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Abstract The metaturbidite‐hosted, ∼380 Ma Dufferin gold deposit, Meguma terrane, northeastern
Appalachian Orogen (Nova Scotia, Canada) is an orogenic gold deposit with mineralized saddle reef‐type
quartz veins hosted by metasandstones and black slates in a tightly folded anticline. Together with native gold
inclusions, genetically related hydrothermal carbonaceous material (CM) in veins occurs as pyrobitumen in
cavities and along fractures/grain boundaries proximal to vein contacts and wallrock fragments. Integrating
several microanalytical methods we document the precipitation of gold via coupled fluid‐fO2 reduction (via
interaction with CM) and pH increase. These changes in fluid chemistry destabilized gold bisulfide complexes,
leading to efficient Au precipitation from a gold‐undersaturated (0.045 ± 0.024 ppm Au; 1σ; n = 58 fluid
inclusions) aqueous‐carbonic fluid (H2O‐NaCl‐CO2 ± N2 ± CH4). The proposed mineralization mechanism is
supported by: (a) a complementary decrease in Au and redox‐sensitive semimetals (As, Sb), and increase in wall
rock‐derived elements (i.e., Mg, K, Ca, Sr, Fe) concentrations in fluid inclusions with time; (b) a corresponding
decrease in the XCO2, consistent with CO2 removal via reduction/respeciation and late carbonate precipitation;
and (c) gold embedding in, or on, the surface of CM inside mineralized cavities and fractures. Despite
mineralizing fluids transporting low concentrations of Au far from saturation, precipitation of gold was locally
evidently high where such fluids interacted with CM, contributing to the overall gold endowment of Meguma
deposits. This work re‐emphasizes CM as a potential prerequisite for efficient gold precipitation within the
overall genetic model for similar orogenic metasedimentary settings globally where the presence and/or role of
CM has been documented.

Plain Language Summary The Dufferin gold deposit in Nova Scotia, Canada, formed ∼380 million
years ago within metamorphosed sedimentary rocks called the Meguma Group. The deposit contains gold‐
bearing quartz veins sandwiched between layers of tightly folded rocks. This study focused on unraveling the
mechanisms behind some of the gold deposition within this deposit, specifically where associated with
carbonaceous matter (CM). We found a close association between gold and CM, which represents organic
matter preserved in the rocks. CM is abundant within small cavities throughout the quartz veins that also contain
appreciable gold occurring as microscopic particles in the CM. By using a variety of analytical techniques, we
determined that efficient gold mineralization occurred in response to specific chemical changes to the gold‐
carrying fluid, including a decrease in the oxidation potential and a decrease in the acidity of the fluid through
interaction with the CM‐rich rocks. Such changes to the fluid caused gold to become insoluble and form
particles that were deposited in the rocks and vein material. Importantly, despite the fluid having a low
concentration of dissolved gold, it exhibited a remarkable ability to deposit significant quantities of the precious
metal, underscoring the important role of CM in facilitating efficient gold precipitation from fluids.

1. Introduction
The formation of orogenic gold deposits (OGD) requires the critical marriage of a structurally accessible Au
source reservoir, ideal physicochemical characteristics for a fluid to complex and transport Au, and one or more
efficient precipitation mechanism(s) (e.g., Gaboury, 2019 and references therein). A combination of voluminous
and prolonged fluid flux into structurally overprinted, multiphase deformation zones characterizes OGD settings
(Dubé & Gosselin, 2007; Goldfarb et al., 2005), and significantly risk compromising the preservation of fluid
inclusions (i.e., via post‐entrapment modification and leakage, or fluid loss during dissolution‐recrystallization
processes), which represent the only direct evidence of the former mineralizing fluid(s) (e.g., Kontak &
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Tuba, 2017; Ridley &Diamond, 2000; Ridley &Hagemann, 1999). These impediments can have a notable impact
on the acquisition of robust fluid inclusion data and the identification of the causative factors that controlled Au
solubility and subsequent precipitation (e.g., fluid interaction with carbonaceous material, fluid mixing, boiling/
immiscibility, wall‐rock reactions, etc.). Therefore, this aspect must be considered when trying to characterize the
evolution of fluids via fluid inclusions in OGD.

Additionally, as observed in many other OGD in the Meguma terrane (e.g., Horne & Culshaw, 2001; Kontak &
Horne, 2010; Sangster & Smith, 2007), the auriferous saddle‐reef veins at Dufferin are localized to anticlinal fold
crests where carbonaceous material (CM)‐bearing black slates (≥1% organic C; Bierlein & Smith, 2003) are in
contact with metasandstones which together define the Bouma sequences characteristic of these metaturbidite
sequences. As such, in addition to fluid inclusion preservation, this setting affords the opportunity to investigate
the role of CM with respect to gold mineralization and fluid evolution. The occurrence and relevance of CM has
been noted in other sedimentary rock‐hosted and/or associated gold‐mineralized systems globally (e.g., Wit-
watersrand, South Africa: Fuchs et al., 2017; Parnell, 1996; the Kupferschiefer, Poland: Oszczepalski et al., 2011;
Cosmo Howley gold deposit, Northern Australia: Matthäi et al., 1995; Western Lachlan Orogen, Victoria,
Australia: Bierlein et al., 2001; Macraes Gold Mine, Otago Schist, New Zealand: Craw, 2002; Pitcairn
et al., 2006; Hoyle Pond deposit, Abitibi greenstone belt, Canada: Dinel et al., 2008; Ashanti gold belt, Ghana:
Berge, 2011; Table 1). These studies speculate that the CM played a key role in ore genesis as a fluid reductant and
redox buffer, a source of critical volatile species (CO2, H2S) and metals (As‐Au), a lubricant for shear/fault
systems, and/or a Au adsorbent (Oszczepalski et al., 2011; Tan et al., 2005; Vilor, 1983; Williams‐Jones
et al., 2009).

At the metaturbidite‐hosted Dufferin gold deposit in the Meguma terrane of the northern Appalachian Orogen
(Nova Scotia, Canada), intermittent underground mining (2003–2018) provided excellent access to numerous
vein exposures (Horne & Jodrey, 2001). In several of the upper saddle‐reef veins of the stacked sequence, we
observed vugs/cavities occluded by undeformed quartz crystals containing exceptionally well‐preserved and
unusually large (i.e., 50 to ≥200 μm) fluid inclusions; these provided a rare opportunity to fully characterize the
composition and evolution of hydrothermal fluids thought to be coeval with gold formation. In particular, the size
of the fluid inclusions in the quartz is advantageous as this allows for less ambiguous observations of phase
changes during microthermometry, an issue that commonly limits studies of fluid inclusions in OGD, and the
application of more comprehensive analytical protocols rarely applied to OGD. For example, the atypically large
size of the inclusions affords low detection limits for specific analytical methods (e.g., Au detection and quan-
tification by laser ablation inductively‐coupled plasma mass spectrometry [LA‐ICP‐MS]), providing the op-
portunity to fully characterize the fluids with respect to their solute and volatile chemistry. The acquired fluid
inclusion data are integrated with characterization of the CM via scanning electron microscope energy dispersive
spectroscopy (SEM‐EDS) and laser Raman microspectroscopy (LRM), along with mineral paragenesis and
isotopic (δ13C) considerations to track the chemical evolution of the mineralizing fluid at the deposit site and its
potential source. As such, this study presents one of the few examples where measured Au concentrations in
aqueous‐carbonic fluids in an OGD can be directly related to CM in a flysch‐hosted gold system.

2. Geologic Setting of the Dufferin Gold Deposit
The Lower Paleozoic metasedimentary rock‐hosted Dufferin deposit, located ∼100 km east of Halifax, occurs in
the Meguma terrane of southern Nova Scotia, Canada (Figure 1a inset), which is one of several terranes that make
up the northeastern Appalachian collage. This terrane was dextrally docked to the adjacent Avalon terrane along
the east‐west trending Cobequid‐Chedabucto Fault Zone (CCFZ in Figure 1a) as part of the Neoacadian Orogeny
(Murphy et al., 2011; van Staal, 2007). The terrane is dominated by a thick sequence (12 km) of Cambrian to
Ordovician turbiditic, variably carbonaceous (e.g., <1–10% organic carbon; Graves & Zentilli, 1988; Wal-
dron, 1992) metasedimentary rocks of the Goldenville and Halifax groups that are disconformably overlain by
Silurian to Early Devonian metasedimentary and metavolcanic rocks of the Rockville Notch Group (White
et al., 2012). This sequence was metamorphosed (lower greenschist but locally to amphibolite facies) and
deformed (northeast trending open‐ to closed, upright folds) from ∼410 to 380 Ma (Hicks et al., 1999; Kontak
et al., 1998; Morelli et al., 2005). Subsequent emplacement of several large meta‐ to peraluminous granitoids and
minor mafic bodies from ∼370–380 Ma occurred across the terrane (Bickerton et al., 2022; Clarke et al., 1997;
Kontak et al., 2004) with related contact aureoles indicating emplacement at pressures of ca. 3–4 kbars (Jamieson
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et al., 2012; Massonne et al., 2010). The Dufferin deposit lies ∼20 km from the Musquodoboit Batholith and thus
well outside its contact aureole (Figure 1a).

