sulfur isotope composition of
sulfide minerals at the mineral grain scale to elucidate the
source(s) of sulfur for sulfide precipitation and massive sulfide
formational processes. The H,S required to form sediment-
hosted Zn-Pb-(Ag-Ba) deposits is commonly derived through
combinations of biogenic and abiogenic sulfate reduction
mechanisms (Eldridge et al. 1993; Taylor and Beaudoin
2000; Taylor 2004); however, the source(s) and pathway(s)
of sulfur in Selwyn Basin SEDEX Zn-Pb deposits remain
contentious (see discussions in Cooke et al. 2000; Eldridge
et al. 1989; Goodfellow 1987; Goodfellow et al. 1993;
Ohmoto et al. 1990; Ohmoto and Goldhaber 1997). The rela-
tive importance/predominance of either of these mechanisms
is difficult to establish due to a paucity of empirical physico-
chemical fluid inclusion data in the HPD (and also for a ma-
jority of stratiform, sediment-hosted Zn-Pb deposits). These
data are lacking because the very fine-grained nature of hy-
drothermal mineral assemblages is not amenable to fluid in-
clusion analyses and due to a paucity of recognized feeder
systems and vent complexes for a majority (>80 %) of these
deposits (Sangster and Hillary 2000).

Previous sulfur isotope studies have measured the sulfur
isotope composition of sulfide minerals obtained by mechan-
ically or chemically separating individual minerals. There are
obvious limitations to such methods, particularly considering
the fine-grained nature of minerals in SEDEX deposits. This is
especially problematic when a single mineral (e.g., pyrite)
possesses textural complexity at the submillimeter scale.
High-spatial resolution (ca. 10 pm spot size) ion microprobe
instruments (e.g., secondary ion mass spectrometry, SIMS)
can measure in situ the sulfur isotope composition of finely
intergrown sulfide minerals (Eldridge et al. 1988, 1993; Seal
20006).

Understanding the textural context of the distribution of
sulfur isotope compositions among minerals may be critical
to developing mineral deposit genetic models. In a study of
the HYC Zn-Pb deposit in Australia, Eldridge et al. (1993)
recognized &**S variability in pyrite, sphalerite, and galena.
The heterogeneous nature of the sulfides was concealed in
bulk analyses, but the mineral grain-scale isotope variability
revealed that two processes were responsible for the
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generation of the two isotopically distinct sulfide reservoirs.
Ireland et al. (2004) also investigated the sulfur isotope com-
position of pyrite and sphalerite in the HYC deposit with ion
microprobe analyses. Although their conclusions regarding
the HYC deposit genetic model differed from that of
Eldridge et al. (1993), isotopic heterogeneity documented by
Ireland et al. (2004) corroborated the earlier work and showed
that distinct H,S reservoirs must have existed to account for
the complex isotope systematics.

Gadd et al. (2016) showed that pyrite within the HPD
formed over a protracted period of time extending from
synsedimentary to earliest diagenesis (pyl), to early to late
diagenesis (py2) to metamorphism (py3). These pyrites are
texturally complex, and single grains are commonly
multigenerational and textural heterogeneity varies at the
submillimeter scale. Additionally, Gadd et al. (2016) showed,
using laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS), that the trace element compositions
vary with textural style. Within the Zn-Pb deposits of the
HPD, pyrite of all types is commonly intergrown with sphal-
erite and galena.

In this study, we use petrographic reflected light microsco-
py, together with field emission gun-scanning electron micros-
copy (FEG-ESEM) and SIMS to determine the sulfur isotope
composition of the different textural styles and generations of
pyrite in the host rocks and Zn-Pb mineralization. The in situ
sulfur isotope compositions are complemented by a series of
bulk sulfur isotope analyses from previously unpublished
sphalerite and galena mineral separates. Our objective is to
investigate the relationship between the textural variability
and sulfur isotope composition of pyrite in order to obtain a
clearer understanding of the sulfur source(s) and pathway(s)
within the sulfide deposits of the HPD.

Background
Geology of the Howard’s Pass district

Deposits in the HPD are hosted in the Duo Lake Formation,
which consists of carbonaceous, calcareous to siliceous mud-
stones (Gadd et al. 2016; Goodfellow and Jonasson 1986;
Morganti 1979). Locally, the Duo Lake Formation is
subdivided into informal members that, from the base to the
top, comprise the Pyritic Siliceous Mudstone member
(PSMS), Lower Cherty Mudstone member (LCMS),
Calcareous Mudstone member (CCMS), Active member
(ACTM), and Upper Siliceous Mudstone member (USMS)
(Morganti 1979). The Steel Formation consists of gray biotur-
bated mudstone, conformably overlies the Duo Lake
Formation and is locally named the Flaggy Mudstone member
(FLMD; Morganti 1979). The ACTM hosts the Zn-Pb de-
posits. Biostratigraphic data indicate that the ACTM was

deposited in the Early Silurian (ca. 440 Ma; Norford and
Orchard 1985). These authors also demonstrated that the
ACTM spans two conodont zones and gives a maximum de-
positional time interval of 5 My. Pyrite is a minor but ubiqui-
tous component of these rocks and constitutes, on average,
4.6 wt% of the CCMS, 5.4 wt% of the ACTM, and 2.9 wt%
of the USMS.

Sediment-hosted Zn-Pb deposits

The ACTM is laterally extensive and has a semicontinuous
northwest/southeast strike of at least 38 km (Fig. 1b). The XY,
Don, and Anniv are the largest zones of mineralization in the
HPD. Each of these three zones contains approximately
100 Mt grading 5 wt% Zn and 2 wt% Pb (Kirkham et al.
2012). The style of Zn-Pb mineralization in each deposit is
identical, and the rocks that host the deposits are assumed to
be of the same age.

The ACTM is approximately 30 m thick and the ore min-
eralogy consists of sphalerite and galena. The gangue miner-
alogy is relatively simple, consisting of pyrite, calcite, and
quartz. Semimassive sulfides are intercalated with sulfide-
poor laminated carbonaceous mudstone, laminated calcareous
mudstone and bedded to massive limestone. Although the
ACTM is a vertically continuous unit, it has been subdivided
into two visually and lithologically distinct sections (upper
unit and lower unit; Goodfellow and Jonasson 1986). The
lower ACTM is predominantly light to medium gray mud-
stone, with minor intercalations of black mudstone. The light
coloration is due to high calcite (up to 80 wt%) and relatively
low organic carbon contents (<4 wt%; Goodfellow and
Jonasson 1986). Sulfide mineralization within the lower unit
of the ACTM consists of massive to semimassive sphalerite
and galena; stratiform sulfides are less common and, where
present, highly deformed. Beds of sulfide-poor carbonaceous
mudstone are thin (<0.5 m) and laminated and, in places,
contain small (0.5 to 2.5 cm diameter) calcite nodules.

