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The hydrothermal fluid evolution in the supergiant Pebble porphyry Cu-Au-Mo deposit in southwest Alaska has
been constrained using fluid inclusion and light stable isotope data. The deposit is related to ~90Ma granodiorite
porphyry intrusions and mineralization occurs primarily in sodic-potassic, potassic, and advanced argillic alter-
ation zones.
Throughout the deposit vein quartz hosts intermediate-density fluid inclusion assemblages with an average sa-
linity of 9.5 wt% NaCl equivalent and homogenization temperatures of 377 to 506 °C. Pressure corrections result
in trapping temperatures with a maximum of 610 °C. This early fluid exsolved from a crystallizing magma at
depth and underwent phase separation under varying conditions during cooling and depressurization forming
two distinct fluid compositions. The two fluids formed two hydrothermal alteration assemblageswhich have dif-
ferentmetal signatures. In the hydrothermal core in the eastern part of the system, high-density quartz veins, po-
tassic alteration and the most economically significant mineralization are related to ~52 wt% NaCl equivalent
brines that coexist with very low-density vapor. In thewestern part of the systemperipheral to the hydrothermal
core, lower quartz vein densities accompanied by sodic-potassic alteration and lower grade mineralization are
associated with ~38 wt% NaCl equivalent brines and low-density vapor. Sulfide mineralization precipitated late
in this early alteration event at temperatures between 375 and 330 °C.
Fluids related to sodic-potassic alteration minerals have δ18O signatures from+6.0 to +10.5‰ VSMOW and δD
values from−70 to−41‰VSMOW,which are consistentwith amagmaticfluid source. Fluids related to potassic
alteration assemblages have δ18O of−1.7 to+2.3‰ VSMOWand δD of−68 to−59‰ VSMOW, which suggests
that the magmatic fluids evolved to lighter oxygen isotope signatures due to quartz precipitation during
alteration.
Lower temperature (~280 °C) sericite and illite alteration followed the high-temperature magmatic stage and
formed from the rising vapor plume as it mixed with varying amounts of meteoric fluid. Sericite in quartz-
sericite-pyrite alteration on the periphery of the deposit and illite from areas of illite ± kaolinite alteration
which overprints sodic-potassic alteration and forms quartz-illite-pyrite alteration within the deposit are related
to low-salinity aqueous fluids that have a significant magmatic component (+2.1 to +4.1‰ δ18O and −76 to
−67‰ δD). Illite alterationwhich overprints both potassic alteration and quartz-sericite-pyrite alteration formed
from fluids with a large meteoric component (−9.1 to −4.8‰ δ18O and −101 to −90‰ δD). The higher vein
density and therefore higher permeability in the core of the deposit facilitated ingress of larger amounts of me-
teoric fluid compared with the more peripheral region.
Advanced argillic alteration and associated high-grade mineralization are related to a second pulse of magmatic
fluid which did not intersect the two phase field during cooling and depressurization. The fluid contracted to
form a 3wt%NaCl equivalent aqueousfluid that resulted in a sericite-pyrite-bornite-digenite bearing assemblage
with amagmatic signature (4.6 to 6.5‰ δ18O and−108 to−102‰ δD) at 340 °C. Cooling andmixing of this fluid
with meteoric water resulted in a fluid that formed a pyrophyllite-quartz-sericite-chalcopyrite bearing assem-
blage (−8.9 to −0.6‰ δ18O and −110 to −96‰ δD) at 300 °C. Compared to older potassic and sodic-potassic
alteration, the advanced argillic alteration has a highly depleted δD signature which is attributed to degassing
of a crystallizing intrusive fluid source.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Pebble porphyry Cu-Au-Mo deposit is located in southwest
Alaska (Fig. 1A) and is one of the world's largest concentrations of
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Fig. 1. Geology of the Pebble porphyry Cu-Au-Mo deposit. A. Simplified Cretaceous geologymap of the deposit area based on drilling. Glacial deposits and post-mineralization rocks units
have been removed. B. Geological cross section along line A–A′. CuEQ expresses the combined copper, gold and molybdenum grade as a copper grade based on the dollar value of all the
metals (Cu - US$1.85/lb., Au - US$902/oz., Mo - US$12.50/lb.; Pebble Limited Partnership, 2010).
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metals. The deposit contains 36.6million tonnes of copper, 3341 tonnes
of gold and 2.5 million tonnes of molybdenum (Pebble Limited
Partnership, 2010). Its gold endowment alone is among the largest of
all deposits on earth (Sebag, 2012). The deposit is genetically related
to ca. 90 Ma granodiorite intrusions and mineralization is hosted by
diverse types of hydrothermal alteration assemblages that include
sodic-potassic, potassic, illite ± kaolinite, quartz-illite-pyrite, quartz-
sericite-pyrite, and advanced argillic assemblages (Lang and Gregory,
2012; Gregory et al., 2013; Lang et al., 2013).
This study uses fluid inclusion and stable isotope data to unravel the
fluid history of the Pebble deposit. A particular focus of the study is the
relationship of advanced argillic alteration, which is associated with the
highest grades of copper and gold in the deposit, to other alteration
types and their fluid sources. There is an increasing recognition that ad-
vanced argillic alteration and associated mineralization occur in the
deeper parts of porphyry deposits (e.g., Oyu Tolgoi, Khashgerel et al.,
2009) in addition to longer-recognized occurrences in the epithermal
or lithocap environment (e.g., Hedenquist et al., 1998). Advanced



1281M.J. Gregory / Ore Geology Reviews 80 (2017) 1279–1303
argillic overprints on earlier alteration types commonly augments
grade, with corresponding benefits to project economics (e.g., Winant,
2010), and can be an important target for exploration. Understanding
the relationship between deep advanced argillic alteration assemblages
and the larger but typically lower grade bulk of the mineralization
hosted by potassic and other higher temperature assemblages is critical
to exploration success.

2. Geology of the Pebble deposit

2.1. Regional geological setting

The Pebble porphyry Cu-Au-Mo deposit occurs within the collapsed
Kahiltna foreland flysch basin which accumulated clastic sedimentary
and mafic volcanic rocks during the Jurassic and Cretaceous. The
Kahiltna basinwas bounded to the north by pericratonic and previously
amalgamated allochthonous terranes along the continental margin of
North America and to the south by the active Talkeetna oceanic arc
within the Peninsular-Alexander-Wrangellia (PAW) superterrane
(Goldfarb et al., 2013). The Kahiltna basinwas folded, complexly faulted
and subjected to low-grade regional metamorphism as the PAW
superterrane accreted to North America by the late Early Cretaceous
(Detterman and Reed, 1980; Hampton et al., 2010). Subsequent to ac-
cretion, arc magmatism migrated inland from the waning Talkeetna
arc and regional deformation was accommodated by dextral strike-
slip faults parallel to the continental margin (Goldfarb et al., 2013).
Mid-Cretaceous magmatism that is spatially, and in part genetically, re-
lated to formation of porphyry hydrothermal systems in the Pebble area
is interpreted to represent melting of metasomatized subcontinental
lithospheric mantle during subduction of oceanic crust below the conti-
nental margin (Goldfarb et al., 2013). The main trace of the Lake Clark
dextral strike-slip fault zone is located a few kilometers southeast of
the Pebble deposit (Anderson et al., 2013) and subsidiary structures re-
lated to it may have influenced the emplacement of Cretaceous intru-
sions in the vicinity of the deposit (Lang et al., 2013).

2.2. Rock types and structures

The Pebble porphyry Cu-Au-Mo deposit formed within a very large
magmatic-hydrothermal system related to hornblende granodiorite in-
trusions emplaced at 91–89 Ma (Fig. 1; Bouley et al., 1995; Lang and
Gregory, 2012; Lang et al., 2013; Olson et al., 2013). Host rocks to
these intrusions include siltstones and minor wackes of the Kahiltna
flysch, several sub-parallel diorite and granodiorite sills which intruded
the flysch at ~96 Ma, and a group of slightly younger porphyritic mon-
zonite to monzodiorite intrusions of alkalic composition, along with
spatially and temporally related intrusion breccias, which also formed
at ~96 Ma (Fig. 1B). The largest body of hornblende granodiorite in
the vicinity of Pebble is the Kaskanak batholith, a multiphase intrusion
exposedwest of the deposit but which is also interpreted frommagnet-
ic, electromagnetic andmagnetotelluric surveys to extend eastward be-
neath the deposit (Shah et al., 2009; Anderson et al., 2013).
Mineralization at Pebble is centered on and contemporaneouswith por-
phyritic hornblende granodiorite intrusions which occur as several
small plugs in the western part of the deposit and the larger East Zone
pluton in the east (Fig. 1). Deep drilling indicates that below 1000 to
1500m depth the porphyritic intrusions are hosted by an equigranular,
coarser-grained hornblende granodiorite comparable to the most com-
mon phase of the Kaskanak batholith. The Pebble deposit was uplifted
and partially eroded sometime during the Late Cretaceous andwas sub-
sequently reburied by a post-hydrothermal cover sequence of interbed-
ded clastic sedimentary and volcaniclastic rocks. The deposit was again
subjected to erosion in the late Miocene, based on Ar-Ar isotopic dates
of 6 Ma and 8 Ma on supergene jarosite reported by Kelley et al.
(2011). This erosion occurred after the depositwas tilted approximately
20 degrees to the east sometime during the Paleogene; as a
consequence the western part of the deposit was exposed, whereas
the eastern part of the deposit remained concealed by an eastward-
thickening wedge of cover sequence strata (Fig. 1B). The deposit and
cover sequence are now, with the sole exception of one small outcrop
in the west, entirely concealed by unconsolidated Pleistocene glacial
sediments a few to tens of meters in thickness.

Mineralization at Pebble has been dated at ~89.7 Ma by five Re-Os
ages onmolybdenite (Lang et al., 2013). Higher grademineralization oc-
curs within and surrounding the East Zone pluton, whereas mineraliza-
tion of more moderate grade is spatially associated with the smaller
porphyritic granodiorite plugs to the west. Higher grade mineralization
in the eastern part of the Pebble deposit was, at least in part, controlled
by a northeast-trending structural zone characterized by distributed
brittle-ductile deformation (Fig. 1; Lang et al., 2013). This fault was ac-
tive before, during and after both magmatic and hydrothermal activity
related to Pebble and is interpreted to have been an important conduit
for mineralizing fluids throughout the hydrothermal history of the de-
posit (Lang et al., 2013). Brittle-ductile deformation does not extend
into the cover sequence. The fault has dextral-oblique displacement
with amaximumof 400mof lateral displacement and anundetermined
amount of vertical displacement (S. Goodman, pers. comm., 2008). The
deposit is also cut by numerous brittle faults. The most important of
these is the northeast-striking, steeply east-dipping ZG1 fault. The ZG1
fault has 650 to 900 m of normal displacement and forms the eastern
margin of the deposit (Fig. 1; Lang et al., 2013). The ZE brittle fault is
east-striking and steeply south-dipping, cuts through the center of the
deposit and has up to 300m of normal displacement such that mineral-
ization to its north represents a relatively deeper hydrothermal
paleodepth compared to the south (Lang et al., 2013). Other brittle
faults with constraints on their movement typically exhibit a few tens
to perhaps 100 m of mostly normal displacement. The absolute timing
of brittle faulting is not well-constrained.
2.3. Hydrothermal alteration and veins

Hydrothermal alteration at Pebble is divided into six major types
(Table 1). These have been delineated by logging of drill core, short-
wave infrared spectral analysis (Harraden et al., 2013), geochemis-
try, optical petrography, and SEM-based mineral mapping (Lang
and Gregory, 2012; Gregory et al., 2013; Lang et al., 2013; Mathur
et al., 2013). Hydrothermal alteration and mineralization are
interpreted to have formed during two principal stages (Gregory et
al., 2013; Lang et al., 2013). The first stage contains Cu-Au-Mominer-
alization which precipitated during sodic-potassic and potassic al-
teration. During the second stage, additional Cu-Au mineralization
was introduced during formation of sericite- and pyrophyllite-bear-
ing subtypes of advanced argillic alteration. An intervening stage of
low temperature illite ± kaolinite alteration, which did not intro-
duce additional ore metals, indicates that there was a sufficient gap
in time between the two mineralizing stages for the system to cool
substantially. Quartz-sericite-pyrite (QSP) alteration forms a wide
halo to the deposit and overprints other alteration types; a zone of
quartz-illite-pyrite alteration remains in the upper-center of the de-
posit andmay represent the relict of a QSP capmodified by a younger
illite overprint. Among these alteration types, illite and sericite have
been differentiated using short-wave infrared, x-ray diffraction and
illite crystallinity studies (Harraden et al., 2013). This study found
that all fine-grained white mica in the deposit was compositionally
illite but the more crystalline variety referred to locally as sericite
has a composition closer to muscovite. The terms illite and sericite
are used to clearly distinguish the two varieties that have different
geological settings. The following summaries of the hydrothermal al-
teration assemblages and vein types at Pebble are based on the de-
tailed descriptions presented in Lang and Gregory (2012), Gregory
et al. (2013), and Lang et al. (2013).



Table 1
Hydrothermal Alteration in the Pebble Deposit.

Hydrothermal
alteration

Cu Au Mo Ag
Mineralogy Distribution Timing

(wt%) (ppm) (ppm) (ppm)

Sodic-potassic 0.27 0.29 199 1.36 Albite, K-feldspar, quartz, biotite,
magnetite, ankerite, chlorite, calcite,
epidote, hematite, pyrite,
chalcopyrite, molybdenite

Western half of deposit
and at depth below the
potassic alteration zone.

