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Extreme shifts in pyrite sulfur isotope compositions reveal

the path to bonanza gold
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Pyrite is the most common sulfide mineral in hydrothermal ore-forming systems. The
ubiquity and abundance of pyrite, combined with its ability to record and preserve a
history of fluid evolution in crustal environments, make it an ideal mineral for study-
ing the genesis of hydrothermal ore deposits, including those that host critical metals.
However, with the exception of boiling, few studies have been able to directly link changes
in pyrite chemistry to the processes responsible for bonanza-style gold mineralization.
Here, we report the results of high-resolution secondary-ion mass spectrometry and
electron microprobe analyses conducted on pyrite from the Brucejack epithermal gold
deposit, British Columbia. Our 5**S and trace element results reveal that the Brucejack
hydrothermal system experienced abrupt fluctuations in fluid chemistry, which preceded
and ultimately coincided with the onset of ultra-high-grade mineralization. We argue that
these fluctuations, which include the occurrence of extraordinarily negative 5°*S values
(e , =36.1%o) in zones of auriferous, arsenian pyrite, followed by sharp increases of
5*'S values in syn-electrum zones of nonarsenian pyrite, were caused by vigorous, fault
valve-induced episodic boiling (flashing) and subsequent inundation of the hydrothermal
system by seawater. We conclude that the influx of seawater was the essential step to
forming bonanza-grade electrum mineralization by triggering, through the addition of
cationic flocculants and cooling, the aggregation of colloidal gold suspensions. Moreover,
our study demonstrates the efficacy of employing high-resolution, in situ analytical
techniques to map out individual ore-forming events in a hydrothermal system.
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With global concern regarding the availability of energy- and technology-critical elements to
empower the transition to a sustainable, clean-energy economy, increased attention is being
given to epithermal gold deposits because they are the source of many critical metals (e.g.,
tellurium, selenium, and antimony) recovered as by-products of gold mining (1-4). However,
despite this increased interest, the genesis of ultra-high-grade “bonanza’-type hydrothermal
deposits (i.c., those with localized metal concentrations many orders of magnitude greater
than the average) remains enigmatic. This paper deals with bonanza-type epithermal deposits,
which recent research indicates form via the physical transport of metals in the solid state as
colloidal suspensions instead of dissolved species (5—7). Similar findings have also recently
been reported for other deposit types (e.g., orogenic 8-10; Carlin-type 11). This wave of
research into nanoscale processes has been propelled by earlier investigations that 1) established
the existence of colloidal gold particles in fossil hydrothermal systems through nanoscale
imaging (12-15) and 2) detected their presence in active geothermal systems by microscale
imaging and microanalytical means (16-18). Such advances have collectively demonstrated
the need to look beyond traditional genetic models of aqueous complexation, i.e., those
invoking the transport of gold in solution (e.g., refs. 19-23), to explain the formation of
bonanza-type epithermal gold deposits. They have also validated the idea, first proposed
100 y ago (24, 25), that colloidal gold suspensions may play an important role in the formation
of hydrothermal gold deposits.

Although recent research has established the existence of colloidal gold particles in hydro-
thermal ore-forming systems, a separate but equally essential question for colloid-based genetic
models that remains largely unresolved is, what triggers flocculation, i.e., the formation of
masses of solid gold through the aggregation of colloidal particles? Previous studies investi-
gating this question have focused on a subset of bonanza-type hydrothermal gold deposits in
which colloidal gold is believed to have developed within a silica gel, and aggregation occurred
through the expulsion of the gold nanoparticles from the silica gel during its crystallization
to quartz (26, 27). The causes of flocculation, however, extend well beyond processes related
to quartz crystallization from silica gels, given that 1) flocculated gold nanoparticles have been
documented in nonsilicate minerals (e.g., calcite) in the absence of quartz (6); and 2) the
propensity of gold nanoparticles in laboratory experiments to kinetically self-aggregate in
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Significance