The upper ACTM is predominantly dark gray to black
mudstone, with minor light gray limestone intercalations and
carbonate nodules. The dark coloration is due to its high or-
ganic carbon contents (up to 8 wt%; Goodfellow and Jonasson
1986). Well-developed laminae of cherty carbonaceous mud-
stone and framboidal pyrite are common. At the drill core
scale, sphalerite and galena also appear to be laminated,
whereas massive to semimassive sulfides are less common.
Broadly, the lower unit of the ACTM is more calcareous, less
carbonaceous, and less siliceous than the upper unit of the
ACTM, but the grade is relatively consistent through the entire
ACTM with average Zn and Pb contents of 5 and 1.6 wt%,
respectively (Kirkham et al. 2012). The average pyrite content
of the lower unit of the ACTM (3.9 wt%) is less than that in
the upper ACTM (6.8 wt%; Gadd et al., unpublished data).
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Sulfide petrography and mineralogy

Gadd et al. (2016) recently described the distribution,
petrography, and trace element compositions of pyrite from
the HPD, and noted the textural heterogeneity and complex
paragenetic sequence. The petrographic results of Gadd et al.
(2016) are briefly described below to provide context for the
sulfur isotope data presented. The textural types of pyrite are
framboids (Figs. 2a and 3a, b), polyframboidal clusters
(Figs. 2a and 3c), stratiform layers (Figs. 2b and 3a), nodules
and coarse euhedra (Figs. 2c and 3b), porphyroblasts, and
metamorphic overgrowths (Figs. 2d and 3b). The relative pro-
portions of the different pyrite morphologies are fairly consis-
tent in the CCMS, lower ACTM, USMS, FLMD, and BSSM,
within which stratiform and nodular pyrite predominate
(Table 1). Within the upper ACTM, framboidal pyrite is much
more common and may comprise up to 70 vol% of the total
pyrite (Table 1).

Pyrite framboids and minute (1-5 pm diameter) euhedra
(py1) consist of spherical aggregates of microcrystalline pyrite
and irregular aggregates of minute pyrite crystals, respective-
ly. Individual framboids are generally <10 to 20 um in diam-
eter and less commonly up to 50 pm in diameter. Framboidal
pyl occurs in places as agglomerated masses of several hun-
dred microns across, which form polyframboids. Framboidal
pyl is most abundant in the upper unit of the ACTM and
forms delicate laminae intercalated with carbonaceous sedi-
ments, sphalerite, and galena. Framboids are much less com-
mon in the CCMS, lower ACTM, USMS, and FLMD.

Pyrite beds (py2a), <1 mm to several mm thick, comprise
laminae of aggregated and intergrown subhedral to euhedral
crystalline pyrite (Fig. 2b). Py2a forms wispy and discontinu-
ous bands to well-formed continuous beds at the drill core
scale. Py2a is common in the CCMS, ACTM, and USMS
and is rare in the FLMD. Well-formed py2a beds overprint
and preserve primary bedding of the host carbonaceous mud-
stones. Wispy py2a differs from laminated pyl in that the
framboidal texture of the former is either overprinted

Fig. 2 Reflected light
photomicrographs of pyrite of
different parageneses: a
framboidal pyrite (py1)
intergrown with sphalerite; b
framboidal pyrite (py1)
overgrown by stratiform
diagenetic pyrite (py2a; dashed
white lines); ¢ round, nodular
diagenetic pyrite (py2b); and d
metamorphic pyrite (py3)
overgrowth on diagenetic py2b.

sp sphalerite, ccp chalcopyrite Py1 o

(Fig. 2b) or obliterated due to postdepositional recrystallization.
Pyrite nodules (py2b) comprise round to subround masses of
intergrown and aggregated subhedral pyrite crystals that com-
monly show radial growth patterns and herringbone textures
(Fig. 2¢). Nodules range in diameter from 0.5 to >1.5 cm and
occur throughout the stratigraphic succession. Py2b nodules
commonly display complex growth textures that range from
silicate inclusion-rich to inclusion-free. Etching of polished
surfaces with concentrated HNOs enhanced textures and re-
veals growth relationships between pyrite generations, where
py2b overprinted and recrystallized polyframboidal pyl.

Pyrite (py3) occurs as both euhedral crystals (0.1 to 5 mm
in diameter) and narrow overgrowths (<0.2 mm wide) on pre-
existing pyrites. Py3 is the latest stage of pyrite growth in the
HPD and overgrows all preceding generations of pyrite.
Euhedral py3 crystals are commonly enclosed by quartz +
calcite (£ chlorite) strain shadows that are oriented with the
NW/SE regional cleavage; metamorphic overgrowths form
veneers on diagenetic pyrites (Fig. 2d).

Sphalerite forms fine-grained disseminated (10 to 50 pum)
to stratiform crystals concentrated along discrete laminae
(0.1 mm) and as mixed sphalerite-galena-framboidal pyrite
laminae. Nonlaminated sphalerite occurs as discordant
cleavage-controlled pressure solution seams (e.g., Fig. 3b)
and, less commonly, as 1- to 2-mm diameter crystalline blebs.
Galena may also be stratiform together with sphalerite and/or
framboidal pyrite (Fig. 3¢); however, high-grade galena pre-
dominates as cleavage-controlled pressure solution seams.
The timing of this pervasive pressure solution cleavage, with-
in which sphalerite and galena are concentrated, remains
contentious. Jonasson and Goodfellow (1986) propose that
much of the cleavage was produced by localized compression
during basinal dewatering shortly after the deposition of the
ACTM (.e., Middle Silurian). Other workers conclude that
this cleavage, together with prominent thrust faulting, folding,
and axial planar cleavage, formed in response to Jurassic-
Cretaceous orogenesis and subgreenschist metamorphism
(Hodder et al. 2014; Martel et al. 2014; Martel 2015).