The Meguma terrane is well known for its numerous slate‐belt‐type gold deposits, which are characterized by
massive to laminated, bedding‐concordant quartz± carbonate± Fe sulfide veins (Kontak & Horne, 2010; Kontak
et al., 1990; Malcolm, 1929; Ryan & Smith, 1998; Sangster & Smith, 2007). These deposits are mainly hosted
throughout the metasandstone Goldenville Group, although some extend into the overlying slate‐dominant
Halifax Group; the deposits are preferentially localized to anticlinal hinges across the Meguma terrane
(Horne & Culshaw, 2001; Kontak & Horne, 2010; Kontak et al., 1990; Sangster & Smith, 2007). Previous work
indicates that these deposits generally conform to features of OGD with regard to vein types and fluid chemistry
(Kontak & Horne, 2010). Importantly, both field relationships and direct dating (40Ar/39Ar, Re‐Os) suggest that
most deposits formed at ∼380–370 Ma and thus overlap the emplacement of granitoid bodies across the Meguma

Figure 1. (a) Regional geological setting of theMeguma terrane of southern Nova Scotia. The location of the Dufferin deposit
is shown (yellow star). SMB—South Mountain Batholith; MB—Musquodoboit Batholith. (b) Plan map of the Dufferin
deposit with respect to local structural features. (c) Cross‐sectional view of the Dufferin deposit (facing east) and fold
structure showing the drill indicated geology with saddle veins highlighted by the thick black lines and bedding as dotted
lines. Note that veins are localized to the lithological contacts of black fissile slate and metasandstone. Plan and cross‐
sectional maps modified after Horne and Jodrey (2001).
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terrane (see Kontak and Horne (2010) for review). This timing is consistent with the structural model of Horne
and Culshaw (2001), where vein formation is related to late‐stage fold tightening, as expected during batholith
emplacement and related horizontal shortening (Benn et al., 1997).

The Dufferin deposit is hosted in a sandy flysch sequence of the Goldenville Group that is characterized by
medium‐ to thickly bedded metasandstones with lesser metasiltstone and black slate comprising Bouma se-
quences (Harris & Schenk, 1975). Thus, a typical sedimentary cycle is characterized by graded metasandstone
(∼1 m) fining‐upwards to metasiltstone (5–10 cm) and capped by black carbonaceous slate (1–5 cm; Horne &
Jodrey, 2001); importantly, the auriferous bedding‐concordant veins are localized to metasandstone‐slate contact
zones. The deposit is associated with a fault‐bound portion of the Crown Reserve Anticline (Figure 1b) that
consists of a tight plunging chevron fold which, from diamond drilling, is known to host at least 17 stacked saddle
reefs with ≤700 m of strike continuity (Figure 1c; Hannon et al., 2017). Veining includes composite bedding‐
concordant saddle reefs (Figures 2a–2c) and their contiguous down‐limb extensions (i.e., “leg” veins) with
lesser discordant and en echelon vein types (yellow arrows in Figure 2c). All vein types are auriferous and can be
related to flexural slip and hinge zone dilation (Hannon et al., 2017; Horne & Culshaw, 2001; Horne &
Jodrey, 2001). The down‐limb leg veins are commonly laminated (i.e., ribbon or crack‐seal) and relate to in-
cremental vein opening along bedding‐parallel flexural slip movement horizons.

The hinge‐hosted saddle‐reef veins are composite and include both laminated and massive quartz vein generations
(Figures 2b–2d) locally with quartz crystal‐lined cavities/vugs (Figure 2e), which are the products of repeated
intervals of dilation and fluid ingress. Carbonate (primarily ferroan dolomite) and sulfides (arsenopyrite, and
more minor chalcopyrite, pyrite, galena, sphalerite) are common accessory phases in both vein and wallrock
materials (Horne & Jodrey, 2001). Pyrite has been observed coating euhedral quartz crystals. Arsenopyrite
specifically occurs as aggregates disseminated in the wallrock or in vein laminations (Horne et al., 2002). Gold
occurs throughout the paragenesis within arsenopyrite as micro‐inclusions and invisible Au (Gourcerol
et al., 2020), and as visible gold within all vein types frequently spatially‐associated with CM (see below).
Importantly, gold commonly occurs along the margins of wallrock selvages (commonly along the footwall of
saddle reef veins) and vein laminations, and as coarse‐grained aggregates in saccharoidal massive quartz (cf.,
Horne & Jodrey, 2001; Hannon et al., 2017).

Figure 2. Saddle veins and vug‐hosted quartz. (a) Underground exposure of saddles 3. Dotted white line outlines black slate.
(b) Saddle 5 quartz vein showing both laminated and massive vein morphologies. (c) The dilated hinge zone of saddle 5 vein.
Note the CM‐bearing black slate and rotated en echelon veins (yellow arrow) along the saddle footwall. The limbs (legs) of
this saddle have been extracted. (d) A segment of laminated vein surrounded by massive quartz. Note that extensions of the
massive quartz veins crosscut earlier laminated veins (yellow arrows). (e) Translucent, euhedral quartz (qtz) crystals lining a
cavity in the saddle 6 reef vein. These cavities frequently occur at the dilational zones of the saddle reef veins. Tip of rock
hammer for scale. (f) A partially translucent euhedral quartz crystal extracted from a cavity. The surface of the quartz, which
shows dissolution features (e.g., striate and triangular etch pits), is coated with euhedral dolomite (dol) ± pyrite. Scale bar in
inset is ∼1 mm.
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The deposit is low‐tonnagewith a current indicated resource of 151,500 tonnes yielding 58,000 oz ofAu at 11.9 g/t,
and an inferred resource of 703,000 tonnes yielding 150,000 oz of Au at 6.6 g/t (Hannon et al., 2017). Gold grade
varies considerably among the saddle environments due to the nugget effect. Routinely assayed material within
individual saddles may contain between 0.02 (“limit of detection” [LOD]) and >280 g/t Au. Assays of combined
saddle and leg vein material from saddles 3 and 6, which are the focus of this study, average 4.6 ± 4.0 g/t and
12.4 ± 10.6 g/t, respectively (Hannon et al., 2017).

3. Methods
3.1. Sampling

Euhedral quartz crystals hosting abundant fluid inclusions were collected from vugs (Figures 2e and 2f) at
dilational sites in saddle reef veins 3 and 6 near the apex of the anticline. Care was taken to select translucent
quartz crystals that showed limited signs of recrystallization (e.g., milky white with saccharoidal texture). Quartz
crystals cut sub‐parallel to the c‐axis were made into 200 μm thick fluid inclusion plates. Samples were also
collected from a laminated down‐limb leg vein from saddle vein 5 to investigate the mineralogy of carbonaceous
vein laminations and associated gold occurrence.

3.2. SEM‐EDS Analysis

Vein and vein lamination mineralogy, and elemental analysis/imaging of CMwere investigated using a TESCAN
MIRA 3 LMU VPS Field Emission Scanning Electron Microscope (SEM) at Saint Mary's University (Halifax,
Canada) that is equipped with a back‐scattered electron detector coupled with EDS functionality, and a Gatan
miniCL imaging system that measures cathodoluminescent photons (185–850 nm). The instrument was operated
at an accelerating voltage of 20 kV and an approximate working distance of 17 mm was used.

3.3. Fluid Inclusion Microthermometry

Fluid inclusion microthermometry was performed at Saint Mary's University using a Linkham FTIR600 heating‐
freezing stage mounted on an Olympus BX51 microscope. Temperature calibration was performed using syn-
thetic fluid inclusion standards of pure H2O (melting at 0°C and homogenization at the critical point of 374.1°C)
and pure CO2 (melting at − 56.6°C; TmCO2). Uncertainties associated with microthermometric measurements
range from ±2 to 3°C for temperatures recorded near the extremes of working conditions (i.e., − 190 and 560°C)
to ±0.1°C for temperatures near 0°C. For inclusion types containing a carbonic phase (Laq + Lcar + Vcar;
car = carbonic phase), salinity was determined based on the temperature of clathrate melting (TmCLA;
Darling, 1991; Diamond, 1992). For inclusion types lacking observable clathrate nucleation, salinity was
determined using the temperature of final ice melting (TmICE; Bodnar & Vityk, 1994). The software packages
BULK and ISOC (Bakker, 2003) were used to calculate bulk fluid inclusion compositions (informed from Raman
spectroscopic analysis), molar volumes (cm3/mol) and isochores, utilizing temperatures and modes of total ho-
mogenization (ThTOT), the homogenization of the CO2 phase (Thcar) in carbonic phase‐rich inclusions, and the
estimated volumetric proportion of the carbonic phase at Thcar. Fluid inclusion microthermometric data can be
found in Table S1.

3.4. Laser Raman Microspectroscopy (LRM)

Laser Raman microspectroscopy was performed at Saint Mary's University using a Horiba Jobin‐Yvon LabRam
HR confocal instrument equipped with a 100 mW (∼2 and 3mW at sample surface through 100x OlympusMPLN
objective) 532 nm Nd‐YAG diode laser (Toptica Photonics) and Synapse charge‐coupled device detector. Pure
silicon was used as a frequency calibration standard. A 600 grooves/mm grating (spectral resolution of ca.
±2 cm− 1) was used for identification and mapping of fluid inclusion‐hosted volatile species, whereas an 1800
grooves/mm grating (spectral resolution of ca. ±0.5 cm− 1) was used to accurately determine the Fermi diad
spacing between the v1 and v2 Raman peaks of CO2 (for ρCO2 determination; Rosso & Bodnar, 1995). Semi‐
quantitative determination of the relative molar abundances of fluid inclusion‐hosted volatile species followed
the methodology of Beeskow et al. (2005, and references therein). Fluid inclusion Raman spectroscopic data can
be found in Table S2.
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3.5. Fluid Inclusion Laser Ablation Inductively Coupled Mass Spectrometry (LA‐ICP‐MS)

Fluid inclusion analysis by LA‐ICP‐MS was performed using a NWR 193 UC laser ablation system mounted to
an Agilent 7900 quadrupole MS at the University of Toronto (Toronto, Canada). Gas flow rates of 1.0 L/min (He
—carrier) and 0.85 L/min (Ar—make‐up) were used, and tuning of the ICP‐MSwas done by monitoring mass‐21/
mass‐42, ThO/Th, and U/Th ratios to achieve a ThO production rate of <0.3% and U/Th ∼1. Dwell times were set
to 10 ms, except for Au (100 ms), Ag (30 ms), As (20 ms), B (20 ms), S (40 ms), and Bi (20 ms). To avoid spalling,
ablation was performed via stepwise expansion of the laser diameter to a final diameter ∼5–10 μm larger than the
inclusion being ablated. All analyte sensitivities, except for S, were calibrated using the reference standard
SRM610 from NIST. Sulfur was calibrated using the Sca17 reference standard (Seo et al., 2011). Trace‐element
concentrations in bulk fluid inclusions were quantified using the software platform SILLS (Guillong et al., 2008),
which involved deconvoluting the mixed inclusion + host signal from the host‐only signal after calculation of
background corrected count rates for each isotope. The salinity of the inclusions (wt.% equiv. NaCl), as deter-
mined by microthermometry, was used for internal standardization. Fluid inclusion LA‐ICP‐MS data can be
found in Table S3.

