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Abstract

The giant Bingham Canyon porphyry Cu-Mo-Au deposit (Utah) is associated with Eocene
subvolcanic intrusions. It shows a distinct metal zonation above a barren core, with 1)
dominantly shallow Cu-Au mineralization (Cu-stage) following the early Quartz Monzonite
Porphyry (QMP) intrusion and 2) spatially deeper Mo mineralization (Mo-stage) occurring
in a separate vein set exclusively after a late Quartz Latite Porphyry (QLP) intrusion that
truncates earlier Cu-Au veins. To understand this metal separation and the geochemical
process of molybdenite mineralization, we investigated fluid inclusions by
microthermometry, Raman spectroscopy and laser ablation inductively couple plasma mass
spectrometry (LA-ICP-MS) microanalysis in low-grade and high-grade quartz veins of both
mineralization stages.

In deep, low-grade quartz veins interpreted to represent the root zone of the Cu-stage we
found high concentrations of Cu, S, and Mo in the fluid inclusions, whereas in low-grade Mo-
stage veins, we found lower Cu, but similar concentrations of S and Mo, compared to the
inferred input fluids to the Cu-stage. Sulfur and copper concentrations were similar in
intermediate-density (ID) type fluid inclusions in deep low-grade Cu-stage samples,
whereas ID-type inclusions in low-grade Mo-stage veins have S contents that exceed their
Cu contents. In high-grade Mo-stage vein, we found large variations of Mo concentrations in
coexisting brine and vapor inclusions. Compared to the P-T conditions of the Cu-
precipitation stage (90-260 bars and 320-430 °C), the Mo-precipitating fluids were trapped
at higher pressures and temperatures of 140-710 bars and 360-580 °C. Mass-balance
calculation based on the compositions of ID inclusions and brine + vapor assemblages,
interpreted to be derived by phase separation during decompression of the ascending
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single-phase ID fluid, indicate that the mass of vapor phase exceeded that of brine by about
9:1 in both mineralization stages. Combining this mass-balance with the analyzed
vapor /brine partitioning data indicates that more than 70% of Mo, and S (by mass) in the
deposit were deposited from the vapor phase. Earlier Cu-Au deposition was similarly
dominated by vapor, but recently published data about post-entrapment Cu diffusion in and
out of fluid inclusions cast doubt on previous quantifications suggesting that almost none of
the copper was deposited by brine.

Mo is less likely to be modified by selective diffusion, and high Mo contents (max. 0.0054
Mo/Na in ID; 380 pg/g Mo in brine) in the hydrothermal fluids were maintained from the
early Cu-stage to the late Mo-stage. This indicates that Mo concentration was not the
decisive factor for separate precipitation of late Mo ore at Bingham Canyon. Instead, the
metal separation may be explained by a reduction in redox potential and an increase in
acidity in the evolving source region of the fluids, i.e., a large subvolcanic magma reservoir.
This is indicated by the stoichiometry of chalcopyrite and molybdenite precipitation
reactions, a tentative difference in the Fe /Mn ratio in fluids of both veining stages, incipient
muscovite alteration along high-temperature molybdenite veins and an increasing tendency
for Mo to fractionate from brine to vapor. We suggest that the early Cu-stage fluids were
slightly more oxidized and neutral, allowing Cu-Fe sulfides to saturate first, while
molybdenite saturation was suppressed and Mo was lost from the early ore stage. By
contrast during the later Mo-stage, the fluids were more reduced and acidic, thereby
allowing selective saturation of molybdenite as the first precipitating sulfide in the cooling
and expanding two-phase fluid, consistent with textural observations. This interpretation
may imply more generally that small differences in redox potential and acid/base balance of
the magmatic source of porphyry-mineralizing systems may be decisive in the temporal and
spatial separation of the two metals.

Introduction

Porphyry-style deposits are the most important Cu and Mo inventories in the world
economically (Singer et al.,, 2005). Among porphyry-style deposits, most polymetallic Cu-
Mo-Au deposits are associated with compositionally intermediate (e.g. granodiorite, quartz
monzonite) subvolcanic intrusions (Beane and Titley, 1981), whereas Mo-only porphyry
deposits (Climax-type) are associated with high-silica rhyolite magma intrusions (White et
al,, 1981). In porphyry deposits that contain Mo as well as Cu, paragenetic relationships of
molybdenite and Cu sulfides from the vein to the orebody scale commonly indicate that
molybdenite deposition postdates the main stage of precipitation of Cu-Fe sulfides + Au
(Gustafson and Hunt, 1975; Ulrich and Heinrich, 2001; Rusk et al., 2008; Landtwing et al.,
2010; Redmond and Einaudi, 2010; Sillitoe, 2010).

Metal ratios including Cu/Au and Mo/Cu and molybdenite grades are of economic
importance, but the geological causes for their variation are not clearly established. The
Cu/Au ratios in porphyry-style deposits suggested to be influenced by a combination of
processes including (1) magma compositions, such as alkaline affinity, redox state, and
sulfide melt incorporation (Sillitoe, 1997; Ulrich et al., 1999; Halter et al., 2002; Heinrich et
al,, 2004; Zajacz et al., 2010), (2) the depth of emplacement affecting the extent of phase
separations of magmatic-hydrothermal fluids and metal partitioning (Simon et al., 2006),
explaining why most Au-rich porphyries are relatively shallow (Cox and Singer, 1988;
Sillitoe, 1997; Landtwing et al., 2010; Murakami et al., 2010), and (3) a mineralogical control
on selective extraction of Au from fluid into Cu-Fe-sulfide solid solutions, notably bornite
(Simon et al., 2000; Kesler et al., 2002).

The factors controlling the Mo/Cu ratio and the molybdenite grade in porphyry Cu-Mo-Au
deposits remain even more elusive. The Mo grades in some deposits show a rough
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correlation with formation depth, i.e,, deep porphyry deposits tend to be Au-poor but
commonly have high Mo grades, such as Butte, Montana (Singer et al., 2005; Rusk et al,,
2008; Murakami et al., 2010). Provinciality and large-scale source processes are indicated
by the clustering of the world’s largest Mo-rich and Mo-only porphyry deposits in the SW-
USA, including Bingham Canyon, Butte, Climax, Henderson, and Questa (Singer et al., 2005).
Recent study of Pb isotopes in rocks and ore-forming fluids suggested that the Mo-
mineralizing magmas of this province were produced by melting of ancient subcontinental
lithospheric mantle affected by ancient Proterozoic rather than coeval subduction
metasomatism (Pettke et al., 2010). The compositional evolution of fluids that formed the
Mo-only deposit of Questa showed that their source magmas must have experienced
extensive batholith-scale or lower-crustal fractionation (Audétat and Pettke, 2003; Klemm
et al., 2008), which may contribute to enrichment of incompatible Mo in residual fluids and
explain the typical association Mo-only porphyries with very fractionated magmas (White et
al, 1981; Wallace, 1995; Seedorff and Einaudi, 2004a; Audétat, 2010). Additional to a
magmatic source control, selective precipitation of molybdenite from the magmatic-
hydrothermal fluids in Mo-rich deposits could be an important factor in metal separation.
LA-ICP-MS microanalyses of the fluid inclusions in the Questa deposit showed that the
magmatic-hydrothermal fluids contain more Cu than Mo, although molybdenite was
deposited without significant Cu sulfides (Klemm et al.,, 2008). High Mo concentrations in
brine inclusion assemblages supported the interpretation that MoS; was dominantly
precipitated from brine, whereas Cu was selectively distilled away from the region of the
present Questa orebody by an ascending vapor phase fluid (Klemm et al., 2008).

From hydrothermal experiments, molybdic acid species such as H2Mo0O4 were suggested to
be important for Mo transport in high-temperature hydrothermal fluids (Candela and
Holland, 1984; Keppler and Wyllie, 1991; Rempel et al, 2006; Rempel et al., 2008;
Minubayeva and Seward, 2010). While high Mo solubilities up to 1.6 wt% were reported in
sulfur-free saline solutions (Ulrich and Mavrogenes, 2008), much lower Mo solubilities (less
than 1 ppm) were reported in sulfur-bearing multicomponent solubility experiments (Wood
et al., 1987; Cao, 1989; Gu, 1993). Sulfur limits hydrothermal Mo mobility through the
saturation of molybdenite as a primary magmatic accessory mineral (Bingen and Stein,
2003). Sulfur is an essential element for economically significant precipitation of
molybdenite (MoS:) from hydrothermal fluids. With the recent analytical advances of
quantifying S in single quartz-hosted fluid inclusions by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) (Guillong et al., 2008a; Seo et al., 2011), we showed
that magmatic-hydrothermal fluids contain enough sulfur to precipitate sulfide minerals
(e.g. CuFeS; and MoSz), but that the concentrations of S and major chalcophile elements (Cu,
Fe) are commonly of similar magnitude (Seo et al., 2009). This opens the possibility that
competition between metals and sulfur could be a limiting factor in ore deposition and may
contribute to the large-scale separation of metals into distinct ore types (Heinrich, 2006).
The Bingham Canyon porphyry Cu-Mo-Au deposit is particularly suitable for comparing the
mechanisms of copper sulfide and molybdenite precipitation because it records temporally
well-separated hydrothermal stages of early Cu-Au and late Mo mineralization. The
molybdenite-bearing quartz veins were formed exclusively after quartz latite porphyry
(QLP) dike intrusions, whereas most Cu-Au mineralizing quartz veins predated these dikes
(Redmond and Einaudi, 2010). Recent publications on the physical and chemical evolution
of the giant Bingham Canyon ore system (Gruen et al, 2010; Landtwing et al., 2010;
Redmond and Einaudi, 2010) provide a framework to compare the sulfur, copper, and
molybdenum concentrations in fluid inclusion assemblages both from early Cu-Au-sulfide
(Cu-stage) and late molybdenite-bearing (Mo-stage) quartz veins, with the aim of



understanding the factors that led to the separation of molybdenite from copper sulfides
and gold.

Geology and Sampling Strategy

Geological background of the Bingham Canyon deposit

The Bingham Canyon Cu-Mo-Au deposit is hosted by series of Late Eocene subvolcanic
monzonitic intrusions (collectively called the Bingham Stock) emplaced into Paleozoic
sedimentary formations consisting of quartzite and limestone. The Bingham Stock is made
up of four main intrusions (Redmond and Einaudi, 2010). The Equigranular Monzonite (EM)
is the oldest phase of the Bingham Stock, which did not produce any mineralized veins. The
EM was intruded by Quartz Monzonite Porphyry (QMP) followed by the most intense Cu-Au
mineralization (Cu-stage). After the QMP, intrusion of Latite Porphyry (LP) and Quartz
Latite Porphyry (QLP) dikes followed (EM — QMP — LP — QLP). The major Mo-stage
mineralization postdated the QLP intrusion (Gruen et al, 2010; Landtwing et al.,, 2010;
Redmond and Einaudi, 2010).
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Figure 1. Northwest-southeast cross section through Bingham Canyon (refer to A-B in Fig.7 of Gruen et al, 2010
for section location) showing lithologies of the Bingham Stock, Cu and MoS: ore grade contours, and locations of
quartz vein samples with respect to the sampling regions discussed in the text. The Cu- stage quartz stockwork
veins were sampled from quartz monzonite porphyry (QMP) and late-stage quartz latite porphyry (QLP) dikes
(sample 4990-1470), whereas all Mo-stage quartz-molybdenite veins were sampled from quartz latite porphyry.
Samples A30-3816, 3836 (Cu-stage) and D50-2155, 2379 (Mo-stage) are from the barren core (elevation below
1,200 m). Samples D211-19 (Cu-stage), JH2, JH4 (Mo-stage), and 4990-1470 (post-QLP Cu-stage and Mo-stage)
are from the high-grade center (elevation greater than 1,200 m). Samples A57-5931, 6093, A51-4640, and D511-
3120 (Mo-stage) are from the deep periphery of the deposit (elevation below 1,200 m).
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The Cu-rich (contour of 0.15 wt% of Cu) ore body at Bingham Canyon deposit is bell-shaped.
The central highest-grade Cu ore body (> 0.70 wt% of Cu) additionally contains high Au
grades (contours of 0.30 and 1.00 ppm of Au; Fig. 1; Gruen et al.,, 2010; Landtwing et al,,
2010). Molybdenite is concentrated deeper and inward compared to Cu-Au mineralization,
but the shape of the Mo-rich ore zone (contour of 0.08 wt% MoS:) resembles that of the Cu-
rich shell (Fig. 1). While the highest-grade Cu accumulated around the central part of the
mine, high grade Mo (contour of 0.02 wt% MoS:) zones are more broadly distributed from
the central to the peripheral part. At the top of the deposit, the center of the high grade Mo-
rich zone partially overlaps with that of the high-grade Cu zone (0.70 wt% Cu) (Fig. 1).
Copper-gold mineralization without any discernable molybdenite is associated with quartz
stockwork veining and pervasive potassic alteration. Most Cu-Au stage stockwork veins are
contemporaneous with or postdate the intrusion of Quartz Monzonite Porphyry (Fig. 2) but
stockwork veining with diminishing intensity followed the intrusion of Latite Porphyry and
Quartz Latite Porphyry. Molybdenite mineralization of a distinct Mo-stage formed typically
10-60 mm thick quartz-molybdenite veins. Theses veins consistently postdate the late
intrusion of Quartz Latite Porphyry wherever we checked areas of economic Mo grades that
also contain the Quartz Latite Porphyry dikes. These quartz-molybdenite veins typically
contain euhedral and partly free-standing quartz crystals (3-2 in Fig. 2). In the vuggy center
of the quartz-molybdenite veins, minor late chalcopyrite is precipitated as euhedral crystals
(3-2 in Fig. 2B and Fig. 2C), locally overgrown by calcite. Most quartz-molybdenite veins
occur in areas of pervasive biotite alteration, which may at least in part be related to earlier
Cu-Au stage stockwork veining and its barren core. At least locally, previously weakly
altered wall rocks next to quartz-molybdenite veins show a bleached halo containing fine-
grained muscovite (Fig. 2C). All generations of quartz Cu-Au stockwork veins and the late
quartz-molybdenite veins have been cut by quartz-pyrite (+chalcopyrite + calcite) veins
with broad haloes of feldspar-destructive alteration (sericite + clay minerals; QSP veins)
(Redmond and Einaudi, 2010).