Py2a Py2b Py3

Synsedimentary to
earliest diagenesis

Early to late diagenesis Metamorphic
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Fig. 3 Typical sulfide textures observed within the ACTM. a Reflected
light photomicrograph of bedded diagenetic pyrite overgrowths on
framboidal pyrite from the ACTM of the Don deposit (drill core sample
Don-200-387.0). BSE images of b sphalerite and framboidal py1 and py2
in a tectonically modified dewatering pipe crosscutting carbonaceous
mudstone with later, coarse-grained pyrite crystals (drill core sample
Don-076-180.8. ¢ Laminated framboidal and polyframboidal pyrite with
abundant interstitial galena and sphalerite (grab sample XY-Adit-549.5).
Locations of SIMS point analyses are shown with corresponding §°*S
values; single framboid analyses outlined in white circles. sp sphalerite,
gn galena

Methods
Secondary ion mass spectrometry

Samples were collected from 28 recent (2007-2011) diamond
drill cores from the XY Central, Don, Anniv Central, Anniv
East, OP West, and Pelly North deposits (Fig. 1b). Samples
selected for SIMS analyses in the current study are a subset of
those reported in Gadd et al. (2016)) and are from the follow-
ing deposits: XY Central (n=13), Don (n=6), Anniv East
(n=1), OP West (n=2), and Pelly North (n=8) (ESM 1).
Small (5-15 mm) pieces of thin section offcuts and sample
slabs were embedded in 2.5-cm diameter epoxy pucks and
polished. All samples were sputter-coated with 300 A of Au

409
Table 1  Summary statistics of SIMS S isotope analyses
Mean (%¢) Min  Max n Estimated
(%)  (%0)  (spots) proportion of
total pyrite® (%)

BSSM
pyl -6.9 98 46 3 <10
py2 193 150 262 4 80-90
py3 n.a. <10
Sed. pyrite®  23.5 162 297 5
FLMD
pyl n.a. <10
py2 26.5 103 357 15 80-90
py3 25.5 186 304 6 <10
Sed. pyrite® 5.4 -44 139 6
USMS
pyl -18.0 210 -157 7 <10
py2 30.5 147 497 13 80-90
py3 232 163 271 7 <10
Sed. pyrite®  30.7 257 341
ACTM
pyl -16.6 -26.1 7.5 55 <10-70
py2 290.1 219 476 13 30-80
py3 20.0 17.7 231 13 <10
Galena 22.4 170 273 13
Sed. pyrite®  22.5 142 286 10
CCMS
pyl na. <10
py2 19.7 134 478 23 80-90
py3 15.1 75 293 12 <10
Sed. pyrite®  15.0 123 199 11

n.a. not analyzed
#Volume percent based on visual estimate

® Sedimentary pyrite data from Goodfellow and Jonasson (1984)

after lapidary preparation to mitigate charging under primary
ion bombardment. Analytical spots (n=184) were collected
on different pyrite textural types (pyl, n=65; py2,
n=068; py3, n=38) and galena (n = 13) from the lithological
units that comprise the HPD stratigraphic section (Table 1).
These spots were selected using combinations of reflected
light photomicrographs and backscatter electron (BSE) imag-
ing on a scanning electron microscope.

All SIMS analyses were performed on a Cameca IMS 4f
Secondary lon Mass Spectrometer at the MAF-IIC
Microanalysis Facility Memorial University, St John’s,
Newfoundland. 6**S determinations were performed by
bombarding the sample with a primary ion microbeam of
350450 pA of Cs*, accelerated through a 10-keV potential,
and focused into a 5—15-pum diameter spot. To exclude exotic
material in the polished surface from analysis, each spot was
first presputtered for 120-150 s with a 25-um-wide square
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raster applied to the beam. Depending on the minimum diam-
eter of the critically focused primary beam during each ses-
sion, a smaller square raster (5 to 15 um wide) was applied to
the beam during analysis, to improve the homogeneity of pri-
mary ion delivery (Brueckner et al. 2015).

Instrumental mass fractionation (IMF) occurs during the
production and detection of sputtered secondary ions and pro-
duces a bias between the actual **S/*%S of the sample and that
measured by the mass spectrometer. The magnitude of IMF
varies substantially between sulfide minerals. For this reason,
the **S/*S measured in samples of pyrite from the HPD were
corrected for IMF by comparison to replicate measurements of
in-house reference materials UL9B (pyrite; 5°*S 15.8 %o) and
KHS7 (pyrite; 5>*S 0.2 %o) at the beginning of and throughout
each day. An identical procedure was followed for galena
analyses, which used the reference material HT10 (galena;
5**S 13.6 %0). Analyses performed within a 14-min time in-
terval routinely yield internal precisions on individual 5**S
determinations of better than +0.4 %o (10) (Brueckner et al.
2015). Overall reproducibility, based on replicate standard
analyses, is typically better than +0.5 %o (10). All §**S values
are reported with respect to Vienna Cafion Diablo troilite (V-
CDT). The sulfur isotope composition of in situ sphalerite
could not be analyzed at the MAF-IIC SIMS laboratory be-
cause variations in the Fe content of sphalerite preclude reli-
able sulfur isotope ratio measurements (G.D. Layne, 2014,
personal communication).

Bulk mineral separates

Samples (n = 41) from a single diamond drill core (XYC-029)
from the XY Central deposit were collected in 1980 and pro-
vide a continuous profile across the ACTM. Rock samples
were crushed, pulverized, sieved, and panned, and mineral
separates of galena and sphalerite were then handpicked under
a binocular microscope. Care was taken to ensure that mineral
separates were pure; however, the fine-grained and intergrown
nature of bedded sulfides in the HPD precluded the production
of pure sphalerite and galena separates by mechanical separa-
tion in all cases, and some samples contain minor pyrite. In
such pyrite-bearing samples, a chemical separation technique
(Hall et al. 1988) was used whereby sphalerite or galena was
liberated from pyrite by boiling in 6 M HCI. For mineral
separates comprised solely of sphalerite-pyrite or galena-
pyrite mixtures, selective digestion yielded reliable chemical
separates. Samples containing both sphalerite and galena were
not analyzed to avoid cross-contamination. The prepared min-
eral separates were analyzed for their sulfur isotope composi-
tions following the method of Hall et al. (1988) at the
University of Ottawa at various times between 1985 and
1992. Goodfellow and Jonasson (1986) presented a portion
of these data (n=3).

