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Introduction
THE PEBBLE deposit is located 320 km southwest of Anchor-
age in southwest Alaska (Fig. 1). Resources in all categories at
Pebble total 10.78 billion metric tons (Bt) of mineralized rock
which contain 80.6 billion pounds (Blb) copper, 5.6 Blb of
molybdenum, and 107.4 Moz of gold (Table 1; Gaunt et al.,

2010). The Pebble deposit is the only significant porphyry de-
posit thus far discovered in southwest Alaska and an under-
standing of its principal characteristics is essential to develop-
ing exploration strategies in this highly prospective but largely
covered and underexplored region.

The Pebble deposit formed at about 90 Ma in association
with subduction-related hornblende granodiorite porphyry
intrusions. It comprises the East and West zones, which are
approximately equal in size, with slightly lower grade miner-
alization in the center of the deposit where the peripheries of
the two zones merge. The West zone, which was discovered
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Abstract
The Pebble deposit is located ~320 km southwest of Anchorage, Alaska. It is one of the largest porphyry

 deposits known, with a total resource of 10.78 billion metric tons (Bt) of mineralized rock divided between the
contiguous West and East zones.

The oldest rocks in the Pebble district are Jurassic-Cretaceous Kahiltna flysch, which contains interbedded
basalt and associated gabbro intrusions. These were cut between 99 and 96 Ma by coeval granodiorite and dior-
ite sills, followed by alkalic intrusions and related breccias. Subalkalic hornblende granodiorite porphyry plu-
tons were emplaced at ~90 Ma and include the Kaskanak batholith and smaller stocks related to Cu-Au-Mo
mineralization. Porphyry mineralization has been dated between 89.5 and 90.4 Ma by Re-Os on molybdenite.
Late Cretaceous volcanic and sedimentary rocks completely conceal the East zone. Eocene volcanic rocks and
subvolcanic intrusions occur east and southeast of the Pebble deposit and glacial sediments are widespread.

The East and West zones represent two coeval hydrothermal centers within a single system. The West zone
extends from surface to ~500-m depth and is centered on four small granodiorite plugs emplaced into flysch,
diorite and granodiorite sills, and alkalic intrusions and breccias. The much higher grade East zone is hosted
by the larger East zone granodiorite pluton and adjacent granodiorite sills and flysch and extends to at least
1,700-m depth below surface. The granodiorite intrusions merge with depth. Lower grade, less extensive min-
eralization occurs in the center of the deposit where the peripheries of the East and West zones converge. On
the eastern side of the deposit, faulting dropped high-grade mineralization 600 to 900 m into the NE-trending
East graben where the deposit remains open.

Variations in hypogene grade and metal ratios reflect multiple stages of metal introduction and redistribu-
tion. Premineralization hornfels formed around the Kaskanak batholith. Early disseminated and vein-hosted
Cu-Au-Mo mineralization formed with potassic alteration in the East zone and sodic-potassic alteration in the
West zone. In the East zone, potassic alteration is underlain by weakly mineralized sodic-potassic ± calcic
 alteration. Slightly younger quartz veins introduced additional molybdenum. Illite ± kaolinite alteration over-
printed the early alteration assemblages and variably redistributed copper and gold. Late-stage advanced
argillic alteration is associated with high-grade Cu-Au mineralization in the East zone; it was controlled by a
synhydrothermal brittle-ductile fault zone and comprises a core of pyrophyllite alteration associated with chal-
copyrite bounded to the west by sericite alteration with hypogene bornite, digenite, covellite, and trace enar-
gite and tennantite. Copper was removed by quartz-sericite-pyrite alteration that forms a halo to the deposit
and yields outward to propylitic alteration. A weakly mineralized quartz-illite-pyrite cap is preserved in the
upper central part of the deposit. Weak supergene mineralization is present only in the West zone where the
Late Cretaceous cover sequence was eroded. The large size and high hypogene grades of the Pebble deposit
may reflect a combination of multiple stages of metal introduction with vertically restricted, lateral fluid flow
induced by hornfels aquitards in flysch.

The Pebble deposit occurs in one of several large, deep-seated magnetic anomalies which occur at the
 intersection of crustal-scale structures both parallel and at high angles to an arc, which formed in southwest
Alaska during the Cretaceous. This setting is similar to fertile porphyry environments in northern Chile and
suggests that southwestern Alaska is highly prospective for porphyry exploration. 
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in 1989 by Cominco America (Bouley et al., 1995), contains
moderate hypogene grades of Cu-Au-Mo mineralization and
a thin zone of weakly developed supergene mineralization.
The West zone is only exposed in one outcrop and is other-
wise concealed by glacial sediments. The East zone was dis-
covered by Northern Dynasty Minerals in 2005 (Rebagliati
and Lang, 2009) and contains high-grade hypogene mineral-
ization without a supergene component. It is completely con-
cealed by Late Cretaceous volcanic and sedimentary rocks.

This paper presents a general overview of the Pebble de-
posit, and it is based largely on recent detailed studies by
Lang et al. (2013) and Gregory et al. (2013). In this manu-
script, the regional setting of the deposit and the geology and
structure of the Pebble district are described, as are the char-
acteristics of hydrothermal alteration, vein types, and metal
distribution and their geologic controls. The discussion fo-
cuses on the characteristics which led to the large size and

high hypogene grade of the Pebble deposit. A generalized
magmatic-hydrothermal-structural model is presented and
exploration strategies are considered.