Pre- to early syn-potassic alteration.

Potassic 0.55 0.36 280 1.88 K-feldspar, quartz, biotite,
chalcopyrite, pyrite, molybdenite, ±
bornite

Eastern half of the
deposit.

Syn- to post-sodic-potassic alteration.

Quartz-sericite-pyrite 0.20 0.22 78 1.28 Quartz, sericite, pyrite Forms halo around the
deposit, peripheral to
sodic-potassic and
potassic alteration.

Overprints and pervasively replaces sodic-potassic
and potassic alteration around periphery of the
deposit.

Illite ± kaolinite NA NA NA NA Illite, pyrite, ±kaolinite Variable intensity
overprint found
throughout the deposit.

Overprint on sodic-potassic, potassic and some
parts of the quartz-sericite-pyrite alteration, older
alteration mineral assemblages mostly preserved.

Quartz-illite-pyrite 0.27 0.37 102 1.98 Quartz, illite, K-feldspar, pyrite Center of deposit at
shallow depth.

Composite alteration zone with partially preserved
potassic and sodic-potassic alteration that has been
overprinted first by weak quartz-sericite-pyrite
alteration and then by strong illite alteration where
sercite is replaced by illite.

Advanced argillic 0.84 0.56 317 2.69 Quartz, sericite, pyrophyllite,
chalcopyrite, pyrite, molybdenite,
bornite, digenite, ± enargite

Structurally controlled
zone located on the
eastern side of the
deposit.

Overprints and pervasively replaces potassic and
illite ± kaolinite alteration types.

Note: Average grades based on average of all assay intervals that fall within the alteration zone.
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2.3.1. Major alteration types
Sodic-potassic and potassic alteration are the earliest alteration

types preserved in the Pebble deposit (Table 1). Potassic alteration is
concentrated near the top of the East Zone pluton and its host rocks,
whereas sodic-potassic alteration occurs below potassic alteration in
the east and is the main assemblage in the western half of the deposit
(Fig. 2). A volumetrically limited, magnetite-rich subtype of sodic-po-
tassic alteration occurs only within and proximal to diorite sills in the
western part of the deposit. Both alteration types contain K-feldspar,
quartz and biotite; sodic-potassic alteration is distinguished primarily
by amuch higher concentration of carbonateminerals and the presence
of albite andminormagnetite. Disseminatedmineralization spatially as-
sociated with potassic and sodic-potassic alteration occurs as chalcopy-
rite, molybdenite and pyrite, and bornite is a minor but widespread
phase in the potassic alteration zone. The grade of copper, molybdenum
and gold is, on average, higher in the potassic alteration zone than in the
sodic-potassic alteration zone (Table 1). The sodic-potassic alteration
which underlies potassic alteration in the east also contains epidote, cal-
cite, chlorite and hematite. The intensity of sodic-potassic alteration and
both grade and the concentration of sulfideminerals becomes gradually
weakerwith depth. Sodic-potassic alteration is interpreted to be slightly
pre- to syn-potassic alteration and the common observation that potas-
sic alteration replaces sodic-potassic alteration near their contacts re-
flects telescoping during cooling (Lang et al., 2013).

Quartz-sericite-pyrite (QSP) alteration forms awide halo that extends
4 km south and to the limits of drilling 1.5 km to the north of themineral
resource (Lang and Gregory, 2012). This alteration assemblage complete-
ly overprints and replaces sodic-potassic and potassic alteration and
sulfide mineralization around the periphery of the deposit, with a transi-
tional zone of partial replacement tens to 200 m in width. The QSP alter-
ation almost completely removes pre-existing copper and molybdenum
mineralization but it retains highly anomalous concentrations of gold
(Gregory et al., 2013). In the approximate center of the deposit is a relict
zone of what is interpreted to have been a QSP cap to the deposit which
has partially replaced early sodic-potassic and potassic alteration and as-
sociatedmineralization (Fig. 2) but has, in turn, been overprinted by illite
(see below). Although it is likely that this illite-bearing alteration initially
formed as typical QSP alteration, it is treated separately as quartz-illite-
pyrite alteration because it forms an important metallurgical domain at
Pebble (Gregory et al., 2013).
Low temperature, selectively-pervasive illite and illite-kaolinite al-
teration overprinted most of the Pebble deposit as the early hydrother-
mal system cooled. Illite is present throughout the deposit and typically
replaces hydrothermal K-feldspar, whereas kaolinite is mostly found in
the western part of the deposit where it more typically replaces hydro-
thermal albite. Biotite is variably, but typicallymoreweakly, replaced by
illite. The intensity of this low temperature overprint varies from incip-
ient to very strong and the affected volume broadly coincides with the
distribution of potassic and sodic-potassic alteration. Dilatant veins are
not associatedwith this alteration but fractures lined by illite and/or ka-
olinite are common.

Advanced argillic alteration is spatially related to the zone of brittle-
ductile faulting on the eastern margin of the deposit and is mostly pre-
served in the downthrown block south of the ZE normal fault (Fig. 2).
This alteration has an overall mineral association of quartz-sericite-py-
rophyllite-pyrite-chalcopyrite-bornite-digenite, which is consistent
with advanced argillic alteration as described by Meyer and Hemley
(1967). Rock affected by this alteration has the highest grades of copper
and gold in the Pebble deposit (Table 1). Advanced argillic alteration
replaces early potassic and intermediate stage illite alteration. This
alteration contains the pyrophyllite and sericite subzones, which collec-
tively form the advanced argillic alteration type due to their contempo-
raneous, zonal relationship (Lang et al., 2013). The inner pyrophyllite
subzone is largely spatially coincident with, and overprints, the zone
of brittle-ductile deformation textures and is characterized by quartz-
pyrophyllite-sericite alteration accompanied by high concentrations of
disseminated chalcopyrite and pyrite. In the outer sericite subzone,
quartz-sericite selectively replaced illite-altered hydrothermal feldspar,
and was accompanied by chalcopyrite and tennantite; where sericite
alteration is most intense, pre-existing alteration was completely re-
placed and the earlier chalcopyrite and pyrite were commonly replaced
along their rims by a high-sulfidation assemblage of pyrite-bornite-
digenite ± enargite ± covellite. Where the two minerals coexist, pyro-
phyllite replaces sericite.

2.3.2. Veins
Ten different vein types are documented in the Pebble deposit

(Table 2; Lang and Gregory, 2012; Lang et al., 2013) and are the source
of fluid inclusion data reported herein. Vein types EB, A, B, M and C are
found throughout the sodic-potassic and potassic alteration zones. All
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these vein types have vein and envelope mineralogy that is the same as
themineralogywhichmakes up the pervasive alteration of the veinhost
rock, i.e., quartz, biotite, K-feldspar and/or albite.

Type EB (early biotite) veins may be the oldest in the deposit, al-
though their timing is not fully constrained, and they may be similar
to the EB veins of Gustafson and Quiroga (1995). They are biotite-rich,
contain low to moderate concentrations of pyrite and chalcopyrite,
and have narrow alteration envelopeswhich contain biotite and K-feld-
spar. They occur predominantly as narrow fractures in the Kahiltna
flysch. Type EB veins did not host usable fluid inclusions but were uti-
lized for light stable isotope analysis.

Type A veins are most common in the granodiorite stock on the east
side of the deposit. The type A vein group contains three subtypes at
Pebble (Lang et al., 2013) but this study only utilized themost common
and widespread Type A1 and A2 veins. Type A1 veins are discontinuous
and have diffuse contacts with their host rocks. They are dominated by
clear quartz (e.g., Fig. 3A), commonly accompanied byminor K-feldspar.
Sulfides range from absent to concentrations of two volume percent
and, where present, include trace to minor pyrite, chalcopyrite and/or
molybdenite. Narrow alteration envelopes which contain K-feldspar
are common. Type A1 veins are similar to the A veins of Gustafson and
Hunt (1975). Type A2 veins are transitional between quartz veins and
pegmatite and occur at depths below 1000mwithin the East Zone plu-
ton. These veins have selvages of K-feldspar and cores of coarse-grained
quartz, contain clots of brown biotite, and trace chalcopyrite, molybde-
nite and/or pyrite (e.g., Fig. 3B). Alteration envelopes are absent. Type
A1 and A2 veins are interpreted to be the earliest quartz veins in the de-
posit and predate the majority of mineralized veins. Type A2 vein tex-
tures suggest fluid exsolution occurred directly from a magma.

Type B1 veins occur throughout the deposit and are most common
within, and in decreasing density with distance from, the East Zone plu-
ton. Similar patterns are evident within and surrounding the smaller
granodiorite intrusions in the western part of the deposit, although
the overall vein density is lower. Type B1 veins at Pebble are generally
similar to the B veins of Gustafson and Hunt (1975). Type B1 veins are
planar, continuous, have sharp contacts with host rocks and varywidely
in thickness. Distinct alteration envelopes of highly variable width con-
tain biotite as themainmineral inmore iron-rich host rocks, such as the
Kahiltna flysch, whereas K-feldspar is relativelymore abundant inmore
felsic host rocks. Vein fill is mostly clear quartz accompanied by trace to
minor biotite, K-feldspar, apatite and/or rutile. Sulfide concentration is
typically two to five volume percent (e.g., Fig. 3C) but can be locally
higher (e.g., Fig. 3D) and consists of subequal pyrite and chalcopyrite
with minor molybdenite and, locally, minor bornite. Anhydrite-bearing
Type B1 veins (Fig. 3E) are rare and have only been encountered at
depths greater than ~730 m below the contact with the overlying
cover sequence and its westward projection. Type B1 veins overprint
Type A1 veins and make the largest contribution to the overall grade
of the deposit due to their large number compared with other vein
types. Type B2 veins are temporally equivalent to type B1 but occur
mostly at depth in the East Zone. They are distinguished from type B1
veins by weaker alteration envelopes, lower sulfide concentration,
green chlorite pseudomorphs after coarse aggregates of brown biotite
and minor to rare calcite and epidote.

In the eastern part of the deposit, the density of Type B1 veins and, to a
lesser extent, Type A1 veins grades from background values of approxi-
mately 5 to 10 vol% into two zones which contain over 80 vol% vein
quartz. One zone is coincident with brittle-ductile deformation within
the East Zonepluton southof the ZE fault,whereas the other occurswithin
the East Zone pluton just north of the ZE fault. These zones are interpreted
to represent long-lived conduits of highfluidflux that controlledfluids re-
lated to both early sodic-potassic and potassic alteration and later ad-
vanced argillic alteration (Lang and Gregory, 2012; Lang et al., 2013).

Type B3 veins are younger than Type B1 veins and some even cross
cut Type C veins (see below). They are distinguished by a high concen-
tration of molybdenite (e.g., Fig. 3F), which ranges from coarse selvages
within quartz veins to massive infill of dilatant fractures. Other sulfide
minerals are rare. Alteration envelopes areweak to sporadic and contain
K-feldspar. These veins aremost common in the deeper parts of the cen-
tral and eastern parts of the deposit and extend to the limits of drilling at
~1800 m depth. Where abundant, these veins significantly augment
molybdenum grade.

Type C veins are very common in the western half of the deposit but
are rare elsewhere. Type C veins at Pebble are locally defined and do not
resemble the C veins of Gustafson and Quiroga (1995). They are planar,
have sharp contacts with host rock and are highly variable in width.
These veins contain quartz, locally abundant ankerite, and minor to
trace K-feldspar, magnetite and biotite. In contrast to earlier vein
types, they commonly contain up to 50 vol% subequal pyrite and chalco-
pyrite and, locally, trace tominor bornite and arsenopyrite. Type C veins
have wide, very well mineralized alteration envelopes mineralogically
similar to the vein fill; locally these envelopes coalesce and return cop-
per grades of several percent. Type C veins cross cut Type B1 veins.

Type M veins typically contain 25 to 75 vol% magnetite and occur
only within and proximal to iron-rich diorite sills in the western part
of the deposit. They also contain quartz, ankerite and minor K-feldspar
and typically include N10 vol% combined pyrite and chalcopyrite (Fig.
3G). Ubiquitous, narrow alteration envelopes contain K-feldspar,
quartz, magnetite, pyrite and chalcopyrite. Type M veins at Pebble are
similar to M veins as defined by Clark (1993). Paragenetically Type M
veins formed after Type B1 veins; they overlap in time with Type C
veins, of which they may be a variant.

Veins directly associatedwith the advanced argillic alteration are de-
noted Type AA and have a low overall density. Within the pyrophyllite
alteration subtype they occur as irregular forms that are mostly b1 cm
inwidth andwhich contain high concentrations of pyrite and chalcopy-
rite with minor quartz. These veins commonly overprint or reopen pre-
existing quartz veins (e.g., Fig. 3H). Veins directly related to the sericite
alteration subtype are also uncommon; they are narrow, commonly ir-
regular in form (e.g., Fig. 3I), contain mostly quartz-pyrite and have dis-
tinct sericite alteration envelopes that at least locally contain high-
sulfidation copper minerals (Lang et al., 2013).

Both QSP and quartz-illite-pyrite alterations are directly related to
type D veins (Table 2: Gustafson and Hunt, 1975). Type D veins are
dominated by pyrite and quartz and are enclosed in wide, intense alter-
ation envelopes that contain mostly quartz, pyrite and sericite. The al-
teration envelopes coalesce to form intense, pervasive QSP alteration
where vein density is high.