Sample descriptions

We sampled quartz veins of three paragenetic stages that show clear and consistent time
sequences of emplacement in drill core and in outcrop: (1) Quartz stockwork veins
associated with the main Cu-Au mineralization, hosted by QMP and early EM, (2) late-stage
quartz stockwork veins that clearly postdate the latest QLP dikes and are associated with
minor late copper mineralization, and (3) quartz-molybdenite veins that consistently
postdate QLP at each sampling site and also cut the late stockwork veins where present. We
sampled these vein generations in the low grade center of the deposit (barren core), in deep
Mo-rich peripheral zone accessible in drill core only (deep periphery), and in the high-grade
Cu-Au and Mo rich center of the open pit (high-grade center; Fig. 1). From a greater number
of reconnaissance samples, 13 veins were studied in detail, to obtain textural information
and quantitative data from 115 fluid inclusion assemblages comprising 3 to 10 individual
inclusions each (Table 1, 2, 3, 4).

Deep quartz stockwork veins (Cu-stage in barren core; A30-3816, 3836, and A35-4561) are
located lower than 1,200 m above sea level in the center of the mine. They contain minor
amounts of disseminated pyrite and chalcopyrite in potassically altered QMP. Based on
mineralogy and similar textural appearance (variably irregular, sugary-texture without
vugs), these deep quartz stockwork veins were interpreted to be the channelways of fluids
generating the main Cu-Au stage mineralization in the higher part of the system (Landtwing
et al., 2010). These veins usually contain three types of fluid inclusions: predominant CO--
bearing intermediate-density fluid inclusions, and less abundant vapor and brine inclusions
(Redmond et al., 2004). A high-grade Cu-Au quartz stockwork vein (D211-19) hosted by K-
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Figure 2. Photograph of polished slabs showing temporal relationships between intrusions, quartz veins, and
alteration assemblages. (A) Quartz Monzonite Porphyry (1) hasbeen cut first by quartz stockwork veinlets, then
intruded by Quartz Latite Porphyry (2) and finally cut by a quartz-molybdenite vein (3-2) (deep periphery, A51-
4640), (B) Quartz Latite Porphyry (2) with quartz stockwork veined Quartz Monzonite Porphyry clasts (1) is cut
by a late quartz stockwork vein (3-1) and quartz molybdenite veins (3-2) (shallow peripheral/central zone,
4990-1470). (C) Quartz-molybdenite vein is hosted in Quartz Monzonite Porphyry (1) (high-grade center, Bing
6-C).

The Quartz Monzonite Porphyry intrusion with pervasive potassic alteration introduced by abundant quartz
stockwork veining (1) which predates the Quartz Latite Porphyry dike (2), and quartz-molybdenite vein
crosscut the previous intrusions and veins (3-2). Cu-bearing late-stage quartz stockwork vein (3-1) hosted in
late Quartz Latite Porphyry dike (2) and the vein is cut by vuggy quartz-molybdenite vein (3-2). Late euhedral
chalcopyrite occur at the centerline of some quartz-molybdenite veins (e. g. 3-2 in B and C). Biotite and
muscovite alteration halos occur quartz-molybdenite veins. White dashed line represent contact of Quartz
Monzonite Porphyry - Quartz Latite Porphyry and black solid line represent quartz veins.
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feldspar and biotite altered QMP comes from the center of the deposit at 1,600 m above sea
level. Its blocky quartz grains contain chalcopyrite and bornite precipitated at an interstitial
paragenetic position between an early re-dissolved and a later re-cementing generation of
vein quartz (Landtwing et al., 2005; Landtwing et al., 2010). The high-grade quartz vein
contains predominantly vapor and brine inclusions that are partly trapped on single healed
microfractures as cogenetic vapor and brine (boiling assemblage).

Although most Cu-bearing quartz stockwork veins formed before the QLP intrusion, late-
stage quartz stockwork veins of otherwise similar appearance cut the QLP intrusion and
contain a minor amount of Cu minerals (post-QLP Cu-stage; 3-1 in Fig. 2B), including
bornite and digenite. These late-stage quartz stockwork veins are usually less than 10 mm
wide and have been crosscut by high-grade quartz molybdenite veins (3-2 in Fig. 2B). Fluid
inclusion types in the late-stage QLP-hosted quartz stockwork vein are mostly vapor and

brine inclusions, locally as cogenetic vapor+brine pairs.
(A) Deep low-grade quartz-molybdenite (B) High-grade quartz-molybdenite vein (JH2)
vein (D50-2155) Molybdenite

Late free-grown quartz crystal with
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Figure 3. Quartz vein textures and locations of fluid inclusion assemblages in the low-grade (A; D50-2155) and
high-grade (B; JH2) quartz-molybdenite veins. Growth zones in quartz were determined from a cathodo-
luminescence image taken by SEM, and by optical microscopy. (A) Massive sugary quartz crystal grown in the
deep low-grade quartz-molybdenite vein contains intermediate-density fluid inclusions. Some intermediate-
density fluid inclusions are associated with brine inclusions. (B) Two stages of quartz textures were observed in
the high grade quartz-molybdenite vein. Early sugary quartz crystals grown along the wallrock have
microcrystalline molybdenite in growth-zone, which is texturally similar to the low grade quartz-molybdenite
vein (A). The early massive sugary quartz crystals were overgrown by texturally-late euhedral free-standing
quartz crystals. This free-standing quartz crystals are closely associated with precipitations of coarse-grained
molybdenite and local precipitation of euhedral chalcopyrite in the vein center, see the sample figure at (B).
Numerous pseudo-secondary or secondary brines, vapors, and boiling assemblages are associated with early
sugary quartz crystals and late free-standing quartz crystals.

Low and high-grade quartz-molybdenite veins were sampled where we had clear evidence
that they cut late QLP dikes and their contacts with earlier lithologies (EM, QMP, and LP).
Low-grade quartz-molybdenite veins (Low-grade Mo-stage; D50-2155, 2379) were sampled
in the deep barren core of the mine (elevations of 1,000-1,100 m above sea level). They
were selected because they showed the same crosscutting relationship and contain a minor
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amount of molybdenite, as tiny dispersed crystals (D50-2155) or as a fine selvage of
molybdenite grown from the wallrock (D50-2379). These weakly Mo-mineralized veins are
interpreted to be low-grade versions of the main-stage (high-grade) quartz-molybdenite
veins located higher up in the deposit. They contain CO:-bearing intermediate-density
inclusions (Fig. 3A) and some brine inclusions. High-grade quartz-molybdenite veins (High-
grade Mo-stage; JH2, JH4, D511-3120, A51-4640, 4990-1470, A57-5931, A57-6093 and
D511-3120) were collected from the open pit surface at 2007 and from drill cores of the
deep periphery in the mine (Fig. 1). High-grade quartz-molybdenite veins sampled from the
high-grade center (elevations of 1,400-1,500 m above sea level; JH2, JH4, and 4990-1470)
and contain mainly brine and vapor inclusions, whereas samples from the deep periphery
(elevations of 300-800 m above sea level; A51-4640, A57-5931, A57-6093 and D511-3120)
contain intermediate-density fluid inclusions.

In high-grade quartz-molybdenite veins, molybdenite precipitated throughout the
paragenetic sequence. Early microcrystalline or massive flaky molybdenite commonly
overgrew the contact with the wallrock and predated sugary quartz (Fig. 3B). Fine-grained
sugary quartz was overgrown by euhedral quartz crystals. Coarse flakes of molybdenite
were deposited at the base of the large euhedral quartz crystals overgrowing sugary quartz
(Fig. 3B) or as hexagonal platelets on top of the quartz crystals in the vein center (Fig. 2A).
In the central vug of many quartz-molybdenite veins, euhedral chalcopyrite and finally
calcite have overgrown quartz and molybdenite (Fig. 2C). Quartz veins of all generations
contain vapor, brine, and commonly coexisting vapor and brine inclusions. The quartz
molybdenite veins are hosted in potassic alteration of QLP, but commonly show a weak halo
of overprinting muscovite or clay alteration (Table 1).

Textures were studied by optical microscopy and cathodoluminescence images taken by
scanning electron microscopy (Fig. 3, 4). Low-grade quartz-molybdenite veins located at the
deep barren core have massive quartz without open vugs (Fig. 4A). A cathodoluminescence
image of this sugary quartz reveals microscopic euhedral growth perpendicularly away
from the wall rock (Fig. 4A). Similar texture can be observed in the basal zone of a high-
grade quartz-molybdenite vein (sugary quartz; Fig. 3B, 4B, 4C), intergrown with
microcrystalline molybdenite along growth zones of quartz. The sugary quartz zone is
overgrown by texturally similar, but coarser-grained euhedral free-standing quartz crystals
and large flakes of molybdenite (Fig. 3B and Fig. 4B). These textures confirm that the two
quartz generations (sugary and free-standing quartz) overlapped with molybdenite
deposition temporally. Cathodoluminescence images of some of the quartz-molybdenite
veins show evidence of minor redissolution and reprecipitation of a second generation of
quartz (Fig. 4), similar to the Cu-stage quartz stockwork veins (Redmond et al., 2004;
Landtwing et al., 2005; Landtwing et al., 2010).

Methods

Representative fluid inclusion assemblages (FIA) were selected by detailed petrography and
checked by microthermometry to confirm that they show consistent microthermetric
behavior, such as halite dissolution and homogenization temperatures. Obtaining
microthermometric properties of COz-bearing vapor inclusions was, in most cases, difficult
because of thin film of aqueous liquid lining the walls of the inclusions and the formation of
clathrates. Homogenization temperatures of vapor inclusions were assumed to be
equivalent to those of coexisting brine inclusions in sets of texturally-proven cogenetic
brine and vapor “boiling” assemblage. Homogenization temperatures of the brine inclusions
in the boiling assemblages were combined with the apparent brine salinities (wt% NaCl eq.)
to estimate the fluid pressure of the entrapment condition, based on the two-phase surface
NaCl-H20 model system (Driesner and Heinrich, 2007).
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Table 1. Descriptions of the quartz vein samples from drill core and mine outcrops that were used for fluid inclusion analyses.

location, elevation

sample # host rock above sea level

mineralogy, quartz texture, alteration

Deep, quartz stockwork vein at barren core (low-grade Cu-stage)

A35-4561 QMP Central, 650 m 8 mm blocky fine grain quartz vein, chalcopyrite + pyrite. Biotite alteration
A30-3816 QMP Central, 750 m 1 cm blocky quartz vein with chalcopyrite + pyrite. Biotite alteration
A30-3836 QMP Central, 750 m 1 cm blocky quartz vein with chalcopyrite * pyrite. Biotite alteration

Quartz stockwork vein at high-grade center (high-grade Cu-stage)

Gray-clear blocky (sometimes vuggy) quartz vein with chalcopyrite (chalcopyrite occur at

D211-19 QMP Central, 1600 m the interstitials of early generation of quartz; Landtwing et al., 2005). Biotite alteration.

Deep, quartz-molybdenite vein at barren core (low-grade Mo-stage)

D50-2155 QLP Central, 1090 m 1 cm fine to coarse grain blocky quartz vein + molybdenite. Weak muscovite alteration.

1 cm coarse grain blocky quartz vein with molybdenite * pyrite (molybdenite grown from

D50-2379 QLP Central, 1024 m the wallrock). Biotite & muscovite alteration.

Quartz-molybdenite vein at high-grade center and deep periphery (high-grade Mo-stage)

QMP clast entrained in QLP host. Two generations of quartz veins. 1) Post-QLP late
stockwork vein with gray-clear quartz (digenite) vein with bornite alterations crosscut by 2)

QLP Central, 1500 m  buggy and clear quartz-molybdenite vein (molybdenite grown from the wallrock and late
euhedral chalcopyrite occured at vein center). Weak muscovite alteration around the quartz-
molybdenite vein.

4990-1470 (2-
types of veins)

Two generatons of molybdenite deposition at the single vein; 1) microcrystaline
molybdenite within growthzone of early sugary (blocky) quartz overgrown by 2) euhedral,
freestanding quartz vein with coarser molybdenite * late euhedral chalcopyrite. The vein
cuts early stockwork veinlets. Muscovite alteration around quartz-molybdenite vein.

JH2 QLP Central, 1430 m



JH4

EM&QLP Central, 1460 m

Thick quartz vein with freestanding quartz crystals with flakes of molybdenite interstitially
growned # late euhedral chalcopyrite. The vein cuts also EM. Muscovite alteration.

D511-3120

QLP Peripheral, 830 m

8 mm coarse grain blocky quartz vein with molybdenite (molybdenite grown at centerline).
Vug filled calcite. Muscovite alteration. The vein cuts early biotite-altered quartz veinlets.

A51-4640

QMP&QLP  Peripheral, 640 m

Contact of QLP and QMP. 8 mm of clear (buggy sometimes) quartz-molybdenite veinlet
(molybdenite grown at centerline) cutting QMP hosted stockwork veinlets and QLP. Weak
muscovite alteration.