Colloidal gold particles are
increasingly recognized as playing
a key role in the formation of
hyperenriched, “bonanza”-type
hydrothermal gold deposits.
Despite a growing body of
evidence for their existence in
fossil hydrothermal and active
geothermal systems, relatively
little is known about the processes
that cause these particles to
flocculate and form discrete
occurrences of ultra-high-grade
gold. Here, we report evidence for
a unique gold nanoparticle
flocculation mechanism preserved
in the largest and finest scale
intragrain variations in pyrite
sulfur isotope compositions ever
identified in a nonbiogenic sulfide
mineral. From this evidence, we
demonstrate that the mixing of
seawater with boiled ore fluid is an
essential catalyst for gold
nanoparticle flocculation and
leads to the formation of bonanza-
grade gold mineralization.
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response to chemically triggered disruptions of their repulsive surface
charges (28). Widely recognized mechanisms for forming precious
metal ores from solution, such as boiling, fluid mixing, and reduction
also have been proposed as triggers for flocculation (8, 15, 29), yet
there is a lack of evidence that links these processes directly to
bonanza-grade gold deposition.

To address this fundamental knowledge gap, we have undertaken
a detailed sulfur isotope and trace element study of pyrite from the
Brucejack epithermal gold deposit, a fossil hydrothermal system in
northwestern British Columbia, Canada. Specifically, we have sought
to elucidate the intragrain 8°'S isotopic and As—Au trace element
record of pyrite that preceded, and ultimately coincided with, the
formation of ultra-high-grade gold mineralization through floccu-
lation of colloidal gold suspensions in a bonanza-type deposit. We
studied pyrite because, being the only sulfide mineral to have formed
throughout every major ore and alteration event in the paragenesis
of the deposit, it is abundant and widespread (13, 30). Pyrite thus
offers a unique and uninterrupted record of fluid evolution and
insight into the physicochemical conditions that governed the floc-
culation of colloidal gold suspensions.

Pyrite and Fluid Evolution in Epithermal Ore
Deposits

Owing to its ability to form over a wide range of physicochemical
conditions, its abundance in most fossil hydrothermal systems,
and its sensitivity to changes in fluid chemistry, pyrite has become
widely recognized as an important monitor of fluid evolution in
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ore deposits [see Steadman et al. (31) and Babedi et al. (32)]. Most
studies of pyrite in epithermal deposits have focused on trace
element distributions (e.g., Borner et al. 33), and some research has
related these distributions and the microtextural characteristics of
pyrite to ore-forming processes such as boiling (e.g., Romdn et al.
34). Although a few studies have investigated the intracrystalline
isotopic changes that likely accompany, and may be characteristic
of, major ore-forming events in porphyry-epithermal (e.g.,
Peterson & Mavrogenes 35) and Carlin-type deposits (e.g., Barker
et al. 36), none have used such data to interpret the controls on
bonanza gold mineralization.

The Brucejack Deposit

Brucejack is a large (15.7 million tons grading 8.4 ppm Au, 59.6
ppm Ag) intermediate-sulfidation Au—Ag epithermal deposit that
hosts locally spectacular, bonanza-grade (up to 42,100 ppm Au in a
0.5 m drill core interval) gold mineralization (Fig. 1) (37). The gold
occurs in carbonate—quartz vein swarms, fault-fill vein breccias, and
stockworks in a phyllically altered Early Jurassic succession of inter-
mediate to mafic fragmental volcanic and volcaniclastic host rocks
that extends over a vertical interval of greater than 1 km (30, 38).
Ore formation is estimated to have taken place in the temperature
range of 160 to 200 °C (30, 39). The deposit was emplaced near the
margin of the long-lived Stikinia island arc at ~184 Ma, shortly
before it was intruded by a suite of 183 Ma intermediate to mafic
dykes (38). Bonanza gold mineralization occurs primarily as 1 to 30 cm
wide clots of calcite + quartz-hosted dendritic electrum (Aug,Agsg)