2.3.3. Metal distribution
Variations in copper, gold and molybdenum grades display a spatial

relationship with both rock type and alteration assemblage (Gregory et
al., 2013; Lang et al., 2013). All three metals are associated with a chal-
copyrite-pyrite-molybdenite assemblage that occurs as both dissemina-
tions and in veins. Copper and gold grades are highest in the advanced
argillic and potassic alteration zones,moderate grades are characteristic
of the sodic-potassic alteration zone and low grades are found in the
QSP and quartz-illite-pyrite zones (Table 1; Gregory et al., 2013). Born-
ite is a minor phase that occurs intergrownwith chalcopyrite in the po-
tassic and sodic-potassic alteration zones and as a bornite-digenite-
pyrite assemblage in the sericite-rich part of the advanced argillic alter-
ation zone. Molybdenum is the only metal that exhibits a strong spatial
relationship with rock type, with higher grades concentrated in deeper
parts of the East Zone pluton and its immediate country rocks where
type B3 veins are more common (Gregory et al., 2013; Lang et al.,
2013). Therefore, molybdenum is at least partially decoupled from cop-
per and gold concentrations.

The majority of gold occurs as inclusions in chalcopyrite and
pyrite (90%) with the remainder occurring as inclusions in non-sul-
fide minerals, dominantly quartz, K-feldspar and carbonate
(Gregory et al., 2013). Gold inclusions, accompanied by chalcopyrite
and pyrite inclusions, have been identified enclosed by single K-



Fig. 3. Examples of vein types in the Pebble deposit and samples used for fluid inclusion analysis. A. A1 vein, quartz vein with feldspar envelope, sample 7363-4008, weak sodic-potassic
alteration. B. A2 vein, quartz-feldspar-biotite pegmatite vein, sample 7363-3766, weak sodic-potassic alteration. C. B1 vein, quartz-biotite-pyrite-chalcopyrite vein, sample 7381-2636,
potassic alteration. D. B1 vein, quartz-chalcopyrite-pyrite vein with biotite envelope, sample 8440M-1173, potassic alteration. E. B1 vein, quartz-anhydrite vein, sample 11529-2480.9,
weak sodic-potassic alteration. F. B3 vein, quartz-molybdenite vein with calcite infill, sample 7392M-1123, weak sodic-potassic alteration. G. M vein, quartz-magnetite-ankerite vein,
sample 7399M-286, sodic-potassic alteration. H. AA vein, quartz(-chalcopyrite-pyrite) vein, sample 8422-2919, pyrophyllite alteration. I. AA vein, quartz(-pyrite-chalcopyrite) vein,
sample 7360-1590, sericite alteration. Scale bar is 5 mm.
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feldspar crystals suggesting K-feldspar and metals were precipitat-
ing at the same time (Fig. 4). This is most common in the potassic al-
teration zone but was also found in some sodic-potassic zone
samples.
3. Fluid inclusion study

Fluid inclusions were studied petrographically and with
microthermometry with two main objectives: (1) to constrain the



Table 2
Vein types in the Pebble Deposit.

Vein Vein mineralogy Vein envelope Distribution Timing Geometry
Association with
mineralization

EB Biotite, (pyrite, chalcopyrite) Narrow biotite and/or
K-feldspar

Concentrated in
sedimentary rocks

Pre-dates all other vein types Narrow
fracture fill

Pre-mineralization

A1 Quartz, K-feldspar, (pyrite,
chalcopyrite, molybdenite)

Where present narrow
K-feldspar

Concentrated in the
eastern half of the
deposit.

Earliest veins associated with the
hydrothermal system

Sinuous,
discontinuous,
diffuse
contacts with
host rocks

Earliest veins that host
sulfide mineralization

A2 Quartz, K-feldspar, (biotite,
pyrite, chalcopyrite,
molybdenite)

Absent Only found deep in
the East Zone pluton

Earliest veins associated with the
hydrothermal system

Same as for A1
veins

Earliest veins that host
sulfide mineralization

B1 Quartz, chalcopyrite, pyrite,
molybdenite, (bornite,
biotite, K-feldspar, apatite,
rutile, anhydrite)

Where present mineralized
K-feldspar or biotite

Throughout the
deposit but most
abundant in the east

Overprint A1 veins Planar,
continuous,
sharp contacts
with host rocks

Host the majority of
sulfide mineralization in
the deposit

B2 Quartz, chlorite, pyrite,
(chalcopyrite, molybdenite,
calcite, epidote)

Weak K-feldspar and/or
chlorite

Deep in the eastern
part of the deposit

Same timing as B1 veins Same as for B1
veins

Host minor sulfide
mineralization

M Magnetite, quartz, ankerite,
K-feldspar, chalcopyrite,
pyrite, (molybdenite)

Narrow envelopes
containing K-feldspar,
quartz, magnetite, pyrite
and/or chalcopyrite

Within and proximal
to diorite sills in the
western part of the
deposit

Overprint B1 veins and overlap in
timing with C veins

Planar to
irregular

Can host high volumes of
sulfide mineralization

C Quartz, ankerite,
chalcopyrite, pyrite,
(molybdenite, K-feldspar,
magnetite, biotite, bornite,
arsenopyrite)

Wide, well mineralized
envelopes of K-feldspar or
biotite

Throughout the
deposit but most
common in the west

Overprint B1 veins,
contemporaneous with some M
veins

Planar, sharp
contacts with
rock rocks

Typically host high
volumes of sulfide
mineralization and
related to local zones of
high grade

B3 Quartz, molybdenite Weak and sporadic
envelopes of K-feldspar

Concentrated in the
central and eastern
parts of the deposit,
particularly at depth

Overprint B1 and some C veins Same as for B1
veins

Major contributer to
molybdenum grade

D Pyrite, quartz Wide quartz, sericite/illite,
pyrite envelopes

Found within zones of
quartz-sericite-pyrite
and
quartz-illite-pyrite
alteration

Overprint all types of A, B, C and M
veins

Planar Do not host
mineralization

AA Quartz, pyrite, chalcopyrite,
(bornite, digenite, enargite)

Some with envelopes that
contain quartz, sericite,
pyrite, chalcopyrite, bornite,
digenite, and/or enargite

Found within the
advanced argillic
alteration zone in the
east of the deposit

Reactivates and overprints massive
quartz-rich brittle-ductile zone that
was most likely originally
composed of A1 and B1 veins

Narrow and
irregular

Host mineralization
related to the advanced
argillic alteration event

Note: Vein nomenclature, mineralogy, distribution and timing data from Lang and Gregory (2012) and Lang et al. (2013).
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pressure, temperature and salinity of fluids related to quartz vein for-
mation and their associated alteration mineral and metal assemblages;
and (2) to obtain temperatures to inform calculation of the isotopic sig-
nature of the fluids. The fluid inclusion data from Tracy (2001) will, to
the extent possible in light of limited sample documentation and re-
striction of data to the western part of the deposit, be incorporated
into the interpretation for Pebble in later sections of this study.

3.1. Sample selection

The petrographic characteristics of fluid inclusions were exam-
ined in over 100 thin sections, from which 20 were chosen for
microthermometry. The selected samples represent quartz-rich
veins hosted by each of the major alteration types in the deposit
(Table 3). The samples come from depths of approximately 30 to
1000 m below the nearly planar unconformity, and its westward
projection, with post-hydrothermal rock types (Fig. 2), which has
been interpreted as a possible datum approximately parallel to the
paleosurface at the time of hydrothermal activity (Lang et al., 2013).

3.2. Sample preparation and microthermometry methods

The samples were prepared as doubly polished sections 100 μm in
thickness. They were examined using transmitted-light microscopy to
select high quality, representative fluid inclusion assemblages for analy-
sis. Cathodoluminescence imagingwas used to distinguish different tem-
poral generations of quartz within the veins and their relationship to the
fluid inclusion assemblages. Cathodoluminescence was undertaken on a
JEOL™ JSM 6300 scanning electron microscope equipped with a mono-
chromatic CL detector at the University of Ballarat. Microthermometry
measurements were obtained with a Linkam THMSG 600 heating-freez-
ing stage at the University of British Columbia. The stage was calibrated
using synthetic fluid inclusions; low-temperature measurements
(b300 °C) are accurate to within ±1 °C and high-temperature measure-
ments (N300 °C) within ±5 °C.
3.3. Estimation of salinity and additional fluid components

Salinity is reported asweight percentNaCl equivalent. Salinity calcu-
lations assumed a simple H2O-NaCl system and used ice-melting tem-
peratures for liquid-vapor and intermediate-density inclusions, and
halite dissolution temperatures for simple brine inclusions (Bodnar
and Vityk, 1994). For brine inclusions where homogenization was by
halite dissolution, salinities may be underestimated by up to 1.3 wt%
NaCl equivalent (based on the temperature range found in this study)
(Bodnar, 1994). Polyphase brine inclusions which contained sylvite
andhalite used salt dissolution temperatures and theH2O-NaCl-KCl sys-
tem (Sterner et al., 1988). Eutectic temperature during heating runswas
used to infer the presence of secondary cations such as calcium, iron and
magnesium in the fluids, based on data in Borisenko (1977). Phase tran-
sitions in vapor-rich inclusions were not observed during heating and
freezing. Opaque and transparent daughter minerals other than halite
and sylvite did not change visually during heating and freezing runs.



Fig. 4. SEM and petrographic images of gold inclusions in K-feldspar provide evidence for the co-precipitation of potassic alteration minerals and mineralization. Sample 7389-2387: A.
SEM image, B. plane polarized light image. C. Cross polarized light image. Sample 8439M-804: E. SEM image, F. plane polarized light image. G. Cross polarized light image. Scale bar is
10 μm. Abbreviations: bio - biotite, kspar - K-feldspar, qtz - quartz, cpy - chalcopyrite.
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3.4. Cathodoluminescence characteristics of quartz veins

Cathodoluminescence (CL) imaging of the quartz veins used in this
study show three distinct generations of quartz precipitation (Fig. 5).
The oldest generation (Q1) is characterized by brightwhite luminescence
in granular quartz that occurs both as large, coherent zones and/or as
remnant islands enclosed by younger generations of quartz (Fig. 5A
Fig. 5.Cathodoluminescence images of quartz veins. A. Quartz-sulfide B1 vein hosted by potassic
quartzwhich is synchronouswith chalcopyrite precipitation. B. Quartz-sulfideB1veinhosted by
sericite-chalcopyrite AA vein hosted by sericite altered wall rock. Q1 quartz cut by network of
and C). Second generation quartz (Q2) is characterized by medium CL
light intensity in varying shades of grey that typically define oscillatory
growth zoning (Fig. 5B). The Q2 quartz encloses, infills around, or forms
veinlets which cut, grains of Q1 quartz and is associated with minor sul-
fide. The youngest generation of quartz (Q3) has a dark grey to black CL
response and occurs enclosing sulfide minerals along fractures which
cut older quartz generations or which infill areas where older quartz
ally alteredwall rock. Remnant islands of Q1 quartz enclosed byQ2quartz are all cut byQ3
potassically alteredwall rock. Q3quartz and chalcopyrite veinlet cuts Q2quartz. C. Quartz-
Q3 quartz-sericite-chalcopyrite veinlets. Abbreviations: cpy - chalcopyrite, ser - sericite.
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was dissolved (Fig. 5A, B andC). TheQ3quartz is very clear in transmitted
light and hosts fewfluid inclusions, which contrastswith optically cloudy
Q1 and Q2 quartz where fluid inclusions are very abundant.

The major vein types at Pebble host different proportions of the
three types of quartz recognized by cathodoluminescence. Type A
veins are dominated by Q1 quartz. Type B veins range from those dom-
inated by Q1 quartz with minor Q2 quartz infill between larger Q1
quartz crystals, mainly in veins hosted by sodic-potassic alteration, to
thosewith relicts of Q1 quartz, variable amounts of Q2 quartz (from ab-
sent tomajor) and large volumes of Q3 quartz,mainly in veinshosted by
potassic alteration. All three quartz types occur together in veins close to
the sodic-potassic to potassic alteration boundary. TheQ3quartz always
encloses significant volumes of sulfideminerals. TypeAA veins are dom-
inated by olderQ1 andQ2 quartz that has been overprinted byminorQ3
quartz that also encloses larger volumes of sulfide minerals, along with
sericite and/or pyrophyllite (e.g., Fig. 5C).

3.5. Fluid inclusion microthermometry results

The 20 fluid inclusion samples yielded 94 fluid inclusion assem-
blages (Table 3), most of which contained 2 to 5 individual fluid inclu-
sions. Five types of fluid inclusions were identified during the study:
(1) intermediate-density (50–60% vapor) inclusions (Fig. 6A and B);
(2) simple brine inclusions containing liquid-vapor-halite ± daughter
phases (Fig. 6C and D); (3) polyphase brine inclusions containing liq-
uid-vapor-halite-sylvite ± daughter phases (Fig. 6E and F); (4) vapor-
rich (N90% vapor) inclusions (Fig. 6G); and (5) liquid-vapor (20–40%
vapor) inclusions (Fig. 6H). In the section which follows, the codes for
fluid inclusion types are constructed to indicate the relative proportions
of vapor (V), liquid (L), halite (H) and sylvite (S) present, in order of de-
creasing abundance. For salt-bearing inclusions, homogenization by dis-
appearance of halite (LVH-H; LVHS-H) or vapor (LVH-V; LVHS-V) is also
indicated. Data were obtained from 339 individual fluid inclusions, of
which 287 yielded both homogenization temperature and salinity re-
sults (Table 3; Fig. 7).