@ Springer

Results
Sulfur isotope compositions determined using SIMS

We report the sulfur isotope compositions for pyrite from the
CCMS, ACTM, USMS, and FLMD and for galena from the
ACTM (Fig. 4; ESM 1). Framboidal pyrite is variably
intergrown with sphalerite, galena, and/or texturally different
pyrite. Nevertheless, framboidal pyrite within the ACTM re-
cords the most negative 5**S values (—26.1 to —7.5 %o). These
measurements include single framboids (e.g., Fig. 3a, b) and
polyframboidal aggregates (e.g., Fig. 3c¢) from the XY
Central, Don, Don East, and Anniv East deposits. Pyrite
framboids from the USMS of the XY Central area also have
negative 5**S values (—21.0 to —15.7 %o).

Py2a and py2b (herein referred to as py2) are isotopically
indistinguishable from each other within a stratigraphic unit
and are, therefore, grouped into the same bins in the

-30 -25 -20 -15 -10 -5 O 5 10 15 20 25 30 35 40 45 50

2 a FLMD Framboidal py1

D

o

enetic py2

letamorphic py3

20 Galena

b USMS

ol &g =3

-30 -25 -20 -15 -10 -5 O 5 10 15 20 25 30 35 40 45 5
5345%o0

Fig. 4 Histograms of SIMS pyrite and galena §°*S values in the

stratigraphic units comprising the Road River Group. a Flaggy

mudstone member (FLMD); b upper siliceous mudstone member

(USMS); ¢ active member (ACTM); d calcareous carbonaceous

mudstone member (CCMS)
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histograms (Fig. 4a—d). These pyrites are exclusively isotopi- o 8"S%o sp b
cally positive within all units: those from the CCMS - 65%o0 gn Tem%ec;?ture

(5°*S=13.4 to 47.8 %q; Fig. 4d), ACTM (6>*S=21.9 to
47.7 %o; Fig. 4c), and USMS (5°*S =14.7 to 49.7 %o;
Fig. 4b) have broadly similar ranges of 5°*S values. The
5°*S values of pyrite from the FLMD (5°*S=10.3 to
35.7 %o; Fig. 4a) show a slightly narrower range that is lower
than pyrites from the Duo Lake Formation. Samples contain-
ing py2 overgrowths on framboidal py1 or coexisting py2 and
framboidal pyl have more complex sulfur isotope signatures.
The highly positive 5°*S values of py2 contrast markedly with
highly negative values for framboidal pyl that result in
A**S, 5 py1 =40 %o over distances of <50 um (e.g., Fig. 3a).

The sulfur isotope compositions of py3 are also isotopical-
ly heavy but are generally less positive than py2. The 5°*S
values for py3 range from moderately to highly positive (7.5
t0 30.4 %o). Veneers of py3 on py2 are isotopically lighter than
the pyrite on which they form (Fig. 3b), but the difference of
the range of 5**S values (1 to 20 %o) is not as pronounced as
that between py1 and py2.

Sulfur isotope compositions of galena were determined for
two samples (n=13), where galena shares grain boundaries
with pyl and py3. The sulfur isotope compositions of galena
are highly positive (17.0 to 27.3 %o) and are, on average, 39.0
%o heavier than coexisting framboids (e.g., Fig. 3¢). In one
sample, Don-200-383.7 from the ACTM, galena, and py3 are
adjacent and have almost identical average sulfur isotope
compositions (21.2 and 21.5 %o, respectively).

Bulk sulfide separates

The sulfur isotope compositions of sphalerite (»=35) and
galena (n=21) mineral separates were measured in samples
collected from the CCMS, ACTM, and USMS (ESM 2). The
5*S values of galena and sphalerite in the ACTM are positive
and range from 8.5 to 19.5 %o and 12.6 to 23.3 %o, respective-
ly (Fig. 5a). The &**S values of both minerals display minor
vertical fluctuations throughout the stratigraphic section; how-
ever, there is an overall decrease from the base to the top of the
ACTM (Fig. 5a). Coexisting sphalerite and galena were ana-
lyzed in 12 of these samples, and sphalerite is consistently
heavier than galena in each of these coexisting pairs.

Discussion

The sulfur isotope data for pyrite determined using SIMS
starkly contrast previously published data for bulk analyses
of pyrite separates (Table 1; Goodfellow and Jonasson 1984;
Goodfellow 1987). These differences between SIMS and bulk
sample data may be explained by one or more of the follow-
ing: (1) the presence of finely intergrown, texturally complex
pyrite of multiple generations (Fig. 2) in bulk pyrite separates;

50 100 150 200 250 300
N L L L 1 L

Depth below collar (m)

EH EH BB 2 1

Mudstone Limestone Chert Concretionary Sulfide
limestone

Fig. 5 Stratigraphic distributions of 5**S values as determined by bulk
mineral separation for a sphalerite and galena; b calculated fractionation
temperatures (Kajiwara and Krouse 1971; modified from Goodfellow
2004)

(2) the presence of sulfide mineral inclusions that could not be
removed using mineral separation techniques; and (3) sample
suitability (i.e., primary pyl vs. secondary pyrite py2). For
example, a typical pyrite separate may consist of a cluster of
framboidal pyrite overgrown and/or partly replaced by later
diagenetic pyrite (Fig. 6a). In this example, multiple pyrite gen-
erations were only revealed by close inspection using ESEM
backscatter imaging. The sulfur isotope composition of this
grain is 21.0 %o (Fig. 6b). A small polyframboidal cluster is
—16.4 %o and nearby diagenetic pyrite is ~29 %o (Fig. 6c¢).
Each part of this sample contains varying amounts of round
to subround pyrite grains of similar size, but not all of the
round pyrite grains are framboidal in nature (i.e., primary);
rather, some spheroidal pyrite grains are secondary.
Therefore, we follow the convention of Ohfuji and Rickard
(2005) in defining framboidal pyrite as “microscopic spheroi-
dal to subspheroidal clusters of equidimensional and
equimorphic crystals.” Although this may seem solely an as
issue of semantics, differentiating between primary
framboidal and secondary spheroidal pyrite has important pet-
rogenetic implications in the HPD (Gadd et al. 2016).