A57-5931

QMP&QLP  Peripheral, 330 m

8 mm fine sugary quartz vein with molybdenite (molybdenite grown at centerline). The vein
cuts contact of QMP and QLP. Biotite alteration

A57-6093

QMP&QLP  Peripheral, 350 m

Two generations of quartz veins; 1) 6 mm milky quartz vein, 2) 1 mm two fine-grained
quartz moybdenite veins * pyrite. These cut the earlier milky quartz vein. Biotite alteration.

EM = equigranular monzonite, QMP = quartz monzonite porphyry, QLP = quartz latite porphyry.
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Table 2. Composition of Cu-stage (quartz stockwork veins) brine inclusion assemblages in the Bingham Canyon deposit.

pg/g  Location Sample# Sal. Th(°C) P(bar) 23Na 328 39K 57Fe 65Cu 75As 133Cs  197Au 208Ph 66Zn 95Mo mark
Av. center A30-3816 419 332 ND 120 000 8 400 96 000 50 000 10 000 46 49 0.26 3300 3 400 6.6 boil
SD Deep stw. 4_TP7 0.6 13 3100 4700 7 800 4300 1000 7 9 0.12 290 370 4.0

Av. center A30-3816 40.4 389 173 120 000 4 800 100 000 39 000 7 800 30 48 0.42 3300 2 700 170 boil
SD Deep stw. 4_TP8 0.8 6 realPT 2100 1600 5400 3100 2500 5 6 0.13 160 340 100

Av. center A30-3816 39.0 380 162 110 000 6 400 100 000 50 000 6 000 40 49 0.24 2900 3 800 12 boil
SD Deep stw. 4_TP9(b) 0.6 25 realPT 1300 2200 3400 13000 6400 15 12 0.12 140 1400 15

Av. center A30-3816 36.5 374 155 100 000 6 100 100 000 40 000 7 700 37 42 0.21 3 500 3 300 51 boil
SD Deep stw. 4_TP10(b) 0.6 16 realPT 6200 2900 15000 83800 2900 12 19 0.23 590 1600 71

Av. center A30-3816 36.1 381 168 97 000 12 000 110 000 50 000 10 000 38 53 0.22 3100 4100 50 boil
SD Deep stw. 4_TP11(b) 0.4 15 realPT 1300 4200 4100 4400 1400 3 6 0.09 330 550 31

Av. center A35-4561 344 323 88 97 000 7 600 52 000 36 000 7 600 57 64 0.14 2 800 ND 440 boil
SD Deep stw. 1-TP2(b) 1.8 15 realPT 17 000 4500 42000 11 000 6100 37 47 0.06 1700 ND 470

Av. center A35-4561 36.8 379 162 120 000 5 200 61 000 31 000 5 700 33 39 0.43 2 300 2 300 380 boil
SD Deep stw. 1.TP3 1.4 13 realPT 2100 1700 5600 2100 210 7 6 0.09 76 180 24

Av. center A35-4561 30.0 379 176 100 000 8 200 47 000 36 000 7 600 59 33 ND 2 100 3 000 59 boil
SD Deep stw. 1.TP4 0.6 14 realPT 2500 4 400 6100 3800 1200 34 17 ND 100 760 19

Av. center A35-4561 34.3 363 142 110 000 7 400 57 000 33 000 7 900 25 23 ND 2 400 2 800 330 boil
SD Deep stw. 1.TP5 1.5 26 realPT 53800 280 14 000 9100 4000 ND 17 ND 450 1000 20

Av. center A35-4561 36.0 363 138 110 000 3 600 65 000 45 000 3 900 38 45 1.10 2 700 2 800 220 boil
SD Deep stw. 1.TP6 0.9 8 realPT 990 1800 2300 17 000 1500 6 4 0.80 340 670 160

Av. center A30-3836 39.2 313 ND 110 000 3700 100 000 49 000 7 500 49 52 0.80 3100 2 400 330 no-boil
SD Deep stw. 1.B1 0.0 15 7700 1300 19 000 11 000 1400 10 13 ND 550 660 160

Av. center A30-3836 38.7 371 146 110 000 4300 100 000 49 000 7 400 37 49 0.49 3200 2 700 340  no-boil
SD Deep stw. 1.B2 0.4 18 minPT 3400 1600 8600 3000 3800 5 6 0.27 530 750 95

Av. center A30-3836 37.9 328 89 110 000 10 000 82 000 39 000 9 500 13 43 1.80 2 800 2 100 180 no-boil
SD Deep stw. 1.B3 0.9 3 minPT 4500 7700 11 000 2700 2000 ND 8 ND 63 250 110

Av. center A30-3836 40.1 326 ND 120 000 3 600 98 000 41 000 7 200 33 44 0.69 2900 3 500 120  no-boil
SD Deep stw. 1_TP1 0.2 14 9000 2200 21000 7 800 2800 16 18 ND 880 1900 20

Av. center D211-19 50.9 369 ND 150 000 2 500 120 000 56 000 450 110 53 2.00 5 000 4 500 6.6 no-boil
SD Cu-vein 1.B1 2.8 26 4500 550 11 000 12 000 170 37 7 ND 840 940 7.6
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Av. center D211-19 47.8 385 ND 130 000 11 000 120 000 72 000 1100 35 42 ND 4 800 4 300 42.0 boil
SD Cu-vein 1.B2 0.8 14 7 500 3000 18000 4600 280 22 6 ND 1100 1000 5.7

Av. center D211-19 52.9 400 ND 140 000 5 600 150 000 94 000 2 800 44 60 0.31 5900 5900 47.0 boil
SD Cu-vein 1.B3 2.0 16 13 000 3000 30000 29000 2600 19 17 0.17 2300 3100 38.0

Av. center D211-19 52.2 392 ND 150 000 5 000 120 000 96 000 2 800 38 52 1.00 5700 5 500 100.0 boil
SD Cu-vein 1_.B4 1.3 8 2600 1900 3400 11000 670 13 11 0.64 1300 1500 110.0

Av. center D211-19 518 373 ND 140 000 2 600 140 000 140 000 870 61 110 0.34 6 700 7 000 6.7 boil
SD Cu-vein 1.B5 0.1 23 9200 1400 22000 40000 300 14 39 ND 1800 1800 7.9

Av. center D211-19 49.6 378 ND 140 000 7 100 130 000 62 000 1300 70 42 ND 4 100 3 800 19.0 boil
SD Cu-vein 1.B6 ND ND 8700 3500 22000 25000 760 45 18 ND 1000 980 17.0

Av. center D211-19 43.3 393 174 120 000 5 400 110 000 61 000 5700 54 36 ND 4 100 3 600 29.0 no-boil
SD Cu-vein 1.B7 4.6 22 minPT 4800 3500 10 000 33000 3700 40 1 ND 1500 1200 ND

Av. center D211-19 43.3 393 174 110 000 15 000 130 000 100 000 18 000 71 40 ND 5900 5 500 160.0 no-boil
SD Cu-vein 1.B7-1 4.6 22 minPT 9400 5000 25000 5200 12 000 26 9 ND 860 540 180.0

Av. center D211-19 39.7 430 261 110 000 7 200 98 000 65 000 1000 35 34 ND 3 500 3 000 56.0 boil
SD Cu-vein 1_B8 1.1 7 realPT 1900 430 4700 2000 200 7 8 ND 360 180 66.0

Av. center D211-19 43.1 417 221 120 000 5500 110 000 64 000 920 47 47 0.30 3 800 2700 100.0 no-boil
SD Cu-vein 1.B9 0.2 9 minPT 3800 1300 8600 6800 150 15 2 0.26 880 1100 43.0

Av. center D211-19 46.2 410 196 140 000 4900 100 000 45 000 2 500 71 47 0.10 3 300 2900 360.0 boil
SD Cu-vein 1.B10 0.8 28 realPT ND ND ND ND ND ND ND ND ND ND ND

Av. center 4990-1470 43.7 391 170 120 000 2900 110 000 47 000 560 56 39 0.76 3 500 3 000 83  no-boil
SD QLP stw. 1_B1 0.8 3 minPT 1000 1500 2000 1200 14 1.4 3 0.65 220 460 2

Av. center 4990-1470 39.7 364 134 110 000 4 800 93 000 51 000 1000 34 46 0.23 2700 2 300 72 no-boil
SD QLP stw. 1_B2 0.6 14 minPT 11000 2 600 26 000 10 000 450 12 17 ND 520 640 70

Averages (Av,; pg/g) and standard deviations (SD; 1 sigma) of elements in Cu-stage (quartz stockwork veins). Salinities (Sal; equivalent NaCl wt %) and
homogenization temperatures (Tn) of the assemblages were obtained from microthermometry (Bodnar and Vityk, 1994) and pressures of entrapment were
estimated (Driesner and Heinrich, 2007). “Deep stw.”, “Cu-vein”, and “QLP stw” represent low Cu grade quartz stockwork veins, high Cu grade quartz stockwork vein,
and late-stage (post-QLP) quartz stockwork vein, respectively. Boiling assemblages “boil” allow direct calculation “real PT” of pressures, whereas brine -only “no-boil”
assemblages provide minimum estimation “min PT” of pressures. “ND” represents values not determined.

12



Table 3. Composition of Mo-stage (quartz-molybdenite veins) brine inclusion assemblages