This study concentrated on fluid inclusion assemblages that consist of
spatially associated groups of individual, coeval inclusions that are similar
in size, shape and phase proportions at room temperature (Goldstein and
Reynolds, 1994). The fluid inclusions in the intermediate-density and
brine assemblages mostly occur in clusters (Fig. 6I), with fewer cases
where they occur along linear inclusion trails that typically do not cross
quartz crystal boundaries (Fig. 6J), and are therefore interpreted to be of
pseudosecondary or secondary origin. Most liquid-vapor inclusions
occur along fractures that cross quartz crystal boundaries,which is consis-
tent with a secondary origin. Individual inclusions are typically
subrounded or, less commonly, have negative crystal shapes and range
in diameter from 2 to 54 μm with the majority b20 μm. When the fluid
inclusion assemblages exhibit internally consistent behavior during freez-
ing and heating they are herein interpreted to represent a single trapped
fluid. In the sectionswhich follow,microthermometry results reflect aver-
ages for assemblages rather than data from individual inclusions.

3.5.1. Intermediate-density fluid inclusions
Intermediate-density fluid inclusions (VL-ID and LV-ID) occur in A1,

A2, B1 andB3 veins that are hosted by sodic-potassic and quartz-illite-py-
rite alteration. In the latter case, the veins are related to early sodic-potas-
sic alteration rather than the illite overprint. They are dominantly in Q1
quartz but also occur in Q2 quartz, are most prominent in the deepest
samples of A1, A2 and B3 veins, and occur to a lesser extent in shallower
B1 veins. These inclusions are most common in samples that also host
populations of simple LVH-H brine inclusions that homogenize by halite
dissolution at lower temperatures relative to the intermediate-density in-
clusions. Intermediate-density inclusions are minor in AA veins and rare
to absent in B1 veins hosted by potassic alteration. These inclusions
commonly contain a triangular opaque daughter mineral interpreted to
be chalcopyrite and, less commonly, a tiny transparent mineral. The
majority (86%) of the intermediate-density inclusion assemblages
homogenize by liquid disappearance (VL-ID inclusions), or rarely by
near-critical behavior, between 377 and 506 °C. Final icemelting temper-
atures in VL-ID inclusions range from−14 to−1 °C corresponding to sa-
linities of 2 to 17 wt% NaCl equivalent with an average of 9.5 wt% NaCl
equivalent. Limited eutectic temperatures are near −21 °C and suggest
sodium is the dominant cation in the fluid. Liquid CO2 was not observed
in any of the intermediate-density inclusions at room temperature and
clathrate was not observed during cooling. Although this indicates that
the CO2 content of the fluid is b2 mol percent (Rosso and Bodnar,
1995), even very low concentrations of CO2 impact the accuracy of salin-
ity calculations (Bakker, 1997) which are herein considered maxima.

The intermediate-density inclusions that homogenize by vapor dis-
appearance (LV-ID) occur dominantly in Q1 quartz in AA veins and
have homogenization temperatures that range from 370 to 498 °C.
Large variations between homogenization temperatureswithin fluid in-
clusion assemblages suggest these inclusions may have undergone
post-entrapment modification and this is consistent with these assem-
blages being hosted in older quartz that originally formed A1 and B1
veins prior to the advanced argillic overprint. This population of inclu-
sions has ice melting temperatures between −14 and −19 °C corre-
sponding to salinities between 17 and 21 wt% NaCl equivalent,
significantly higher than the intermediate-density inclusions that ho-
mogenize by liquid disappearance.

3.5.2. Simple brine fluid inclusions
Simple brine inclusions that homogenize by halite dissolution (LVH-

H) are hosted by Q1 and Q2 quartz. They are most prominent in A1 and
A2 veins and the deepest B1 and B3 veins hosted byweak sodic-potassic
alteration. The LVH-H inclusions contain liquid, vapor, halite and a small
opaque mineral. LVH-H inclusions are also identified in Q1 and Q2
quartz in AA veinswhere they typically contain one or two opaquemin-
erals as well as other very small transparent minerals that include a
cubic phase with high relief.

Homogenization temperatures for LVH-H assemblages in A1, A2, B1
and B3 veins range from 334 to 439 °C. Salinities range from 41 to
52 wt% NaCl equivalent. Eutectic temperatures are mostly between
−44 and −36 °C, which suggests a Mg and/or Fe component in the
fluids. The homogenization temperatures and salinities for assemblages
hosted by AA veins are 299 to 394 °C and 38 to 48 wt% NaCl equivalent,
respectively, which is only slightly lower than in other vein types. The
microthermometry results and the CL response of the quartz which
hosts the LVH-H assemblages in the AA veins suggests, however, that
these inclusions are actually hosted by quartz domains that originally
precipitated during formation of older A1 and B1 veins.

Simple brine inclusions that homogenize by vapor disappearance
(LVH-V) are hosted by Q1 and Q2 quartz and are confined to B1, M and
B3 veins in the sodic-potassic alteration zone. They are rare in AA veins
and in veins hosted by potassic alteration. Homogenization temperatures
for LVH-V inclusion assemblages range from 281 to 394 °C and salinities
range from 35 to 43 wt% NaCl equivalent. The homogenization data sep-
arate into lower temperature and higher temperature subgroups.

The higher temperature LVH-V assemblages typically contain a tri-
angular opaque phase interpreted to be chalcopyrite and many contain
hematite and one or two transparentminerals, themost common being
a large rectangular or rhombic daughter phase with high relief. Homog-
enization temperatures range from 353 to 394 °C, with salinities that
range from 35 to 43wt% NaCl equivalent. Eutectic temperatures are be-
tween−50 and−35 °C, suggesting a Ca orMg component in the fluids.
Intermediate-density inclusions are commonly spatially associatedwith
these brine inclusions and, where this association occurs in B1 veins,
they have the same to slightly higher homogenization temperatures,
however, it is not clear if these two inclusion types have a genetic rela-
tionship. Low-density vapor-rich inclusions also commonly occur as
discrete assemblages in thequartz grainswhichhost this brine inclusion
population.



Table 3
Average data for measured fluid inclusion assemblages.

Sample IDa Vein
type

Sample description Vein description Inclusion
typeb

Noc Average
length
(μm)

Salinity wt%
NaCl equivalent

Te Tm
(ice)

Tm
(halite)

Tm
(sylvite)

Th
(V-L)

Th
(L-V)

Homogenization
temperature °C

Min Max Ave Min Max Ave

(5)
7363-4008

A1 Weakly sodic-potassic-altered granodiorite
pluton

Deep quartz A vein with pink feldspar
envelopes

VL-ID 3 11 2 −1 400 396 406 400
LV 5 8 1 3 2 −1 259 249 266 259
LVH-H 4 16 39 43 42 342 265 309 385 342
LV 4 5 2 7 5 −3 314 289 354 314
LVH-H 5 8 51 52 52 434 266 434 442 439

(4)
7363-3766

A2 Weakly sodic-potassic-altered granodiorite
pluton

Coarse-grained quartz-feldspar-biotite
pegmatite vein

VL-ID 3 13 10 13 12 −8 506 500 511 506
LVH-H 4 4 43 45 44 367 308 353 377 367
VL-ID 6 9 11 18 15 −11 436 375 498 436
LVH-H 5 7 39 44 41 338 286 312 367 338
LVH-H 5 11 41 49 46 381 307 336 411 381
VL-ID 4 11 8 18 14 −10 377 347 420 377

(2)
8424M-357

B1 Sodic-potassic-altered sediment without albite Quartz-pyrite-chalcopyrite-tennantite LVHS-H 1 16 58 −49 419 110 404 419
LVH-V 4 12 42 43 43 −50 351 394 381 408 394
VL-ID 5 16 3 10 6 −4 387 370 405 387
VL-ID 5 14 9 14 11 −23 −7 486 443 522 486
VL-ID 2 16 9 12 10 −7 403 394 412 403
LVH-H 3 11 42 43 43 −44 352 308 345 356 352

(3)
8440M-1236B

B1 Sodic-potassic-altered sediment Quartz (-pyrite) with albite envelope LVH-V 5 9 36 43 39 311 385 362 423 385
LV 2 5 0 0 0 0 206 206 206 206
VL-ID 3 17 1 5 3 −2 406 393 417 406
LVH-V 3 11 41 42 41 337 368 359 386 368

(6)
6338-1992

B1 Potassic-altered sediment Quartz-chalcopyrite LV 4 4 2 4 3 −2 254 252 261 254
LVH-V 2 12 36 36 36 −41 268 364 332 396 364
LVH-H 4 5 44 47 46 383 222 363 393 383
LVH-H 4 9 46 48 47 393 369 381 406 395
LVHS-H 5 15 56 61 59 −48 420 122 313 390 441 420

(7)
7381-2636

B1 Potassic-altered granodiorite pluton Quartz-biotite-pyrite-chalcopyrite LVHS-H 4 7 48 302 100 269 285 312 302
LVHS-V 2 11 50 50 50 326 106 349 341 357 349
LVHS-H 3 21 49 −49 319 100 291 309 327 319
LVHS-V 2 17 51 339 106 351 345 356 351
LV 3 9 1 5 3 −2 327 323 334 327

(8)
7389-2387

B1 Potassic-altered granodiorite sill Quartz-chalcopyrite-bornite LVH-H 3 5 44 52 48 406 212 371 443 406
LV 5 5 2 6 4 −2 272 178 309 272
LV 5 4 13 23 18 −15 248 221 276 248

(10)
7398M-237

B1 Quartz-illite-pyrite-altered sediment Quartz-pyrite (-chalcopyrite) LVH-H 1 10 43 −51 359 330 359
LVHS-H 1 10 52 −45 363 87 314 363
VL-ID 3 11 3 10 7 −5 410 401 416 410
VL-ID 3 6 8 13 11 −8 402 384 424 402
LV 3 4 14 23 18 −15 298 296 303 298
VL-ID 3 8 75 16 12 −9 406 396 417 406
LVH-H 2 7 40 45 43 354 302 328 381 354

(15)
11529-2480.9

B1 Weakly sodic-potassic-altered monzonite Quartz-anhydrite LV 4 4 8 11 10 −6 287 257 320 287
LV 7 5 9 11 10 −7 303 283 316 303
LVH-V 3 15 38 38 38 −26 297 317 315 321 317
LV ANH 4 8 4 5 4 −3 168 162 174 168

(16)
8401-3833

B1 Weakly sodic-potassic-altered granodiorite
pluton

Quartz-anhydrite-molybdenite vein LVH-H 6 7 41 48 45 −36 380 272 339 408 380
LV ANH 3 5 1 5 3 −2 147 128 169 147
LV ANH 4 6 2 6 4 −2 245 235 258 245
LV 5 7 5 7 6 −4 288 254 305 288
LVH-H 8 6 38 44 41 334 253 298 365 334
LV 4 6 7 11 9 −6 303 300 306 303

(continued on next page)
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Table 3 (continued)

Sample IDa Vein
type

Sample description Vein description Inclusion
typeb

Noc Average
length
(μm)

Salinity wt%
NaCl equivalent

Te Tm
(ice)

Tm
(halite)

Tm
(sylvite)

Th
(V-L)

Th
(L-V)

Homogenization
temperature °C

Min Max Ave Min Max Ave

(9)
8440M-1173

B1 Potassic-altered granodiorite sill Quartz-chalcopyrite-pyrite with biotite
envelope

LVHS-H 4 13 51 54 53 −52 370 113 261 347 404 370
LVHS-V 5 18 52 55 54 −48 366 117 375 363 388 375
LV 2 7 2 3 3 −2 234 231 237 234
LV-ID 2 7 20 −20 −17 498 462 535 498

(1)
7399M-286

M Sodic-potassic-altered diorite with strong
kaolinite overprint

Quartz-magnetite-ankerite LV 4 8 3 3 3 −2 337 327 356 337
LVH-V 4 7 37 38 37 −25 288 301 296 307 301
LV 3 9 1 3 2 −1 259 235 289 259

(12)
7392M-1107.5

B3 Weakly sodic-potassic-altered granodiorite
pluton, igneous plagioclase still present

Quartz vein with molybdenite selvage,
minor central calcite infill

LVH-H 2 11 43 43 43 −37 359 333 358 360 359
LVH-H 5 17 41 41 41 −36 334 323 330 338 334
VL-ID 2 16 4 −3 395 384 406 395
VL-ID 3 14 NM 402 394 417 402

(13)
7392M-1123

Quartz vein with molybdenite
selvage-central calcite (-chalcopyrite)
infill

LV 4 6 6 16 11 −8 291 241 314 291
VL-ID 3 9 8 22 17 −14 419 411 426 419
LVH-V 6 9 35 37 36 −38 270 281 278 286 281
LVH-V 3 11 37 37 37 −36 286 299 293 305 299
LV 2 8 NM 261 233 288 261

(14)
8418-3888

B3 Sodic-potassic-altered granodiorite pluton Quartz-molybdenite VL-ID 3 11 3 14 8 −6 451 410 525 451
LV 5 5 7 −5 339 319 349 339
LV 3 6 2 6 4 −2 254 249 258 254
LV 4 4 4 6 5 −3 316 302 325 316
LVH-V 5 9 35 37 36 −43 273 353 340 360 353
LVH-V 5 8 33 37 35 −35 248 353 343 372 353

(17)
11533-3457

AA Sericite-altered granodiorite pluton Euhedral quartz with late pyrite
(-chalcopyrite) infill

LV 6 6 3 8 5 −3 291 275 300 291
LV 1 7 3 −2 308 308
LVHS-H 2 13 48 51 49 333 92 246 326 340 333
LV-ID 3 10 20 23 21 −19 419 356 482 419
LVH-V 4 8 37 40 40 318 366 335 396 366