Sulfur isotope disequilibrium

In the ACTM of the HPD, galena and sphalerite are interstitial
to pyrite framboids. Galena and framboidal pyrite share grain
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Fig. 6 An example of framboidal
and diagenetic pyrite from
mineralized ACTM (sample XY-
Adit-386.2). a BSE image of
diagenetic pyrite replacing and
overgrowing framboids, which
are outlined in white. b Reflected
light photomicrograph of pyrite
showing the location of SIMS
analysis and the corresponding
534S value. ¢ Reflected light
photomicrograph of framboidal
and diagenetic pyrite showing the
locations of SIMS analyses and
the corresponding 5°*S values

boundaries without evidence for replacement, suggesting that
textural equilibrium was attained between these minerals
(Fig. 3c). However, SIMS analyses of coexisting galena and
nearby (ca. 500 pm) framboidal pyrite grains reveal that
5 4Sgalma> 5 4Spyﬁte (Fig. 4c¢), indicating that isotopic equi-
librium was not established between these minerals. As such,
these isotopic data cannot be used to estimate formation tem-
peratures. Isotopic disequilibrium implies that galena and py-
rite precipitated at different times or from different sulfur
sources (Ohmoto and Goldhaber 1997). Sphalerite was not
analyzed with SIMS in the present study; however, sulfur
isotopic compositions of bulk separates of coexisting sphaler-
ite and galena reveal that 534Sspha1erite > 634Sgalena for the
ACTM (Fig. 5a). Microscopic textures indicate that sphalerite
and galena are in textural equilibrium, suggesting that they are
cogenetic. Because 534Sspha1erite> 5348galma suggests that
sphalerite and galena are in isotopic equilibrium (ESM 3),
equilibrium fractionation temperatures can be estimated for
this mineral pair (Kajiwara and Krouse 1971). The range of
estimated temperatures (50 to 320 °C; Fig. 5b), with mean and
median temperatures of 160 °C, is consistent with tempera-
tures estimated for other sediment-hosted Zn-Pb deposits
(Cooke et al. 2000) and geologically reasonable, based on
metal solubility considerations (Lydon 1983). We note that
despite great care in preparing sphalerite and galena separates
for sulfur isotope analyses, the fine-grained nature of these
minerals likely hindered pure separation; however, 0-0 plots
indicate that isotopic equilibrium existed between this mineral
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pair (ESM 3). Additionally, Jurassic to Cretaceous orogenesis
resulted in significant textural modification of base metal sul-
fides in the HPD (Hodder et al. 2014; Martel et al. 2014;
Martel 2015), and this may have resulted in partial isotopic
re-equilibration between sphalerite and galena (Crowe 1994).
The similarity of down-hole topological profiles of the sulfur
isotopic compositions of sphalerite and galena (Fig. 5a) sug-
gests that original, premetamorphic sulfur isotope composi-
tions are at least partly retained.

Source(s) of reduced sulfur

In most cases, the predominant source of sulfur in stratiform,
sediment-hosted Zn-Pb-(Cu-Ag-Ba) deposits is interpreted to
be seawater sulfate (Leach et al. 2005, 2010). Magmatic sulfur
is not considered to be a major component in the HPD because
of the lack of volumetrically important igneous rocks in the
immediately underlying footwall succession (Goodfellow
et al. 1993). However, the processes by which sulfate is re-
duced to sulfide and delivered to the depositional site are still
debated and remain contentious because there are several pos-
sible mechanisms to generate the reduced sulfur (Ohmoto and
Goldhaber 1997). The most relevant processes for the deposits
of the HPD are (1) in situ bacterial sulfate reduction (BSR),
either within the ambient water column or within the shallow
seafloor (Goodfellow 1987; Goodfellow et al. 1993; Shanks
et al. 1987; Turner 1992); and (2) in situ BSR combined in
varying proportions with thermochemical sulfate reduction
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(TSR), either within the water column or within the shallow
seafloor (Cooke et al. 2000; Ireland et al. 2004; Leach et al.
2010; Wilkinson 2014).

Bacterial sulfate reduction

BSR is a form of anaerobic respiration in which sulfate is the
terminal electron acceptor. Sulfate likely undergoes several
dissimilatory steps before complete reduction to sulfide
(Berner 1989; Froelich et al. 1979) but is typically expressed
as the following simplified reaction:

2CH,0 + SO4* — 2HCO;™ + H,S. (1)

Sulfide generated during BSR may possess 5**S values that
range from extremely negative to positive, which is a function
of whether the environment is open (e.g., water column) or
closed (e.g., sediment-porewaters) to the diffusion of sulfate.
Negative 5**S values exist because of the large kinetic frac-
tionation between sulfate and sulfide associated with BSR. In
an open system with unlimited sulfate supply, biogenic sulfide
possesses negative 5°*S values that may be recorded in pyrite.
Alternatively, in a sulfate-limited closed system, progressive
BSR shrinks the sulfate reservoir and increases the 5**S values
of sulfide in a Rayleigh-type fractionation. Throughout the
Phanerozoic, the fractionation between parent sulfate and
daughter sulfide, expressed as A**Sgou s, is ca. 45 +20 %o
(Sweeney and Kaplan 1980; Strauss 1999); however, BSR is
not strictly a steady-state process and the range of A*S is
known to vary in natural environments as a function of sulfate
reduction rate, type of organic carbon reduced, and concentra-
tion of dissolved sulfate (Leavitt et al. 2013).

Biogenic sulfide is recognized as a major component in
some sediment-hosted Zn-Pb districts (e.g., Irish ore fields),
particularly where a vast majority of the base-metal sulfides
possess negative 5°*S values (Fallick et al. 2001; Wilkinson
et al. 2005). Biogenic sulfide has also been implicated as the
predominant source of sulfur for base-metal sulfides of the
HPD (Goodfellow and Jonasson 1984; Goodfellow 1987,
Turner 1992; Goodfellow et al. 1993); however, the contribu-
tion of BSR sulfur to Zn-Pb mineralization is not obvious here
because all of the sphalerite, galena, and nonframboidal pyrite
have positive (>0 %o) 5*S values. Goodfellow (1987) pro-
poses that these positive values are related to long-term, per-
sistent (ca. 50 My) depletion of marine sulfate in a stagnant,
restricted basin. In a closed (or partly closed) system, 5°*S
values would increase stratigraphically upward due to
Rayleigh fractionation; however, the bulk sphalerite and gale-
na data do not correspond to this expected behavior. Rather,
the sulfur isotope compositions of both sphalerite and galena
progressively decrease from the stratigraphic base to the top of
the ACTM (Fig. 5a). These data, therefore, do not support a
model in which sulfide deposition took place near the end of a

stagnant cycle from a highly fractionated source of reduced
sulfur (Goodfellow 1987). Additionally, according to the
model of Goodfellow (1987), framboidal pyrite, sphalerite,
and galena coevally precipitated as chemical sediments in a
euxinic water column. However, the isotopic disequilibrium
between framboids and galena does not support this model.
Additional sulfur pathways must have operated to account for
the isotope systematics preserved in the HPD.