3.6. C‐Isotope Analysis of Carbonate

The carbon isotopic values (δ13C) for dolomite crystals coating the surface of a euhedral quartz crystal from
saddle 6 were determined. Using a 0.4 mm tungsten carbide microdrill, approximately 30–60 μg of carbonate
powder was removed from the dolomite. The carbon isotope ratios were measured using a Nu Perspective dual‐
inlet isotope ratio mass spectrometer connected to a NuCarb carbonate preparation system at McGill University
Stable Isotope Laboratory (Montréal, Canada). Samples were calibrated to VPDB standard and data are reported
in per mil (‰) with uncertainties of ±0.5‰ (1σ) as determined from analyses of standards.

4. Results
4.1. Vein Types, Mineralogy, Nature of CM and C Isotope Analysis

The saddle reef veins at Dufferin (Figures 2a–2d) consist of two distinct quartz variants: (a) early laminated quartz
veins present in the hinges and the down‐limb extensions of the saddles (i.e., saddle “legs”); and (b) volumetrically
dominant massive quartz which incorporates fragments of, and crosscuts, earlier laminated veins. Of volumetri-
cally lesser extent are discordant and en echelon (Figure 2d) vein quartz types,which are considered to be part of the
saddle‐forming vein event (Horne & Jodrey, 2001). In the laminated quartz veins, the wall rock‐sourced septae
comprise sericite + quartz + ferroan dolomite + apatite + rutile + monazite ± arsenopyrite ± CM (Figure 3a).
Locally, large vugs (∼5–30 cm diameter) occur in massive quartz at, or proximal to, fold hinges and are lined with
cm‐sized euhedral quartz crystals (Figures 2c and 2d). The surfaces of quartz crystals are commonly coated with
euhedral carbonate (ferroan dolomite)± pyrite and display dissolution features, including striate‐ and triangularly
etched surface morphologies (Figure 2f). Two analyses of the ferroan dolomite yielded δ13CVPDB values of − 21.3
and − 21.1‰.

In vein laminations and along vein margins, CM is locally abundant and occurs as amorphous, spheroidal, or
blade‐like masses coating cavities in fractures and between sericite cleavage planes (Figures 3b and 3c) and along
quartz grain boundaries adjacent to septae margins (Figure 3d). The presence of C + S + Cl ± Na ± N in the CM
was confirmed by SEM‐EDS elemental maps, which show strong carbon enrichment compared to the associated
dolomite (Figure 3f). However, these elements were unable to be quantified using this technique. Raman spec-
troscopy confirmed that the CM is not crystalline graphite but instead shares similar spectral characteristics (e.g.,
broad D and G spectral bands) to bitumen or pyrobitumen (Figure 3g; Jehlicka et al., 2003; Kouketsu et al., 2014;
Liu et al., 2013). The Raman geothermometer of Kouketsu et al. (2014) evaluates the morphology of spectral
features (e.g., D and G spectral bands in the region of ∼1,000–1,800 cm− 1) as a function of CM maturity, which
indicates that the CMwas subjected to a maximum temperature of 300± 30°C. Intimately associated with the CM
are arsenopyrite and native gold (88–92 at. % Au; Ag balance). Arsenopyrite with a euhedral habit is observed in
fractures with abundant CM, with CM adjacent to and coating arsenopyrite grains (Figure 3d). Carbonaceous
material and gold are observed together lining interstitial spaces along grain boundaries (Figures 3e and 3f; red
arrows) in addition to micron‐scale native gold grains (<2 and 3 μm) that occur embedded in CM (Figure 3e;
yellow arrows in inset). Micron‐scale grains of quartz, rutile and pyrite are also common in the CM.
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Figure 3.

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011861

KERR ET AL. 9 of 28

 15252027, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

C
011861 by Preetysha R

am
lochund - C

ouncil of A
tlantic U

niversity , W
iley O

nline L
ibrary on [29/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.2. Fluid Inclusion Systematics

4.2.1. Fluid Inclusion Petrography and Microthermometry

In the euhedral quartz crystals from cavities in saddles 3 and 6, three distinct fluid inclusion types are recognized
based on petrographic, microthermometric, and Raman spectroscopic characteristics. Relationships between
these fluids, CM, and gold are discussed in subsequent sections, and their petrographic and compositional features
are summarized in Table 2 and the complete microthermometric data set is listed in Table S1.

Fluid inclusions are classified in the context of fluid inclusion assemblages (FIA) by establishing the relative
timing of entrapment for groups of texturally coeval inclusions (cf., Goldstein & Reynolds, 1994; Bodnar, 2003).
Fluid inclusion types are mainly distinguished by differences in composition and phases identified through ob-
servations at 20°C supplemented with thermometric measurements and Raman analysis, as noted below.

Type 1 inclusions contain an aqueous‐carbonic fluid and show some variation based on morphology, composition
and phase proportion. Type 1a inclusions (n = 36; Figure 4a), commonly having negative crystal shapes, are
three‐phase (Laq + Lcar + Vcar; car = carbonic phase) at 20°C, with an aqueous phase proportion of 63 ± 5 vol.%
(determined petrographically via image analysis). These inclusions show carbonic phase melting (Tmcar) and
carbonic phase homogenization (Thcar) at − 57.2 ± 0.4°C and 25.9 ± 1.4°C, respectively. The mode of Thcar
varies between liquid and vapor, and likely reflects variable ρCO2 and/or CH4 and N2 abundances in the carbonic
phase. Type 1a inclusions have aqueous phase and bulk fluid salinity of 1.3± 0.4 and 0.9± 0.3 wt.% NaCl equiv.,
respectively, based on clathrate melting (TmCLA) values between 9.1 and 10°C (cf., Darling, 1991; Dia-
mond, 1992). Type 1a inclusions have a temperature of total homogenization (ThTOT) to liquid at 287± 8°C. Note
that the carbonic phase contains variable concentrations of CO2, CH4, N2, H2S and hydrocarbons as described in
the next section.

Type 1b inclusions (n = 52; Figure 4b) are two‐phase (Laq + Vcar) at 20°C. Due to the lower abundance of CO2 in
these inclusions, a thin film of Lcar may surround the vapor phase but is optically obscured by the high relief of the
inclusion margin; therefore, Tmcar and Thcar could not be accurately measured. These inclusions have an aqueous
phase proportion of 79± 5 vol.%, and aqueous phase and bulk fluid salinity of 4.6 ± 0.5 and 4.1 ± 0.5 wt.% NaCl
equivalent, respectively, based on the temperature of final ice melting (TmICE). Type 1b inclusions show a ThTOT

to liquid at 241 ± 21°C. As clathrate melting was not observed, the reported salinity values may modestly
overestimate aqueous phase salinity.

Type 2 fluid inclusions (n = 37; Figure 4c) appear petrographically similar to type 1b inclusions, that is, they are
also two‐phase (Laq+Vcar) at 20°C and have an aqueous phase proportion of 86± 3 vol.%. These inclusions often
show a higher aqueous phase volume percentage than type 1b inclusions but are differentiated based on their
microthermometric and Raman spectroscopic properties and bulk compositions (Table 2). They have aqueous
phase and bulk fluid salinity of 3.2 ± 1.0 and 3.0 ± 0.9 wt.% NaCl equivalents, respectively, and show ThTOT to
liquid at 210 ± 9°C.

No evidence of a primary origin for any of the fluid inclusions (i.e., trapped along growth zones) was observed
during the petrographic study and is confirmed by cathodoluminescence (CL) imaging of several euhedral quartz
crystals. The CL imaging shows that all the fluid inclusion types are confined to planes and irregular patches of
secondary quartz that crosscut primary growth zones and display weaker (darker) luminescence intensity than in
regions absent of fluid inclusions (Figure 4d). Where trails of type 1a FIA are crosscut by type 2 FIA, some type
1a inclusions appear to have been emptied, refilled by later type 2 fluid, and resealed (Figure 4e; e.g., Gold-
stein, 1986; Touret, 1981).