Fig. 1. (A) Location of the Brucejack deposit (red star) shown in relation to major hydrothermal ore deposits of the Stewart area, northwestern British Columbia.
(B and C) bonanza-style gold mineralization in ultra-high-grade drill core samples from the Brucejack deposit (grading 42,100 and 27,100 ppm Au, respectively,

over 0.5 m intervals).
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which occurs commonly in contact with pyrite in three stages of ore
veins (40). The ore-stage veins, which cross-cut two premineralization
vein generations (stages I and II), form part of a broader, six-stage
paragenetic sequence (30, 38) and include 1) quartz-carbonate +
sericite + pyrite stockwork veins and breccias (stage I11); 2) Zn-Pb-
Fe—(Cu) quartz-sulfide veins (stage IV); and 3) Ca—Mn-Mg car-
bonate + quartz + pyrite veins locally containing distinctive
orange-colored, Mn-bearing and gray-colored, Mg-bearing calcite
(stage V; stage V1 is postmineralization) (18). In addition to electrum,
bonanza-grade silver mineralization also occurs locally as Ag—sulfos-
alts in stage IV veins (38).

Most vein-hosted pyrite at Brucejack is cross-cut by high-grade
electrum and is therefore believed to have formed during an earlier
alteration event which was widespread and consisted predominantly
of quartz—sericite—pyrite replacement (phyllic alteration) of the
wallrocks (40). Volumetrically minor, late-stage pyrite occurs in
textural equilibrium with electrum and is interpreted to have
formed during emplacement of the three main electrum-hosting
vein stages (stages 11I-V) (30, 38, 39). Both wallrock- and
vein-hosted pyrite exhibit multiphase growth zoning including 1)
cubic cores with elevated Ni, Se, Sb, Co, Pb, and Bi concentrations,
surrounded by 2) oscillatory zones containing alternating high/low
As + Au growth bands and locally well-developed colloform textures
and 3) an outermost cubic growth zone that lacks trace-element
zonation (39). Strong similarities in the trace element distributions
of the first two growth phases of vein-hosted pyrite and those of
pyrite in the wallrock suggest that these components were inherited
from the wallrocks (40).

Although the origin of the gold mineralization at Brucejack is
not completely understood, a recent study has provided evidence
that a substantial proportion of the gold was transported mechan-
ically in the solid state to the site of deposition as colloidal suspen-
sions (6). In particular, transmitted electron microscopy imaging
of bonanza-grade gold samples from the deposit has shown that
1) gold commonly occurs as <1 to 10 nm spherical nanocrystals
of electrum embedded within a calcite matrix; 2) larger (100 to
500 nm) particles of electrum, also embedded in calcite, are com-
posed of hundreds of nanoparticles, each displaying distinct crystal
lattice plane orientations; and 3) the margins of >1-pm-wide elec-
trum masses surrounding the calcite matrix comprise nanopartic-
ulate electrum partially crystallized to massive monocrystalline
electrum. The textures captured in these images have provided
direct evidence for the involvement of colloidal gold particles in
the formation of bonanza gold occurrences through flocculation.

Methods

We sampled pyrite from the three stages of electrum-bearing veins as well as
preelectrum phyllicwallrock alteration from the Brucejack mine to investigate the
trace element and 8*'S intragrain isotopic record that preceded, and eventually
coincided with, the formation of high-grade gold mineralization. An initial, quali-
tative survey of intragrain compositions was conducted on standard petrographic
polished thin sections of the samples using energy-dispersive X-ray spectroscopy
and was followed by the quantitative determination of element concentrations
via electron microprobe (EMP) analysis. Sulfurisotope compositions were subse-
quently determined in situ by high-resolution secondary ion mass spectrometry
(SIMS) analyses. The typical spot size used and maximum uncertainty (2c) for the
SIMS &S analyses were 7 to 10 pm and 0.4%» (typically < 0.2 %o), respectively.
See S/ Appendix for additional analytical details and complete results.