Discovery History
Exploration and discovery have been ongoing in the Pebble

area since 1984 and have been described by Bouley et al.
(1995) and Rebagliati and Lang (2009). The Iliamna area was
targeted by Cominco America for its potential to host epi-
thermal- and intrusion-related gold deposits (Bouley et al.,
1995). Small, auriferous epithermal veins were discovered
about 15 km south of Pebble on Sharp Mountain (Fig. 2) dur-
ing regional reconnaissance in 1984. Surface prospecting on
color anomalies in 1987 led to discovery of epithermal veins
in the Sill deposit, located 5 km southeast of Pebble (Fig. 2).
Geochemically anomalous soil and talus samples were also
collected from what was later recognized to be the western
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side of the Pebble West zone. Subsequent mapping, soil sam-
pling, and small induced polarization surveys led to drill dis-
covery of the Pebble West zone in 1989. The initial drill holes
were collared in strongly auriferous, peripheral quartz-
sericite-pyrite alteration located west of the Pebble deposit,
whereas the deposit was intersected in the sixth drill hole,
which was collared near the only surface exposure of the de-
posit, a very tiny outcrop of altered intrusion cut by quartz
veins. An inferred resource of 430 Mt, grading 0.35% Cu and
0.41 g/t Au, accompanied by low-grade molybdenum, was es-
timated in 1993 (Bouley et al., 1995).

Northern Dynasty Minerals acquired the property in 2001.
They recognized a significant potential to expand and upgrade
the deposit because 90 and 50% of the widely spaced drilling
to that time ended in mineralization that graded >0.30 and
>0.50% copper equiv, respectively (copper-equiv calculation
defined in Table 1). Extensive drilling in 2003 and 2004 in-
creased the inferred resource in Pebble West to 2,737 Mt,
grading 0.27% Cu, 0.30 g/t Au, and 0.015% Mo. Grade, alter-
ation, and vein patterns recognized during delineation drilling
on the eastern side of the West zone in late 2004 led to drill dis-
covery of the high-grade Pebble East zone in 2005 (Rebagliati
and Lang, 2009). The deposit was drilled to its current re-
source in 2008 (Table 1). Between 2002 and 2009, exploration
drilling based on soil geochemistry and induced polarization
surveys discovered additional centers of intrusion-related min-
eralization in the 38, 37, 52, 25, 308, and 65 zones (Fig. 2).

As of 2012 the Pebble Limited Partnership, an equal-rights
venture formed in 2007 between subsidiaries of Anglo Amer-
ican plc and Northern Dynasty Minerals Ltd. to advance the
project, is completing an economic prefeasibility study and
continuing with district exploration.

Regional Setting
This summary of the regional tectonic, magmatic, and metal-

logenic setting of southwest Alaska is based largely upon Gold-
farb et al. (2013, and contained references). The allochthonous
Wrangellia superterrane comprises amalgamated oceanic arcs

that approached North America sinistrally in the early Meso-
zoic. Foreland flysch basins (Kalbas et al., 2007), including
the Kahiltna basin which hosts the Pebble deposit, formed
between Wrangellia and pericratonic terranes and previously
amalgamated allochthonous terranes of the Intermontane
belt (Wallace et al., 1989; McClelland et al., 1992). Beginning
between 115 and 110 Ma, the foreland basins were folded,
complexly faulted, and subjected to low-grade regional meta-
morphism (Bouley et al., 1995) as Wrangellia accreted to
North America by the late Early Cretaceous (Detterman and
Reed, 1980; Hampton et al., 2010). Convergence changed to
dextral transpression between 97 and 90 Ma (Goldfarb et al.,
2013) and most deformation was thereafter accommodated
by dextral strike-slip faults parallel to the continental margin
(Fig. 1). These include the major Denali fault, located in cen-
tral Alaska, and subparallel faults to the southeast; the Pebble
deposit is located between strands of the dextral Lake Clark
fault zone (Fig. 1; Shah et al., 2009). Intrusions at Pebble are
undeformed (Goldfarb et al., 2013) and were probably em-
placed during a period when at least local extension occurred
across southwest Alaska in the mid-Cretaceous (e.g., Pavlis et
al., 1993). The relative importance of extensional versus com-
pressional structures to formation of the Pebble deposit is not
well constrained, although a synhydrothermal compressional
fault has been recognized within the deposit (see below).

Multiple episodes of magmatism and associated mineral-
ization are recognized across southwest Alaska (Fig. 1; Gold-
farb, 1997; Young et al., 1997) and began with the onset of
dextral transpression following basin collapse in the Middle
Cretaceous (Goldfarb et al., 2013). Alaska-type alkalic ultra-
mafic complexes were emplaced at Kemuk (Foley et al., 1997;
Iriondo et al., 2003) and at Pebble (Bouley et al., 1995) be-
tween about 100 and 88 Ma. Subalkalic intrusions emplaced
between 97 and 90 Ma are associated with porphyry Cu-Mo
± Au mineralization at Pebble (Bouley et al., 1995; Lang et
al., 2013), Iliamna (P. St. George, pers. commun., 2010), and
Neacola (Reed and Lanphere, 1973; Young et al., 1997; Fig.
1). Porphyry Cu-Au ± Mo deposits which formed between 75
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TABLE 1.  Estimated Mineral Resources and Contained Metal in the Pebble Deposit, Alaska

Resource estimations Contained metal

Cut-off1 Million 
(% Cu-equiv) Cu-equiv (%) metric tons Cu (%) Au (g/t) Mo (ppm) Cu (Blb) Au (Moz) Mo (Blb)