Thermochemical sulfate reduction

TSR is an abiogenic process by which sulfate is reduced in the
presence of heat and reduced species. One of the possible
reaction paths for TSR is similar to that of BSR, whereby
labile organic carbon is thermolytically oxidized by reducing
aqueous sulfate to sulfide (Machel 2001). The by-products of
TSR are similar to those produced by BSR; however, TSR
requires higher temperatures (>100—140 °C) that generally
do not sustain microbial life (Machel 2001). Although the
end products of TSR and BSR are similar, the sulfur isotope
composition of sulfide minerals can be used to distinguish
between these processes (Machel 2001). The kinetic fraction-
ation of sulfur isotopes during TSR is temperature dependent,
where higher temperatures result in smaller fractionations be-
tween the parent sulfate and daughter sulfide (Machel et al.
1995). Experimentally determined A3*Sgou s values for
TSR indicate kinetic fractionations of 20, 15, and 10 %o at
100, 150, and 200 °C, respectively (Machel et al. 1995). A
catalyst (e.g., H,S) is also required for TSR to proceed at
geologically reasonable rates, but once TSR is established, it
is essentially autocatalyzed by the production of H,S if high
temperatures are sustained (Goldhaber and Orr 1995).
Rayleigh-type fractionation is also possible for TSR in
sulfate-limited environments.

TSR has been invoked as an important process in both
vent-proximal and vent-distal SEDEX deposits (Leach et al.
2010; Wilkinson 2014). Cooke et al. (2000), Ireland et al.
(2004), and Huston et al. (2006) suggested that dissolved sul-
fate was a major component of metalliferous brines that
formed the Paleoproterozoic HYC Zn-Pb-Ag deposit in
Australia. In their model, dense brines exhaled into an anoxic
water column and ponded on the seafloor. Metal sulfide pre-
cipitation was triggered by biogenically reduced sulfur that
diffused into the brine from sediments below and from the
water column above; this H,S catalyzed TSR in the basal
portion of the ponded hydrothermal brine (Ireland et al.
2004). Accordingly, sulfur isotopic signatures of both BSR
and TSR are recorded in sulfides at HYC with values ranging
from —5 to 10 %o and 5 %o, respectively (Ireland et al. 2004).
These ranges overlap; however, Ireland et al. (2004) were able
to differentiate the products of BSR and TSR by measuring in
situ the sulfur isotope compositions of sphalerite and pyrite
with paragenetically distinct textural varieties.
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It is likely that TSR by hydrothermal fluids played an im-
portant role in the formation of SEDEX deposits in the HPD in
a manner similar to HYC. The negative 6°*S values for pyrite
framboids are readily explained by BSR of ambient seawater
sulfate; however, the positive 534S values of galena, sphaler-
ite, and later pyrite (py2-py3) cannot be explained solely by
closed system BSR. Addition of TSR sulfur does not require
prolonged, closed system BSR in the ambient water column.
Although the sulfur budget and oxidation state of the hydro-
thermal fluids for the HPD are unconstrained, the calculated
low temperatures likely preclude the transport of reduced sul-
fur together with base metals in the same hydrothermal fluid
(Cooke et al. 2000). Assuming that the initial 5**Squtate value
was approximately 30 %o and that A**Sgo4 1105 Was 10-20 %e,
the ranges of 5**S values for sphalerite (12.6 to 23.3 %o) and
galena (8.5 to 19.5 %o) are consistent with TSR at 100 to
200 °C (Machel et al. 1995).

Secular distribution of sulfur isotopes and depositional
environment

Goodfellow and Jonasson (1984) were the first to document
secular variability of the sulfur isotope composition of pyrite
in the Selwyn Basin (Fig. 7). According to their model,
basinal restriction led to redox stratification and stagnation
in the ambient marine water column. Prolonged (up to
50 My) stagnant conditions were marked by BSR and the
water column was not replenished due to closed or partly
closed hydrologic conditions. This, in turn, led to the build-
up of H,S and establishment of euxinic conditions in the
ambient water column. The reduced sulfur was fixed by
hydrothermal aqueous ferrous iron in the water column
and the iron sulfide particles (i.e., pyrite or metastable pre-
cursor minerals) settled as chemical sediments, together with
pelagic sediments. In this model, the consequence of exten-
sive pyrite burial and BSR under restricted conditions was
that the 5°*S values of the pyrite progressively increased

until sulfate was replenished; pyrite formed subsequent to
basin ventilation was isotopically lighter and was confined
to sediments, with reduced sulfur derived from porewater
sulfate (Goodfellow and Jonasson 1984; Goodfellow
1987). One such period of stagnation coincided with the
deposition of the host rocks and formation of the HPD de-
posits (Goodfellow and Jonasson 1984). This stagnation pe-
riod was interpreted to be coeval with the Duo Lake
Formation, beginning in the Lower to Middle Ordovician
and ending in the Middle Silurian (Fig. 7); Goodfellow
(1987) suggested that the apex of this stagnant period was
marked by near complete sulfate reduction because the 5°*S
value of pyrite (ca. 50 %) exceeds that of coeval ambient
seawater sulfate (~28 %o; Claypool et al. 1980; Kampschulte
and Strauss 2004). Positive isotope excursions in the secular
pyrite trend are purported to exist because of enhanced py-
rite burial, basin restriction, and stagnation over protracted
time periods.