Results

Detailed backscattered electron (BSE) imaging of pyrite from min-
eralized veins and phyllically altered wallrock revealed two significant
results. First, the previously reported three pyrite growth events (see
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above) are present in samples from all vein stages and wallrock and,
second, textures exhibited by the oscillatory-zoned arsenian bands
from the intermediate growth event differ significantly from those
of the other pyrite generations. For example, pyrite from the stage
V, bonanza-grade Cleopatra vein in the core of the deposit (Valley
of the Kings Zone), which has been a major source of gold produc-
tion, is characterized by arsenian growth bands exhibiting locally
well-developed colloform textures that become increasingly chaotic
toward grain rims (Fig. 24). In contrast, pyrite samples from phyl-
lically altered wallrock directly adjacent to lower grade stage V veins
near the periphery of the deposit display single, broad arsenian
growth zones with sharp, euhedral outer limits (Fig. 34). Analytical
traverses across these two types of arsenian bands show that they are
characterized by different sulfur isotope compositions (e.g., F1§s 2
vs. 34; see SI Appendix, Fig. S1 for a detailed plot of As vs. §° Soye
results). In the Cleopatra vein samples, colloform arsenian bands are
associated with weakly to extremely negative 8°S shifts (<1 to ~17%o
magnitude), whereas the euhedral arsenian bands in peripheral stage
V veins are associated with 8*S values that increase steadily from
core to rim (from -1.3 to +24.0%o; Fig. 3A4 transect D-D’). Analyses
of the colloform and euhedral arsenian bands indicate that the for-
mer hosts significant invisible Au (up to 150 ppm), whereas the latter
contains no detectable Au (< ~90 ppm Au).

In addition to the *S changes observed in the arsenian growth
bands, the SIMS traverses demonstrate that many large intragrain
8%'S shifts, both negative and positive, occur in areas that otherwise
lack compositional variation. For example, in the Cleopatra veln,
pyrite transect B-B’ (Fig. 2) exhibits several sharp drops in 5%S in
the first 300 pm that do not correlate with compositional changes
evident from BSE imaging, and the outermost (grain rim) analyses
show an extremely positive shift in a zone of nonarsenian pyrite.
Similar positive shifts occur in the nonarsenian grain rims along
traverses A—A’ and C-C’ (Fig. 2B). \Whlle the rim analyses in each
traverse in Fig. 2 ylelded variable 8°%S values, all traverses reveal an
extremely positive 8°*S shift in the outermost growth zone which,
importantly, is in textural equilibrium with high-grade electrum
mineralization (El; Fig. 2).

In order to further explore the §**S shifts that led to the formation
of electrum mineralization at Brucejack, a SIMS transect was made
across a vein-margin-hosted pyrite grain from a second, stage V vein
in the center of the deposit (Fig. 3B; E-E’). Along this transect, the
vein-margin-parallel growth bands alternate between broad non-
arsenian and narrow arsenian pyrite before terminating in an outer
(i.e., toward the Upper Left of the image) zone of very small (<20
um), isolated, and aggregated pyrite crystals. These small crystals
have cubic to pyritohedron shapes and are in textural equilibrium
with electrum, as is evidenced by the lack of reaction and/or replace-
ment textures along the contacts between electrum and pyrite. The
SIMS transect reveals two nonarsenian zones of pyrite with mod-
erately positive 8°°S (+4 to +9%o) signatures, separated by a non-
arsenian zone with near-zero &’ S values. Beyond the nonarsenian
zone, which terminates w1th 28”1 of +3.8 (Fig. 3B; E-E’), there
is a precipitous drop in 6 “S to a value of ~36.1%o over ~50 pm.
This steep decline in 8>S values coincides initially with a zone of
arsenian pyrite and continues outward through a zone of nonarse-
nian pyrlte Moving further outward toward the contact with elec-
trum, 8°*S values reverse sharply and increase by ~30%o over a
distance of ~30 um through both arsenian and nonarsenian zones.

Discussion

4 s .
The §**S traverses reported in this study record the largest intra-
grain variations in sulfur isotope compositions ever identified in
a nonbiogenic sulfide mineral. For example, the range in 5%s
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Fig. 2. (A) BSE image of pyrite and electrum (El) from the stage V Cleopatra vein showing complex, multigenerational growth zoning and the location of SIMS 534S
analytical transects A-A', B-B', and C-C’, as well as SIMS 5>*S results for analyses outside of the transects and EMP results for Au and As (BD = below detection). The
electrum is interpreted to be in textural equilibrium with the outermost pyrite growth zone based on the lack of reaction and/or replacement textures along the

contacts between the electrum and pyrite which are sharp and largely euhedral. (B-D) plots of §*“S

values for a single Brucejack pyrite crystal, from +8.7 to -36.1%o
(Fig. 3B), far exceeds the largest previously reported single-crystal
variations of +0.3 to -12.0%o for pyrite from an epithermal
deposit (35). Furthermore, the most negative 8>S  value at
Brucejack (- 36 1%o; Fig. 3B) is substantially lower tﬁan even 1)
the lowest 8°%S_ values reported for a porphyry-epithermal
deposit (41); or 23’ the typical 8*S for pyrite formed during open
system bacterial reduction of marine sulfate (42). The extremely
negative values at Brucejack, which are characterized by abrupt
changes in pyrite growth, are almost certainly the product of rapid
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pyr VS distance for transects A-A’, B-B', and C'-C’, respectively.