(18)
7360-1590

AA Sericite-altered granodiorite pluton Quartz (-pyrite-chalcopyrite) LVH-H 3 9 40 45 42 342 311 317 371 342
LV 4 10 1 2 2 −1 312 310 317 312
LVH-H 3 9 46 50 48 394 300 390 397 394

(19)
7378-3067

AA Sericite-rich granodiorite pluton in pyrophyllite
zone

Quartz (-chalcopyrite-pyrite) LV 8 7 1 9 4 −2 346 321 382 346
LVH-H 4 11 35 40 38 −32 299 249 262 319 299
LV 3 9 1 6 3 −2 323 320 327 323

(20)
8414-2632

AA Sericite-altered granodiorite pluton in the
brittle-ductile deformation zone

Quartz-pyrite (-chalcopyrite) breccia LVH-H 4 12 43 47 45 378 357 357 393 378
LV 6 8 0 2 1 −1 356 343 366 356
LVHS-V 1 18 46 −51 300 69 315 315
LV-ID 4 7 13 23 17 −14 370 293 491 370
LVH-H 3 13 37 43 42 346 264 287 392 346

(21)
8422-2919

AA Pyrophyllite-altered granodiorite pluton Quartz (-chalcopyrite-pyrite) LVHS-V 2 19 50 53 52 352 109 439 373 373 373
VL-ID 2 39 7 12 10 −24 −6 405 396 414 405
LVHS-H 2 13 50 52 51 −43 348 100 314 338 357 348
LVH-H 2 16 39 40 39 312 279 305 319 312
LVH-H 2 14 35 44 40 316 243 260 371 316

a Number in parentheses corresponds to numbers on Fig. 2.
b Fluid inclusion types (hosted by quartz unless otherwise stated): LV = liquid-vapor, LV ANH= liquid-vapor inclusions hosted by anhydrite, LVH-V= liquid-vapor-halite inclusions where homogenization is by vapor disappearance, LVH-H=

liquid-vapor-halite inclusions where homogenization is by halite dissolution, LVHS-V= liquid-vapor-halite-sylvite inclusions where homogenization is by vapor disappearance, LVHS-H= liquid-vapor-halite-sylvite inclusions where homogeniza-
tion is by halite dissolution, VL-ID = intermediate density inclusions that homogenize by liquid disappearance, LV-ID = intermediate density inclusions that homogenize by vapor disappearance.

c No = number of inclusions in assemblage, NM = not measured.
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The lower temperature LVH-V inclusions occur in veins that contain
carbonate or anhydrite. These inclusions locally contain an opaquemin-
eral. Homogenization temperatures range from 281 to 317 °C with sa-
linities between 36 and 38 wt% NaCl equivalent. Eutectic temperatures
are between −38 and −25 °C, suggesting limited involvement of
other cations in the fluids.

The majority of the brine inclusions analyzed by Tracy (2001) were
from samples located within the sodic-potassic and quartz-illite-pyrite
alteration domains. These liquid-vapor-halite inclusions homogenize
by vapor disappearance and are most likely equivalent to the higher
temperature population of LVH-V inclusions in this study. Tracy
(2001) reported homogenization temperatures between 332 and
518 °C and salinities between 36 and 46 wt% NaCl equivalent, which
overlap the data presented in this study.

3.5.3. Polyphase brine fluid inclusions
Polyphase brine inclusions (LVHS-V and LVHS-H) are hosted by Q3

quartz and found dominantly in B1 veins that are associatedwith potas-
sic alteration. They are aminor inclusion type in AA veins and rare to ab-
sent in veins hosted by sodic-potassic alteration. These liquid-vapor-
halite-sylvite inclusions contain numerous other daughter minerals
that include small clear transparent minerals, some with very high
white birefringence (possibly an iron chloride mineral), an orange
transparent phase (possibly rutile), hematite and other opaque min-
erals. The majority of the opaque minerals are triangular in shape and
consistent with chalcopyrite. Polyphase brine inclusions homogenize
by both vapor disappearance (LVHS-V) and halite dissolution (LVHS-
H), with assemblages which exhibit both behaviors commonly found
within a given sample. There is no difference in homogenization tem-
perature between the LVHS-V and LVHS-H inclusion types but the
LVHS-V inclusions are slightly lower in salinity by an average of 2 wt%
NaCl equivalent. The changing homogenization behavior is due to the
high KCl concentration of the fluids (15 to 18 wt% KCl) that is close to
themaximum that these fluids can dissolve. Sylvite dissolution temper-
atures range from 69 to 122 °C and are always lower than halite disso-
lution temperatures; estimated K/Na ratios range from 0.38 to 0.48
with an average of 0.40. For comparison, simple brine inclusions with-
out sylvite have a K/Na ratio of b0.2 (Roedder, 1984). Polyphase brine
inclusions have a range in homogenization temperature from 302 to
420 °C; salinities are between 46 and 59 wt% NaCl equivalent. Eutectic
temperatures are tightly clustered between −52 and −48 °C which
suggests that the fluids include a CaCl2 component.

3.5.4. Liquid-vapor fluid inclusions
Liquid-vapor inclusions occur in all samples in this study. In A1, B1,

M and B3 veins, but not in AA veins, liquid-vapor inclusions occurmost-
ly in Q1 and Q2 quartz and are typically aligned along linear trails. They
homogenize by vapor disappearance with homogenization tempera-
tures from 206 to 339 °C and have salinities from 0 to 18 wt% NaCl
equivalent.

Liquid-vapor inclusions hosted by anhydrite were measured in two
B1 veins. These inclusion assemblages have homogenization tempera-
tures between 147 and 245 °C and an average salinity of 4 wt% NaCl
equivalent. The liquid-vapor inclusions hosted by quartz in these veins
have significantly higher homogenization temperatures (average 297 °
C) and salinity (average 8.6 wt% NaCl equivalent). This is consistent
with textural relationships that show anhydrite occurs as infill around
quartz in these veins.

Liquid-vapor inclusions are the main inclusion type in the AA vein
samples. These inclusion assemblages are hosted along linear trails in
bothQ1 andQ2 quartz that is inherited fromolder hydrothermal events,
and also form clusters in younger Q3 quartz. The Q3 quartz identified in
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Fig. 7. Histograms of homogenization temperatures and salinity for all fluid inclusions analyzed.
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AA veins is accompanied by sulfide minerals, sericite and pyrophyllite
consistent with precipitation of this generation of quartz during the ad-
vanced argillic alteration event (Fig. 5C). The liquid-vapor fluid inclu-
sion population in AA veins has homogenization temperatures that
range from 291 to 356 °C and salinity that ranges from 1 to 5 wt%
NaCl equivalent. This fluid is the most likely to be related to the ad-
vanced argillic alteration and mineralization event. There are two sub-
populations in the temperature data, a higher temperature group
centered around 340 °C and a lower temperature group centered on
300 °C.
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3.6. Fluid inclusion pressure estimates

The homogenization temperature and salinity of two phase
aqueous fluid inclusion assemblages (such as VL-ID, LV-ID, and LV)
can be used to estimate the minimum pressure of fluid entrapment
(Bodnar et al., 1985; Bodnar and Vityk, 1994; Driesner and
Heinrich, 2007, Steele-MacInnis et al., 2012). A pressure correction
is required to estimate the actual trapping temperature (discussed
below). The highest temperature VL-ID inclusion assemblage (506 °
C) is estimated to have been trapped at a minimum pressure of
600 bars (Fig. 8; Driesner and Heinrich, 2007; Steele-MacInnis et
al., 2012).

A homogenous low salinity aqueous fluid that undergoes cooling
and depressurizationmay intersect its solvus forming immiscible saline
(LVH-V) and vapor-rich (VL) fluids. The homogenization temperature
and salinities of the two immiscible fluids correspond to a unique set
of temperature-pressure conditions that represent the trapping condi-
tions of the fluid (Roedder and Bodnar, 1980). Although the simple
brine inclusions (LVH-V) and coexisting vapor-rich inclusion assem-
blages identified in this study do not occur along the same inclusion
trails, it is interpreted that they are the product of fluid immiscibility
as both assemblages occur within the same quartz generation as identi-
fied by CL. Many studies have shown than brine and vapor fluid inclu-
sions in porphyry deposits are the product of fluid immiscibility (e.g.,
Roedder, 1971, 1984; Bodnar, 1995; Rusk et al., 2008; Landtwing et al.,
2010) and where these inclusion types cannot be confidently identified
on a single inclusion trail it is valid to use the highest temperature brine
assemblages to approximate the conditions during trapping (e.g.,
Hedenquist et al., 1998). The highest temperature brine inclusion as-
semblage measured in Type A, B and M veins (394 °C, 43 wt% NaCl
equivalent) would indicate an approximate pressure of entrapment of
170 bars (Fig. 8).
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Fig. 8. Phase diagram for the system NaCl-H2O (Driesner and Heinrich, 2007) showing all
brine assemblages that homogenize by vapor disappearance and intermediate-density
fluid inclusion assemblages that homogenize by vapor disappearance. Each point
represents the average data from one assemblage of inclusions. Critical curve, two-phase
surfaces and halite saturation curve (L + V + NaCl) from Driesner and Heinrich (2007).
Halite-sylvite saturation curve (L + V + NaCl + KCl) estimated using halite dissolution
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dissolution from this study. Two-phase surfaces have been extended from halite
saturation curves to equivalent temperature on halite-sylvite saturation curves (dashed
lines) based on pressure estimates from Sterner et al. (1988).
Brine inclusions that homogenize by halite dissolution (LVH-H), i.e.,
in the absence of vapor, suggest that the inclusions were either trapped
at high pressure in the single-phase field (Bodnar, 1994; Cline and
Bodnar, 1994), trapped a halite-saturated brine at very low pressure
(Eastoe, 1978; Cloke and Kesler, 1979; Wilson et al., 1980), or were
modified after entrapment by water loss (Sterner et al., 1988). In
these assemblages there is no obvious petrographic evidence for post-
entrapment modification and vapor disappearance temperatures are
constant; halite dissolution temperatures, however, can be constant or
variable. This behavior could be explained by either accidental trapping
of halite in a halite-saturated fluid (Lecumberri-Sanchez et al., 2015) or
trapping at high pressure (Becker et al., 2008). In general, these brines
occur in samples from the deepest part of the deposit but when a pres-
sure correction is applied (Becker et al., 2008; Steele-MacInnis et al.,
2012) many of the calculated pressures are unrealistically high with
values up to 4.6 kbars.

The assemblages of polyphase brine fluid inclusions (LVHS-V and
LVHS-H) are typically associated with at least a few intermediate-density
inclusions. Vapor-rich inclusions typically occur nearby but in different
planes to the polyphase brine inclusions (Fig. 6J); this suggests there
has been some separation of the two fluids during cooling and decom-
pression but, as for the simple brine inclusions discussed above, they are
interpreted to be the product of fluid immiscibility. In order to estimate
the pressure for polyphase brines they need to be modeled in the H2O-
NaCl-KCl system (Sterner et al., 1988) which has been projected onto
Fig. 8. An approximate pressure of formation of 100 bars is estimated
for the highest temperature assemblages (Steele-MacInnis et al., 2012).

Minimum pressure estimates based on maximum homogeniza-
tion temperatures and salinities for liquid-vapor (LV) inclusions
related to advanced argillic alteration are 180 bars.

3.7. Summary of fluid types identified in the Pebble deposit

Table 4 summarizes the fluid inclusion data and relates the data to the
evolution of quartz veins in the deposit. The highest temperature inter-
mediate-density fluid (VL-ID) is associated with the oldest Q1 quartz in
the mostly early and deepest A1, A2, B1 and B3 veins which are hosted
by early, weak, sodic-potassic alteration. Intermediate-density inclusions
of slightly lower temperature are commonly associatedwith LVH-H inclu-
sions in Q1 and Q2 quartz in these same veins. LVH-V inclusions and
coexisting vapor inclusions occur in younger B1 and M veins, as well as
some B3 veins, when hosted by sodic-potassic alteration.

The more complex brines represented by LVHS-H and LVHS-V in-
clusions occur in Q3 quartz associated with sulfide minerals in B1
veins hosted by potassic alteration, where they also coexist with
vapor-rich inclusions. The association between LVHS inclusion as-
semblages and Q3 quartz which is synchronous with much of the
chalcopyrite precipitation (Fig. 5A and B) suggests these inclusion
assemblages represent the fluid most closely related to the majority
of metal precipitation.

Lower temperature, secondary LV inclusions occur in all vein
types and are likely related to illite ± kaolinite alteration. Fluid in-
clusion relationships in veins related to advanced argillic alteration
are more complex. Here some inclusions, particularly LV-ID and
LVH-H inclusions in Q1 and Q2 quartz, are considered relicts of
fluids related to early alteration; this is consistent with the model
presented in Lang et al. (2013). The fluids more likely to be related
to the advanced argillic alteration and mineralization are the abun-
dant LV inclusions in Q3 quartz that hosts sulfide, sericite and
pyrophyllite.

4. Stable isotope study

Stable isotope data were obtained for hydrothermal minerals in 46
samples from all alteration zones in the deposit (Table 1, Fig. 2). The
aim of this work is to characterize the sources of fluids which formed
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the Pebble deposit. The isotopic results are discussed for each alteration
zone below.