Measured and indicated resources
0.30 0.78 5942 0.42 0.35 250 55.0 66.9 3.28
0.40 0.83 5399 0.45 0.36 260 53.6 62.5 3.09
0.60 0.98 3668 0.55 0.41 293 44.5 48.3 2.37
1.00 1.29 1449 0.76 0.52 341 24.3 24.2 1.09

Inferred resources
0.30 0.35 4835 0.24 0.26 215 25.6 40.4 2.29
0.40 0.66 2845 0.32 0.30 259 20.1 27.4 1.62
0.60 0.89 1322 0.48 0.37 289 14.0 15.7 0.84
1.00 1.20 353 0.69 0.45 379 5.4 5.1 0.29

Notes:  Copper-equiv (%) calculations: West zone: Cu% + (Au g/t × 69.6%/85% × 29.00/40.79) + (Mo% × 77.8%/85% × 75.58/40.79); East zone: Cu%
+ (Au g/t × 76.8%/89.3% × 29.00/40.79) + (Mo% × 83.7%/89.3% × 75.58/40.79)

1 Copper-equiv grades were calculated using metal prices of $1.85/lb copper, $902/oz gold, and $12.50/lb molybdenum, normalized to estimated metal
recoveries; details are provided by Gaunt et al. (2010)
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and 60 Ma are related to intermediate to felsic, subalkalic in-
trusions (Hart et al., 2010; Goldfarb et al., 2013) at Whistler
(Couture and Siddorn, 2007; located about 250 km northeast
of Pebble), Kijik, the Bonanza Hills (Anderson et al., 2013),
and Shotgun (Rombach and Newberry, 2001; Fig. 1). Volu-
minous Eocene volcanic rocks and subvolcanic intrusions
cover much of the region and locally host epithermal precious
metal mineralization (Bundtzen and Miller, 1997).

District Geology
Postmineralization cover is extensive in the Pebble district

and therefore geologic interpretation (Fig. 2) largely derives
from exploration drill holes, mapping of talus, and airborne
geophysical surveys. The summary which follows is based on

Lang et al. (2013) who tabulate all isotopic dates and describe
rock types in greater detail.

Rock types

Kahiltna flysch is the oldest rock type in the district and has
a minimum age of 99 Ma based on crosscutting intrusions. It
comprises a normal-facing succession of gently folded basinal
turbidites, which include immature, laminar to thick-bedded
siltstone, mudstone, subordinate wacke, and rare lenses of
pebble conglomerate with an intermediate igneous prove-
nance. Basalt flows and minor mafic volcaniclastic rocks are
interbedded with flysch in the southwest and north parts of
the district and are cut by irregular gabbroic bodies of uncer-
tain age (Fig. 2).
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Several types of intrusions were emplaced into the Kahiltna
flysch between 99 and 96 Ma (Bouley et al., 1995; Schrader,
2001; Hart et al., 2010; Lang et al., 2013). Porphyritic diorite
sills are widespread, whereas hornblende granodiorite por-
phyry sills occur only in the immediate vicinity of the Pebble
deposit. A suite of alkalic intrusions includes quartz-free, tex-
turally variable biotite pyroxenite, syenomonzonite, mon-
zonite and monzodiorite porphyry intrusions, and associated
intrusion breccias. The alkalic rocks extend from the Pebble
deposit into the 25 zone about 5 km to the south but drill in-
tersections in the southeast part of the district indicate that
they are widespread (Fig. 2).

Hornblende granodiorite porphyry stocks were emplaced
at approximately 90 Ma (Bouley et al., 1995; Schrader, 2001;
Lang et al., 2013). They include the Kaskanak batholith and
numerous, smaller, petrographically similar bodies found
mostly within, or proximal to, zones of porphyry mineraliza-
tion around the margins of the batholith (Fig. 2). These rocks
are described below.

The Kahiltna flysch and mid-Cretaceous intrusive and vol-
canic rocks are unconformably overlain by well-bedded sedi-
mentary and volcanic rocks informally called the Cover se-
quence. The Cover sequence occurs mostly on, and thickens
toward, the east side of the district but also occurs on top, and
to the west and south, of the Kaskanak batholith (Fig. 2). The
thickness of the Cover sequence reaches at least 1,950 m
within the East graben, but elsewhere it is mostly <600 m
thick. The succession is normal-facing and includes pebble to
boulder conglomerate, wacke, siltstone and mudstone, basalt
flows, dikes and sills, and basalt to rhyolite volcaniclastic frag-
mental rocks. An unaltered andesite dike, interpreted to be
related to the Cover sequence, was dated at 84.1 ± 0.3 Ma by
Ar-Ar methods on biotite (Schrader, 2001).

Two postmineralization hornblende monzonite porphyry
intrusions returned isotopic dates of ~65 Ma (Lang et al.,
2013). One intrusion cuts basalts of the Cover sequence (see
below) within the East graben and a second was intersected
by drilling 3 km north-northeast of the deposit (Fig. 2).

Volcanic and subvolcanic intrusive rocks in the east and
southeast parts of the district have radiometric ages of 46 to
48 Ma (Bouley et al., 1995; Schrader, 2001; Lang et al., 2013).
Rock types include rhyolite dikes, brecciated rhyolite flows,
fine-grained, equigranular to porphyritic biotite-bearing
hornblende latite subvolcanic intrusions and coarse-grained
hornblende monzonite porphyry.

Pleistocene to Recent glacial sediments cover much of the
district. The sediments are typically <30 m thick but drill in-
tersections range up to 160 m in the southeast part of the dis-
trict. Ice-flow directions over the Pebble deposit were to the
south-southwest and the glaciers responsible for the deposi-
tion of the youngest of these sediments had retreated by
about 11 Ka (Detterman and Reed, 1973; Hamilton and
Klieforth, 2010).