boiling, as is interpreted for similar hydrothermal ore-forming
systems (34, 43). By progressively releasing hydrogen to the vapor,
boiling oxidized the hydrothermal liquid and caused extreme
Rayleigh fractionation of isotopically heavier sulfur into sulfate
and lighter sulfur into the reduced sulfur that formed the pyrite.
This 1nterpretat10n is supported by 1) the observation that the
most negative 8° “S values occur in colloform arsenian pyrite, the
texture and Au—As composition of which are typical of boiling-
induced formation (34), and 2) evidence from the detailed study
of fluid inclusions at Brucejack which indicates that the ore fluid
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Fig. 3. (A) BSE image and corresponding SIMS %S results for transect D-D’, and analysis spots outside the transect, for pyrite in a stage V vein from the deposit
periphery; EMP analysis locations and corresponding As values are also shown (Au values are all below detection; BD). (B) BSE image of pyrite and adjacent
electrum (El) in a stage V vein from the core of the deposit showing SIMS &S results for transect E-E'.

boiled during the formation of stage III and V veins (30). Other
hgfotheses that have been proposed to explain strongly negative
87'S values in auriferous, arsenian pyrite are cooling of highly
oxidized magmatic fluids and/or extreme disproportionation of
SO, (35, 44). In principle, these hypotheses could explain the very
negative 8%S values observed at Brucejack, but they are not cred-
ible because no 7S values <-25 %o have ever been reported for
magmatic hydrothermal systems, even those evolving to very low
temperature.

Although the large negative excursion of the pyrite 8°*S values
at Brucejack is extraordinary, it is not the most noteworthy finding
of this study. Even more surprising are the strongly positive 8°*S
shifts that are texturally associated with electrum. They indicate
thata process other than boiling must have been ogerating during
bonanza gold deposition. The steady increase in 8°*S_ from near
zero to ~+24%o in the lower grade stage V peripheral veins (Fig. 34)
suggests that there was extensive mixing between an originally
magmatic-dominant fluid and one with a substantially more pos-
itive 8°°S signature. Given that 1) the Brucejack deposit was
emplaced near the edge of an Early Jurassic island arc undergoing
widespread denudational extension and/or transtension (45, 46),
and 2) Early Jurassic seawater was characterized by 8>S values
of +15 to 24%o (47), we propose that this isotopically more pos-
itive fluid was seawater. Higher 634Spyr values would have been

PNAS 2024 Vol.121 No.21 2402116121

generated by the mixing of seawater-sourced sulfur produced in
part by thermochemical sulfate reduction (TSR), a process that
also precipitates carbonate and may explain the abundance of
calcite around flocculated electrum at Brucejack (48). In VMS
deposits formed at the seafloor—seawater interface, similar, positive
intragrain §*S excursions (~20%o) have been documented in
pyrite and attributed, in part, to TSR (49).

In addition to raising the §7S values of the hydrothermal fluids
circulating at Brucejack, inundation of the hydrothermal system
by seawater added cationic flocculants, primarilg Na’, but also
Mg2+, Ca**, and K* (50). Although the initial Mg™, Ca**, and K*
concentrations of the Brucejack ore fluid have not been con-
strained, a fluid inclusion study by Tombe et al. (30) suggested
that the electrum-bearing stage V ore veins at Brucejack have
salinity values that are largely below those of Early Jurassic seawater
[~4.3 wt % NaCl (51)]. Thus, this mixing would have effectively
increased the concentration of background electrolyte and the
ionic strength of the ore fluid (52), resulting in the adsorption of
cations onto the surfaces of the negatively charged gold nanopar-
ticles (53) being transported in suspension in the fluid (Fig. 4).
The adsorbed cations, which protruded outward from nanoparticle
surfaces, attached to the adjacent gold nanoparticles and triggered
bridging flocculation (52) of colloidal gold suspensions at seawater
mixing sites in the Brucejack hydrothermal system. The elevated