ug/g Location Sample# Sal. Th(°C) P(bar) 23Na 328 39K 57Fe 65Cu 75As  133Cs 197 Au 208Pp 667Zn 95Mo mark
Av. center D50-2155 414 469 362 110 000 5 600 110 000 48 000 300 39 54 0.16 3100 2 800 160.0 boil
SD deep Moly A02 0.4 22 realPT 5900 1200 15000 6100 74 5 9 0.07 490 520 100.0
Av. center D50-2155 42.0 426 245 120 000 6 100 100 000 41 000 360 29 46 0.41 3200 2 500 380.0 no-boil
SD deep Moly A03 1.0 21 minPT 2800 1300 7300 4700 100 10 5 0.10 350 290 8.6
Av. center D50-2155 40.0 426 251 110 000 5700 99 000 49 000 250 30 48 0.26 3 000 2700 75.0 no-boil
SD deep Moly A04 0.5 15 minPT 710 500 1800 1900 47 5 6 ND 59 91 5.9
Av. center D50-2155 42.0 498 447 120 000 3 700 100 000 44 000 750 35 46 0.21 2900 2 400 130.0 boil
SD deep Moly A05 0.8 8 realPT 1300 2300 3300 2300 740 11 5 0.17 210 360 110.0
Av. center D50-2155 40.2 404 205 120 000 7 200 97 000 39 000 920 35 39 0.11 2 600 2 300 87.0 boil
SD deep Moly BO1 1.7 28 realPT 1400 510 3400 4300 600 4 3 0.03 340 390 14.0
Av. center D50-2155 41.5 412 217 130 000 7 100 81 000 35 000 720 27 38 0.55 2 600 1900 77.0 boil
SD deep Moly B02 0.9 17 realPT 9200 1800 24000 18 000 890 10 8 0.41 450 760 37.0
Av. center D50-2155 36.9 416 240 110 000 7 100 88 000 39 000 1200 28 37 0.30 2 600 2 400 97.0 boil
SD deep Moly B03 0.9 21 realPT 2400 2800 6800 5900 1600 3 3 0.03 360 290 33.0
Av. center D50-2155 42.3 403 197 130 000 3 200 97 000 39 000 1 500 24 29 0.26 2 800 1 800 150.0 boil
SD deep Moly B04 1.4 33 realPT 6200 1900 15000 18 000 980 10 12 0.26 380 970 120.0
Av. center D50-2155 40.7 399 193 110 000 7 900 110 000 51 000 340 30 55 0.22 3 000 3200 100.0 boil
SD deep Moly B06 0.7 40 realPT 3200 2800 7300 14 000 140 9 19 0.00 350 1000 64.0
Av. center D50-2379 41.1 295 ND 14 000 7 600 68 000 33 000 7 900 74 32 1.90 2 500 2 500 360.0 boil
SD deep Moly 1B3 1.5 6 1200 2100 4900 1900 1900 59 8 0.10 240 870 420.0
Av. center D50-2379 40.5 273 ND 130 000 7 100 64 000 11 000 1200 240 47 ND 6 200 5 800 ND boil
SD deep Moly 1.TP1 2.1 33 3900 4400 10000 3900 740 23 9 ND 1800 1000 ND
Av. center D50-2379 50.6 275 ND 170 000 4700 71 000 44 000 4 600 64 51 1.70 3 300 3 400 ND boil
SD deep Moly 1.B5 0.8 7 5900 240 15000 5300 2300 8 5 ND 370 280 ND
Av. center D50-2379 44.0 289 ND 140 000 5700 76 000 43 000 5700 48 44 0.81 3 300 3 200 150.0 boil
SD deep Moly 1_TP4 0.3 12 9500 2800 24000 7 800 3900 18 15 0.60 850 1000 190.0
Av. center JH2 45.2 475 357 120 000 9 200 73 000 53 000 3 600 55 43 2.30 3 300 4 000 47.0 no-boil
SD Mo-vein ble 1.0 ND  minPT 9000 2500 13000 8200 1400 37 10 2.30 240 1400 20.0
Av. center JH2 40.9 413 220 99 000 21 000 98 000 53 000 16 000 25 39 0.68 3400 3 000 380.0 boil
SD Mo-vein blb 1.8 12 realPT 18 000 4700 36 000 17 000 6300 10 19 0.30 1100 1100 170.0
Av. center JH2 47.7 414 200 120 000 14 000 90 000 62 000 10 000 30 57 0.26 3500 3 800 120.0 boil
SD Mo-vein bla 1.1 11 realPT 4700 4400 13000 5900 4000 6 5 0.02 340 840 47.0
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Av. center JH2 45.4 399 179 100 000 25 000 100 000 65 000 24 000 12 39 4.60 4 400 4 500 360.0 no-boil
SD Mo-vein bid 1.7 12 minPT 22000 11 000 53000 14 000 4200 0 15 6.40 2800 3300 220.0
Av. center JH2 41.3 572 691 110 000 2900 86 000 42 000 910 34 39 0.25 2 400 1800 38.0 no-boil
SD Mo-vein blc 1.0 11 minPT 6100 1100 12000 4300 150 8 7 0.12 230 380 18.0
Av. center JH2 46.4 415 207 120 000 12 000 83 000 52 000 5700 56 46 0.71 3 500 5000 93.0 boil
SD Mo-vein b2b 3.9 21 realPT 13000 8200 19 000 18000 4700 23 14 0.29 930 1800 110.0
Av. center JH2 43.4 469 351 100 000 11 000 100 000 55 000 16 000 20 33 0.31 2 800 2 300 350.0 boil
SD Mo-vein b2c 0.3 4 realPT 3800 1900 8600 4100 1700 7 7 0.11 660 350 84.0
Av. center JH2 421 428 249 100 000 11 000 85 000 58 000 13 000 28 27 1.50 2 800 2 900 360.0 boil
SD Mo-vein b2e 0.4 11 realPT 8900 1700 13 000 8400 1900 13 7 2.00 250 760 59.0
Av. center JH2 47.7 407 187 120 000 6 800 100 000 51 000 1000 23 44 0.19 3 200 3 000 72.0 no-boil
SD Mo-vein b2d 0.2 2 minPT 4600 1200 8000 5100 630 6 10 0.11 170 520 8.7
Av. center JH2 39.3 542 609 100 000 8 300 89 000 36 000 530 22 25 0.42 2100 1700 25.0 boil
SD Mo-vein b2f 0.3 30 realPT 9800 3700 9700 15000 270 11 12 0.49 570 830 7.2
Av. center JH2 39.3 325 84 100 000 7 400 69 000 41 000 6 900 18 29 1.20 2 600 2 000 83.0 no-boil
SD Mo-vein al-1 2.7 ND minPT 6300 1800 10000 8100 4600 3 12 0.24 430 670 46.0
Av. center JH2 42.0 ND ND 110 000 3 600 83 000 41 000 390 45 33 0.29 2 600 2 100 5.4 no-boil
SD Mo-vein al-2 1.8 ND 10000 510 15000 11000 260 21 10 0.17 540 680 1.3
Av. center JH2 39.3 330 89 100 000 6 800 82 000 44 000 310 25 42 0.37 2 800 2700 33.0 no-boil
SD Mo-vein al-3 0.8 8 minPT 9200 2600 16 000 6200 190 3 12 ND 680 900 13.0
Av. center JH2 44.4 475 362 110 000 8 500 100 000 53 000 780 27 48 0.31 2 900 2 800 140.0 no-boil
SD Mo-vein a5-2 0.7 7 minPT 6200 1900 15000 3600 150 3 4 0.22 780 360 21.0
Av. center JH2 421 580 709 110 000 6 800 96 000 40 000 200 33 36 0.40 2700 2 800 1.8 boil
SD Mo-vein a5-3 0.1 30 realPT 2600 2200 3600 4200 34 2 5 0.17 400 440 1.0
Av. center JH2 46.2 411 200 110 000 23 000 100 000 58 000 25 000 24 47 0.16 3100 3 200 88.0 boil
SD Mo-vein a6-1 1.0 4 realPT 1600 2300 8700 6100 2500 7 3 ND 260 460 50.0
Av. center JH2 49.3 431 227 110 000 23 000 120 000 62 000 27 000 16 47 0.64 3 300 3 200 26.0 no-boil
SD Mo-vein a6-2 0.5 ND minPT 4800 4700 7 200 4700 3000 3 6 0.49 380 450 5.9
Av. center JH2 46.8 425 225 110 000 11 000 110 000 57 000 520 22 42 0.25 3100 3 200 110.0 boil
SD Mo-vein a6-3 1.5 3 realPT 2800 3700 6300 3600 190 10 6 0.12 530 750 13.0
Av. center JH2 49.9 429 221 130 000 17 000 110 000 52 000 16 000 13 43 0.29 2900 2900 20.0 boil
SD Mo-vein a7 0.4 ND realPT 7 400 3100 15000 6700 9500 4 4 0.12 220 1000 20.0
Av. center JH2 45.8 431 242 100 000 24 000 120 000 59 000 2700 26 60 0.45 4 000 4 100 110.0 boil
SD Mo-vein a7-1 1.4 3 realPT 11000 9700 21000 7 400 3300 8 13 0.26 870 1200 45.0
Av. center JH2 43.4 427 243 88 000 5300 85 000 33 000 220 23 39 0.14 2 400 2 400 130.0 boil
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SD Mo-vein a7-3 0.8 16 realPT 7500 2000 9500 8600 150 4 10 0.07 370 550 41.0
Av. center JH2 39.0 580 742 97 000 5100 85 000 52 000 190 27 37 0.20 2 800 2 300 51.0 no-boil
SD Mo-vein a7-4 0.5 minT minPT 4700 1600 3000 8600 62 6 8 0.02 310 450 10.0
Av. center JH2 59.4 ND ND 160 000 6 600 110 000 50 000 580 30 61 0.09 4 000 3 400 18.0  no-boil
SD Mo-vein a7-5 2.0 ND 6000 1300 10 000 5700 78 4 11 0.05 380 320 1.5
Av. center JH2 39.7 526 553 100 000 4 500 83 000 45 000 540 29 42 0.07 2 500 2 400 7.2 boil
SD Mo-vein a7-6 ND 11 realPT 5400 940 8000 5200 190 4 4 0.03 430 630 3.2
Av. center JH2 41.2 492 434 120 000 6 000 79 000 39 000 1200 51 42 1.30 3 800 ND 88.0 boil
SD Mo-vein B_BT2 2.1 realPT 10 000 3200 11000 13 000 950 31 7 1.00 970 ND 80.0
Av. periphery  D511-3120 40.2 ND ND 120 000 13 000 95000 60000 8 800 59 38 ND 2900 3600 30.0 no-boil
SD Mo-vein 1.B2 0.6 ND 1500 2600 3900 4600 8200 19 9 ND 190 310 49
Av. periphery  D511-3120 375 381 166 110000 8 800 82000 38 000 8100 24 35 ND 2700 2600 31.0 no-boil
SD Mo-vein 1.B3 0.5 5 minPT 3300 4200 9600 1600 6 000 12 10 ND 490 340 30.0
Av. periphery  D511-3120 353 360 136 100 000 12 000 90000 40000 9100 35 32 3.60 2500 2900 76.0 boil
SD Mo-vein 1_TP4 13 17 realPT 3500 4500 9200 1600 1100 22 7 0.24 140 380 27.0
Av. periphery  D511-3120 420 319 ND 120 000 17 000 94 000 46 000 11000 82 51 1.60 2700 2900 130.0 no-boil
SD Mo-vein 1.B5 0.1 13 86 11000 340 7500 860 66 18 ND 250 67 42.0
Av. periphery  D511-3120 37.1 377 160 110 000 10 000 80000 43 000 10 000 36 36 ND 2500 2 800 120.0 boil
SD Mo-vein 1_TP6(b) 0.9 20 realPT 4200 1200 10 000 5000 3200 6 8 ND 110 730 65.0
Av. periphery  D511-3120 37.1 ND ND 110 000 16 000 90000 56 000 10 000 28 63 13.00 2500 5400 76.0 no-boil
SD Mo-vein 1B7 ND ND 13 000 4500 30000 22 000 2 600 ND 43 ND 460 4100 18.0
Av. center JH4 394 ND ND 87 000 7 100 55000 29000 1200 ND ND ND 1900 ND 1.7  no-boil
SD Mo-vein a_Bl ND ND 5700 4900 4800 2300 470 ND ND ND 410 ND ND
Av. center JH4 47.2 ND ND 100000 4300 68 000 37 000 830 ND ND ND 2100 ND 6.5 no-boil
SD Mo-vein a_B2 ND ND 6 600 3400 10 000 2200 480 ND ND ND 270 ND 32
Av. center JH4 39.1 ND ND 81000 3000 58 000 33 000 590 ND ND ND 1800 ND 1.9  no-boil
SD Mo-vein a_B3 13 ND 2900 2300 2000 1200 390 ND ND ND 140 ND 03
Av. center JH4 41.5 ND ND 130 000 3600 88000 48 000 1700 ND 40 ND 2900 ND 8.9  no-boil
SD Mo-vein a_B4 ND ND 2 800 770 7500 7200 350 ND 5 ND 250 ND 9.1
Av. center JH4 36.8 468 383 110000 3300 82000 44 000 1000 44 44 ND 2900 3100 36.0 boil
SD Mo-vein b_TP1 0.4 2 realPT 3200 2000 8200 1800 730 17 2 ND 530 460 10.0
Av. center JH4 45.7 395 171 130 000 3200 100 000 65 000 1000 75 58 0.84 3600 2700 3.2 no-boil
SD Mo-vein b_B2 0.2 2 minPT 6 600 840 16 000 9900 220 11 17 ND 740 510 0.4
Av. center JH4 395 463 354 120 000 8500 90000 48 000 14 000 21 46 1.40 3100 2600 69.0 no-boil
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SD Mo-vein b_B3 1.0 5 minPT 8700 3000 22000 4800 4000 7 12 0.65 900 440 23.0
Av. center JH4 423 388 168 130000 9300 92 000 50 000 1200 25 49 ND 3400 2900 13.0  no-boil
SD Mo-vein b_B4 0.6 1 minPT 5000 2700 11000 7 300 450 ND 0 ND 880 890 ND
Av. center JH4 39.0 475 394 110000 5500 95 000 34000 780 140 51 0.89 3500 3200 34  no-boil
SD Mo-vein b_B6 ND ND minPT 10000 1100 25000 8500 550 57 19 0.03 490 970 ND
Av. center 4990-1470 418 413 217 120000 7500 84 000 34000 2200 24 34 0 2500 2300 7.5  no-boil
SD Mo-vein 2. B1 0.8 9 minPT 5300 4900 13 000 8200 1300 7 12 0 390 880 3.0
Av. center 4990-1470 54.3 343 ND 160000 2900 110000 46 000 490 78 50 1 3500 2700 16.0  no-boil
SD Mo-vein 2_B2 0.1 5 4900 380 12 000 7100 200 55 6 0 140 240 10.0
Av. center 4990-1470 51.0 362 ND 150 000 4000 98 000 45000 5300 50 50 1 3300 3000 5.6  no-boil
SD Mo-vein 2_B3 0.6 ND 3000 1100 6500 9600 2500 26 11 1 420 750 11
Av. center 4990-1470 50.7 ND ND 150 000 3800 110000 47 000 2300 61 57 0 3400 3200 5.8  no-boil
SD Mo-vein 2_B4 ND ND 4 800 1700 11 000 7 400 1000 32 10 0 540 610 4.0

“deep moly”, and “

Mo-vein” represent low grade quartz-molybdenite veins, and high grade quartz-molybdenite veins, respectively.
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Figure 4. Cathodo-luminescience (CL) images of quartz-molybdenite veins from the low-grade (D50-2155) and
high-grade (JH2, JH4) zones. These quartz veins have both euhedral sugary quartz (A) and euhedral free-
standing quartz crystals (B, C). Textures of early-generated quartz dissolution (Ql) and second generation
quartz overgrowth (Q2) are prominent in the low-grade (A) and high-grade (B) quartz-molybdenite veins. Some
quartz-molybdenite veins, however, do not show quartzdissolution textures (C).
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In-situ analyses of single fluid inclusions were conducted by laser ablation inductively
coupled mass spectrometry (LA-ICP-MS). A beam-homogenized 193 nm ArF Excimer laser
ablation system (ETH prototype, similar to Geolas system; Gilinther et al, 1997) was
connected to a quadruple ICP-MS (Perkin Elmer Elan 6100 DRC) optimized for the detection
of sulfur as well as metals (Guillong et al., 2008a; Seo et al., 2011). By selection of a reduced
set of isotopes to be measured (23Na, 295i, 32S, 39K, 55Mn, 57Fe, 65Cu, 66Zn, 75As, 85Rb, 88Sr, 95Mo,
133Cs, 137Ba, 197Au and 208Pb) and applying an increased dwell time on selected elements (i.e.,
50 ms for 197 Au, 95Mo, 20 ms for 325, and 10 ms for other elements), we reduced the noise of
the instrumental backgrounds to improve limits of detection while maintaining the
necessary time resolution for representative detection of inclusion signals. We also
analyzed 55Mn, 66Zn, 85Rb, 88Sr and 137Ba in some brine inclusion assemblages in order to
focus on Fe/Mn ratios. A small amount of H; gas (5 ml/min.) added to the He carrier gas
increases the sensitivity of selective elements such as Cu, Au, and Mo (Guillong and Heinrich,
2007). Energy densities between 30 and 40 ] /cm2 on the sample surface with 10 Hz pulse
frequency allowed controlled sampling of most quartz-hosted fluid inclusions. An Iris
aperture was gradually opened during analysis to a spot size allowing complete excavation
of the fluid inclusion without the loss of daughter crystals. Quantification followed the data
reduction procedures of Gilinther et al. (1998) and Heinrich et al. (2003) using the SILLS
software (Guillong et al., 2008b) for data reduction. Since salinity measurements for the
vapor-rich inclusions are difficult, we used element ratios for interpretations of the vapor
phase fluids.

We also analyzed some of the intermediate-density and vapor inclusions in quartz veins
(A30-3816 and D211-19 in Cu-stage, and D50-2155, 2379, A57-5931, JHZ, and JH4 in Mo-
stage) by using laser Raman microspectroscopy in ETH Zurich and University of Bern in
order to check daughter minerals, and to compare the gas compositions and ratios of CO;
and CHa.