Structure

District-scale structural history is poorly understood due to
a paucity of outcrop and marker horizons. The Kahiltna flysch
exhibits shallow to moderate dips to the east, south, and
southeast which may, in part, reflect doming around the
Kaskanak batholith. Folds in the flysch are mostly open and

formed before hydrothermal activity at Pebble (Goldfarb et
al., 2013).

Faults occur throughout the Pebble district (Fig. 2). A NE-
trending, synhydrothermal brittle-ductile fault zone on the
east side of the Pebble deposit is described separately below.
Most faults are brittle normal or normal-oblique structures
which cut all rock types in the district and have been largely
inferred from discontinuities in airborne magnetic and elec-
tromagnetic data. The most prominent faults strike north-
northeast and northwest, with fewer striking east. Major NE-
trending normal faults bound the East graben and displace
high-grade mineralization on the east side of the Pebble de-
posit (Fig. 2). Many brittle faults cut Eocene rock types but
precursor structures may have been periodically reactivated
since the mid-Cretaceous (L. Rankin, pers. commun., 2011).

Geology of the Pebble Deposit
The Pebble deposit is hosted by Kahiltna flysch, diorite,

and granodiorite sills, intrusions and breccias of the alkalic
suite and granodiorite stocks and is cut by numerous faults
(Figs. 3, 4).

Rock types

Kahiltna flysch within the deposit is mostly well-bedded
siltstone with <10% wacke interbeds and has an overall dip of
<25° to the east. Bouma sequences (Bouley et al., 1995),
graded beds, and load casts demonstrate that the stratigraphy
is normal-facing. Basalt interbeds are not present but a gab-
broic body occurs immediately to the northwest of the de-
posit (Fig. 3).

The oldest intrusions within the Pebble deposit are diorite
and granodiorite sills emplaced into flysch. Fine-grained dior-
ite sills have a subporphyritic texture defined by plagioclase,
hornblende, and minor pyroxene. They are found only in the
western half of the deposit (Fig. 4) where they form two large,
laterally continuous bodies which can exceed 100 m in thick-
ness and numerous, narrow, discontinuous bodies. Granodi-
orite sills range from fine to medium grained but are all min-
eralogically similar to each other. They contain phenocrysts of
acicular hornblende and equant plagioclase and relatively
smaller phenocrysts of apatite in a very fine grained ground-
mass of K-feldspar, quartz, and minor magnetite. Granodior-
ite sills are laterally continuous, range from a few to nearly
300 m in thickness and thicken to the northeast, possibly to-
ward an unidentified source intrusion. They comprise the
Upper and Lower sills, which extend across the entire deposit
(Fig. 4), and sill 3 which has only been incompletely delin-
eated at depth in the East zone.

The southwest quadrant of the Pebble deposit is dominated
by alkalic suite rocks (Fig. 3), which comprise a chaotic mix-
ture of at least four stages of intrusion and several undivided
breccias. Early intrusions comprise various medium-grained,
biotite monzonite porphyries that commonly contain scattered
K-feldspar megacrysts up to several centimeters in size. Later
intrusions are fine-grained porphyritic biotite monzodiorite.
All of these intrusive phases contain abundant angular to sub-
rounded xenoliths of flysch, diorite sill, possible granodiorite
sill and, in the younger monzodiorite phase, older phases of
alkalic intrusion. The concentration of xenoliths increases to-
ward the margins of the younger biotite monzodiorite phase
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and transition into breccias which contain subangular to sub-
rounded fragments of flysch, diorite sill, and early alkalic in-
trusions in a matrix of rock flour. Fragments range from a few
millimeters to at least tens of meters in size. Some longer drill
intersections of diorite and granodiorite sills can be correlated
with undisturbed bodies outside the breccias but, more com-
monly, fragment types are mixed and transported. The alkalic
suite is currently modeled as a single megabreccia body due
to its internal, small-scale complexity.

The Pebble deposit is centered on a group of five very sim-
ilar hornblende granodiorite porphyry intrusions (Fig. 3).
These comprise the larger East zone pluton and four smaller
bodies in the West zone. Uranium-lead zircon ages cluster
around 90 Ma and overlap with Re-Os dates of about 89.6 Ma
on molybdenite (Schrader, 2001; Lang et al., 2013). The north
contact of the East zone pluton is close to vertical and its roof
contacts dip shallowly to the west; it continues to the south,
where the shape is not well defined and has been dropped
into the East graben by the ZG1 fault (Fig. 4). The smaller
stocks in the West zone have outward-dipping contacts. Re-
cent deep drilling suggests that these intrusions likely coa-
lesce below 1,000-m depth. 

The East zone is entirely concealed by the east-thickening
Cover sequence which is up to 670 m thick above the eastern
part of the deposit (Fig. 4). The contact between the Pebble
deposit and the Cover sequence ranges from razor sharp to

structurally disrupted. The lower part of the Cover sequence
comprises a thick basal conglomerate overlain by interbedded
pebble conglomerate, wacke, siltstone, and mudstone,
whereas the upper part comprises mainly volcaniclastic rocks
and lesser flows of basalt to andesite composition (Fig. 4).
Within the East graben, the Cover sequence is 1,300 m thick
north of the ZE fault and at least 1,950 m thick to its south
and comprises basalt flows with lesser clastic sedimentary in-
terbeds. Basalts within the East graben were intruded at
about 65 Ma by two sheet-like bodies of unaltered horn-
blende monzonite porphyry. 