Figure 3. Microscopic and Raman spectroscopic features of Au‐mineralized septa in vein laminations. (a) Wallrock septa in laminated quartz vein dominated by
sericite + quartz + ferroan dolomite + apatite with subordinate monazite + rutile± Au. (b) A secondary electron image showing carbonaceous material (CM) in a vein
lamination. (c) A back‐scattered electron (BSE) SEM image of CM in interstitial spaces between grain boundaries, fracture in dolomite, and between cleavage planes of
sericite (white arrows). (d) A BSE‐SEM image of CM in an arsenopyrite‐bearing fracture and along quartz grain boundaries (white arrows). (e) A BSE‐SEM image
showing gold in an exposed quartz‐sericite‐dolomite‐apatite lamination in saddle 5 leg vein.Note that CMand gold cooccupy the same structures (red arrows) and that CM
hosts abundant submicron gold grains (yellow arrows in inset) and pyrite (white arrow in inset). (f) A SEM‐EDSmap of the field of view in frame (e) showing elemental
carbon relative abundance (in color temperature scale). Note that carbon in the CM‐filled cavities is highly enriched relative to dolomite. (g) A representative Raman
spectrum of the CM (with D, G, and second‐order Raman bands shown; cf., Jehlicka et al., 2003; Kouketsu et al., 2014) that is associated with submicron diameter gold
grains in frame (c). Abbreviations: ap—apatite; apy—arsenopyrite; CM—carbonaceous material; dol—dolomite; qtz—quartz; ser—sericite.
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4.2.2. Fluid Inclusion Laser Raman Microspectroscopy

Analyses of fluid inclusion vapor phases by LRM show that whereas the bulk compositions of types 1a and 1b
inclusions are different, their volatile contents are similar (Figure 5a; Table S2). An LRM map of a large
(∼100 μm diameter) type 1a fluid inclusion (Figures 5b–5i) reveals significant features of the fluid chemistry of
these Au‐bearing (see Section 4.2.3 for Au concentrations) aqueous‐carbonic fluids. In contrast, type 2 fluid
inclusion vapor phases are characteristically richer in CH4 and N2 (i.e., by about an order of magnitude) relative to
types 1a and 1b fluid inclusions (Figures 5a and 5j), and consequently have lower vapor phase CO2/(CH4 + N2)
ratios (18 ± 1, 11 ± 1, and 1.3 ± 1 for type 1a, 1b, and 2 inclusions, respectively; Table S2). Analyses of the
aqueous phases show that both type 1a and 1b inclusions contain B as boric acid, which was not detected in type 2
inclusions (Figures 5d and 5k). All fluid inclusion types contain the aqueous carbonic species CO2(aq) and
HCO3

−
(aq). The main Raman shift for CO3

2−
(aq) (∼1,064 cm− 1) overlaps with a quartz host shift at ∼1,066 cm− 1

of variable intensity depending on crystallographic orientation (Frezzotti et al., 2012), thus CO3
2−

(aq) could not
be accurately identified. Although only qualitative, type 2 inclusions show a more intense signal for HCO3

−
(aq)

relative to CO2(aq) compared to type 1a and type 1b inclusions under the same analytical parameters (Figure 5k).

Table 2
Fluid Inclusion Types Identified in the Dufferin Quartz Veins and Corresponding Compositional Data

Properties

FI types

Type 1a (Laq + Lcar + Vcar) Type 1b (Laq + Vcar) Type 2 (Laq + Vcar)

Phases present at 21°C (H2O‐NaCl)L + (CO2)L + (CO2 ± CH4 ± N2)V (H2O‐NaCl)L + (CO2 ± CH4 ± N2)V (H2O‐NaCl)L + (CO2 ± CH4 ± N2)V
Total # of inclusions measured 41 (9 FIA) 52 (9 FIA) 37 (6 FIA)

FI size (μm) ≤150 ≤150 ≤250

vol.% aqueous liquid phase at 21°C 53–79 (63 ± 5); n = 36 69–89 (79 ± 5) 75–93 (86 ± 3)

TmICE ND − 2.4 to − 3.4; n = 52 − 1.0 to − 2.9; n = 37

TmCLA 9.1–10; n = 36 ND ND

Aq. phase salinity (wt. % NaCl equiv.) 0.1–1.9 (1.3 ± 0.4); n = 36 4.0–5.6 (4.6 ± 0.6); n = 52 1.7–4.7 (3.2 ± 1.0); n = 37

Bulk salinit (wt. % NaCl equiv.) 0.1–1.4 (0.9 ± 0.3); n = 36 3.5–5.1 (4.1 ± 0.5); n = 52 1.6–4.4 (3.0 ± 0.9); n = 37

TmCO2 − 58.4 to − 56.4 (− 57.2 ± 0.6); n = 33 ND ND

ThCO2 19.8–27 (25.9 ± 1.4); n = 32 ND ND

ThTOT 269–310 (286 ± 8); n = 30 221–302 (241 ± 21); n = 40 190–235 (210 ± 9); n = 34

BULK

ρBULK (g/cm3) 0.76–0.94 (0.89 ± 0.04); n = 36 0.82–0.97 (0.90 ± 0.04); n = 52 0.79–0.96 (0.90 ± 0.03); n = 37

XNaCl 0.007 ± 0.0026; n = 33 0.027 ± 0.0034; n = 52 0.019 ± 0.0066; n = 37

XCO2 0.151 ± 0.028; n = 33 0.05 ± 0.009; n = 52 0.022 ± 0.005; n = 37

XCH4 0.002 ± 0.001; n = 33 0.0003 ± 0.0002; n = 52 0.0007 ± 0.0002; n = 37

XN2 0.009 ± 0.002; n = 33 0.002 ± 0.0001; n = 52 0.003 ± 0.001; n = 37

VAPOR PHASE

ρCO2 (g/cm3) 0.4 ± 0.2; n = 17 0.23 ± 0.1; n = 18 0.1 ± 0.05; n = 16

XCO2 0.951 ± 0.014; n = 22 0.915 ± 0.031; n = 20 0.598 ± 0.07; n = 16

XCH4 0.006 ± 0.007; n = 22 0.013 ± 0.009; n = 20 0.073 ± 0.023; n = 16

XN2 0.042 ± 0.01; n = 22 0.072 ± 0.025; n = 20 0.328 ± 0.051; n = 16

XH2S – – –

Note. Fluid inclusion size represent the approximate maximum cross‐sectional dimension observed. All temperature data reported in °C. TmCO2 temperatures >− 56.6°C
reflect cumulative measurement uncertainty. Salinity of the aqueous phase was determined via final ice melting temperature or clathrate melting temperature. XNaCl,
XCO2, XCH4, XN2, and XH2S represent bulk fluid inclusion values calculated using the program BULK (Bakker, 2003) or vapor phase compositions determined by Raman
spectroscopic analysis. Bulk density values were calculated by applying the equations of state outlined by Bowers and Helgeson (1983) and Bakker (1999). CO2 density
was determined using the Fermi diad spacing between spectral peaks (after Rosso & Bodnar, 1995). Errors (including data in brackets) represent±1σ standard deviation.
aq.—aqueous; car—carbonic; FIA—fluid inclusion assemblage; ND—not determined/not observed; TmICE—final ice melting; TmCLA—final clathrate dissociation;
TmCO2—final melting of CO2; ThCO2—CO2 homogenization; ThTOT—total homogenization temperatures.
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Figure 4. Petrographic characteristics of quartz‐hosted fluid inclusions from veins in saddles 3 and 6. (a) A fluid inclusion assemblage (FIA) of secondary type 1a, three‐
phase, H2O‐NaCl‐CO2 (+N2 + CH4) inclusions. (b) A FIA of secondary type 1b, two‐phase H2O‐NaCl + CO2 (+N2 + CH4) inclusions. (c) A FIA of secondary type 2,
two‐phase H2O‐NaCl+ CO2 (+N2 + CH4) inclusions displaying a low vapor to liquid ratio. (d) A transmitted plane polarized light (PPL) photomicrograph (left) with a
corresponding enhanced‐contrast SEM cathodoluminescence (CL) image (right) of a region within a vug‐hosted euhedral quartz crystal. No primary fluid inclusions
associated with quartz growth zones are observed rather all fluid inclusion assemblages (e.g., type 1a and 1b inclusions shown in insets) are hosted in secondary quartz
with low CL intensity (white arrows) that crosscut primary zoning. Fluid inclusion‐rich secondary quartz is associated with healed fractures/planes or irregular patches.
(e) Trail of type 1a FIA crosscut by type 2 FIA. A type 1a inclusion has been emptied and refilled with type 2 fluid (red arrow).
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The average densities of CO2 in type 1a, 1b, and 2 fluid inclusion vapor phases, determined based on the Fermi
diad spacing between v1 and v2 CO2 Raman shifts (cf., Rosso & Bodnar, 1995), were 0.4 ± 0.2, 0.23 ± 0.1, and
0.1± 0.05 g/cm3, respectively. Despite the compositional and density differences among the fluid inclusion vapor
phases, types 1a, 1b, and 2 inclusions have identical bulk densities (0.89± 0.04, 0.9± 0.04, and 0.9± 0.03 g/cm3,
respectively; see Table 2); thus, all isochore ranges overlap in P‐T space (Figure 6).

4.2.3. Fluid Inclusion LA‐ICP‐MS

The results of LA‐ICP‐MS analysis of type 1a (n = 84) and type 2 fluid inclusions (n = 32) are presented in
Figure 7a and Table S3. Type 1b inclusions were not analyzed due to optical limitations during analysis, as the
refractive nature of the large carbonic phase bubbles made it difficult to discern whether the inclusion was a type

Figure 5. Raman spectra and molecular maps. (a) Raman quantification of CO2, CH4 and N2 in fluid inclusion vapor phases (from saddles 3 and 6). Note that types 1a
and 1b inclusions display similar vapor phase gas contents despite differences in their bulk compositions, whereas type 2 inclusions display enrichment in N2 and CH4
relative to type 1a and 1b inclusions. (b) A Type 1a fluid inclusion mapped via laser Raman microspectroscopy. The carbonic phase (i.e., LCO2 + VCO2) was
homogenous during mapping. (c) Quartz host map. (d) Boric acid map. Boric acid was only detected in the aqueous phase. (e) HCO3

− (bicarbonate) map. Bicarbonate
was only detected in the aqueous phase. (f) CO2 map showing CO2(aq) and CO2 in the carbonic phase. (g) N2 map. N2 was detected only in the carbonic phase. (h) CH4
map. CH4 was detected only in the carbonic phase. The fluid inclusion is excluded for clarity. (i) H2S map. Only very trace H2S was detected in the carbonic phase. The
fluid inclusion was excluded for clarity. (j) Raman spectra of the vapor phases of types 1a, 1b, and 2 fluid inclusions. Raman spectrum of quartz host is shown for
reference. (k) Raman spectra of the aqueous phases of types 1a, 1b, and 2 fluid inclusions. Note: Raman shifts of the quartz host are indicated with asterisks.
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1a or 1b; therefore, only inclusions with optically obvious double bubbles (LCO2+VCO2) were targeted as type 1a
inclusions. Figure 7b shows a representative LA‐ICP‐MS transient signal from the ablation of a type 1a inclusion
with corresponding calculated element concentrations shown in Figure 7b. The LOD values are noted to be
inclusion‐specific, and element concentrations below routine LOD are excluded from calculated averages and
standard deviations. Elemental concentrations show no relationship to fluid inclusion size.