Results

Pressure and temperature

Salinities (NaCl equivalent wt %) of brine inclusion assemblages were estimated from halite
dissolution temperatures (Bodnar and Vityk, 1994). Some inclusions homogenized by halite
dissolution, but most by bubble disappearance, providing estimates of minimum
temperature and pressures in the case of brine-only assemblages (Fig. 5).
Microthermometric data from brine inclusions in boiling assemblages yield estimates of
absolute temperature and pressure of entrapment. True pressures are probably somewhat
higher than indicated by the NaCl-H,0 model system (Bodnar and Vityk, 1994; Driesner and
Heinrich, 2007) because of the presence of minor CO2, but also affected by H.S and other
cations indicated by Raman and ICP-MS analyses (Fig. 6). Consistency of homogenization
temperatures within brine inclusion assemblages are generally + 40°C or better (Table 2, 3
and Fig. 5).

The trapping temperature and calculated pressure of the Cu-stage brines obtained from
boiling assemblages in low-grade and high-grade quartz stockwork vein samples are from
320 £ 15 to 430 £ 7 °C (average £ 1 o of fluid inclusion assemblage) and from 90 to 260
bars (Fig. 5), consistent with the previously reported conditions of Cu-Au precipitation at
Bingham Canyon (Landtwing et al., 2005; Landtwing et al., 2010). The temperatures and
pressures of Mo-stage boiling assemblages extend to significantly higher values than those
from the Cu-Au stage fluids, with a maximum of 580 #* 30 °C (Fig. 5) implying a pressure of
710 bar. Brines from boiling assemblages in low Mo grade quartz-molybdenite veins are
trapped at temperature from 400 £ 40 to 500 £ 8 °C indicating pressures of at least 200-
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450 bars (Fig. 5), but possibly higher during the trapping of the predominant intermediate-
density inclusions in these deep samples within the single-phase fluid stability field. Brines
from boiling assemblages in high Mo grade quartz-molybdenite veins are trapped at
temperatures from 360 * 20 to 580 £ 30 °C indicating pressures of 140-710 bars,
comparable ranges to low Mo grade quartz-molybdenite vein samples (Fig. 5). Maximum
pressures around 710 bars are consistent with tentative estimations for lithostatic pressure
conditions in the barren core during Cu-Au mineralization (Landtwing et al, 2010).
Temperatures obtained from boiling assemblages vary from 320 to 430 °C in the Cu-stage
fluids, but show a much greater variation from 270 to 580 °C in the Mo-stage fluids,
extending to higher temperatures (Fig. 5).
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Figure 5. Plots of measured homogenization temperatures (Th; C) vs. apparent salinities (NaCl wt% equivalent)
in the brine inclusion assemblages of early Cu-stage (quartz stockwork veins) and late Mo-stage (quartz-
molybdenite veins). Contours of pressure (bar) were calculated based on the H20-NaCl system (Driesner and

Heinrich, 2007). Filled symbols represent “boiling assemblage” direct estimations of temperature; Open symbols

represent brine-only assemblages of minimum temperature estimations. Among the boiling assemblages in the

Cu-stage, brine salinities are higher in the high-grade sample than in the low-grade sample. Comparable brine

salinities were found in the Mo-stage samples. Homogenization temperatures in Mo-stage fluids were found to

be higher than thatin Cu-stage fluids. Typical error ranges in the assemblages are + 3 wt% and * 20 °C.

Raman spectroscopy and redox conditions

Gas ratios of CH4/CO:2 in the intermediate-density and vapor-rich inclusions in quartz
stockwork veins (A30-3816 and D211-19) and quartz-molybdenite veins (D50-2155, 2379,
A57-5931, JH2, and JH4) were analyzed by Raman spectroscopy at room temperature to
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detect trends indicative of redox evolution. However, the low Raman cross-section of CHs
(Burke, 2001) prevented detection of CHs in any intermediate-density or vapor inclusions
(Fig. 6). Calculated detection limits for the vapor inclusions in Bingham Canyon deposit,
based on the peak areas and background variation of the Raman spectrum and instrumental
sensitivities of gas species (Burke, 2001), indicate a maximum CH4/CO: molar ratios of
0.002.
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Figure 6. Representative Raman spectrum obtained from bubbles of intermediate-density fluid inclusions from
the Cu-stage quartz stockwork (A; A30-3816 sample) and Mo-stage quartz-molybdenite veins (B; D50-2155
sample). These were investigated to check gas species in the intermediate-density fluid inclusions and opaque
chalcopyrite and transparent anhydrite daughter crystals in brine inclusions of high Mo grade quartz-
molybdenite veins (JH2 sample). The fluid inclusions contain CO2 butdo not contain measurable amounts of CHa.
Calculated detection limits of CH4/CO2 molar ratios were near 0.002 corresponding to a log fOz near NNO+0.3,
suggesting that CH4 detection is difficult in oxidized fluids of log fO2 higher than NNO+0.3. The precipitated
sulfide (chalcopyrite) and sulfate (anhydrite) daughter crystals do not allow accurate determination of
oxidized /reduced sulfur species ratios in the fluids. Scale barsin inclusion images are 100 pm.

Fluid compositional variations

Salinities of brines range from 31 + 1 to 42 + 1 wt % NaCl eq. (average * 10; 38 + 3 wt %) in
the deep low Cu grade quartz stockwork veins, and from 40 * 1 to 54 + 2 wt % NaCl eq.
(average; 48+4 wt %) in the high Cu grade quartz stockwork veins of the Cu-Au orebody
(Fig. 5 and Table 2). The salinity increase in the Cu-stage is consistent with the salinity
evolution in the central upflow zone documented by Landtwing et al. (2010). In the late-
stage stockwork vein (post-QLP; 4990-1470 sample), salinities of two brine assemblages
(40 £ 1 and 44 = 1 wt % NaCl eq.) are similar to brine assemblages in the high Cu grade
stockwork veins. Salinities of brines in low Mo grade quartz-molybdenite veins vary from
37 +1to 51 £+ 1 wt % NaCl eq. (average; 42 + 3 wt %) and in the high Mo grade quartz-
molybdenite veins range from 36 + 1 to 59 + 2 wt % NaCl eq. (average; 44 * 5 wt %; Fig. 7
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and Table 3). There is a slight trend of increasing salinity from the deep low-grade veins of
the Mo-stage to the rich quartz-molybdenite veins, but overall the salinities of the Mo-stage
brines overlap with those of the Cu-Au-stage (Fig. 5 and 7).
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Figure 7. Microthermometry and LA-ICP-MS microanalysis of brine inclusion assemblages from Bingham
Canyon. (A) Concentrations of Fe, Cu, Cs, Mo, and S in the brine inclusion assemblages in low Cu grade quartz
stockwork veins in the barren core (A30-3816, A30-3836, and A35-4561), high Cu grade quartz stockwork vein
(D211-19), post-QLP quartz stockwork vein (4990-1470), low Mo grade quartz-molybdenite veins in the barren
core (D50-2155 and D50-2379) and high Mo grade quartz-molybdenite veins [JH2 (early sugary quartz and late
free-standing quartz; Fig. 3B) D511-3120, JH4, and 4990-1470]. Error bars of S, Cu, and Mo represent one
standard deviation in the assemblages. Since these quartz veins contain chalcopyrite (cpy) and molybdenite
(mb), the Cu-stage (1) and Mo-stage assemblages (2) were sorted by Cu/Na and Mo/Na ratios, respectively. (B)
Measured homogenization temperatures ( ‘C; Ty), salinities (wt% NaCl eqv.), and calculated pressures (bars) of
the brine assemblages. Closed symbol represent “boiling assemblage” direct estimations of P-T; Open symbols
are from brine-only assemblages representing minimum estimations of P-T.

Consistent copper concentrations within brine inclusion assemblages from the low Cu grade
quartz stockwork veins vary from 4,000 + 1,400 to 11,000 * 1,400 pg/g (average; 8,600 *

3,200 pg/g). In each assemblage, they are approximately matched by S contents ranging
between 3,600 * 1,800 and 12,000 * 4,300 pg/g (average 7,000 * 3,000 pg/g; Fig. 7). In the
low Mo grade quartz-molybdenite veins, however, S concentrations from 3,300 + 1,900 to
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9,000 + 2,700 ug/g (average; 6,000 + 1,500 pg/g) in brines are variably and sometimes
significantly higher than Cu concentrations that range from 260 + 48 to 9,800 * 3,800 pug/g
(average 700 = 400 pg/g). Mo concentrations in low-grade veins from both Cu- and Mo-
stages are comparable, from 7 + 4 to 380 * 24 pg/g (average 180 + 150 pg/g) in low Cu
grade quartz stockwork veins and from 80 + 6 to 380 + 9 pg/g (average 140 + 90 ug/g) in
low Mo grade quartz-molybdenite veins. Fe/Mn atomic ratios in brines from the low Cu
grade stockwork veins between 3.7 + 1.2 and 7.3 + 0.4 are generally lower than those in the
low Mo grade quartz-molybdenite veins which vary from 5.3 + 0.4 to 12.0 + 2.1 (Fig. 9 and
Table 4).

In high Cu grade quartz stockwork veins (D211-19), Cu concentrations in the brines vary
from 450 + 180 to 19,000 + 12,000 ug/gand S concentrations in the brines are from 2,500 +
550 to 16,000 = 5,000 pg/g. The parallel decreases of Cu with S are consistent with
previously analyzed fluid inclusions in the same sample (D211-19) interpreted to be caused
by Cu-sulfide precipitation with falling temperature (Landtwing et al.,, 2005; Landtwing et
al,, 2010). Molybdenum concentrations in the high Cu grade quartz stockwork vein are from
7 +7 to 360 ug/g in a similar range to low-grade quartz veins from Cu- and Mo-stages. Two
brine inclusion assemblages in late-stage quartz stockwork vein (post-QLP; 4990-1470)
contain 560 * 14 and 1,000 + 450 pg/g of Cu, 2,900 * 1,500 and 4,800 * 2,600 pg/gof S, and
72 + 70 and 83 * 2 pug/g of Mo (Table 2).

In the high Mo grade quartz-molybdenite vein (JH2 sample; Fig. 7), we observed wide
variations of Mo contents (between 2 + 1 and 390 + 180 pg/g) in the brines. In sample JH2,
brines in the early sugary quartz with microcrystalline molybdenite contain from 25 * 7 to
390 + 180 pg/g, and brines in the euhedral quartz that intergrown with flakes of
molybdenite contain overlapping, but generally lower Mo from 2 * 1 to 140 * 22 pg/g (Fig.
7).

Despite relatively low concentrations of Cu in all Mo-stage quartz veins (Fig. 7), a few brine
assemblages contain extremely enriched Cu and S concentrations in the confined P-T ranges
around 420C and 210 bars (Fig. 7), while maintaining relatively constant Pb
concentrations of 3,000 + 200 pg/g. Generally, the concentrations of non-precipitating
elements such as Pb, Zn and Cs are constant throughout all fluid stages, especially if
normalized to Na (Table 2 and 3).

Compositional trends of vapor inclusions from the Bingham Canyon deposit are similar to
the brines (Fig. 8 and Table 5). Intermediate-density inclusion assemblages in the low Cu
grade quartz stockwork veins have comparable S (S/Na; from 0.22 to 0.88) and Cu (Cu/Na;
from 0.07 to 0.32) contents with some Mo (Mo/Na; from 0.0004 to 0.0054). Intermediate-
density inclusion assemblages in the low Mo grade quartz-molybdenite veins contain
variable excess of S (S/Na; from 0.11 to 0.28) relative to Cu (Cu/Na; from 0.01 to 0.11) with
some Mo (Mo/Na; from 0.0007 to 0.0018; Fig. 8). We observed wide variations of Mo/Na
ratios (from 0.0001 to 0.0110) in the intermediate-density and vapor inclusion assemblages
of high Mo grade quartz-molybdenite veins (A57-6093, JH2, and 4990-1470), similar trends
were observed in brines from the same samples.

Cogenetic vapor and brine phase fluids (boiling assemblages) are shown in Figure 11,
emphasizing the variable tendency of Mo, As, Au, Cu and S enrichment in the vapor
inclusions, compared with the salt components Fe, Cs, K and Na. Quartz-hosted vapor +
brine inclusion pairs from the Cu-stage and the Mo-stage at Bingham Canyon are compared,
as well as data of some Sn-W granites where both S and Mo data are available (Seo et al,
2009; Landtwing et al., 2010). All elements were normalized to the analytically robust Pb
concentration (accurate, precise, and little change of v/b partitioning). The data show that
Mo selectively fractionates into vapor relative to chloride salts in the Sn-W-systems and to a
lesser but significant degree in the Mo-stage fluids at Bingham Canyon, whereas brine +
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vapor pairs from the Cu-Au-stage show no significant preferential partitioning or a
tendency for Mo to favor the brine phase.