4.1. Sample selection and analytical methods

The δ18O and δD compositions were determined for 33 mineral
separates that include biotite, chlorite, illite, sericite, pyrophyllite
and kaolinite. The δ18O values were determined for 18 mineral sepa-
rates that include quartz, K-feldspar, albite, magnetite, ankerite, and
anhydrite. Samples used for mineral separates were analyzed by a
SEM with mineral mapping capabilities (Gregory et al., 2013) and
the maps were used to identify areas of the target mineral which
was then separated using a microdrill. The purity of the mineral sep-
arates was confirmed using short-wave infrared analysis and XRD on
the same aliquot as used for stable isotope analysis. All isotope re-
sults are given in Table 5.

All isotope analyses were run at GNS Science, Gracefield, New
Zealand. Isotopic ratios are reported relative to VSMOW. Oxygen iso-
topic ratios in silicate and magnetite separates were measured using
a CO2 laser-based fluorination line (BrF5 reagent). Samples were
heated overnight to 150 °C prior to loading into the vacuum extrac-
tion line. Oxygen isotopic ratios in carbonate separates were ana-
lyzed on a GVI IsoPrime Carbonate Preparation System at a reaction
temperature of 60 °C and run via dual inlet on the IsoPrime spec-
trometer. The precision on all δ18O values is 0.15‰. Deuterium isoto-
pic ratios in hydrosilicate separates were measured as H2 gas after
samples were pyrolyzed at 1450 °C in silver capsules. Deuterium
was analyzed on a HEKAtech high-temperature elemental analyzer
coupled with a GV Instruments IsoPrime mass spectrometer. The
precision on the δD data is 1.5‰.

4.2. Temperature estimates for isotope equilibrium calculations of
hydrothermal fluid composition

The isotopic composition of fluid in equilibrium with the different
analyzed minerals is calculated using the fractionation equations in
Table 2 and the temperatures estimated using fluid inclusion
microthermometry (Table 4) and mineral stability data. The calculated
fluid compositions are shown in Table 5 and presented graphically in
Fig. 9.

Sodic-potassic and potassic alteration are high temperature assem-
blages that likely formed over a range of temperatures starting with
wall rock reactions with the initial single-phase hydrothermal fluid at
N600 °C and continuing via reaction with brine and vapor fluid types
as cooling and depressurization occurs down to temperatures of 350 °
C (Eastoe, 1978; Khashgerel et al., 2006; Seedorff et al., 2005; Sillitoe,
2010). Using the approach of Hedenquist et al. (1998), the maximum
temperature of brine inclusion assemblages in each zone is used for sta-
ble isotope calculations; 400 °C for sodic-potassic alteration minerals
and 375 °C for potassic alteration minerals. Temperatures of 300 °C
and 190 °C are used for calcite and anhydrite, respectively, based on
fluid inclusion data directly related to these minerals.

Illite has a stability range of 250 to 300 °C and kaolinite is stable at
temperatures b280 °C (Seedorff et al., 2005). Chlorite has a similar tem-
perature range of 200 to 300 °C (Khashgerel et al., 2006). Aqueous fluid
inclusion assemblages found throughout the deposit that have a temper-
ature range of ~200 to 340 °C with the majority clustering around 280 °C
are likely related to this low temperature alteration. Therefore, 280 °C is
estimated as the temperature for all samples of illite, kaolinite and chlorite
as well as one sample of sericite from the edge of the deposit.

Sericite and pyrophyllite from the advanced argillic alteration zone
are stable across a similar temperature range of 280 to 360 °C based
on minerals stability data (Hemley et al., 1980; Watanabe and
Hedenquist, 2001; Seedorff et al., 2005). Fluid inclusion data presented
here suggest fluids associated with advanced argillic alteration range
from ~290 to 360 °C. As the fluid inclusion data is bimodal with peaks



Table 5
Stable isotope data.

Sample
number

Sample location Mineral
Temperaturea

(°C)

Measured Fluid compositionb

δ18O mineral (‰ VSMOW) δDmineral (‰ VSMOW) δ18O fluid (‰ VSMOW) δD fluid (‰ VSMOW)

Sodic-potassic alteration
6338-3100 Sodic-potassic zone Biotite 400 4.7 −124 6.8 −74
6338-3800 Biotite 7.2 −115 9.3 −65
11527-479.7 Biotite 6.9 −96 9.0 −46
11527-2668.2 Biotite 4.1 −115 6.2 −65
8412-4594 K-feldspar −6.4 −9.2
11529-2338.5 K-feldspar 9.2 6.4
11527-1601 Albite 10.5 7.1
11531-1272.5 Magnetite 5.3 12.2
7399M-286 Magnetite 1.9 9.8
8427M-812.5 Magnetite 0.2 8.1
8431M-358 Magnetite 3.0 10.9
8432M-134 Magnetite 2.2 10.1
7392M-1107.5 Quartz 11.1 6.0
8426M-714 Quartz 9.9 4.8
11531-1272.5 Quartz 10.9 5.8
7397M-451 Ankerite 15.3 10.8
7399M-286 Ankerite 17.4 12.9
8439M-561 Ankerite 14.1 9.6
7392M-1107.5 Calcite 300 7.5 −0.1
8426M-714 Calcite 5.8 −1.7
11529-2244 Anhydrite 190 9.0 −1.2
11529-2481 Anhydrite 8.9 −1.3

Potassic alteration
8401-3077 Potassic zone Biotite 375 0.0 −115 1.9 −61
7366-2723 Biotite 0.5 −116 2.4 −63
7366-3310 Biotite −3.5 −125 −1.6 −71
7367-3253 Biotite −2.7 −119 −0.8 −66

Quartz-illite-pyrite and quartz-sericite-pyrite alteration
8430-461 Quartz-sericite-pyrite

zone
Sericite 280 8.2 −92 4.1 −67

7395M-490 Quartz-illite-pyrite
zone

Illite 6.8 −101 2.7 −76
7395M-371 Illite 7.1 −92 3.0 −67
4231-155 Illite 7.4 −97 3.3 −72

Illite ± kaolinite alteration
11529-2338.5 Sodic-potassic zone Illite 280 6.2 −96 2.1 −71
8430-4107 Illite 7.4 −100 3.3 −75
11531-1412.5 Illite 8.4 −93 4.3 −68
7385-2854 Potassic zone Illite −5.0 −126 −9.1 −101
7379-2387 Illite −4.6 −126 −8.7 −101
7360-3357 Illite −0.7 −122 −4.8 −97
6354-3110 Quartz-sericite-pyrite

zone
Illite −2.8 −115 −6.9 −90

6354-3068 Illite −2.0 −117 −6.1 −92
11527-890 Sodic-potassic zone Kaolinite 7.2 −106 4.9 −91
7375-3497 Chlorite −6.6 −126 −7.1 −87

Advanced argillic alteration
7374-1936 Advanced argillic

alteration zone
Sericite 340 9.1 −133 6.5 −108

7374-2075 Sericite 7.2 −130 4.6 −105
7386-2552 Sericite 8.6 −127 6.0 −102
7387-3606 Sericite −6.3 −135 −8.9 −110
7387-3035 Sericite-illite −4.1 −131 −6.7 −106
8415-3216 Pyrophyllite 300 1.2 −121 −3.7 −96
8412-3968 Pyrophyllite 0.5 −121 −4.4 −96
8412-4009 Pyrophyllite 1.0 −124 −3.9 −99
7378-2954 Pyrophyllite 4.3 −135 −0.6 −110
8422-2919 Pyrophyllite 2.0 −133 −2.9 −108
7381-2073 Pyrophyllite −0.6 −134 −5.5 −109

a See text for explanation of temperatures used.
b Fluid composition in equilibrium with mineral calculated using isotope fractionation equations listed in Table A2.
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at 340 and 300 °C and as pyrophyllite is paragenetically later than
sericite, temperatures of 340 and 300 °C are estimated for sericite and
pyrophyllite, respectively.

4.3. Sodic-potassic alteration

Isotopic compositions were determined for biotite, albite, K-feld-
spar, ankerite, magnetite, quartz and anhydrite from samples with
sodic-potassic alteration. The measured isotopic compositions for
biotite from EB veins and wall rock alteration range from +4.1 to
+7.2 per mil δ18O and−124 to−96 permil δD. Using a temperature
of 400 °C, the calculated δ18O and δD composition of water in equilib-
riumwith the biotite ranges from+6.2 to +9.3 and−74 to−46 per
mil, respectively. The measured δ18O values for albite and K-feldspar
separates (excluding one outlier) range from +9.2 to +10.5 per mil
corresponding to calculated δ18O values in the fluid of +6.4 to +7.1
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per mil which overlaps with the range of values found for biotite.
These results plot in the primary magmatic water field of Taylor
(1974) suggesting that magmatic fluids are related to sodic-potassic
alteration (Fig. 9). The measured δ18O values for ankerite separates
range from +14.1 to +17.4 per mil δ18O and magnetite separates
range from +0.2 to +5.3 per mil corresponding to calculated δ18O
values in the fluid of +8.1 to +12.9 per mil. These results overlap
with the top of the range of values found for biotite and extend to
values heavier than primary magmatic water (Fig. 9).

The measured δ18O values for quartz from B1, M and B3 veins range
from+9.9 to +11.1 per mil corresponding to calculated δ18O values in
the fluid of +4.8 to +6.0 per mil, which are slightly lower than the re-
sults for biotite and feldspar and plot just slightly to the left of the pri-
mary magmatic water field (Fig. 9). Two samples of calcite were
analyzed from deep B1 and B3 veins. The fluid in equilibrium with the
calcite assuming a temperature of 300 °C has an δ18O signature of
−1.7 to−0.1 per mil, intermediate between magmatic water and me-
teoricwater compositions (Fig. 9). Two anhydrite samples fromdeep B1
veins were analyzed for δ18O. Using a temperature of 190 °C, the δ18O
value for a fluid in equilibrium with anhydrite ranges from −1.3 to
−1.2 consistent with fluids that are a mixture between meteoric and
magmatic fluids (Fig. 9).
4.4. Potassic alteration

Biotite from B1 veins and wall rock alteration in the potassic
alteration zone has a measured isotopic composition that ranges
from −3.5 to +0.5 per mil δ18O and −125 to −115 per mil δD.
A fluid in equilibrium with this biotite has a composition of −1.6
to +2.4 per mil δ18O and −71 to −61 per mil δD using a tempera-
ture of 375 °C. This fluid has the same δD signature as the sodic-po-
tassic alteration zone fluids, however, the δ18O values are shifted to
lighter values and therefore the potassic alteration fluids plot to the
left of the primary magmatic water field (Fig. 9). This is similar to
the trend seen in quartz from veins in the sodic-potassic alteration
zone.
4.5. Quartz-illite-pyrite/quartz-sericite-pyrite and illite ± kaolinite
alteration

Eleven samples of illite from a variety of alteration zones including
the sodic-potassic, potassic, quartz-illite-pyrite and quartz-sericite-py-
rite zoneswere analyzed. Themeasured isotopic values fall into two dis-
tinct groups. The first group contains illite that overprints the potassic
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and quartz-sericite-pyrite alteration zones and has a range in mea-
sured isotopic values from −5.0 to −0.7 per mil and −126 to
−115 per mil δ18O and δD, respectively. A fluid in equilibrium with
illite of this composition has isotopic values of −9.1 to −4.8 per
mil δ18O and −101 to −90 per mil δD, using a temperature
of 280 °C. These fluids plot on a mixing line between primary
magmatic waters and meteoric waters (Fig. 9). The data plot close
to the meteoric values suggesting these waters make up a major
component of the fluids responsible for illite alteration (Fig. 9). The
fluid compositions trend towards values on the meteoric water line
that are the same as present day values measured from streams
and seeps in the deposit area that average − 14.8 per mil δ18O
and −111 per mil δD (L. Monk, personal communication, 2011).
Therefore, the meteoric water composition at the time of mineraliza-
tion is assumed to be close to present day values. This is plausible be-
cause the deposit area has not significantly changed in terms of
latitude since its formation based on paleomagnetic data (Goldfarb
et al., 2013). Other Cretaceous deposits in Alaska have similar light
δ18O and δD values inferred for meteoric water compositions, e.g.,
Donlin Creek (Goldfarb et al., 2004).

The second group of samples includes illite that overprints sodic-
potassic alteration and illite from the quartz-illite-pyrite alteration
zone. These samples have measured isotopic values that range from
+6.2 to +8.4 per mil δ18O and −101 to −92 per mil δD. The calcu-
lated fluid composition at 280 °C has a δ18O signature of +2.1
to +4.3 per mil and a δD signature of −76 to −67 per mil. This
fluid plots to the left of the primary magmatic water field, and
suggests that these fluids have a very significant magmatic compo-
nent (Fig. 9).

One sample of kaolinite was analyzed from the sodic-potassic zone.
It returned +7.2 per mil δ18O and −106 per mil δD, consistent with a
fluid composition of +4.9 per mil δ18O and −91 per mil δD at 280 °C,
the same fluid oxygen composition as the illite samples from the
sodic-potassic alteration zone but significantly lighter deuterium
(Fig. 9). One sample of sericite from the quartz-sericite-pyrite alteration
returned +8.2 per mil δ18O and −92 per mil δD and, assuming the
same 280 °C temperature used for quartz-illite-pyrite alteration, gives
a fluid composition of +4.1 per mil δ18O and −67 per mil δD. This
fluid composition overlaps the second group of illites which have the
strong magmatic signature (Fig. 9).