Among FIA of the same fluid inclusion types (e.g., various type 1a FIA), elemental concentrations can vary
substantially within the same order of magnitude, resulting in significant 1σ standard deviations. Therefore,
elemental concentrations among fluid inclusion populations are reported as the interquartile ranges (i.e., data
between Q1 and Q3) where appropriate. Importantly, we note that for individual FIA the metal contents, such as
As, Sb, and Au, can be very consistent. For example, in a single type 1a FIA (see Table S3; Figure S1 in Sup-
porting Information S1) constituting eight fluid inclusions, Au concentration varied between 36.7 and 63.5 ppb
(average of 55.4 ± 9.7 ppb; 1σ).

Concentrations of B between type 1a (260–420 ppm) and type 2 (195–415 ppm), and S between type 1a (150–
400 ppm) and type 2 (140–270 ppm) fluids are similar. With regard to S, in both fluid inclusion populations it was
often below routine LOD such that only 19% of type 1a inclusions and 13% of type 2 inclusions contained con-
centrations above the LOD. Notably, the average concentrations of As and Sb were significantly higher in type 1a
inclusions (30–85 ppm and 16–40 ppm, respectively) than in type 2 inclusions (2–15 ppm and 2–8 ppm, respec-
tively). Gold was detected in 70% of analyzed type 1a inclusions, averaging 44.7± 24.5 ppb (1σ) for values above
the LOD. Conversely, Au was detected in 22% of analyzed type 2 inclusions, averaging 24.7 ± 12.3 ppb (1σ). A
positive correlation between fluid concentrations of Au and As (Figure 7c), and Au and Sb (Figure 7d) is present.

Type 2 fluids are relatively enriched in Mg (300–1245 ppm) and Ca (1,485–3,205 ppm) compared with type 1a
fluid inclusions (40–230 ppm and 490–1,350 ppm, respectively). Type 2 fluids are also relatively enriched in Sr

Figure 6. Isochoric fields for all inclusion types. Note that all fluid inclusion types display nearly identical bulk densities and
thus their isochores overlap in PT space. Lines representing approximate maxima solvi (i.e., as the measured salinity in this
study are all ≤5 wt. % NaCl) are shown that separate 2‐phase (i.e., unmixed aqueous‐carbonic fluids) from 1‐phase (i.e.,
homogeneous fluid) fields for two distinct fluid compositions (Gehrig, 1980). The green field represents the inferred
temperature to which CM‐bearing vein septa/lamellae were subjected based on Raman spectral characteristics of CM (cf.,
Kouketsu et al., 2014). The blue field represents the inferred pressure conditions of the contact aureole associated with the
Musquodoboit Batholith (MB) based on syn‐magmatic muscovite crystallization (Kontak & Kyser, 2011; Massonne
et al., 2010). Note how the addition of volatiles (e.g., CH4, N2), and/or solute species (e.g., NaCl) increases the P‐T range of
immiscibility.
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Figure 7. LA‐ICP‐MS quantified elemental concentrations and signal. (a) LA‐ICP‐MS data for type 1a (n = 84) and type 2 (n = 32) fluid inclusions. Note that element
concentrations below analytical limits of detection, which are element specific, are excluded from statistical treatment; thus, the number of analyses is different
depending on which fluid inclusion type and element is considered (i.e., see “n” values at top of plot). Ranges for unmixed metamorphic fluids (Fusswinkel et al., 2017;
Marsala et al., 2013; Miron et al., 2013; Rauchenstein‐Martinek et al., 2014) and magmatic fluids (Williams‐Jones & Heinrich, 2005 and references therein) are shown
for comparison. The ends of the whiskers are set to 1.5 × IQR (interquartile range) above and below the third and first quartiles, respectively. Outliers are not plotted for
clarity. (b) LA‐ICP‐MS signal (count rate vs. time) from a type 1a inclusion. The complete LA‐ICP‐MS data set for all analyzed inclusions can be found in Table S3. (c,
d) As versus Au (R2= 0.746), and Sb versus Au (R2= 0.752) biplots of fluid inclusion LA‐ICP‐MS compositional data. Only data points above LOD have been plotted.
(e) Mg‐K‐Ca ternary for type 1a and type 2 fluid inclusions showing overlapping fluid compositions with minor enrichment of K in type 1a relative to type 2 inclusions.
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(3–5 ppm) and Fe (60–160 ppm) compared with type 1a fluids (0.5–1.5 ppm and 15–90 ppm, respectively).
Potassium concentrations are similar in both type 1a (50–200 ppm) and type 2 (110–240 ppm) inclusions.

The higher absolute concentrations of aqueous chloride‐complexed cations (i.e., Mg, K, Ca, Rb, Sr, Fe, Cu, Zn,
and Pb) in type 2 inclusions are a result of the bulk salinity difference among inclusion types, as relative con-
centrations of these species in type 1a and 2 fluids are similar (e.g., Mg‐K‐Ca ternary; Figure 7e).

5. Discussion
5.1. Vein Paragenesis and the Timing of Gold‐Enriched Fluids

A protracted history of hydrothermal and deformational activity at the Dufferin deposit is indicated at the deposit
scale by the presence of early laminated bedding‐concordant vein types that are in turn overprinted by later
massive veins coeval with flexural slip‐related fold hinge dilation, saddle reef development, and likely migration
of early laminated veins to hinge areas (Horne & Jodrey, 2001; Horne & Culshaw, 2001; Figure 2b). Flexural slip
and fold hinge dilation was repeated in each of the numerous multiply stacked saddle reef veins, but the sequence
of saddle formation is not known. This history is reflected in the petrography of fluid inclusions whereby CL
imaging of euhedral quartz crystals from vugs shows zoned primary quartz completely devoid of fluid inclusions
with discordant lower CL‐luminescent secondary quartz zones occupying healed fractures and other planar
features, and irregular patches. These secondary quartz domains, originating from coupled dissolution precipi-
tation (CDP) of the original vein quartz material, host abundant FIA that were trapped at the time of generation of
these secondary quartz domains and are thus primary with respect to the new quartz (type 1a, 1b, and 2 inclusions;
Figure 4d) but of secondary origin relative to the earlier zoned quartz. A similar origin for the generation of low‐
luminescent quartz domains via CDP processes is well established based on several studies of porphyry deposit
settings (e.g., Mao et al., 2017; Monecke et al., 2018; Rusk, Reed, Bignall, & Tsuchiya, 2004). Thus, while fluids
trapped in vug‐hosted quartz from the hinge zones of saddle veins (Figure 2) are broadly synchronous with the
overall vein sequence, they are late relative to the formation of the host saddle but may generally be early, coeval,
or late relative to other saddles in the stacked sequence. Importantly, the Dufferin aqueous‐carbonic inclusions
(type 1a, b) within secondary domains of low‐luminescent quartz have compositions consistent with inferred ore
fluids reported in Meguma‐hosted deposits (Bierlein & Smith, 2003; Kerr et al., 2021; Kontak et al., 1990, 1996)
and other OGD settings (see above references).

The secondary origin of Au‐ and S‐bearing fluid inclusions, and absence of any primary fluid inclusions in the
quartz veins, is consistent with the late paragenesis for some of the gold at Dufferin, as indicated by numerous
textural associations including gold located at quartz grain boundaries, in cavities and along septa margins, and an
abundance of coarse‐grained aggregate gold within massive, non‐laminated quartz (Hannon et al., 2017). As
noted herein, the intimate association of micron‐scale gold with CM represents another gold occurrence at
Dufferin that is also a well‐documented feature at other gold settings, including OGD (Table 1). Importantly, the
CM‐Au relationship is paragenetically late in the evolution of vein formation. Together with other textural
variants of Au, this indicates an overall protracted paragenesis for Au at Dufferin and does not preclude remo-
bilization of said gold from earlier occurrences (e.g., Gourcerol et al., 2020; Hastie et al., 2020 and references
therein).

5.2. Auriferous Fluid Composition and P‐T‐X Evolution at Dufferin

In OGD, the relationship between episodes of initial Au deposition and changes in specific physicochemical
parameters in aqueous‐carbonic fluids with time (e.g., fluid gold content, pH, volatile chemistry) may only be
resolved through comprehensive fluid inclusion studies integrated with petrography; however, these are rarely
investigated and only a few studies globally have measured Au contents directly in such fluids (e.g., Fusswinkel
et al., 2017; Rauchenstein‐Martinek et al., 2014, 2016). A lack of such studies partly reflects the petrographic and
temporal complexity, and often poor inclusion preservation—simply the consequence of prolonged fluid flux and
protracted deformation histories that characterize these systems (e.g., Kontak & Tuba, 2017; Ridley & Dia-
mond, 2000; Ridley & Hagemann, 1999; Tuba et al., 2021).