https://doi.org/10.1073/pnas.2402116121
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background electrolyte concentration in the seawater—ore fluid
mixture further promoted bridging flocculation by increasing the
compression of the electric double layer around the gold nano-
particles. This brought the suspended gold nanoparticles closer
together because of the screening of their repulsive surface charges
(52). Though some flocculated gold particles may have deposited
at the fluid mixing sites, seismic pumping (see below) likely cir-
culated most of the flocculated gold aggregations to other sites in
the deposit, where they locally clogged fractures and ultimately
formed clots of bonanza-style gold mineralization through the
repetitive addition of flocculated gold aggregates (6).

Integration of the Brucejack intragrain &’ S, record across the
deposit reveals a complex interplay of processes leading to, and
culminating in, the formation of bonanza gold mineralization
(Fig. 4). The cyclical, progressively more negative, and extreme
shifts in 84S values in the ultra-high-grade Cleopatra vein (Fig. 2)
reflect multiple boiling events which became incrementally more
intense over time and may have been responsible for the nucleation
of the colloidal gold particles which later flocculated during sea-
water mixing. This cyclical boiling, which is consistent with a seis-
mic pumping fault-valve model (54), terminated in a singular
extreme boiling event that depressed the 5**S signature by ~17%o
prior to seawater mixing and the onset of bonanza-style gold min-
eralization. Fig. 3 demonstrates that pyrite in other high-grade
veins, while recording a similarly extreme terminal boiling event
followed by a sharp syn-electrum increase in 8°%S, preserves an
catlier history of the mixing of the ore fluid with seawater unseen
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by the Cleopatra vein. In transect E-E’, 8%'S values in pyrite were
initially below the range for equilibrium with Early Jurassic seawa-
ter. We speculate that the moderately positive 7S signature
(+8.7%o0) from this transect reflects the initial onset of fault-valve-
induced seawater—ore fluid mixing.

In closing, our findings have fundamental implications for the
processes by which bonanza-grade hydrothermal gold deposits
form, and demonstrate how grain-scale microtextural and mineral
chemical analyses can be used to assess mineralization processes.
First, by establishing the synchronous nature of fluid-mixing and
high-grade mineralization in a deposit where colloidal transport
of gold has been identified (6), this study provides direct evidence
for syn-mineralization seawater-mixing, a process that may drive
the flocculation of gold nanoparticles. Second, contrary to
Weatherley & Henley (55), our results are consistent with the idea
that the sulfur isotopic compositions of sulfide minerals record the
primary physicochemical changes associated with rapid boiling
events. Third, the 8°*S transects presented here indicate that,
although the occurrence of colloform arsenian pyrite is indeed due
to boiling, “invisible” boiling events, i.c., those with no obvious
textural or mineral-chemical record, can be relatively common
(e.g., transect B-B’, Fig. 2). Fourth, our findings highlight the
importance of using in situ analytical techniques to resolve stable
isotope signatures at the micron-scale; previous studies at Brucejack
using whole-grain analytical methods yielded fairly consistent §°%S
values for pyrite from mineralized veins, in a narrow range of -1.7
to +0.6%o (30), which are clearly misleading. Fifth, although the
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EMP data presented here and elsewhere (40) provide compelling
evidence that boiling was accompanied by significant deposition
of gold in the form of auriferous pyrite, the positive, seawater-driven,
syn-electrum §S shifts in Brucejack pyrite strongly suggest that
fluid mixing was the ultimate trigger for high-grade gold mineral-
ization. Finally, as exploration models for bonanza-type epithermal
gold deposits have been developed almost exclusively for subaerial
environments (e.g., refs. 56 and 57), our finding of a secawater-related
mechanism for bonanza gold deposition highlights the need to
refine the existing exploration models to recognize ore-forming
processes that are unique to submarine settings.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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