One chlorite sample was analyzed and has measured isotopic
values of −6.6 per mil δ18O and −126 per mil δD. Assuming a
temperature of 280 °C, the calculated fluid composition is −7.1 per
mil δ18O and −87 per mil δD. This fluid composition overlaps with
the low-temperature illite samples suggesting that chlorite alter-
ation is also a result of fluids with a large component of meteoric
water (Fig. 9). Chlorite could be part of the sodic-potassic alteration
assemblage so a temperature of 400 °C may be more applicable, but
even at this temperature the chlorite sample still overlaps with the
low-temperature illite samples.
4.6. Advanced argillic alteration

Oxygen and deuterium isotopes were analyzed in six samples of
pyrophyllite and five samples of sericite from the area affected by the
advanced argillic alteration overprint. The measured isotopic values
range from −6.3 to +9.1 per mil δ18O and −135 to −121 per mil δD.
Using a temperature of 340 °C for sericite and 300 °C for pyrophyllite,
the isotopic composition of the fluids in equilibriumwith the advanced
argillic alteration falls into two groups. The three sericite samples that
represent the core of the sericite alteration zone are in equilibrium
with a fluid composition of +4.6 to +6.5 per mil δ18O and −108 to
−102 δD. This fluid overlaps with magmatic fluid compositions in
terms of oxygen and is significantly below the primary magmatic
water field in terms of deuterium (Fig. 9).
The pyrophyllite samples, alongwith one sample of sericite from the
pyrophyllite zone and another that is transitional to illite alteration,
are in equilibrium with a slightly different fluid composition with a
range of values from −8.9 to −0.6 per mil δ18O and −110 to −96
per mil δD. This fluid has the same deuterium signature as the sericite
alteration fluids but lower oxygen isotopic values that are shifter
towards the Pebble meteoric water composition suggesting mixing
between the fluids that produced the sericite alteration and meteoric
water (Fig. 9).

5. Discussion

The fluid inclusion and stable isotope data are combined with
geological relationships to reconstruct the hydrothermal evolution of
the Pebble porphyry deposit. The following discussion considers the
conditions of deposit formation to better understand the processes
that produced deposit scale variations in hydrothermal alteration and
mineralization at Pebble.

5.1. Evolving pressure conditions and phase separation

Intermediate-density fluid inclusions have been identified in nu-
merous porphyry Cu ± Au ± Mo deposits including Butte, Montana
(Rusk et al., 2008), Bingham Canyon, Utah (Landtwing et al., 2010)
and many others (Audétat et al., 2008). These intermediate-density
fluids have been interpreted to represent a single-phase aqueous mag-
matic parent fluid that exsolved from fractionating magma,
transporting the metals and sulfur necessary to form porphyry style
mineralization. The intermediate-density fluid inclusions (VL-ID) at
Pebble are similarly interpreted to represent the parental fluid that
exsolved from magma at depth.

The pressure of emplacement of the Kaskanak Batholith has been es-
timated using Al-in-amphibole geobarometry (Olson, 2015). That study
found that the equigranular granodiorite below the east zone of the
Pebble deposit represents a paleodepth of 3.8 km, which suggests
pressure conditions of ~1 kbar under lithostatic conditions. Pressures
estimate using the Al-in-amphibole geobarometer are ±0.6 kbars
(Anderson and Smith, 1995), however, in this case the errors are
estimated to be less. The minimum pressure of 600 bars for intermedi-
ate-density fluid inclusions presented herein was estimated from
samples at approximately the same paleodepth as the sample used for
geobarometry. A maximum pressure can be estimated for the interme-
diate-density fluid based on the highest probable temperature of exso-
lution from the intrusive source of 700 °C. This maximum pressure
would be 1.4 kbars. So errors on the geobarometry of ±0.4 kbars are
more likely and translate to a depth error of ±1.5 km. As the majority
of porphyry deposits occur at depths b4 km (Sillitoe, 2010), a depth of
~3.8 km at the base of the deposit is reasonable. Based on this depth, a
pressure correction of ~100 °C to the homogenization temperatures of
the intermediate-density fluid inclusions (Steele-MacInnis et al., 2012)
indicates trapping temperatures of the parental fluid between ~480
and 610 °C.

The presence of both brine-rich and vapor-rich fluid inclusions in
almost all quartz veins analyzed suggests that the parental fluid
underwent phase separation during cooling and ascent. Phase
separation resulted in high-salinity simple brines (LVH-V 35–
43 wt% NaCl equivalent) and very high-salinity polyphase brines
(LVHS-V 46–59 wt% NaCl equivalent) that occur dominantly in
quartz veins hosted by sodic-potassic and potassic alteration, respec-
tively (Table 4). The different salinity characteristics suggest phase
separation has taken place under different temperature and pressure
conditions across the deposit. Pressure estimates for brines in quartz
veins hosted by sodic-potassic alteration are 170 bars compared
with 100 bars for brines in quartz veins hosted by potassic alteration.
The samples from the two alteration zones represent similar
paleodepths in the deposit so the differences more likely reflect
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differing pressure regimes as a function of proximity to the fluid
source (discussed below). Other salt systems such as H2O-CaCl2
and H2O-MgCl2 plot at much lower pressures for the same tempera-
ture and salinity when compared to the H2O-NaCl and H2O-KCl
systems (Liebscher, 2007). Therefore, addition of other salts as
suggested by first melting temps in both LVH-V and LVHS inclusions
means pressure estimates could be underestimated by 100 bars at
350 to 400 °C (Liebscher, 2007; Landtwing et al., 2010); however,
the relative pressure difference between the two fluid types should
still be realistic (Landtwing et al., 2010).

Advanced argillic alteration overprints potassic alteration in the east
part of the deposit. The minimum pressure estimate for hydrothermal
fluids interpreted to be associated with advanced argillic alteration is
180 bars. It is difficult to estimate the pressure conditions under
which these fluids were trapped, however, the minimum and trapping
pressuresmay not have been significantly different given the consisten-
cy between temperatures suggested by mineral stabilities and the fluid
inclusion data. Therefore, no pressure correction is applied to the ad-
vanced argillic fluids.
5.2. Magmatic-hydrothermal fluid evolution

5.2.1. High-temperature alteration and mineralization
At Pebble the initial high-temperature parental fluid cooled from

over 600 °C and decompressed from approximately 1 kbar to
b200 bars, which resulted in phase separation. The resulting saline
brines and low-density vapor interacted with the surrounding country
rocks to form sodic-potassic and potassic alteration and associated Cu-
Au-Mo mineralization (Fig. 10A).

Stable isotope data from hydrothermal minerals implicate a
magmatic fluid source for both sodic-potassic and potassic alteration
assemblages. As the alteration progressed from sodic-potassic to
potassic assemblages the δ18O signature of the hydrothermal fluids
evolved to lighter compositions. Mixing with meteoric waters is
considered unlikely because the shift is not towards the δD values
of −111 per mil, the meteoric water composition inferred for the
time of mineralization (Fig. 9). This shift more plausibly reflects
increased fluid-wall rock interaction (Taylor, 1974; Harris et al.,
2005), quite possibly due to precipitation of isotopically-heavy
quartz during hydrothermal alteration (e.g., Zheng, 1993a). A similar
interpretation was invoked by Harris et al. (2005) at the Bajo de la
Alumbrera Cu-Au porphyry deposit to explain a comparable trend
towards lighter δ18O fluid compositions which could not be attribut-
ed to mixing with meteoric water.

Increasing fluid-wall rock interaction as the hydrothermal system
evolved is also suggested by the δ18O signature of fluids that are
enriched relative to magmatic water and which precipitated magnetite
and ankerite. Themagnetite and ankerite are fromM and C veinswhich
cut diorite and flysch affected by sodic-potassic alteration. The data sug-
gest that the fluid has interacted with the diorite and has evolved to
higher δ18O compositions through isotopic exchange with the wall
rocks. This is consistent with the intimate spatial association of M
veins with the diorite, which has been interpreted to reflect availability
of iron from the wall rock.

The deeper parts of the east zone are characterized by sodic-potassic
alteration that also has a calcic component represented by epidote and
calcite accompanied by hematite and chlorite. Stable isotope data
from chlorite, however, indicates that the calcic component of the alter-
ation is a result of fluids with a large component of meteoric water.
Other isotope data for samples in this area are consistentwithmagmatic
fluids forming the sodic-potassic component of the alteration. There-
fore, the calcic component of sodic-potassic alteration may be an over-
print, more akin to propylitic alteration, by low-temperature fluids
with a significant meteoric water content upon early sodic-potassic al-
teration which formed from magmatic fluids.
In porphyry deposits some vein types can form across different
hydrothermal alteration events (Seedorff et al., 2005), although
most studies have found that early quartz veins such as type A and
B veins are mainly formed during potassic alteration (Seedorff et
al., 2005; Sillitoe, 2010). In the case of Pebble where there are both
high temperature sodic-potassic and potassic alteration rather than
the more typical potassic only alteration the data suggest that the
type A and B veins formed throughout both alteration events.
Based on fluid inclusion evidence, these quartz veins were precipi-
tating starting at 600 °C, based on the highest temperature parental
fluid, down to 375 °C, the highest temperature before quartz starts
to dissolve due to its retrograde solubility (Fournier, 1985). A tem-
perature of 375 °C is also that found for very high-salinity polyphase
brines that occur in quartz spatially associated with themain stage of
sulfide precipitation that occurs within the space created by quartz
dissolution. Therefore, it could be interpreted that these very high-
salinity brines and their associated low-density vapors are directly
related to the main stage of mineralization in the deposit. These
brine inclusions are only found in quartz veins that occur within
the potassic alteration zone. Although simple brine inclusions have
a very similar temperature range as the polyphase brines, they
occur in quartz that has no spatial association with significant sulfide
precipitation, and most typically, in quartz veins that are hosted by
weakly mineralized sodic-potassic alteration.

Sulfide mineralization at Pebble precipitated late in the parageneses
of early vein types, as is typically the case in porphyry deposits (e.g.,
Redmond et al., 2004; Rusk et al., 2008). Based on fluid inclusion data
and quartz solubility temperatures, mineralization at Pebble formed be-
tween 375 and 330 °C. The occurrence of gold as inclusions within hy-
drothermal K-feldspar supports an interpretation that potassic
alteration was continuing throughout the window of sulfide precipita-
tion and also explains the strong spatial association between zones of
intense potassic alteration and higher grade Cu-Au mineralization.

Vein density varies across the deposit (Lang and Gregory, 2012).
Higher vein densities occur in the east of the deposit compared with
the west. Higher vein densities imply higher fracture permeability
resulting in lower fluid pressures and higher fluid:rock ratios. Under
these conditions higher salinity brines formed in the eastern part of
the deposit relative to the west. The eastern part of the deposit is
interpreted to be the strongest hydrothermal center in the system
where very high vein density, potassic alteration, thehighest grademin-
eralization, the area affected by brittle-ductile deformation and the larg-
est of the granodiorite intrusions generally coincide. The sodic-potassic
alteration in the west, in contrast, was a region of lower permeability
with lower vein densities lateral to the eastern hydrothermal center
where local conditions contributed to generally higher pressures and
resulted in the formation of lower salinity brines.

The different salinity and density characteristics of the brine and
vapor phases and the variations in fluid:rock ratios on each side of the
deposit has likely influenced the hydrothermal alteration mineral as-
semblage and efficiency of metal precipitation across the deposit.
Higher fluid:rock ratios would enhance metal precipitation in the east.

5.2.2. Low-temperature clay alteration
The stable isotope data indicate that magmatic fluids were impor-

tant during lower temperature alteration events. The salinity of 6 wt%
NaCl equivalent in thefluids related to illite alteration ismost consistent
with a magmatic vapor phase or intermediate-density parental-type
fluid rather than a magmatic brine. Based on this interpretation there
are two possible scenarios for the fluid evolution following the potassic
and sodic-potassic alteration. The first is that the vapor phases that
formed during the high temperature alteration stage continued to
move upwards and outwards, cooling slightly and contracting to form
an acidic low-salinity aqueous fluid. The less likely second option is
that a new fluid pulse was released by magma at depth and evolved
to the composition preserved by illite alteration due to cooling above
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the two phase field therefore retaining its low salinity composition (Fig.
10B).

This fluid formed the large quartz-sericite-pyrite alteration halo
around and above the potassic and sodic-potassic core of the system
(Fig. 10B). With continued cooling these same fluids formed the il-
lite ± kaolinite alteration that overprints sodic-potassic alteration
and added illite to form the hybrid quartz-illite-pyrite alteration.
To achieve the fluid compositions responsible for the low-tempera-
ture illite alteration that overprints the potassic and adjacent
quartz-sericite-pyrite alteration, the fluid mixed with meteoric wa-
ters (Fig. 10B). Similar meteoric-rich fluid compositions were
found to be responsible for illite-rich alteration at Bajo de la
Alumbrera (Ulrich et al., 2002; Harris et al., 2005). Like the transition
from sodic-potassic to potassic alteration, the degree of meteoric
input is also a function of variable permeability across the deposit
with a much larger meteoric signature associated with the higher
permeability potassic core of the hydrothermal system. Only a limit-
ed amount of meteoric water was able to mix with the fluids in the
less permeable sodic-potassic region.
5.2.3. Advanced argillic alteration and mineralization
Stable isotope data clearly distinguish the magmatic fluid responsi-

ble for advanced argillic alteration and mineralization from the mag-
matic fluid responsible for earlier sodic-potassic and potassic
alteration and mineralization (Fig. 9). Low δD values for the advanced
argillic alteration are best interpreted to be the result of magmatic
degassing from deeper levels of the crystallizing magma chamber
(Taylor, 1986), as suggested for a similar overprint documented at Oly
Tolgoi (Khashgerel et al., 2009). A second potential source for this
fluid is condensed magmatic volatiles as a result of the previously
formed vapor phase re-entering the one phase field on isobaric cooling.
Such a fluid is commonly interpreted to form advanced argillic alter-
ation assemblages (e.g., Hedenquist et al., 1998) but in this case can
be excluded as it would have a much heavier δD signature based on
the isotopic compositions of the earlier fluid pulse. A third potential
source of the advanced argillic fluids ismixing between low δDmeteoric
fluids and a fluid with the composition of the earlier magmatic fluid
pulse. This is also unlikely as such a fluid would have a lighter δ18O sig-
nature correlating with the lower δD values and the fluids identified
here as related to sericite-rich alteration have strongly magmatic δ18O
values (Fig. 9).