The preservation of undeformed quartz euhedra hosting texturally unambiguous populations of remarkably large
and well‐preserved fluid inclusions allows for the aforementioned problems noted for OGD to be circumvented.
Type 1a fluid inclusions, interpreted as the earliest fluid preserved in the Dufferin saddle veins, have
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compositional characteristics consistent with studies over the past several decades indicating a prevalence of low‐
salinity (<10 wt.% NaCl equiv.), near‐neutral pH, aqueous‐carbonic (XCO2 = 0.05–0.15) Au‐mineralizing fluids
responsible for the formation of OGD (e.g., Bodnar et al., 2014; Fusswinkel et al., 2017; Goldfarb &
Groves, 2015; McCuaig & Kerrich, 1998; Ridley & Diamond, 2000; Roedder, 1984). Of relevance is that similar
fluids (Figure 7a) are also recognized in mineralized auriferous magmatic‐hydrothermal environments (e.g., deep
Cu‐Au porphyry: Reed et al., 2013; Rusk, Reed, Dilles, et al., 2004, intrusion‐related gold systems: Mair
et al., 2006; Marsh et al., 2003; Lang & Baker, 2001; Thompson et al., 1999). Importantly, such fluid compo-
sitions are characteristic of both Au‐enriched and Au‐barren metamorphic terrains (Marsala et al., 2013; Miron
et al., 2013; Rauchenstein‐Martinek et al., 2014, 2016; Figure 7a). Thus, the low salinity, near‐neutral, aqueous‐
carbonic nature of fluid compositions in OGD systems can result from common crustal processes and are not a
hallmark of Au‐mineralizing potential in OGD environments. Rather, the potential for such fluids to yield high‐
grade OGD deposits must reflect the availability of Au (from anomalously Au‐enriched source rocks or coeval
magmas that exsolve Au‐bearing volatiles) and/or efficient processes of gold transport and precipitation, in
addition to later potential upgrading related to metal mobilization (e.g., Choquette et al., 2023; Hastie et al., 2020)
or overprinting events (Kerr et al., 2018).

The range in P‐T conditions associated with vein emplacement is in part constrained by the entrapment of
aqueous‐carbonic fluids in secondary domains of quartz (i.e., CDP structures). Importantly, the latter record
conditions fall below those corresponding to peak regional metamorphism in this part of the Meguma terrane (i.e.,
lower greenschist) and the thermal effects of the contact aureole of the distal (i.e., 20 km) ca. 380 Ma Mus-
quodoboit Batholith, which is estimated to be emplaced ca. 4.2 ± 0.5 kbars (see above). The maximum tem-
perature of type 1 and type 2 fluid inclusion entrapment is estimated at 300 ± 30°C, while the pressures of
entrapment (at 330°C) are constrained to between ∼0.5 and 3 kbar based on isochores (Figure 6). From this, it is
implicit that fluid depressurization must have occurred during vein formation, which is likely related to transient
fluid pressure fluctuations from lithostatic to hydrostatic conditions and commensurate with formation of crack‐
seal textured veins (e.g., fault valve model; Sibson et al., 1988). Such pressure cycling will also lead to periods of
elevated quartz solubility if the appropriate P‐T‐pH space is intersected in the H2O‐CO2‐NaCl system (e.g.,
Crundwell, 2017; Li et al., 2020; Monecke et al., 2018, 2019). While common in other hydrothermal settings
(Mao et al., 2017; Monecke et al., 2018; Steele‐MacInnis et al., 2012; Sun et al., 2020), quartz solubility behavior
in the H2O‐CO2‐NaCl has only been recently modeled and applied to porphyry (Monecke et al., 2019) and OGD
(Li et al., 2020) settings. Although there is a complex relationship between quartz solubility and intensive pa-
rameters (i.e., P‐T), as well as with fluid chemistry (i.e., NaCl, CO2, and hydrocarbons), a dramatic increase in
quartz solubility can occur upon fluid immiscibility due to isobaric cooling or isothermal decompression (Li
et al., 2020; Steele‐MacInnis et al., 2012). Furthermore, and relevant to Dufferin, the rate of quartz dissolution in
aqueous fluids is enhanced with both increasing pH (i.e., pH ≥ ∼6; Crundwell, 2017) and dissolved organic
compounds (e.g., carbonaceous/bituminous material; Bennett & Siegel, 1987). The presence of chemical etching
on the quartz crystal surfaces (e.g., Figure 2f) may relate to these aforementioned parameters. Additionally, the
latter is relevant to the generation of porosity (enhanced by fluid pH modification and the presence of hydro-
carbons) during which time causative fluids could not be trapped as quartz was in a state of dissolution. Sub-
sequent cooling and depressurization would have resulted in reentry of the system into a state of active quartz
precipitation that resulted in the formation of secondary quartz domains hosting auriferous type 1 and type 2 fluids
(Figure 4d).

The similarity between the relative abundances of carbonic phase‐hosted volatile species (i.e., CO2, CH4, and N2;
Figures 5a and 5j) and the speciation of dissolved components in the aqueous phases (i.e., B(OH3), HCO3

− and
CO2(aq); Figure 5k) of type 1a and 1b inclusions suggests they are genetically related (i.e., that one evolved from
the other). Variations in bulk salinity (Figure 8c) between type 1a and 1b inclusions (i.e., <2 and 4 to 5.2 wt. %
NaCl equiv., respectively) are interpreted to reflect changes in fluid composition with time due to fluid‐rock
interaction. However, the variation in the vapor phase density between types 1a and 1b inclusions likely re-
flects pressure fluctuation during fluid entrapment within the single‐phase field (Figure 6), a feature of OGD
settings in general (Diamond, 2001; Schmidt & Bodnar, 2000). In addition, decreasing fluid XCO2 (Figure 8a) and
increasing aqueous phase salinity (Figure 8b) over the transition from type 1a to 1b fluids likely occurred through
carbonate precipitation and fluid dehydration due to wallrock interaction. The change in salinity related to fluid/
rock interaction is further supported by the LA‐ICP‐MS data (Table S3), which shows that type 2 inclusions are
relatively enriched in wallrock‐inherited, and chloride‐ligated elements (Mg, Ca, Sr, and possibly Fe).
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Consistent bulk densities and consequently overlapping isochoric fields
among all inclusion types suggest that the observed decrease in ThTOT with
decreasing bulk XCO2 (Figure 8a) reflects contraction of the immiscibility (2‐
phase) field to lower T as the bulk CO2(±CH4+N2) of the fluid decreases
(Diamond, 2003). Therefore, carbonate may have precipitated from a ho-
mogeneous fluid (e.g., type 1a fluid) at higher P‐T conditions (∼270–310°C,
2–3 kbar), reducing the (bulk) fluid CO2 and maintaining fluid homogeneity
to lower P‐T conditions (∼190°–300°C, 1–2 kbar). Lastly, it is noted that type
2 inclusions show a distinct vapor phase volatile chemistry and bulk CO2/
(CH4 + N2) values relative to type 1 inclusions. The high abundance of CH4

and N2 observed in the vapor phase of type 2 fluid inclusions would result
from carbonate precipitation, and commensurate CO2 removal from type 1
fluid. In addition, fluid equilibration with the organic‐rich slates of the
country rocks (e.g., Glasmacher et al., 2003; Kerr et al., 2021) may also
contribute N2 and CH4, as these volatiles can be readily produced via the
decomposition/devolatilization of organic matter present in the sedimentary
protoliths (Beaumont & Robert, 1999), with additional N2 potentially from
the decomposition of NH4

+‐bearing phyllosilicates (Glasmacher et al., 2003;
Papineau et al., 2005).

5.3. Gold Precipitation During Fluid‐Rock Interaction and Related
Chemical Parameters

Studies in recent years have shown that gold enrichment in OGD settings
likely reflects protracted periods of primary enrichment by a variety of pro-
cesses (e.g., fluid unmixing, wall‐rock sulfidation; Craw et al., 1993; Dubosq
et al., 2018; Fougerouse et al., 2017; Herzog et al., 2024; Lawley et al., 2017;
Naden & Shepherd, 1989; Neumayr & Hagemann, 2002; Neyedley
et al., 2017; Olivo & Williams‐Jones, 2002) and subsequent remobilization
and upgrading of earlier gold tenors through processes involving aqueous
(Hastie et al., 2020; Kerr et al., 2018; Voisey et al., 2019) and/or colloidal
gold (Hastie et al., 2021; McLeish et al., 2021; Williams‐Jones et al., 2009).
Many mechanisms are suggested for gold precipitation in OGD settings, but
in all cases these involve the destabilization of aqueous Au complexes (e.g.,
Gaboury, 2019; Renders & Seward, 1989; Seward, 1973; Shenberger &
Barnes, 1989; Williams‐Jones et al., 2009 and references therein). Of
particular relevance here are settings in which gold formation/precipitation
has ostensibly resulted from fluid reduction via interaction with CM
(Table 1). At Dufferin, interaction of auriferous fluid(s) with CM hosted in the
wallrock (i.e., black slates) and/or fragments of earlier laminated parts of the
quartz veins (i.e., Figure 2b) lead to fluid reduction and concomitant desta-
bilization of Au‐bisulfide complexes. Evidence of this is the common textural
association of coeval μm‐sized gold particles and CM in CM‐lined cavities/
grain boundaries (Figure 3e). The influence of CM on gold solubility is
familiar to industry (Breerwood, 1938; Scheiner, 1971), with electrochemical
studies showing an inverse correlation between CM abundance with gold
oxidation and dissolution (van Deventer et al., 2005). Furthermore, precipi-
tation of gold onto the surfaces of CM particles likely occurred locally via
adsorption/chemisorption, analogous to the “preg‐robbing” mechanism in
which dissolved Au in cyanide leachates is adsorbed onto CM, which leads to
decreased gold recovery during ore processing (cf., Miller et al., 2005;
Vaughan, 2004), a process that is more efficient involving CM of lower
maturity and higher degree of disorder (i.e., bitumen/pyrobitumen compared
to graphite).