104 Cu-stage - Mo-stage |
low-grade high-grade low-grade  high-grade high-grade
8 deep center shallow centerdeep center deep periphery shallow center
g1 2
£
S n‘:c:) - 0 7 Fe
% 0148 : § °
= g E ¢ ACu
= S o A
by = o e >
Q T A g A\/\V‘
& . +* P
§ 0011 v S 5 A opg \A °
S 3 o s 4 5 | A A
§®; = 3 ] 3
(0] 3 - o
N 1034 B lﬁ2 P qunﬂn [ II:II:] I.TQ Dnmﬁjnn
s = 2 P 3
£ _ v A\ _/\ "“*‘\ Cs
o —— —— —_— °
c 104 A30-3816  A35-4561 D511-3120  — O JH2 M
© . o A57-6093 A57-5931 ____JHi2 Mo
L ]
z ‘intermediate density ©  vapor intermediate density = vapor aqueous
(secondary)

Figure 8. Na-normalized ratios of Fe, Cu, Mo, Cs, Pb, and S in the intermediate-density, vapor, and late aqueous
inclusion assemblages in low Cu grade quartz stockwork veins (A30-3816 and A35-4561), post-QLP (Quartz
Latite Porphyry) late-stage quartz stockwork vein (4990-1470), low Mo grade quartz-molybdenite vein (D50-
2155), deep peripheral high Mo grade quartz-molybdenite veins (A57-5931, 6093), and shallow high Mo grade
quartz-molybdenite veins (JH2 and 4990-1470). We used analytically robust element ratios since it is difficult to
obtain accurate element concentrations of these low-salinity fluid inclusions. The assemblages of Cu-stage and
Mo-stage are sorted by Cu/Na and Mo/Na ratios, respectively.
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Figure 9. Fe/Pb and Mn/Pb ppm ratios measured in brine assemblages of low grade Cu quartz stockwork veins
(A30-3836, A35-4561) and low grade quartz-molybenite veins (D50-2155, 2379) from the barren core.
Contours of Fe/Mn ratios from 3 to 18 are presented. Fe/Mn ratios of the Cu-stage range from 3.7 +1.2to 7.3
0.4, lower than that of the Mo-stage range, from 5.3 + 0.4 to 12.0 = 2.1. Error bars represent one standard
deviation in the assemblages.
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Table 5. Compostion of intermediate density (ID), vapor, and late aqueous fluid inclusion assemblages.

ng/g Location Phase Sample# Sal. Th(°C) P(bar) 23Na 32§ 39K 57Fe 65Cu 75As 133Cs 197Au 208pPp 66Zn 95Mo
Av. center ID A35-4561 9.8 330 26 000 6 200 12 000 11 000 7 600 50 12.0 0.44 660 ND 130
SD deep stw. 1.D1 ND 6400 3900 7 500 5900 6100 36 4.9 0.26 280 ND 210
Av. center ID A35-4561 6.2 16 000 4700 8 400 7 500 4200 50 14.0 0.64 390 ND 50
SD deep stw. 1_TP2(v) 1.1 3600 3000 4000 2900 2600 57 30.0 1.10 240 ND 45
Av. center ID A30-3816 8 381 168 23 000 9 800 20 000 7 100 7 400 47 7.9 0.21 470 490 17
SD deep stw. 4_TP11(v) assum 77 1800 190 1300 3300 16 0.8 0.17 36 49 12
Av. center ID A30-3816 8 25 000 6 700 14 000 5100 6 700 42 7.0 0.44 530 600 29
SD deep stw. 1.ID12 assum 670 2000 1700 2200 2100 10 1.6 ND 110 95 23
Av. center ID A30-3816 8 25 000 15 000 14 000 5 500 6 300 93 7.5 3.00 500 690 9
SD deep stw. 1.ID6 assum 1100 5900 3200 790 1500 96 2.5 ND 190 200 3
Av. center ID A30-3816 8 23 000 8 600 20 000 5 500 6 200 56 8.4 ND 370 420 39
SD deep stw. 1.ID5 assum 990 3700 2700 680 150 25 35 ND 63 100 27
Av. center ID A30-3816 8 380 162 25 000 18 000 14 000 2 100 5 300 34 12.0 0.44 450 530 41
SD deep stw. 4_TP9(v) assum 970 13 000 2400 2000 5600 15 7.8 0.45 180 270 25
Av. center ID A30-3816 6.2 496 17 000 11 000 10 000 7 000 5 000 73 7.1 5.40 340 ND 22
SD deep stw. 1.1D1 ND 1900 5000 1200 1900 3100 54 1.3 5.60 140 ND 8
Av. center ID A30-3816 8 25 000 13 000 16 000 3 000 4200 73 7.4 0.16 470 500 45
SD deep stw. 1.1D3 assum 1200 6700 3400 1600 1800 45 2.4 ND 170 190 41
Av. center ID A30-3816 8 24 000 8 700 17 000 5 700 3 400 46 6.3 0.11 480 460 22
SD deep stw. 1.1D4 assum 1000 5500 2500 3000 2800 25 3.1 0.11 210 190 16
Av. center ID A30-3816 8 374 155 23 000 14 000 19 000 5 100 1 600 38 8.9 0.24 600 900 120
SD deep stw. 4_TP10(v) assum 450 11 000 1800 6900 1800 25 0.6 ND 190 590 92
Av. center ID A30-3816 33 375 9 300 8 100 6 800 2 500 1200 250 15.0 8.50 190 ND 23
SD deep stw. 1.1D2 ND 800 6300 1300 1300 530 400 15.0 8.40 96 ND 13
Av. center vapor 4990-1470 8 ND ND 23 000 1700 17 000 8 700 2 100 14 71 0.07 510 630 10
SD QLP stw. 1.V1 assum 570 460 1000 2200 1700 9 2.1 0.04 8 160 10
Av. center ID D50-2155 8 498 447 22 000 2 800 21 000 12 000 120 ND 14.0 ND 1 000 1100 41
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SD deep moly AO05(v) assum ND ND ND ND ND ND ND ND ND ND ND
Av. center ID D50-2155 8 416 240 24 000 6 600 18 000 10 000 410 21 7.4 0.18 660 620 35
SD deep moly BO3(v) assum 740 4400 1800 9300 850 22 2.2 0.14 160 150 54
Av. center ID D50-2155 8 399 193 23 000 3800 20 000 8 200 670 24 9.3 0.21 570 720 26
SD deep moly B06(v) assum 3900 1400 9900 4200 680 29 4.9 0.09 150 590 18
Av. center ID D50-2155 8 24 000 2900 18 000 7 900 2 500 11 7.7 0.48 540 590 24
SD deep moly A01(v) assum 490 1300 1100 790 1400 4 1.0 0.46 110 200 8
Av. center ID D50-2155 8 404 205 23 000 2 600 19 000 8 700 240 9 6.5 0.09 520 640 18
SD deep moly B01(v) assum 570 1500 1500 1500 210 6 3.3 0.01 95 57 11
Av. center ID D50-2155 8 412 217 24 000 4 600 18 000 7 200 720 10 7.7 0.11 500 430 15
SD deep moly B02(v) assum 700 3200 1700 1300 920 4 1.5 0.05 100 140 9
Av. periphery ID A57-5931 8 28 000 13 000 7 400 3 900 7 200 75 12.0 1.30 290 430 25
SD Mo-vein ID1 assum 680 6100 1600 1500 1700 70 9.5 ND 94 200 25
Av. periphery ID A57-5931 8 27 000 7 600 9 100 5 600 7 200 38 44 0.54 490 550 31
SD Mo-vein ID2 assum 600 1000 1600 1 600 1600 14 0.5 ND 63 91 15
Av. periphery ID A57-5931 8 27 000 10 000 10 000 5 500 8 800 49 6.2 0.89 480 550 21
SD Mo-vein ID3 assum 190 2600 420 1000 2200 12 2.2 0.53 140 110 13
Av. periphery ID A57-5931 8 28 000 4 000 8200 6 500 4 500 29 7.0 1.00 390 480 26
SD Mo-vein D4 assum 1700 10; 4500 2 400 1300 13 33 0.18 130 200 10
Av. periphery ID A57-6093 8 28 000 15 000 7 300 5100 9 500 80 6.1 3.30 300 460 310
SD Mo-vein ID1 assum 530 4000 1500 2500 2 800 10 2.8 ND 57 140 400
Av. periphery ID A57-6093 8 27 000 23 000 9 600 2 900 5 400 68 9.6 1.30 460 660 260
SD Mo-vein ID2 assum 760 7000 2300 1700 1500 54 3.8 ND 16 220 34
Av. periphery ID A57-6093 8 28 000 13 000 7 300 6 900 7 500 51 5.4 ND 490 610 250
SD Mo-vein D3 assum 490 3000 10(1] 1 400 1500 28 3.1 ND 77 120 ND
Av. center vapor JH2 8 25 000 7 200 14 000 ND 500 ND 8.2 ND 650 490 48
SD Mo-vein 8-1.V3 assum ND ND ND ND ND ND ND ND ND ND ND
Av center vapor JH2 8 26 000 2 700 13 000 11 000 42 20 10.0 1.70 280 660 39
SD Mo-vein 8-1.V2 assum 970 ND 2500 ND ND ND 0.3 ND 340 ND ND
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Av. center vapor JH2 8 20 000 3 600 18 000 8 800 120 16 8.7 0.11 500 590 22

SD Mo-vein 2.V2 assum 3400 2900 5400 3800 93 20 4.2 0.07 190 310 22
Av. center vapor JH2 8 25 000 8 900 16 000 6 200 28 36 8.2 1.10 440 320 19
SD Mo-vein 3-1.V1 assum 330 ND 900 4200 22 42 1.8 ND 33 3 15
Av. center vapor JH2 7.9 429 221 22 000 12 000 13 000 7 200 10 000 25 6.7 1.30 430 ND 18
SD Mo-vein a7(v) 3.2 8300 10 000 5600 5100 10 000 12 4.3 ND 240 ND 19
Av. center vapor JH2 8 20 000 8 400 17 000 9 300 4 900 22 7.9 0.17 460 590 16
SD Mo-vein 2.V1 assum 4600 7500 6600 4700 8200 33 5.0 0.08 180 390 10
Av. center vapor JH2 8 22 000 2 600 15 000 6 500 15 20 6.3 0.13 430 430 15
SD Mo-vein 2.V3 assum 930 2000 1400 1900 6 18 1.0 0.10 41 69 8
Av. center vapor JH2 8 26 000 26 000 12 000 5300 190 79 3.9 0.90 190 480 ND
SD Mo-vein 8-1.V1 assum 610 7 600 1600 210 49 29 1.9 ND 150 98 ND
Av. center vapor JH2 74 492 434 22 000 5400 11 000 7 000 300 150 9.3 3.70 540 ND 21
SD Mo-vein B_BT2 3.1 3800 2500 3400 1800 240 29 6.9 2.90 470 ND ND
Av. center vapor 4990-1470 8 ND ND 25 000 4 100 13 000 6 000 4200 38 4.6 ND 360 430 3
SD Mo-vein 2.Vl assum 850 2900 1800 3300 4300 ND 0.4 ND 55 45 ND
Av. center aqueous JH2 9.7 313 97 30 000 5600 15 000 4 500 170 69 9.1 6.00 410 690 10
SD Mo-vein a8-2_AQ ND 1700 2600 2500 4500 ND 44 2.4 6.80 170 360 3
Av. center aqueous JH2 8 25 000 4 300 15 000 8 600 1900 ND 7.0 ND 380 450 2
SD Mo-vein 3-1_.AQ1 assum ND ND ND ND ND ND ND ND ND ND ND

Due to difficulties to getreliable salinities from such low-density inclusions, most of the intermediate density (ID) and vapor phase salinities were assumed as 8 equiv.
NaCl wt % based on previous estimations (Redmond etal, 2004; Landtwing et al, 2010).Only element ratios are analytically-robust and are therefore reported in the
current text. Temperatures, pressure data for some vapor inclusions were obtained from brine inclusion data in boiling assemb lages.
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Figure 10. Cu, Pb, and S concentrations vs. homogenization temperatures (A) and estimated pressures (B) in the
brine fluid inclusion assemblages (FIAs) in the quartz-molybdenite veins, with error bars of Cu and S
concentrations (1 standard deviation in each assemblage). Anomalously high concentrations of Cu and S are
confined to ranges of temperature (400-430 °C; A) and pressure (150-250 bars; B) where retrograde quartz
solubility favors access of the Mo-stage fluids to re-dissolve Cu-Fe-sulfide grains that were precipitated in the
preceding Cu-Au stage.

Discussion

The presence of intermediate-density inclusions in the deep, low grade quartz-molybdenite
veins, and brine and vapor inclusions in the shallow high grade quartz-molybdenite veins,
are interpreted to indicate phase separation of a single-phase fluid ascending from depth.
From the combined studies of quartz vein textures, fluid inclusion microthermometry, and
LA-ICP-MS results, we found only minor differences between the distinct Cu- and Mo-stages
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with regard to the metal and sulfur contents of the fluids, the prevailing P-T conditions of
mineralization, and the evolution of fluids from single-phase intermediate-density to high-
density brine and low-density vapor. The differences may imply that the sharply contrasting
metal content of the two vein stages reflects selective metal deposition rather than major
differences in fluid characteristics. We argue in the followings that metal separation may be
explained by a rather subtle change towards more reducing and possibly acidic conditions
in the magmatic fluid source. In addition, local redissolution of earlier ore minerals by later
fluids and an unknown degree of post-entrapment diffusional reequilibration may have
added to the compositional complexity of the fluid inclusion assemblages.

Magmatic metal fractionation and source magma evolution

Molybdenum is an incompatible element in a crystallizing magma (Candela and Holland,
1984; Keppler and Wyllie, 1991), so that fractional crystallization accumulates Mo in the
residual melt (Audétat, 2010). As aresult later stage magma is expected to exsolve the most
Mo-rich fluids. Fluid-conservative elements including Cs, Pb, and Zn are also incompatible
during magmatic fractionation (Audétat and Pettke, 2003) but do not precipitate as distinct
mineral phases in the core of porphyry deposits. Concentrations of these elements in the
fluids do not change significantly from the Cu- to the Mo-stage at Bingham Canyon, and Pb
isotope ratios in the fluid inclusions show that the fluids responsible for the Cu and Mo
stage ores in the Bingham Canyon deposit originated from the same magmatic source
(Pettke et al., 2010). These observations argue against fundamental differences in source
magmas or a highly contrasting degree of magma fractionation, as a cause for the distinct
metal endowments of the two mineralization stages at Bingham Canyon. Indeed, the Mo-
stage fluids are not more Mo-rich, but they tend to be depleted in Cu, which is also
incompatible in the magma but might be removed by early-exsolving, S-rich magmatic
vapor phase (Zajacz and Halter, 2009). Copper depletion with continued high Mo supply
could therefore reflect a process of metal segregation during progressive fluid separation
from a single, progressively crystallizing magma reservoir.