Eocene rocks are rare within and proximal to the Pebble
deposit. They comprise narrow rhyolite dikes, a pink horn-
blende monzonite intrusion intersected at depth in the cen-
tral part of the East graben, and a rhyolite flow breccia at the
top of the East graben south of the ZE fault.

Structure

The Kahiltna flysh forms an M-shaped anticline with axes
that plunge shallowly to the east-southeast (Rebagliati and
Payne, 2006). Folding did not affect the overlying Cover se-
quence but bedding in both units is grossly subparallel and
later tilting of about 20° to the east affected both rock types
as a single package (Fig. 4). Tilting can only be constrained to
younger than the aforementioned minimum age of 84 Ma on
the Cover sequence.

172 LANG AND GREGORY

0361-0128/98/000/000-00 $6.00 172

limit of
estimated
resources

western limit of
Cover Sequence

no drill control on
pre-Cover Sequence

EA
ST

G
R

AB
E

N

N

1 km

155 18’0”Wo 155 16’0”Wo

59
55

’0
”N

o

A A’

ZF

ZA

ZD

ZE

ZB

ZI

ZJ

ZC

ZG
2

ZH

ZG
2

ZG
1

?

?

BDF

Maximum drilled extent
of plutons at depth

59
54

’0
”N

o

ZG1

no drill control on
pre-Cover Sequence

59
53

’0
”N

o

FIG. 3.  Interpreted geology of the Pebble deposit. The Late Cretaceous cover sequence occurs to the east of the dark yel-
low line and has been removed for clarity. Cross-section A-A' is shown in Figure 4. The brittle-ductile fault zone (BDF) is
indicated by the cross-hatched pattern. The dashed outline of the estimated resources at a 0.3% copper-equiv cut-off is used
as a reference point for alteration and grade distribution in Figure 5. White areas are either undrilled or Cretaceous rock
types below the Cover sequence are unknown. See Figure 2 for geology legend.
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An important brittle-ductile fault zone has been identified
on the eastern side of the Pebble deposit (Figs. 3, 4). The
brittle-ductile fault zone is a zone of distributed deformation
defined by cataclastic seams and healed breccias. It strikes
north-northeast, extends at least 3 km to the limit of drilling
along strike, and is vertical or dips steeply to the west. The
brittle-ductile fault zone is at least 200 m in width but is trun-
cated on the east by the ZG1 fault (Fig. 4). The brittle-ductile
fault zone is a dextral-oblique/reverse structure with a maxi-
mum of 400 m lateral displacement and an unconstrained
vertical component (S. Goodman, pers. commun., 2008).
Grade and vein density patterns and a higher intensity of de-
formation in flysch compared to the East zone pluton indicate
that the brittle-ductile fault zone was active before, during,
and after both magmatism and hydrothermal activity (Lang et
al., 2013). The characteristics of deformation along the brit-
tle-ductile fault zone, and its timing relative to hydrothermal
activity at Pebble, support at least a local compressional envi-
ronment during the formation of the deposit. The brittle-duc-
tile fault zone does not penetrate the Cover sequence.

Postmineralization brittle faults within the Pebble deposit
conform to district-scale patterns (Fig. 3). Most have between
15 and 90 m of normal offset except for the ZA fault which
has 30 m of reverse movement. Normal displacement on the
E-trending ZE fault increases from <50 m in the west to
about 300 m in the east. The ZF fault has a minimum of 250
m of normal displacement and juxtaposes mineralized sodic-
potassic alteration against poorly mineralized propylitic and
quartz-sericite-pyrite alteration on the west (Fig. 3). The NE-
trending ZG1 normal fault forms the western boundary of the
East graben and has displacement of 650 m in the north and
900 m in the south; the subparallel ZG2 fault has between
270 and 550 m of additional normal displacement. W-dipping
normal faults have been identified east of Pebble and may
form the east side of the East graben. Brittle faults host basalt
dikes related to the Cover sequence and were therefore ac-
tive by 84 Ma.

Hydrothermal Alteration and Vein Types
Alteration types at Pebble are described as hornfels, potas-

sic, sodic-potassic, sodic-potassic ± calcic, illite ± kaolinite,
advanced argillic, quartz-illite-pyrite (quartz-illite-pyrite),
quartz-sericite-pyrite, and propylitic assemblages (Figs. 4, 5).
These assemblages are associated with a wide variety of vein
types. This naming system is Pebble specific and reflects the
mineralogy and chemistry of each alteration assemblage.
Sericite at Pebble is defined as fine-grained, crystalline white
mica, whereas illite refers to very fine grained, noncrystalline
white mica (Harraden et al., 2013). Advanced argillic alter-
ation uses the naming convention of Meyer and Hemley
(1967), although this alteration at Pebble differs somewhat
from the original definition as discussed below.

Prehydrothermal hornfels

Massive, biotite-rich, pyrite-bearing hornfels formed adja-
cent to the Kaskanak batholith immediately prior to hydro-
thermal activity at Pebble. The hornfels aureole is narrow to
the south of Pebble but is much wider in the vicinity of the
deposit, which magnetic data suggest is underlain by the
batholith (Shah et al., 2009; Anderson et al, 2013). Hornfels
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affects all pre-90 Ma rock types. In the deposit, it is most in-
tense within flysch, which was highly susceptible to brittle
fracture, although poor development of alteration envelopes
around veins suggests it had a low permeability compared to
other rock types.