To understand any secular trend in the sulfur isotope com-
positions of pyrite, it is critical to first establish the relative
paragenetic sequence under which the mineral formed. Gadd
et al. (2016) demonstrated that pyrite in the HPD is texturally
complex, consisting of discrete grains, or agglomerations
thereof, that contain multiple generations of growth ranging
from synsedimentary to earliest diagenetic (pyl), diagenetic
(py2), and metamorphic (py3). Significantly, our in situ SIMS
data show two populations of 5°*S values that correspond in
position with pyrite morphology (Fig. 7). Diagenetic py2
mimics the trend of the pyrite curve, whereas framboidal
pyl is negative and far removed from the pyrite trend
(Fig. 7). According to the model of Goodfellow (1987), the
earliest pyrite generation in the ACTM and USMS should
possess 5>*S values that fall on or near the secular pyrite trend
in their respective time-stratigraphic horizons. Framboidal py-
rite is the earliest pyrite generation that formed in the HPD,
and likely records the sulfur isotope composition of reduced
pore fluids near the sediment-water interface prior to
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Fig. 7 Secular distribution of sedimentary pyrite (Goodfellow and
Jonasson 1984) and seawater sulfate (Kampschulte and Strauss 2004)
5°*S values with SIMS 5%*S values of framboidal (square) and
diagenetic (triangle) pyrite. Horizontal and vertical lines through the
markers are the ranges of values measured by SIMS and the
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stratigraphic range, respectively. Note the similarities between 5**S
values of diagenetic pyrite of this study and sedimentary pyrite of
Goodfellow and Jonasson (1984). These are consistently higher
compared with those of framboidal pyrite (modified from Goodfellow
and Jonasson 1984)
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significant closed system BSR (Strauss 1997, 1999). The
same cannot be said for diagenetic py2, however, because this
pyrite formed after the framboids precipitated (Fig. 3a).

The secular pyrite trend from the Selwyn Basin has been
applied globally in several ore deposits studies, particularly for
models that rely primarily on biogenic sulfide (Goodfellow and
Peter 1996; Shanks and Seyfried 1987; Shanks et al. 2014;
Turner 1992). Magnall et al. (2016) present SIMS sulfur isotope
analyses of pyrite from the Middle to Late Devonian MacMillan
Pass district of shale-hosted Zn-Pb-Ag-Ba deposits, Yukon.
Analogously to the HPD, framboidal pyrite is the paragenetically
carliest sulfide in massive sulfide mineralization. Framboids
there possess light sulfur isotope compositions (ca. —25 %o) and
paragenetically later pyrite possesses positive 5°*S values
(> 0 %oc; Magnall et al. 2016). This is significant because both
the HPD and MacMillan Pass deposits are type localities that
Goodfellow (1987) used to define the pyrite secular trend. If
prolonged periods of stagnation existed in the Selwyn Basin
prior to the introduction of metalliferous hydrothermal fluids,
then this should be recorded in the paragenetically earliest sul-
fide. This is not the case as both localities, in their respective
mineralized time-stratigraphic horizons, contain framboids with
negative 5°*S values (this study; Magnall et al. 2016).

Goodfellow (1987) and Turner (1992) propose that the HPD
and MacMillan pass deposits formed in response to global an-
oxic events, but paragenetically distinct sulfur isotope composi-
tions demonstrate that the secular pyrite trend does not reflect the
sulfur cycle evolution in the Selwyn Basin. It is therefore unlike-
ly that this trend constrains a global cycle; however, the rocks
that host the Zn-Pb deposits of the HPD straddle the Ordovician-
Silurian boundary (Norford and Orchard 1985) and the pyrite
trend has also been advocated for enhanced pyrite burial under
euxinic conditions for contemporaneous stratigraphic sections in
other localities (Hammarlund et al. 2012). Although it is clear
that 5>*Sgqe values are environmentally controlled, it is impor-
tant to emphasize that positive 5°*S values in pyrite do not
uniquely indicate BSR of a depleted sulfate reservoir
(Jorgensen et al. 2004). Leavitt et al. (2013) demonstrate that
rapid sulfate reduction decreases sulfate-sulfide fractionation.
Moreover, this fractionation is not necessarily steady state be-
cause the rate of BSR may change in response to different envi-
ronmental parameters (such as fluxes of labile organic matter,
dissolved sulfate concentration, temperature; Leavitt et al. 2013).
Jones and Fike (2013) investigated sulfide-sulfate relationships
at the Ordovician-Silurian boundary at Anticosti Island, Canada.
There, positive excursions in 634Spy are absent in coeval
53*Sifuter Decoupling of the sulfide-sulfate sulfur isotope sys-
tem implies that enhanced pyrite burial is not responsible for the
positive excursion in this area, but rather that other environmen-
tal factors, such as chemocline migrating downward in sedi-
ments, modified the A**Sso4 s value (Jones and Fike 2013).
Similarly, Borowski et al. (2013) suggested that positive 5>*S
values in stratiform, authigenic pyrite are the result of rapid

anaerobic sulfate respiration above the sulfate-methane transition
in organic-rich sediments. Without any knowledge of the sulfur
isotope composition of coeval sulfate, it is not possible to fully
assess sulfur cycling in the HPD or the predominant mechanisms
that produced 34S_enriched sulfide; however, the intragranular
textural and sulfur isotope variability in pyrite was not produced
by a single-stage sulfate reduction mechanism.

Zn-Pb deposit genesis in the HPD

Gadd et al. (2016) argued against a syngenetic, purely
exhalative model and instead proposed that Zn-Pb deposits
within the HPD formed predominantly during diagenesis.
This argument was based on the presence of several genera-
tions of pyrite formation in the ACTM and the distribution of
trace elements among these pyrite generations. The sulfur
isotope compositional data presented here corroborate the
findings of Gadd et al. (2016) and allow refinement of the
genetic model proposed therein.

In our proposed model, the dense brine accumulated in a
depression floored by water-saturated hemipelagic sediments.
Ambient seawater originally present in pore spaces was even-
tually displaced by denser brine (Sangster and Hillary 2000).
One hundred meters below the seafloor, the porosity of silt- to
clay-sized muds was approximately 50 %, and it increased
exponentially to the sediment-water interface (Einsele 2000).
As newly deposited sediments are generally porous and perme-
able, it is reasonable to assume this to be the case for the sed-
iments of the ACTM prior to the introduction of metalliferous
fluids. It is likely that the dense brine settled onto the seafloor,
and some of it sank into porous and permeable carbonaceous
muds (Fig. 8a). It is also likely that the brine did not precipitate
all transported metals in the water column because sulfate dis-
solved within the brine must first have been reduced to sulfide
(Goodfellow 1987). Sulfidic porewaters originally present in
the sediment pore spaces (generated by BSR of seawater sul-
fate) were eventually displaced by dense brine that descended
into the sulfidic muds (Fig. 8a). In terms of H,S generation,
BSR was the most important process prior to the introduction
of metalliferous fluids because sulfidic porewaters served as the
catalyst (H,S) necessary for TSR to occur.