Figure 8. Microthermometric and bulk compositional data for all fluid
inclusion types (from saddles 3 and 6). (a) Bulk CO2 abundance versus fluid
inclusion total homogenization temperature. A decrease in total
homogenization temperature with decreasing CO2 abundance is observed
from type 1 to type 2 inclusions (black line). (b) Bulk [CH4+N2] abundance
vs. bulk CO2 abundance. Type 1a and 1b inclusions share a consistent CO2/
[CH4+N2] ratio. (c) Bulk CO2 abundance versus bulk fluid inclusion salinity
(wt.% NaCl equiv.).
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The solubility of Au as a neutral bisulfide species at temperatures ≤350°C is described by Equation 1 and predicts
that a decrease in fluid fO2 and/or an increase in pH cause(s) Au precipitation (Gibert et al., 1998; Renders &
Seward, 1989; Seward, 1973; Shenberger & Barnes, 1989; Stefánsson & Seward, 2004).

Au(HS)0 +½H2O = Au(s) + HS− + H+ +¼O2 (1)

Aqueous‐carbonic fluids, formed through magmatic devolatilization and/or country rock dehydration and
decarbonation reactions have favorable physicochemical properties for Au transport via bisulfide complexing
(i.e., near‐neutral to slightly acidic pH of ∼4–6, mildly oxidizing to reducing fO2, and T < 350°C; Wood &
Samson, 1998 and references therein; Williams‐Jones et al., 2009). Raman spectra from the CM in association
with gold indicate that the CM was heated to temperatures of approximately 300 ± 30°C, which provides a
minimum temperature for quartz vein formation and a maximum temperature for Au deposition in association
with CM. Gold‐bearing fluids that have interacted with the CM during fluid migration through the permeable
lithologies and/or faults/fractures would be strongly reduced to a level corresponding to the graphite‐COH buffer
(Equations 2 and 3).

C + O2 = CO2 (2)

2C + 2H2O = CO2 + CH4 (3)

Furthermore, if fluids generated during prograde regional metamorphism at depth and/or from the thermal au-
reoles around related underlying intrusive bodies ascend to higher crustal levels, cooling of the fluid likely
occurred (Goldfarb & Groves, 2015). In open systems, a decrease in XCO2/(XCH4 + XCO2) is observed with
decreasing temperatures (Figure 8a; Huizenga & Touret, 1999) as oxygen fugacity is buffered at progressively
lower values during cooling (Huizenga, 2001; Huizenga & Touret, 1999; Ulmer & Luth, 1991) and is negligibly
influenced by desulfidation of wallrocks at low to medium metamorphic grades (Connolly & Cesare, 1993). At
Dufferin, relevant buffering lithologies within the Meguma Group include variably carbonaceous (i.e., <1–10%
organic carbon) black slates/shales (Graves & Zentilli, 1988; Waldron, 1992).

Evidence for fluid reduction at Dufferin is provided by the significant decrease in concentrations of the redox‐
sensitive semi‐metals As and Sb with decreasing Au concentration in the fluid (Figures 7c and 7d), in addition
to the enrichment of As and Sb in the temporally earlier type 1a inclusions relative to later type 2 inclusions (i.e., 2
—5x enrichment factor; Figure 7a). Rather than as chlorides, these metals are mobilized in low salinity hydro-
thermal fluids primarily as metal hydroxides [e.g., Sb3+(OH)3, As3+(OH)3, H3As5+O4] or thiolates [e.g., Sb
(HS)4

− , Sb(HS)4‐n(OH)n
− , As(OH) (SH)2

0], although the stoichiometry of aqueous Sb and As thiolates are poorly
understood, and are believed to dominate only in fluids with high dissolved sulfide concentrations (O’Day, 2006;
Sherman et al., 2000; Wood & Samson, 1998 and references therein). Thus, their dissolved concentrations are not
strongly influenced by fluid salinity (i.e., chlorinity). Considering As specifically, recent work modeling
As + Au‐enrichment in ores by hydrothermal fluids at T < 300°C showed that fluids with low As concentrations
are capable of precipitating arsenian pyrite and arsenopyrite (as are observed in late fractures associated with CM
in this study; Figure 3d) by reduction during prolonged fluid‐rock interaction at relatively high fluid/rock ratios
(Xing et al., 2019). This is consistent with earlier work that showed that a∼4 order of magnitude reduction in fluid
fO2 in the Fe‐As‐S‐O‐H system at 250°C causes the destabilization of aqueous As3+(OH)3 (i.e., decomposition
and precipitation of arsenopyrite (Heinrich & Eadington, 1986; Figure 9)).

It is therefore posited that during migration of auriferous fluids through the crust, cooling and interaction with
CM‐bearing lithologies led to the reduction of Au+, destabilization of aqueous Au bisulfide species, and Au
precipitation via Equation 4 (e.g., Hu et al., 2017), explaining the close textural association between CM and Au
(Figures 3e and 3f):

4[Au(HS)2]
−

(aq) + C(s) + 2H2O + 4H+ = 4Au(s) + CO2 + 8H2S(aq) (4)

Auriferous vein carbonates at the Dufferin deposit and other Meguma‐type deposits have very low values of
δ13CVPDB (this study: δ13CVPDB = − 21.1‰ and − 21.3‰; Kontak & Kerrich, 1997: avg. δ13CVPDB = − 22.3‰,
n = 3) and is consistent with vein C being sourced from the decomposition of sedimentary organic matter (e.g.,
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Jurisch et al. (2012)). The oxidation of CM inMeguma lithologies at depth would produce 13C‐depleted CO2 (i.e.,
Equations 2 and 3) and subsequent aqueous carbonate and bicarbonate that combine with Ca2+(aq) (±Mg2+(aq)),
leached from wallrock detrital silicates, would produce calcite and dolomite (Sangster, 1992) with predictably
very low δ13CVPDB values (Equation 5).

CaCl2(aq) + H2O + CO2 = CaCO3(s) + 2H+ + 2Cl− (5)

Given the inferred temperature of vein formation (300°–400°C) and CO2‐rich nature of the fluids,
δ13Ccarbonate ≈ δ13CH2CO3 ≈ δ13CCO2 and therefore the low δ13C signature is a primary feature of the fluid (cf.,
Kontak & Kerrich, 1997). Thus, production of an auriferous aqueous‐carbonic fluid via dehydration and
decarbonation of country rocks at depth (i.e., source) can lead to the precipitation of gold and carbonates at
shallower crustal levels (i.e., sink) as a result of subsequent fluid cooling and reduction. Equation 6, resulting
through combination of Equations 4 and 5, demonstrates a chemical pathway by which soluble gold bisulfide and
CM are respeciated at the sink site, resulting in the precipitation of gold and carbonate.

4[Au(HS)2]
−

(aq) + CaCl2(aq) + C(s) + 3H2O + 2H+ ↔ 4Au(s) + CaCO3(s) + 8H2S(aq) + 2Cl− (6)

In this way, CO2 can be considered as a chemically transient phase, facilitating the transport of gold in a fluid by
promoting favorable physicochemical characteristics (e.g., near‐neutral pH). Carbon dioxide, present as aqueous
CO2 and bicarbonate in the fluid (see Figure 5), plays a critical role in Au transportation by buffering the pH of the
fluid in a range where Au bisulfide complexes remain soluble (Phillips & Evans, 2004). Therefore, removal of
CO2 through the precipitation of carbonates or through localized precipitation of CM (i.e., hydrothermal graphite;
Equation 7; Hu et al., 2017; Kendrick et al., 2011) would influence the pH of the fluid and destabilize soluble Au
bisulfide complexes.

8AuHS0
(aq) + 3CO2 + 5CH4 = 8Au(s) + 8C(s) + 8H2S(aq) + 6H2O (7)

Figure 9. Log fO2—pH diagram relevant to the Dufferin deposit. The inferred fluid evolution pathway (yellow arrow) in the
log fO2—pH space associated with the precipitation of Au (cf., Williams‐Jones et al., 2009: 0.5 kbar and 250°C in an aqueous
solution of 1 m NaCl and 0.01 m ΣS), arsenopyrite (cf., Heinrich & Eadington, 1986: 250°C in Fe‐As‐S‐O‐H‐bearing
aqueous fluid), and carbonates. Carbonate stability fields were modeled using Geochemist's Workbench (Aqueous Solutions
LLC) Act2 platform: 1 kbar and 250°C in an aqueous solution with aH2O = 1, aCa2+ = 0.00825 (using activity coefficient of
∼0.3 based on a fluid ionic strength of 0.188; cf., Garrels & Christ, 1965), aS total = 0.01, aCl‐ = 0.1, aNa+ = 0.1, aMg2+ of
0.0001, and aHCO3‐= 0.0005. Aqueous sulfur species and carbonate species were allowed to speciate over the log fO2 and pH
range specified.
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This mass action expression (Equation 7) is driven to the right during cooling (≤350°C), during which time
graphite precipitation is predicted for initially graphite‐undersaturated fluids (Cesare, 1995; Huizenga, 2001).