Early alteration types

Potassic alteration occurs throughout the deposit (Fig. 5). It
is strongest in flysch and granodiorite sills above, adjacent,
and within the East zone pluton and in small areas in the
West zone (Gregory and Lang, 2009; Gregory et al., 2013).
The assemblage is K-feldspar, quartz, biotite, trace to minor
ankerite or ferroan dolomite, apatite, and rutile (e.g., Fig.
6A). Sulfides comprise subequal, disseminated chalcopyrite
and pyrite with minor disseminated molybdenite and, locally,
minor bornite (Gregory and Lang, 2009; Gregory et al.,
2013). The proportion of biotite relative to K-feldspar corre-
lates with the original Fe-Mg concentration of affected rocks
and is highest in flysch and diorite sills (e.g., Fig. 6B).

Sodic-potassic alteration is the principal assemblage in the
West zone and occurs below potassic alteration in the East
zone (Figs. 4, 5). It comprises albite, biotite, carbonate min-
erals, quartz, and minor magnetite, along with pyrite, chal-
copyrite, and minor molybdenite (Gregory and Lang, 2011,
2012; Gregory et al., 2013). Anhydrite is only locally present,
appearing at 730 m below both the surface in the West zone
and the unconformity in the East zone. Except for the pres-
ence of albite and minor magnetite, sodic-potassic alteration
is very similar to potassic alteration. A magnetite-rich subzone
of sodic-potassic alteration is associated with magnetite-bear-
ing M veins (discussed below), which occur in the central part
of the West zone (Fig. 5), within or proximal to Fe-rich dior-
ite sills (Fig. 6C). In the East zone, potassic alteration yields
with depth to a weakly mineralized sodic-potassic ± calcic
 alteration (e.g., Fig. 6D). This alteration contains locally
abundant epidote and calcite and typically <2% pyrite-chal-
copyrite-molybdenite but is otherwise very similar to sodic-
potassic alteration. Potassic alteration consistently overprints
both sodic-potassic and sodic-potassic ± calcic alteration but
the three alteration types are interpreted to be coeval, with
the apparent relative timing a consequence of telescoping or
changing fluid chemistry during cooling. 

Rare truncations of quartz-sulfide veins associated with
potassic alteration at the contacts between granodiorite sill
and granodiorite pluton, and rarely as xenoliths within gran-
odiorite plutons, suggests that more than one substage of
early potassic and/or sodic-potassic alteration may be pre-
sent at Pebble (D. Braxton and A. Wilson, pers. commun.,
2008; see discussion in Lang et al., 2013). The current data,
however, do not yet permit delineation of these potential
substages.

Veins associated with early alteration types

At least 80% of quartz-sulfide veins at Pebble comprise
four types which formed during early alteration. These vein
types span a continuum of textural and mineralogical charac-
teristics and each shows variations that may correlate with lat-
eral and/or vertical position within the deposit. The naming
conventions used below are Pebble specific and, although
similar to standard porphyry vein nomenclature (e.g., Gustafson

and Hunt, 1975; Clark, 1993; Gustafson and Quiroga, 1995),
they are not exactly equivalent to the vein types described
from their type deposits.

Type A veins: The earliest veins are type A. Type A1 is the
most common and is similar to the A veins of Gustafson and
Hunt (1975). They occur mostly within the East zone pluton
where they form anastomosing arrays of sinuous, discontinu-
ous veins. They typically have diffuse contacts with host rock
and locally have narrow K-feldspar alteration envelopes.
They contain clear quartz, minor white K-feldspar and <1 to
2% pyrite, lesser chalcopyrite, and rare molybdenite. They
occur within zones of pervasive, weakly mineralized potassic
alteration.

Vein type A2 has characteristics transitional between quartz
veins and pegmatite and occurs at depths below about 1,000
m within the East zone pluton. These veins have selvages of
K-feldspar and cores of coarse-grained quartz, contain clots
of brown biotite, and trace chalcopyrite, molybdenite, and/or
pyrite. They lack alteration envelopes.

Vein type A3 occurs at depths below 750 m in the East zone
pluton and is distinguished from type A1 by intense envelopes
of white K-feldspar. 

Type B veins: Type B veins crosscut type A veins and are
the most widespread at Pebble. They are coincident with
potassic, sodic-potassic, and sodic-potassic ± calcic alteration
and are most abundant within and proximal to the East zone
pluton. The B veins at Pebble occur as several variants which
have general similarity to B veins as described by Gustafson
and Hunt (1975).

The most common variant is type B1. They are planar, con-
tinuous, and have sharp contacts with host rocks (e.g., Fig.
6B). They contain clear quartz accompanied by trace to minor
biotite, K-feldspar, apatite and/or rutile and, rarely, anhydrite.
Total sulfide concentration is typically 2 to 5% and comprises
subequal pyrite and chalcopyrite, minor molybdenite and, lo-
cally, minor bornite. Well-mineralized alteration envelopes
are ubiquitous and contain mostly K-feldspar in felsic host
rocks with a higher proportion of brown biotite in more mafic
host rocks.

Type B2 veins are temporally equivalent to type B1 but
occur mostly at depths >800 m in the East zone where they
coincide with sodic-potassic ± calcic alteration. They are dis-
tinguished from type B1 veins by weaker alteration en-
velopes, lower sulfide concentration, green chlorite pseudo-
morphs after coarse aggregates of brown biotite (e.g., Fig.
6D), and minor to rare calcite and epidote.

Type B3 quartz veins are most common in the north-cen-
tral and south-central part of the East zone and extend to
1,800-m depth below surface, the vertical limits of drilling.
These veins are distinguished by abundant molybdenite,
which ranges from low concentration selvages to semimassive
and massive seams, and the near absence of other sulfides. K-
feldspar alteration envelopes are weak and sporadic. Type B3
veins cut type A, B1 and B2 veins and locally cut type C veins
but their timing relative to late advanced argillic alteration
has not been clearly established.