P-T conditions and extent of phase separation

The temperature and pressure of late Mo stage fluids of a maximum of 580 °C with an
estimated pressure of up to 710 bar (Fig. 5) overlap with the maximum pressure around
500 °C and 800 bars for Cu-Au stage fluids from barren core estimated by Landtwing et al.
(2010), suggesting that the P-T conditions of the deep input intermediate-density phase
fluids of the two ore-forming stages (Cu and Mo) were essentially constant within our
observational uncertainty. The salinity ranges of brines in both ore stages overlap as well
(Fig. 5), indicating that single phase fluids in early Cu- to late Mo-stages decompressed and
cooled, and underwent similar extents of brine + vapor phase separation. Following the
mass-balance approach of Landtwing et al. (2010) using fluid salinity and analyzed element
ratio with the ‘lever rule’ applied to H20-NaCl model system (Driesner and Heinrich, 2007),
we calculated the mass fractions of the brine and vapor in the system responsible for the
Mo-stage by using the observed salinities and element ratios. The element/Na ratios of
intermediate-density fluid inclusion assemblages in low-grade sample (D50-2155) and two
boiling assemblages in shallow high-grade samples (JH2_a7 and BT2; Seo et al., 2009) were
taken as representative to estimate the mass fractions of separating vapor and brine in the
Mo-stage fluid plume (Table 6). For the calculation, we assumed the initial salinity of the
intermediate-density fluids as 8 wt % NaCl equiv. based on previous estimates (Redmond et
al,, 2004; Landtwing et al., 2010). The element ratios in the intermediate-density fluids, and
the salinities and element ratios in the brines in the boiling assemblages are adopted to
predict the salinity and element ratios of the coexisting vapor inclusions in the boiling
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Table 6. Mass-balance calculation to estimate vapor composition and vapor-brine mass fractions.

Intermediate-density Brine in boiling assemblage Calculated vapor Vapor in boiling assemblage
Analyzed (average all ID) Analyzed (JH2_BT2) (100g ID fluid — X * 100g Brine) Analysed (JH2_BT2)
Salinity Salinity Salinity Salinity
wt % NaCl eq. wt % NaCl eq. ;}2152 wt % NaCl eq. Il:/}l;:i wt "/;ql.\IaCI Error (1 o)
8.0 41.7 Fraction: 45 Fraction: 7.4 3.1 3.1
Na wt % = 2.1 Na wt% = 116 0.1 Na wt% = 1.1 0.9
Com- mMCl/mM Ratios Conc. wt % Ratios Conc. wt% Comp. Ratios Conc. wt% Comp. El-Ratio Error (1 o)
ponent l{iél;;l (gMCIIS;OOg lgél]\j;l [gMCllg)/100g Fraction (l\;/)ll{el\fia) (gMCIx/100gV) Fraction M/Na (ICP) + -
(a) (b) (c) (d) (e) () (8) (h) (1) (k) () (m) (n)
NaCl 2.54 1 5.345 1 29428 2943 1 2.670 2403 1 0 0
KCl 191 0.840 3.368 0.684 15.089 1.509 1.032 2.065 1.859 0.522 0.158 0.158
FeCl; 2.27 0.390 1861 0.340 8.924 0.892 0452 1.077 0.969 0.324 0.084 0.084
S 1 0.170 0357 0.053 0.609 0.061 0314 0329 0.297 0.266 0.164 0.164
Cu 1 0.033 0.069 0.011 0.122 0.012 0.061 0.064 0.057 0.016 0.017 0.016
PbCl2 1.34 0.028 0.079 0.034 0.526 0.053 0.021 0.029 0.026 0.026 0.023 0.023
Mo 1 1.10E-03 2.31E-03 7.95E-04 9.20E-03 9.20E-04 1.47E-03 1.55E-03 1.39E-03 8.65E-04
Au 1 1.00E-05 2.10E-05 1.14E-05 1.32E-04 1.32E-05 8.27E-06 8.68E-06 7.81E-06 1.80E-04 0.0001 0.0001
As 1 0.0005 0.0011 0.0004 0.0050 0.0005 0.0007 0.0007 0.0006 0.0068 0.0014 0.0014
CsCl 1.27 0.0004 0.0010 0.0004 0.0055 0.0005 0.0004 0.0005 0.0005 0.0004 0.0003 0.0003
TDS wt % 11.08 TDS wt % 547 5.47 TDS wt % 6.24 561

Bold — Analysed values from LA-ICP-MS or microthermometry; Bold underlined — adjusting values to fit measured element ratios and salinity in vapor (1)

Modeling procedure and assumptions following Landtwing et al. (2010, Table 2). Concentrations of intermediate density (ID) fluid inclusions in deep low Mo grade quartz-
molybdenite vein (D50-2155) and concentrations of brine inclusions in boiling assemblage (BT2) in shallow high Mo grade quartz-molybdenite vein (JH2) were measured by
LA-ICP-MS. Input fluid is based on average element ratios of all intermediate density fluid inclusions (column c). Element ratios and salinities of brine inclusions in boiling
assemblage (column e) were adopted, whereas the poorly known salinities of intermediate density fluids, vapor and the mass fraction brine and vapor were varied to predict
element ratios and salinity of vapor inclusions. The predicted element ratios were compared with analyzed element ratios (column I) to obtain an approximation satisfying all
analytical constraints within their estimated uncertainty (Fig. 12). mMCl, mM, and gMCl molar mass of salt components, molar mass of elements, and weight (g) of salt
components, respectively. Comp., pred, Conc, El-Ratio, and TDS represent composition, predicted value, concentration, elementratio, and total dissolved solids, respectively.
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assemblages. By varying the fluid mass fractions of brine and salinity of the intermediate-
density fluids, we predicted vapor salinities and element concentrations that match with the
actually analyzed element ratios in the vapor inclusions, without generating negative
concentration values (Table 6 and Fig. 12; c.f. Landtwing et al., 2010, Table 2 for procedure
and assumptions). Results indicate that the deep single-phase fluid of the Mo stage
separated into approximately 90% vapor and 10% brine by mass, although even higher
vapor predominance (up to ~99%) is permitted by the compositional constraints. The fluid
mass ratio of vapor/brine ~ 9:1 implies, based on the analyzed metal concentrations in the
two boiling pairs (Seo et al.,, 2009; Fig. 11), that at least 70 % of the Mo in the deposit was
precipitated from the vapor phase.

-A- D195-1032_a*
—A— A35-4561_1_TP2**

—m— JH2_B_BT2**
—a— JH2 a7**

Cu-stage

Mo-stage

101

Sn-W granite**

(E/Pb) vapor /(E/Pb) brine

Pb Fe Cs K Na Mo As Au Cu S
Figure 11. Elements ratios between coeval vapor and brine inclusions in cogenetic assemblages (boiling
assemblage) in Cu-Au (D195-1032_a and A35-4561_1_TP2) and Mo-stages (JH2_B_BT2 and JH2_a7) in the
Bingham Canyon deposit and the Sn-W-mineralized Mole Granite, including data from Landtwing et al. (2010)
and Seo etal. (2009). Elements were normalized to Pb concentration (as an analytically more robust proxy for Cl
and other chloride-complexed metals including Fe, Cs, Na; also K, Rb, Mn, Zn, Sr, Ba etc.), to show relative
enrichment of S, As, Au *+ Mo * Cu in the vapor inclusions. Molybdenum is particularly enriched in vapor in the
Sn-W granites (possibly due to more reduced and acidic fluid conditions) compared to the Bingham Canyon

porphyry deposits. Among the fluid inclusion assemblages at Bingham Canyon, Mo partitioned more into the
vapor during the Mo-stage than during the Cu-stage.

The greater concentration of the Mo ore shell towards the barren core (Fig. 1) and our
microthermometric data indicate that fluids ascending during the Mo-stage started
saturating molybdenite at somewhat higher pressure and temperature than the apparently
quite restricted temperature window of Cu-Au deposition below 420°C (Landtwing et al.,
2005). The fluid phase evolution (from intermediate-density to brine+vapor) as indicated
by salinity constraints, width of solvus (Fig. 5), and mass balance of 9/1 ratios of
vapor/brine remained essentially identical through both mineralization stages. These
observations indicate that the P-T structure of the fluid plume was relatively stationary
throughout the evolution from Cu-Au-stage to Mo-stage mineralization. This is consistent
with recent geochronological evidence that all Cu-Au mineralization pulses occurred within
a short but unresolved time interval of U-Pb zircon ages between 38.10 and 37.78 Ma (von
Quadt et al, 2011), but is difficult to reconcile with Re-Os data suggesting that the Mo
mineralization followed half a million years later at 37.00 + 0.27 (Chesley and Ruiz, 1997).
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Figure 12. Comparison of best-estimate (mass balance prediction) vs. analyzed (LA-ICP-MS) vapor composition
ratios during the Mo-stage. Mass proportions of ~ 90 % vapor and ~ 10 % brine are estimated based on the
composition of intermediate-density fluid inclusions (low-grade Mo-stage sample D50-2155) and two boiling
assemblages from a high grade quartz-molybdenite vein (B_BT2 and a7 in JH2). The calculation procedure is
provided in the text and Table 6, following the approach of Landtwing et al. (2010) and including data from Seo
etal. (2009).
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Redox and pH affecting ore-metal precipitation

The precipitation of chalcopyrite, bornite, and molybdenite as major ore minerals in
porphyry-style deposits depends on sulfide activity and requires an adequate quantity of
sulfur in the hydrothermal fluids. Since the intermediate-density, brine, and vapor fluids
contain enough S to precipitate all of their Cu and Mo as CuFeS; and MoS;, the dominant ore
minerals at Bingham Canyon (Figs. 7 and 8), a relatively small temporal change in redox
conditions and acid balance within the magmatic fluid source may be responsible for large-
scale metal separation by selective sulfide precipitation.

The stoichiometry of Cu and Mo sulfide precipitation reactions shows that a reduction of
redox potential (lower fO;) and an increase in the acidity (lower pH) in the hydrothermal
fluids entering the Bingham Canyon deposit have opposing effects on the saturation of
chalcopyrite and molybdenite, and may therefore trigger a switch from the first stage of
predominant Cu-Fe-sulfide + Au deposition to a second stage of preferential precipitation of
molybdenite.

Chemical reactions for chalcopyrite precipitation from vapor-like fluids are likely to involve
Cu(I)-S complexes such as Cu(HS):  and Cu(HS)(H2S) (Pokrovski et al., 2008; Seo et al., 2009;
Etschmann et al., 2010):

ZCU(HS)z' + 2FeC12(aq) — 2CuFeS; + 2Cl- + 2HC1(aq) + Hzpg (1)
ZCu(HS)(HZS)(aq) + ZFeClz(aq) il ZcheSZ + 4Hcl[aq) + Hz(aq) (2)
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whereas deposition from the volumetrically minor brine phase probably includes chloride-
complexed Cu(I) (Crerar and Barnes, 1976; Mountain and Seward, 1999, 2003).

Cucl(aq] + Feclz(aq) + 2 st(aq) i CuFeSZ + 3Hcl(aq) + 0.5 Hz(aq) (3)

All these reactions show that chalcopyrite saturation is promoted by oxidized fluid
conditions (low Hz) and low acidity (low HCI concentration, i.e. more neutral pH).

Possible reactions for Mo(IV)S: precipitation can be formulated by using previously
suggested Mo(VI) complexes in high-temperature hydrothermal fluids (Candela and
Holland, 1984; Rempel et al., 2008; Ulrich and Mavrogenes, 2008; Rempel et al., 2009;
Minubayeva and Seward, 2010).

Mo0O3pq + Hzpg + 2H2Spqg — MoS: + 3H:0 (4)
Mo042- + 2H* + Hzpq + 2H2S@pg — MoS: + 4H20 (5)
HMoO4 + H* + Hzpq + 2H2S@pq — MoS: + 4H20 (6)
H2:M004pq) + Hopg + 2H2S@pg — MoS; + 4H:0 (7)
MoO:Cl* + Hzaq + HS- + HzSpgy — MoS: + 2H:0 + HClgg (8)
Mo0:Clz@q) + H2@q + 2H2S@aq — MoS: + 2H20 + ZHClwg (9)
MoO:Cls- + Hz@g) + 2H2S@g — MoS: + 2H.0 + 2HClpg + Cl- (10)

To precipitate MoS: from oxy, hydroxy or oxy-chloride complexes of Mo(VI) will always
require H:;S and H: (reactions 4-10). The solubility equilibria thus indicate that high H2S
activities and net reduction will favor molybdenite precipitations (Einaudi et al.,, 2003;
Seedorff and Einaudi, 2004b). In the case of oxy- and hydroxy species, the reactions are
either H+-independent (4, 7) or consume acidity (5, 6). These molybdate species are likely to
predominate in vapor-dominated systems in which Mo preferentially partitions into the
vapor phase (Fig. 11), but a similar redox (and pH) dependence also applies if chloro-
complexes were contributing to Mo transport.