Following the introduction of metalliferous brines, TSR
superseded BSR because these fluids were too warm
(>100 °C) to support significant bacterial activity. In the early
stage of hydrothermal activity, TSR was likely restricted to the
lowermost water column, near the sediment-water interface
(Fig. 8a). Continued venting of dense brine and its ponding/
accumulation resulted in its downward percolation into porous
unconsolidated muds, where TSR reduced seawater sulfate by
the oxidation of labile organic carbon (Fig. 8b).

Calcite is a major component of the ACTM. The calcite is
characterized by negative 5'>C values (—1 to —6 %), whereas
organic carbon has values of ca. —28 %o (Goodfellow and
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Fig. 8 A schematic model for the formation of SEDEX deposits in the
HPD. The model accounts for the SIMS sulfur isotope data and illustrates
the controls on sulfate-sulfide distribution and sulfate reduction
processes. a Synsedimentary sulfide deposition is accompanied by
dense brine sinking into permeable muds, where metals and sulfate are
transported together. Dense brine sinking displaces less dense sulfidic

Jonasson 1986). The origin of the calcite is uncertain, but the
negative values for calcite are indicative of CO, produced
during the oxidation of organic carbon. There is also abundant
nodular calcite within the ACTM, which suggests that
authigenic precipitation of calcite occurred. Although biogen-
ic and abiogenic sulfate reduction both oxidize organic carbon
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porewaters and promotes early TSR. b Sinking brines percolating into
muds precipitate diagenetic sulfide that form overgrowths on pre-existing
sulfides and calcite that is intercalated with carbonaceous sediments. Loss
of permeability is likely followed by vertical compaction and dewatering,
which promotes mixing at the sediment-water interface (no scale implied;
adapted and modified from Ireland et al. 2004; Gadd et al. 2016)

and produce CO,, 5'°C values alone cannot unambiguously
discriminate between the two processes (Machel et al. 1995;
Machel 2001). The moderately negative §'*C values may be
explained by the interaction of the hydrothermal fluid with the
host sediment. Alternatively, organic matter remineralization
may have occurred via methanogenesis,
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2CH,0 + microbes—CH, + CO», (2)

subsequent to the depletion of sulfate in reducing sediment-
porewaters (Berner and Raiswell 1983; Froelich et al. 1979).
Methanogenesis is a very common process in carbonaceous
marine sediments and occurs where organic matter
accumulates on the seafloor. Coleman and Raiswell (1981)
show that organic matter fermentation involves extreme
§'3C fractionation that generates positive CO, (+15 %o) and
negative methane. This process has been demonstrated to oc-
cur in some modern seafloor hydrothermal deposits (Guaymas
Basin, Peter and Shanks 1992) and has been proposed to occur
in some sediment-hosted, stratiform Zn-Pb deposits (Red
Dog, Johnson et al. 2004; MacMillan Pass, Magnall et al.
2016). It is likely that methanogenesis operated to some de-
gree in carbonaceous sediments that host mineralization in the
HPD; however, at present, there are insufficient data to vali-
date or refute the role of this mechanism in the formation of
authigenic carbonate-bearing rocks in the HPD.

Based on positive sulfur isotope values for sphalerite and
galena (Fig. 5a) and negative carbon isotope values for calcite
(Goodfellow and Jonasson 1986), we suggest TSR generated
CO; in situ contemporaneously with metal sulfide deposition
within carbonaceous muds. Sulfide precipitation resulted in
partial cementation of the sediments and was accompanied
by CO, buildup. The loss of permeability coupled with in-
creased pCO, generated overpressurized pore fluids and even-
tually resulted in upward migration of metal-laden porewaters.
If methanogenesis was active, then this process may also have
enhanced the overpressurization of the pore fluids (Kelley
et al. 2004). These features are preserved in the HPD as dis-
cordant sphalerite- and galena-rich stringers that crosscut lam-
inated sediments during diagenesis (Fig. 8b) (i.e., the
“dewatering pipes” of Jonasson and Goodfellow 1986).

Conclusions

The SIMS in situ sulfur isotope compositions of pyrite from
each of the largest deposits within the HPD (i.e., XY, Don, and
Anniv) help identify the sources of sulfur and the processes
responsible for the formation of the Zn-Pb deposits. These
processes resulted from combinations of BSR and TSR that
took place in the ambient water column (i.e., brine pool near
the sediment-water interface), but predominantly occurred
within the shallow seafloor subsurface.

SIMS analyses reproduce the secular variability of bulk
pyrite 5**S documented by Goodfellow and Jonasson (1984)
for pyrites of the Duo Lake Formation (i.e., CCMS, ACTM,
USMS). Our SIMS data show marked differences in the 5°*S
values of early framboidal pyrite and later diagenetic pyrite,
and they differ from earlier studies because the bulk samples
consist mostly of diagenetic pyrite that formed subsequent to

framboidal pyrite. The upwardly decreasing sulfur isotope
compositions of both sphalerite and galena do not support a
model in which the sulfur in these minerals was sourced from
ambient biogenic sulfur in a closed basin setting. Conversely,
the sulfur isotope compositions of framboidal pyrite indicate
that sulfur was sourced by BSR of marine sulfate and we
interpret these values to closely reflect the compositions of
the ambient sulfidic porewaters prior to the introduction of
metalliferous brines. Prior to our work, anoxic and/or euxinic
conditions were considered by many workers to be the defin-
ing features of the ambient marine paleoenvironment in the
HPD. However, the intragranular sulfur isotope variability
suggests a dynamic bottom-water environment with respect
to redox conditions.

The Selwyn Basin pyrite trend of Goodfellow and
Jonasson (1984) incompletely constrains the sulfur isotope
evolution of pyrite from one of its type localities.
Consequently, it is unlikely that the secular pyrite trend accu-
rately evinces the sulfur isotope composition of the ambient
water column. This is due to the fine-grain, multigenerational
nature of pyrite from the HPD, where each pyrite textural type
records the conditions under which it formed. As such, we
emphasize the importance of applying in situ high-spatial res-
olution analyses in order to extract meaningful genetic and
paleoenvironmental information when working with fine-
grained media.
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