Type M veins: Magnetite-rich M veins (e.g., Fig. 6C), which
are generally similar to veins defined by Clark (1993), are as-
sociated with magnetite-bearing sodic-potassic alteration
within and proximal to diorite sills in the West zone and may
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be a variant of type C veins. They are planar to irregular
and contain magnetite and quartz with lesser ankerite and
K-feldspar. Sulfide concentration is commonly >10% and
comprises chalcopyrite, pyrite, and minor molybdenite. Min-
eralogically similar alteration envelopes are narrow but ubiq-
uitous. 

Type C vein: These veins are least common within and im-
mediately adjacent to the East zone pluton but are the most
abundant vein type in the central and west parts of the de-
posit. They cut A and B veins, except possibly the B3 variant,
and overlap in time with M veins. Type C veins at Pebble are
defined according to their timing relative to other vein types
and do not resemble the C veins defined by Gustafson and
Quiroga (1995). At Pebble, type C veins contain quartz, lo-
cally abundant ankerite or ferroan dolomite, and minor to
trace K-feldspar, magnetite, and biotite. Sulfide concentra-
tion is typically 10% or greater and comprises subequal pyrite
and chalcopyrite, highly variable molybdenite, and rare bor-
nite and arsenopyrite. These veins have wide, very prominent
alteration envelopes with mineralogy that mirrors vein fill.
Copper grades of up to several percent occur where alter-
ation envelopes to type C veins coalesce. Some narrow veins
in flysch have zoned alteration envelopes similar to the type C
veins but are locally cut by type B1 veins; these may form an
early vein type paragenetically similar to the type EB veins of
Gustafson and Quiroga (1995).

Vein density: The combined density of vein types A, B, and
C across most of the Pebble deposit is between 5 and 15 vol
%. Vein density is used in the sense of Haynes and Titley
(1980) and does not include the effect of the alteration en-
velopes to the veins. Lower concentrations occur near the
margins of the deposit and at depth, whereas higher densities
are within or proximal to the East zone pluton and, locally, in
host rocks proximal to granodiorite plutons in the West zone.
Vein density does not correlate with rock type and extends
smoothly across geological contacts.

Vein densities of between 50 and 90% occur in two areas of
the East zone and are named the NQV and SQV zones (Fig.
5). The increase from background to high densities is grada-
tional over distances of 100 to 500 m. The very high vein den-
sities in these areas probably reflect repeated refracturing
and dilation of the affected zones. The zone of high quartz
vein density north of the ZE fault (NQV, Fig. 5) is broadly
cylindrical and veins are undeformed; it extends up to 600 m
below the Cover sequence, below which vein density reverts
to deposit average. The second zone (SQV, Fig. 5) is a steep,
tabular zone, which coincides with the brittle-ductile fault
zone, and remains open at >1,500-m depth. It is truncated on
the east by the ZG1 fault but limited drilling indicates that it
continues into the East graben. Veins in the second zone are
commonly deformed and locally brecciated. The quartz in
these zones is most similar to vein types A1 and/or B1 and is
interpreted to have formed during or prior to early potassic
alteration.

Intermediate stage of illite ± kaolinite alteration

Illite and illite-kaolinite alteration, both accompanied by
minor pyrite, overprint potassic and sodic-potassic alteration,
respectively, throughout the deposit. Alteration ranges from
incipient replacement of feldspar phenocrysts to strong and

pervasive alteration of all minerals in the host rock (e.g., Fig.
6E). Fracture or fault control is rarely apparent. It is weakest
in flysch in the West zone and strongest at intermediate
depths within the East zone pluton.

Late advanced argillic alteration

Advanced argillic alteration is spatially related to the brit-
tle-ductile fault zone and is associated with the highest Cu-Au
grades in the deposit. This alteration has a mineral assem-
blage dominated by quartz-sericite-pyrophyllite-pyrite-chal-
copyrite-bornite-digenite. This is consistent with advanced
argillic alteration as described by Meyer and Hemley (1967).
The assemblage at Pebble has two end members—quartz-
sericite-pyrite-bornite-digenite-chalcopyrite (Fig. 6F) and
quartz-pyrophyllite-sericite-chalcopyrite-pyrite (Fig. 6G) that
occur as spatially discrete, adjacent zones. The pyrophyllite-
rich zone occurs along the brittle-ductile fault zone and is
bounded to the west by an upward-flaring envelope of
sericite-rich alteration (Fig. 4). Limited drilling confirms that
advanced argillic alteration continues into the East graben.
Pyrophyllite alteration is accompanied by quartz, pyrite, and
chalcopyrite. Trace diaspore, zunyite, kaolinite, and dickite
have been identified by shortwave infrared spectroscopy (A.
Thompson, pers. commun., 2007). Pyrite concentration
mostly exceeds 5% and is much higher than in nearby early
potassic alteration. Pyrophyllite alteration is broadly coinci-
dent with, and overprints, the southern zone of high quartz
vein density and affects host rock between early, deformed
quartz-sulfide veins. Quartz veins associated with pyrophyllite
alteration are minor and contain massive to semimassive
pyrite ± chalcopyrite. Pyrophyllite alteration has not been
identified in the northern zone of high quartz vein density.