Based on these contrasting effects of redox and pH on Cu and Mo precipitation reactions, we
propose that a small difference in redox potential and acidity level in the mineralizing fluid
may tip the balance of metal competition for a limited amount of sulfide in solution. If input
fluid conditions during the early Cu-Au stage were relatively oxidizing (i.e. log fO: of about
NNO+1; Audétat and Pettke, 2006) and alkaline, the saturation of MoS. upon cooling may
have been retarded, allowing Cu-Fe sulfides to saturate first (reactions 1-3). If Cu and S
concentrations are similar initially, the precipitation of Cu-Fe sulfide would rapidly deplete
the S concentration in the fluid, preventing molybdenite precipitation even at lower
temperature (Fig. 13A). As a consequence, the Mo advected by the fluids during the Cu-stage
would be flushed out into the lithocap or into groundwater above the present erosion level
(Williams-Jones and Heinrich, 2005; Arnorsson and Oskarsson, 2007), or be precipitated
outside the porphyry-style orebody where the fluids met a S-rich reducing environment.
Conversely, slightly more reducing conditions for the Mo-stage fluid may allow molybdenite
to saturate first upon cooling, leading to effective MoS: deposition from an HzS-rich fluid
(reactions 4-10), followed by chalcopyrite saturation at slightly lower temperatures
because of the more reducing and acidic conditions (reactions 1-3) and the lower initial Cu
concentrations at similar S level (Fig. 13B).

The combined chemical effects of changes in redox and pH together with a steep
temperature and pressure dependence in metal solubility are consistent with the mine scale
distribution and the textural occurrences of chalcopyrite and molybdenite. Maximum Mo
ore grades are displaced down and inward relative to the Cu ore shell (Fig. 1), consistent
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with initial high-temperature saturation of molybdenite during the Mo-stage. Since Mo will
never consume all S, and since even the Mo-stage fluid contained Cu in excess of Mo, it will
eventually saturate Cu-Fe sulfide at somewhat lower temperature (Fig. 13B). This is
consistent with the observation that molybdenite commonly precipitated as the first
mineral, directly on the walls of the Mo stage veins, and was followed later by chalcopyrite
in the central vug space of quartz-molybdenite veins (Fig. 2). Some of the late Cu introduced
during the Mo-stage may also contribute to the Cu-Fe sulfides that are now hosted in
texturally late positions in earlier quartz stockwork veins. This would have led to a cryptic
upgrading of the Cu ore shell surrounding the zone of greatest Mo enrichment.
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Figure 13. Sulfur, Cu, and Mo concentrations in brine inclusions and interpreted mechanisms responsible for
the selective precipitations of Cu-Fe sulfide during the early Cu-stage (A) and molybdenite precipitation during
the late Mo-stage (B) During the Cu-stage, relatively oxidized and neutral fluids are inferred to have exclusively
precipitated Cu-Fe sulfides and Au, whereas Mo stayed dissolved in S-depleted fluids. During the Mo-stage,
relatively reduced and acidic fluids favored molybdenite precipitation. Copper sulfide re-dissolution (Fig. 10)
might have led to precipitation of late euhedral chalcopyrite in the vein center of quartz-molybdenite veins (see
Fig. 2).
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Independent evidence for a change towards more reducing and acid conditions from the
early Cu-Au to the later Mo stage is weak, in light of the simple and non-diagnostic vein
mineralogy, but permissive. Higher fluid acidity in the Mo-stage is indicated by the
occurrence of feldspar-destructive alteration haloes, despite high temperature, along
quartz-molybdenite veins, especially where a massive molybdenite seam directly
overgrows the vein wall (Fig. 2B and 2C). The maximum value of the CH4/CO2 molar ratios
in vapor inclusions, determined by the detection limit of Raman spectroscopy, corresponds
to a minimum log fO. near NNO+0.3, based on the estimation by Ohmoto and Kendrick
(1977) that S-type granitoids with a magmatic redox potential near FMQ~NNO-1 yield
hydrothermal fluids with a CH4/CO; ratio near unity (note that the CH4 to CO2 oxidation
reaction involves 203). In reality, the fluids may have been more reduced (higher CH4) if the
inclusions had lost H: by post-entrapment diffusional reequilibration, which would be
consistent with chalcopyrite and anhydrite daughter crystals that do not dissolved during
heating (Mavrogenes and Bodnar, 1994; Fig. 6). Elevated Fe/Mn ratios in brine inclusions of
low-grade Mo-stage samples, compared to lower Fe/Mn ratios Cu-stage fluids (Fig. 9) are
consistent with an evolution towards more reducing conditions in rock-buffered
hydrothermal systems (Boctor, 1985), although it is not possible to quantify this trend for
magmatic-hydrothermal conditions.

The proposed explanation for metal separation into distinct Cu-Au and Mo precipitation
stages requires an evolution in the magmatic fluid source beneath Bingham Canyon.
Compared to other porphyry-Cu-Au deposits, the Bingham Canyon system is relatively
reduced. This is indicated by the absence of anhydrite from all magmatic rocks and all
generations of hydrothermal veins (Klemm et al,, 2007; Chambefort et al., 2008) and the
lack of hydrothermal magnetite in the barren core of the Bingham system (Arancibia and
Clark, 1996; Ulrich and Heinrich, 2001). Molybdenum-rich magmatic sulfides in mafic dikes
(Keith et al., 1997) and igneous sulfide minerals in enclaves of fresh monzonite intrusions
(Core et al., 2006) are also consistent with relatively reducing magmatic conditions. The
reduced nature of the sedimentary country rocks, and the derivation of the Bingham
magmas from subcontinental lithospheric mantle that had been metasomatised during the
Paleoproterozoic, possibly without direct influence of an oxidized oceanic slab (Pettke et al,,
2010), may have both contributed to the relatively reduced nature of all Bingham magmas.
Evolution over time of an initially mildly oxidized magma (Cu-Au stage) towards a more
reduced magma could be driven by mixing with a new batch of relatively reduced magma or
by assimilation of organic-rich sedimentary rocks into the magma chamber below the
Bingham Stock. Igneous magnetite crystallization may also contribute to progressive
reduction of a magma, by taking ferric iron out of the melts (Sun et al., 2004). Magnetite is
an abundant mineral in the EM and probably also in the subjacent batholith, as indicated by
a large positive magnetic anomaly (Bankey et al., 1998; Steinberger et al,, in prep.).

Evidence of quartz and sulfide redissolution

The anomalously high but consistent concentrations of Cu and S in some fluid inclusion
assemblages in the Mo-stage (Fig. 7, 8 and 10) are an expected consequence of local
redissolution of copper sulfide initiated in the field of retrograde quartz solubility at 400-
500 °C and 200-500 bar (Fournier, 1999). Since the Mo-stage quartz veins do not host
significant copper sulfides, except for some euhedral chalcopyrite in the vein center, varying
concentrations of Cu and S in the Mo-stage fluids probably do not reflect the direct Cu-
sulfide precipitations, but rather indicate Cu sulfide redissolution.

Cathodoluminescence (CL) imaging shows quartz redissolution followed by precipitation of
a second generation of quartz in Mo-stage veins (Fig. 4), similar to textures in the Cu-stage
stockwork veins (Redmond et al.,, 2004; Landtwing et al., 2005; Landtwing et al., 2010).
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Some aliquots of late fluid ascending during in the Mo-stage would have intersected earlier
Cu-stage veins, where quartz dissolution would help liberate and redissolve Cu-sulfides into
relatively reduced, acidic and perhaps locally higher-temperature Mo-stage fluids. Such
redissolution may explain the anomalous enrichment of Cu and S in a few fluid inclusion
assemblages trapped as secondary trails in the quartz of the Mo stage (Fig. 10). Cu-sulfide
redissolution or redistribution has previously been proposed for the Butte (Brimhall, 1979)
and El Teniente deposits (Klemm et al.,, 2007).

Post-entrapment modifications of quartz-hosted fluid inclusion by Cu diffusion
Experimental studies have shown that the amount of copper in quartz-hosted melt and fluid
inclusions can be significantly modified by reequilibraton with surrounding hydrothermal
fluids, by selective diffusional exchange of H+Li+, Na+, Cu* and Ag* through the quartz host
(Lietal., 2009; Zajacz et al., 2009). Most recently, it was proposed that the initially trapped
high S contents of magmatic-hydrothermal fluid inclusion might enhance their capability to
later take up Cu from external hydrothermal fluids, by inward diffusion and internal
precipitation of a Cu-sulfide crystal, to the extent that the activities of Cu+, H+, and H.S are
adjusted to a new chemical equilibrium at lower-temperatures (Lerchbaumer and Audétat,
2011). This post-entrapment process might influence the positive correlations of sulfur and
copper concentrations, and the accentuation of 1:2 molar ratios of copper and sulfur in
natural quartz-hosted fluid inclusions from many magmatic-hydrothermal ore deposits (Seo
et al., 2009). This discovery casts some doubt on the quantification of the proportion of Cu
deposited by vapor or brine during the Cu-Au stage of mineralization at Bingham Canyon,
but it does not change the conclusions that vapor was the dominant fluid phase throughout
the mineralization history (Landtwing et al, 2011; this study). Overestimation of Cu-
concentrations due to post-entrapment diffusional exchange of small singly-charged cations
will affect the metal competition for sulfur during selective Cu, Au and Mo precipitation,
once Cu-Fe-sulfide solubility can be calculated based on future experimental-
thermodynamic data. However, it would not negate our proposed mechanism for the
separation of Cu-Fe-sulfide and molybdenite precipitation by changing redox and pH
conditions, which is primarily based on analyzed S and Mo concentrations and reaction
stoichiometry.

Concluding Remarks

Despite the clear separation of molybdenum mineralization from copper - gold
mineralization in space and time, the fluids depositing the two distinct ore stages at
Bingham Canyon are compositionally similar and follow a similar evolution path. Single-
phase magmatic input fluids cooled and expanded into predominant vapor and a minor
proportion of condensing brine, and the bulk of the metals were precipitated from the
expanding vapor phase. Unless we have missed a distinct precursor fluid, the Mo-stage
fluids were not significantly enriched in molybdenum and sulfur. We conclude that oxidized
and relatively neutral fluid condition favor precipitation of as chalcopyrite or bornite in the
early mineralization stage and initially suppressed molybdenite precipitation. Later-stage
fluids may have been more reduced and acid, as a result of a still uncertain evolution of the
magmatic fluid source, which could tip the balance and favor molybdenite to become the
first-saturating sulfide phase.

Experimental thermodynamic data will be required to evaluate the proposed mechanism of
Cu and Mo separation, but subtle differences in pH and redox balance could explain the
temporal and spatial separation of Mo and Cu + Au observed in many other porphyry ore
systems, where the two metals commonly occur in distinct vein sets, but in variable
proportion, time sequence and deposit-scale spatial zonation.
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Table Captions

Table 1. Descriptions of the quartz vein samples from drill core and mine outcrops that were used for fluid
inclusion analyses.

EM = equigranular monzonite, QMP = quartzmonzonite porphyry, QLP = quartz latite porphyry.

Table 2. Composition of Cu-stage (quartz stockwork veins) brine inclusion assemblagesin the Bingham Canyon
deposit.

Averages (Av.; pg/g) and standard deviations (SD; 1 sigma) of elements in Cu-stage (quartz stockwork veins).
Salinities (Sal; equivalent NaCl wt %) and homogenization temperatures (Tn) of the assemblages were obtained
from microthermometry (Bodnar and Vityk, 1994) and pressures of entrapment were estimated (Driesner and
Heinrich, 2007).“Deep stw.”, “Cu-vein”,and “QLP stw” representlow Cu grade quartz stockwork veins, high Cu
grade quartz stockwork vein, and late-stage (post-QLP) quartz stockwork vein, respectively. Boiling assemblages
“boil” allow direct calculation “real PT” of pressures, whereas brine-only “no-boil” assemblages provide
minimum estimation “min PT” of pressures.“ND” represents values not determined.

Table 3. Composition of Mo-stage (quartz-molybdenite veins) brine inclusion assemblages

“deep moly”,and “Mo-vein” represent low grade quartz-molybdenite veins, and high grade quartz-molybdenite
veins, respectively.

Table 4. Concentration of additional elements (Mn, Rb, Sr, Ba) in brine inclusion assemblages in low-grade veins
from barren core Cu-stage and Mo-stage in Bingham Canyon deposit.

“Deep stw.” and “Deep Moly” represent quartzstockwork veins with low Cu grade and low grade quartz-
molybdenite veins, respectively. For the elementratio determinations, we assumed 3,000 pg/gof Pb as an
internal standard and used analytically-robust Fe/Mn ppm ratios.

Table 5. Compostion of intermediate-density (ID),vapor, and late aqueous fluid inclusion assemblages.

Due to difficulties to get reliable salinities from such low-density fluid inclusions, most of the intermediate-
density (ID) and vapor phase salinities were assumed as 8 equiv. NaCl wt % based on previous estimations
(Redmond etal, 2004; Landtwing et al, 2010).0Only element ratios are analytically-robust and are therefore
reported in the current text. Temperatures, pressure data for some vapor inclusions were obtained from brine
inclusion data in boiling assemblages.

Table 6. Mass-balance calculation to estimate vapor composition and vapor-brine mass fractions.

Modeling procedure and assumptions following Landtwing etal. (2010, Table 2). Concentrations of
intermediate-density (ID) fluid inclusions in deep low Mo grade quartz-molybdenite vein (D50-2155) and
concentrations of brine inclusions in boiling assemblage (BT2) in the shallow high Mo grade quartz-molybdenite
vein (JH2) were measured by LA-ICP-MS. Input fluid is based on average elementratios of all intermediate-
density fluid inclusions (column c). Element ratios and salinities of brine inclusions in boiling assemblage
(column e) were adopted, whereas the poorly known salinities of intermediate-density fluids, vapor and the
mass fraction brine and vapor were varied to predict element ratios and salinity of vapor inclusions. The
predicted element ratios were compared with analyzed elementratios (column ) to obtain an approximation
satisfying all analytical constraints within their estimated uncertainty (Fig. 12). mMCl, mM, and gMCl molar mass
of salt components, molar mass of elements, and weight (g) of salt components, respectively. Comp., pred, Conc,
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El-Ratio, and TDS represent composition, predicted value, concentration, elementratio, and total dissolved
solids, respectively.
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Figure Captions
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