Importantly, the late aqueous‐carbonic fluids from mineralized Dufferin saddle veins are: (a) Au‐undersaturated
([Au]avg = 0.045 ppm in type 1a fluid vs. [Au]calc. ≈ 0.1–2 ppm or [Au]calc. ≈ 5 × 10− 7—1 × 10− 5 mol/kg at
300°C); and (b) S‐saturated ([S]avg=∼330 ppm in type 1a inclusions vs. [S]calc. ≈ 30–320 ppm or [S]calc. ≈ 0.01–
0.001 mol/kg at 300°C) with respect to concentrations predicted in H2O‐CO2‐H2S‐NaCl‐bearing hydrothermal
fluids with similar compositions (Rauchenstein‐Martinek et al., 2014). This suggests that the capacity of a fluid to
mobilize Au is not necessarily a function of Au and S solubility, but rather the labile nature of Au in the source
region and/or causative magmatic intrusions (e.g., Rauchenstein‐Martinek et al., 2014). The Au concentration in
type 1a fluid is comparable to geochemically similar Alpine fluids of inferred metamorphic origin hosted in Au‐
barren veins (i.e., [Au] ≈ 0.03–0.11 ppm; Rauchenstein‐Martinek et al., 2014, 2016). Therefore, late Au
mineralization at Dufferin likely reflects a highly efficient precipitation mechanism(s) that is/are absent in barren
orogenic systems involving similarly Au‐enriched fluids.

5.4. Implications for the Origin of the Auriferous Vein‐Forming Fluids at Dufferin

The origin of Au‐mineralizing aqueous‐carbonic fluids in metamorphic terranes continues to be enigmatic
(Goldfarb & Groves, 2015; Goldfarb et al., 2005; Groves et al., 2003, 2024). Numerous studies have shown that
aqueous‐carbonic fluid compositions, including their volatile constituents (e.g., CO2, CH4, N2) and fluid salinity,
are similar in both intrusion‐related (Lang & Baker, 2001; Thompson et al., 1999) and orogenic (Bodnar
et al., 2014; McCuaig & Kerrich, 1998; Ridley & Diamond, 2000) gold settings. Furthermore, the timing of fluid
entrapment is poorly constrained because unequivocal identification of primary quartz‐hosted fluid inclusions
(i.e., confined to growth zones) in OGD samples and unmineralized metamorphic equivalents are rarely reported
(Bons et al., 2012; Rauchenstein‐Martinek et al., 2014; Van den Kerkhof & Hein, 2001; Zoheir et al., 2019).

At Dufferin, the timing of saddle vein formation is constrained by two independent but related parameters: ab-
solute age dating and a robust structural model of vein emplacement. With respect to the former, Re‐Os dating of
vein‐hosted arsenopyrite yielded coincident isochron and model ages of 380Ma (Morelli et al., 2005) that support
an earlier 40Ar/39Ar age of ∼380 Ma (Kontak & Archibald, 2002; Kontak et al., 1998). These dates are consistent
with the proposed structural model for Meguma gold vein formation (Horne & Culshaw, 2001; Kontak &
Horne, 2010), and Dufferin in particular (Horne & Jodrey, 2001), whereby fold tightening in response to
emplacement of the large granitoid intrusions at ∼380 Ma (Figure 1a), and development of flexural slip planes
localized formation of the laminated and saddle‐reef veins. In this model, vein fluids are plausibly derived from:
(a) exsolution of volatiles from cooling of unexposed granitoid intrusion(s) at depth, similar to those currently
exposed in the Meguma terrane (i.e., South Mountain and Musquodoboit Batholiths; Figure 1a); and/or (b)
dehydration and decarbonation of country rocks in the contact aureoles of the same putative cooling intrusion
(e.g., Kempe et al., 2016; Figure 10). The latter thus accommodates relative and absolute timing of gold deposit
formation to syn‐granite emplacement, and thus relatively late with respect to regional metamorphism and
deformation as reviewed above.

Based on the metal contents of the Dufferin fluid inclusions, a distinction cannot be made with respect to the Au
source. A review of the compositions of ore fluids from over 19 deposits of magmatic‐hydrothermal and
metamorphic affinity (Figure 7a) shows that with respect to major‐, minor‐ and trace‐element concentrations,
there are unfortunately no reliable elemental discriminators. For example, enrichment in B‐As‐Sb‐Au, such as
that observed in type 1a fluid inclusions at Dufferin, has been variably interpreted as evidence for a magmatic
origin, as these elements are preferentially enriched in magmatic vapors during boiling in magmatic‐hydrothermal
systems (Heinrich et al., 1999; Williams‐Jones & Heinrich, 2005, and references therein). However, it remains
equivocal whether such B‐As‐Sb‐Au‐enriched fluids originate from deeply intruded S‐type granitoids, such as the
nearby Musquodoboit Batholith (Figure 1), or from fluid interaction with metalliferous metasedimentary country
rocks (e.g., Meguma terrane; White & Goodwin, 2011). Available data indicate that rocks of the Meguma
stratigraphy are depleted in Sb but moderately enriched in As (e.g., Beaverbank Formation of the upper part of the
Goldenville Group: <0.1–0.4 ppm Sb vs. 5–75 ppm As in whole rock assays; White & Goodwin, 2011), which
suggests a possible local contribution of As to the ore fluid through fluid/rock interaction. However, an increase in
the presence of arsenopyrite (also chalcopyrite, galena, and sphalerite) in contact aureoles proximal to the granitic
South Mountain Batholith (Clarke et al., 2009) suggests a possible magmatic metal input related to this regional
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magmatic event. Additionally, Au positively correlates with As + Sb in type 1a fluid inclusions and late‐stage
arsenopyrite mineralization is present in fractures (Figure 3d) in auriferous quartz veins.

The source of Au in Meguma deposits is still equivocal, with both magmatic and country rock‐derived sources
debated (Kontak & Kerrich, 1997; Kontak & Kyser, 2011; Kontak & Smith, 1989; Kontak et al., 1990, 1998,
2011, 2012; Morelli et al., 2005; Ryan & Smith, 1998). Additionally, Sangster (1992) argued that Au may have
been remobilized from the anoxic carbonaceous sedimentary rocks of the Goldenville Group which, in the context
of the present study, suggests CM‐bearing lithologies may act as both a Au source and sink (e.g., Large
et al., 2011; Figure 10). Regardless of the ultimate source of Au, it is well documented that vein‐forming fluids
associated with Au deposits in the Meguma terrane interact with their country rocks (Kontak & Kerrich, 1997;
Kontak et al., 2011). For instance, vein carbonate δ13CVPDB values overlap with those for diagenetic carbonate
and graphite in Goldenville Group metasedimentary rocks (− 13 to − 22‰; Kontak &Kerrich, 1997). At Dufferin,
late hydrothermal carbonate from saddle 6 (Figure 2d) is similarly 13C‐depleted (δ13CVPDB = − 21.1‰ and
− 21.3‰). Therefore, carbonic species in the ore fluid at Dufferin were likely derived from organic‐bearing
country rocks. Furthermore, the δ34Ssulfide values for sulfides from the Meguma Au deposits mimic the gen-
eral upward increase in δ34Ssuldfide values seen in the Meguma Group stratigraphy (Kontak & Smith, 1989;
Sangster, 1992), which suggests a strong S contribution by the wallrocks. Thus, even with the new data generated
in this study and that of previous workers, it is apparent that the discrimination of fluid reservoirs remains
challenging.

Figure 10. Schematic for gold precipitation at Dufferin. This schematic model (not to scale) involves fluid generation by
magmatic devolatilization and/or dehydration‐decarbonation through thermal metamorphism in basement rocks at depth,
yielding an Au‐endowed composite fluid that migrates to shallower crustal levels (i.e., into Meguma country rocks). The
auriferous fluid is subjected to cooling, reduction and pH modification through interaction with organic‐rich lithologies, in
this case the Dufferin setting, and subsequent precipitation of gold in the “Au sink” region.
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6. Conclusions
This study presents one of few data sets for Au and associated metal and sulfur concentrations in aqueous‐
carbonic fluid inclusions in an OGD setting, albeit of secondary nature with respect to some, but not all, of
the vein quartz, considered to be part of the multi‐stage gold‐mineralizing event. The composition of these fluids,
including Au content (∼20–50 ppb), is comparable to poorly mineralized quartz vein systems elsewhere
(Rauchenstein‐Martinek et al., 2016), thus highlighting the necessity of documenting the process(es) responsible
for Au mineralization. At Dufferin, despite auriferous fluid inclusions being secondary in origin, several features
suggest that their compositions represent, at least in part, the range of fluids responsible for Au deposition,
including their occurrence with Au‐bearing veins, bulk compositions and homogenization temperatures consis-
tent with other OGD, and their metal contents (including Au). The lack of preservation of primary fluid inclusions
throughout the entirety of the Au‐forming hydrothermal system at Dufferin makes these secondary fluid in-
clusions the best opportunity to characterize the fluids responsible for Au mineralization in these deposits.
Moreover, this study documents the importance of CM as a factor in one of several efficient processes responsible
for controlling Au mineralization. The results of this study are integrated with previous work on Meguma Au
deposits to suggest a revised genetic model (Figure 10) including: (a) production of an auriferous, yet gold‐
undersaturated fluid through combined magmatic devolatilization, and/or country rock dehydration and decar-
bonation mechanisms related to contact metamorphism; (b) migration and focusing of this fluid into anticlinal
hinge structures containing reducing lithologies (e.g., CM‐bearing black slate or argillite); and (c) precipitation of
gold, and other metals, via coupled reduction‐pH increase as this fluid reacts with CM‐bearing lithologies. In
particular, careful measurement of the composition of fluid inclusion types documents an evolution of fluid
chemistry consistent with decreasing fO2 and increasing pH, which led to in situ precipitation of gold + car-
bonate + arsenopyrite ± CM. Importantly, findings support previous work suggesting a genetic link between Au
and CM in other settings worldwide, such as the western Lachlan orogeny, Carlin deposits, and Ashanti gold belt,
for example.

Data Availability Statement
All data collected for this study and referenced herein are currently available as three supplemental documents:
Tables S1 through Table S3. These tables are open and available as per AGU's FAIR Data guidelines on Borealis:
The Canadian Dataverse Repository in the Saint Mary's University Dataverse via Kerr (2024).
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