The single-phase aqueous fluids that dominate the AA veins most
likely represent a magmatic fluid that cooled above the two phase
field (Heinrich et al., 2004; Williams-Jones and Heinrich, 2005). The
fluid associated with the early high temperature alteration and the
fluid associated with advanced argillic alteration could either have em-
anated from a single cooling and crystallizing magmatic source, or re-
flect fluid egress from two discrete magmatic sources. As the fluid
cools below ~400 °C, disproportionation of SO2 to form H2S and H2SO4

increases its acidity (Burnham, 1979). The wall rocks would have a
lack of pH buffering capacity due to previous illite alteration of feldspar,
therefore, fluids would quickly evolve to the more acidic compositions
required for sericite and pyrophyllite-rich alteration. Asmagmaticfluids
cool from above 350 °C to below 300 °C and the pH decreases from 4 to
2, the resultant mineral assemblage will change from sericite-stable to
pyrophyllite-stabile (Hemley and Hunt, 1992; Hedenquist et al.,
1998). This process would explain the relationships seen in the Pebble
deposit whereby hot hydrothermal fluids formed a zone of sericite-
rich alteration and as this fluid cooled and becamemore spatial restrict-
ed to nearer the fluid conduit, pyrophyllite overprinted the sericite
(Fig. 10C). The transition to pyrophyllite-rich assemblages occurred
due to cooling aswell asmixingwithmeteoric water. Higher sulfidation
assemblages were stabilized in the sericite-rich assemblage, and as the
fluid cooled and evolved into the pyrophyllite stability field, intermedi-
ate sulfidation assemblages became stable, most likely due to a decrease
in the oxygen fugacity of the fluid as a result of continued wall rock in-
teractions (Lang and Gregory, 2012).

Overall the overprinting of advanced argillic alteration onto earlier
potassic alteration can be explained by isotherm retraction whereby
the heat flux from the intrusive source decreases with time resulting
in a downward progression of the isotherms (Shinohara and
Hedenquist, 1997; Heinrich et al., 2004). Therefore, the original region
of high temperature potassic alteration is overprinted by a region of
lower temperatures where sericite and pyrophyllite are stable as the
system evolves through time (Fig. 10).
6. Conclusions

Fluid inclusion and stable isotope data from the Pebble porphyry Cu-
Au-Mo deposit provide constraints on the magmatic-hydrothermal
evolution of this giant deposit. A single-phase magmatic fluid exsolved
from amagma at depth and is recorded in fluid inclusionswith trapping
temperatures up to 610 °C and pressures of ~1 kilobar at the base of the
deposit. This parental fluid underwent phase separation under two dif-
ferent sets of pressure-temperature conditions that occur lateral to each
other. In the eastern core of the deposit, higher vein density implies
higher permeability and fluid:rock ratios, and therefore fluids were
under relatively lower pressure conditions. This resulted in phase sepa-
ration of the fluid to form a very high-salinity brine and a very low-den-
sity vapor. Metal precipitation from these fluids resulted in the most
economically significantmineralization in the deposit which is associat-
ed with potassic alteration assemblages. Lateral to the potassic alter-
ation, lower vein density and fluid:rock ratios resulted from lower
permeability conditions and therefore higher pressure fluid conditions.
Phase separation under these conditions formed relatively lower-salin-
ity brines and low-density vapor. Metal precipitation from these fluids
formed lower grademineralization associatedwith sodic-potassic alter-
ation assemblages.Mineralization occurred late in the alteration process
at temperatures between 375 and 330 °C.

Following high-temperature alteration and mineralization, the
vapor phase moved upward and outward, cooled, contracted and
formed the unmineralized quartz-sericite-pyrite alteration halo that
surrounds, and probably also occurred above, the deposit. With further
cooling this fluid formed the extensive low-temperature illite ± kaolin-
ite alteration overprint. Meteoric water was also drawn into the system
at this point with meteoric signatures prominent in the fluids forming
illite in the core of the system.

A second pulse of magmatic fluid followed low-temperature illite-
rich alteration and formed a well-mineralized advanced argillic alter-
ation assemblage. This magmatic fluid was also most likely a single-
phase fluid whose flow was influenced by the brittle-ductile structure
in the hydrothermal core of the system. This fluid did not undergo
phase separation but contracted to a low-density, single-phase aqueous
fluid which interacted with wall rock previously affected by potassic
and illite alteration. Outside the main structure, the interaction of
these fluids with wall rock resulted in sericite-rich alteration. Within
the structure there was a significant influx of meteoric water resulting
in pyrophyllite-rich alteration. The additional magmatic fluid pulse re-
sponsible for advanced argillic alteration and mineralization at Pebble
is what makes this deposit a world class orebody.
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Appendix A
Table A1
Samples used for stable isotope analysis.

Alteration zone Sample ID No.a Sample description Minerals for
stable isotope
analysis

Sodic-potassic 6338-3100 22 Sodic-potassic-altered granodiorite pluton, hydrothermal biotite replacement of igneous hornblende
phenocrysts

Biotite

6338-3800 23 Sodic-potassic-altered granodiorite pluton, hydrothermal biotite replacement of igneous hornblende
phenocrysts

Biotite

7375-3497 24 Quartz-chlorite B2 vein cutting sodic-potassic altered granodiorite pluton Chlorite
7392M-1107.5 12 Quartz-molybdenite-calcite B3 vein cutting weakly sodic-potassic-altered granodiorite pluton, sample

also used for fluid inclusion work
Quartz, calcite

7397M-451 25 Ankerite-pyrite-chalcopyrite-quartz C vein with alteration envelope cutting sodic-potassic-altered
sediment

Ankerite

7399M-286 1 Quartz-magnetite-ankerite M vein cutting sodic-potassic-altered diorite with kaolinite overprint,
sample also used for fluid inclusion work

Magnetite,
ankerite

8412-4594 26 K-feldspar flooded sodic-potassic-altered granodiorite pluton K-feldspar
8426M-714 27 Quartz-calcite-pyrite-chalcopyrite B1 vein cutting sodic-potassic-altered granodiorite pluton Quartz, calcite
8427M-812.5 28 Magnetite-rich M vein cutting sodic-potassic-altered diorite Magnetite
8430-4107 29 Sodic-potassic-altered granodiorite pluton with Illite-altered K-feldspar phenocrysts Illite
8432M-134 30 Magnetite-quartz M vein cutting sodic-potassic-altered sediment Magnetite
8439M-561 31 Ankerite-quartz C vein with weak alteration envelope cutting sodic-potassic-altered sediment Ankerite
11527-890 32 K-feldspar flooded sodic-potassic-altered diorite with large clots of kaolinite Kaolinite
11527-1601 33 Albite-K-feldspar-quartz A1 vein cutting sodic-potassic-altered sediment Albite
11527-2668.2 34 Sodic-potassic-altered granodiorite pluton, hydrothermal biotite replacement of igneous hornblende

phenocrysts
Biotite

11529-2244 35 Anhydrite-quartz B1 vein cutting sodic-potassic-altered diorite Anhydrite
11529-2338.5 36 Weakly sodic-potassic altered monzonite with K-feldspar phenocrysts and illite-altered plagioclase

phenocrysts
K-feldspar, illite

11529-2481 37 Quartz-anhydrite-pyrite B1 vein cutting weakly sodic-potassic-altered monzonite Anhydrite
11531-1272.5 38 Quartz-magnetite M vein cutting sodic-potassic-altered diorite Magnetite, quartz
11531-1412.5 39 Green illite-carbonate infill of C vein cutting sodic-potassic-altered diorite Illite
8431M-358 40 Magnetite-quartz-pyrite-chalcopyrite matrix to brecciated sedimentary clasts Magnetite
11527-479.7 41 Biotite EB vein cutting K-feldspar flooded sediment Biotite

Quartz-illite-pyrite 4231-155 42 Quartz-illite-pyrite-altered granodiorite sill with large illite clots Illite
7395M-371 43 Quartz-illite-pyrite-altered granodiorite pluton with illite altered feldspar phenocrysts Illite
7395M-490 44 Quartz-illite-pyrite-altered granodiorite pluton with illite altered feldspar phenocrysts Illite

Potassic 7360-3357 45 Potassic-altered granodiorite pluton, illite replacement of K-feldspar phenocrysts Illite
7366-2723 46 Quartz-biotite B1 vein cutting potassic altered granodiorite pluton Biotite
7366-3310 47 Quartz-biotite B1 vein cutting potassic altered granodiorite pluton Biotite
7367-3253 48 Potassic-altered granodiorite pluton, hydrothermal biotite replacement of igneous hornblende phenocrysts Biotite
7379-2387 49 Potassic-altered granodiorite pluton, illite replacement of K-feldspar phenocrysts Illite
7385-2854 50 Potassic-altered granodiorite pluton, illite replacement of K-feldspar phenocrysts Illite
8401-3077 51 Potassic-altered granodiorite pluton, hydrothermal biotite replacement of igneous hornblende phenocrysts Biotite

Quartz-sericite-pyrite 6354-3068 52 Quartz-sericite-pyrite-altered granodiorite sill with illite altered feldspar phenocrysts Illite
6354-3110 53 Quartz-sericite-pyrite-altered granodiorite sill with illite altered feldspar phenocrysts Illite
8430-461 54 Quartz-sericite-pyrite altered granodiorite sill, sericite replaces feldspar phenocrysts Sericite

Advanced argillic 7374-1936 55 Pervasively sericite-altered granodiorite pluton Sericite
7374-2075 56 Pervasively sericite-altered granodiorite pluton Sericite
7386-2552 57 Pervasively sericite-altered granodiorite pluton Sericite
7387-3035 58 Weakly sericite-altered granodiorite pluton Sericite-illite
7387-3606 59 Pervasively sericite-altered granodiorite pluton Sericite
7378-2954 60 Pervasively pyrophyllite-altered granodiorite pluton Pyrophyllite
7381-2073 61 Pervasively pyrophyllite-altered granodiorite pluton Pyrophyllite
8412-3968 62 Pervasively pyrophyllite-altered granodiorite pluton Pyrophyllite
8412-4009 63 Pervasively pyrophyllite-altered granodiorite pluton Pyrophyllite
8415-3216 64 Pervasively quartz-pyrophyllite-altered granodiorite pluton Pyrophyllite
8422-2919 21 Pervasively quartz-pyrophyllite-altered granodiorite pluton, sample also used for fluid inclusion work Pyrophyllite

a No. refers to numbers on Fig. 2.



Table A2
Isotope fractionation equations and factors.

Isotope fractionation equations Temperature range (°C) Reference

Oxygen
103 ln αpyrophyllite-H2O = 2.76 × 106 T−2 + 1.08 × 103 T−1 − 5.37 0–500 Savin and Lee (1988)
103 ln αillite-muscovite-H2O = 2.39 × 106 T−2 − 3.76 0–700 Sheppard and Gilg (1996)
103 ln αkaolinite-H2O = 2.76 × 106 T−2 − 6.75 0–350 Sheppard and Gilg (1996)
103 ln αchlorite-H2O = 2.69 × 109 T−3 − 6.34 × 106 T−2 + 2.97 × 103 T−1 170–350 Cole and Ripley (1999)
103 ln αbiotite-H2O = 3.84 × 106 T−2 − 8.76 × 103 T−1 + 2.46 0–1200 Zheng (1993b)
103 ln αalbite (and K-feldspar)-H2O = 4.33 × 106 T−2 − 6.15 0–1200 Zheng (1993a)
103 ln αK-feldspar-H2O = 2.39 × 106 T−2 − 2.51 400–500 Matsuhisa et al. (1979)
103 ln αanhydrite-H2O = 3.21 × 106 T−2 − 4.72 100–550 Chiba et al. (1981)
103 ln αcalcite-H2O = 4.01 × 106 T−2 − 4.66 0–1200 Zheng (1999)
103 ln αankerite-H2O = 4.12 × 106 T−2 − 4.62 0–1200 Zheng (1999)
103 ln αmagnetite-H2O = 3.02 × 106 T−2 − 12.0 × 103T + 3.31 0–1200 Zheng and Simon (1991)
103 ln αquartz-H2O = 4.48 × 106 T−2 − 4.77 0–1200 Zheng (1993a)

Hydrogen
103 ln αpyrophyllite-H2O = −25 ± 5 120–400 Sheppard and Gilg (1996), Marumo et al. (1980)
103 ln αillite-muscovite-H2O = −25 ± 5 120–400 Sheppard and Gilg (1996), Marumo et al. (1980)
103 ln αkaolinite-H2O = −2.2 × 106 T−2 − 7.7 0–300 Sheppard and Gilg (1996), Marumo et al. (1980)
103 ln αchlorite-H2O = −39.1 200 Graham et al. (1987), Marumo et al. (1980)
103 ln αbiotite-H2O = −21.3 × 106 T−2 − 2.8 400–850 Suzuoki and Epstein (1976)

Notes: Hydrogen isotope fractionation factor for muscovite was used for pyrophyllite in absence of experimental data (Marumo, 1989); temperatures in equations are in Kelvin.
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