Sericite alteration occurs mostly in the upper 300 m of the
deposit on the southern, downthrown side of the ZE fault but
relicts are also preserved to the north. Alteration is pervasive
and dominated by sericite, which selectively replaces
feldspars and illite-altered feldspars. Pyrite concentration is
intermediate between pyrophyllite and early potassic alter-
ation. Sericite alteration is characterized by a high sulfidation
assemblage of bornite, covellite, digenite, tennantite-tetra-
hedrite and, locally, trace enargite. These minerals rim and
replace chalcopyrite and pyrite that precipitated during
potassic and illite alteration. Associated veins are minor,
quartz-rich, with variable pyrite and locally have envelopes of
quartz, sericite, pyrite, and high sulfidation copper minerals.

The advanced argillic alteration at Pebble is of a slightly
lower sulfidation state and less acidic than other examples of
this alteration worldwide (e.g., Oyu Tolgoi; Khashgerel et al.,
2009). When modeled in fO2-pH space at 350°C, these two as-
semblages occur at two slightly different sets of physiochem-
ical conditions (Fig. 7). Pyrophyllite-rich alteration with chal-
copyrite occurs at a slightly lower pH and fO2, whereas
sericite-rich alteration with pyrite-bornite occurs at higher
pH and fO2 (Fig. 7). These small changes in pH and fO2 can be
the result of changes in temperature, fluid-wall rock ratios,
and buffering effects as a result of fluid-wall rock interactions.
Sericite-rich assemblages are typically higher temperature
(~350°C) than pyrophyllite-rich assemblages (300°−350°C;
Johnson et al., 1992). At Pebble, pyrophyllite-rich assem-
blages occur in rocks with a high density of quartz veins,
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whereas sericite-rich alteration occurs in areas of low vein
density—this suggests that different degrees of fluid-wall
rock interaction may have influenced the resulting alteration.

Hedenquist et al. (1998) found that pyrophyllite can occur
in two separate environments due to (1) condensation of a
vapor phase resulting in the very high sulfidation and highly
acidic conditions typical of the epithermal environment, and
(2) fluids cooling from the sericite stability field resulting in
simpler pyrophyllite-sericite assemblages that occur at
deeper levels of the porphyry-epithermal hydrothermal sys-
tem. The sericite- and pyrophyllite-rich assemblages at Peb-
ble are more consistent with the second mechanism for pyro-
phyllite formation.

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

A halo of texture-destructive quartz-sericite-pyrite alter-
ation extends at least 4 km to the south of the deposit and 1.5
km to the north. It is present in mid-Cretaceous rocks in the
northern part of the East graben but is only weakly developed
west of the ZF fault. The alteration comprises quartz, sericite,
and 8 to 20% pyrite, with minor to trace ankerite, rutile, ap-
atite and, rarely, pyrrhotite (e.g., Fig. 6H). On the north and
south sides of the East zone, quartz-sericite-pyrite alteration
fronts dip steeply outward and transition from potassic alter-
ation over distances of tens to about 200 m. Weak quartz-
sericite-pyrite alteration occurs sporadically throughout the
West zone. The quartz-sericite-pyrite alteration is associated
with pyrite-rich type D veins (Gustafson and Hunt, 1975) that
contain quartz, trace rutile, chalcopyrite, and ankerite, sur-
rounded by intense, mineralogically similar alteration en-
velopes. The quartz-illite-pyrite alteration (e.g., Fig. 6I) is
 interpreted to represent a zone that was once weak quartz-
sericite-pyrite alteration that occurred at the transition

 between potassic/sodic-potassic alteration and true quartz-
sericite-pyrite alteration and that has been overprinted by
low-temperature illite alteration during collapse of the hydro-
thermal system (the same intermediate alteration overprint
that occurs in the potassic and sodic-potassic alteration
zones). Therefore, this alteration zone represents an erosional
remnant of a quartz-sericite-pyrite cap, which partially re-
placed earlier potassic and/or sodic-potassic alteration in the
upper, central part of the deposit (Figs. 4, 5).

Propylitic alteration

Propylitic alteration lies beyond, and is replaced by, quartz-
sericite-pyrite alteration. It extends at least 5 km to the south
and to the limit of drilling 3 km to the north of the deposit and
weak effects occur throughout the eastern half of the
Kaskanak batholith. Propylitic alteration comprises chlorite,
epidote, calcite, quartz, and magnetite, minor albite and
hematite, and trace chalcopyrite and contains <3% commonly
cubiform pyrite. The assemblage is associated with type H
veins (locally defined) which are mineralogically similar to
pervasive propylitic alteration. Polymetallic type E veins (lo-
cally defined) occur mostly in areas of propylitic and quartz-
sericite-pyrite alteration south of the deposit and locally cut
sodic-potassic alteration in the West zone. They contain
quartz, calcite, pyrite, sericite, sphalerite, galena, minor chal-
copyrite, and typically trace arsenopyrite, tennantite-tetra-
hedrite, freibergite, argentite, native gold, and gold tellurides;
weak sericite alteration envelopes are common. 

Metal Distribution
Mineralization in the West zone is mostly hypogene with

thin supergene and leached capping, whereas mineralization
in the East zone is entirely hypogene. 

Distribution of mineralization

The Pebble deposit, as preserved, has a flat-tabular geo-
metry. Grades of copper and gold diminish below 400 m in
the West zone but extend much deeper in the East zone, par-
ticularly within and proximal to the brittle-ductile fault zone
(Fig. 4). Both copper and gold grades diminish gradually to-
ward the north and south margins of the deposit until poorly
mineralized quartz-sericite-pyrite alteration is encountered
(Fig. 5). The highest grades of mineralization occur in the
East zone and in smaller domains in the West zone, whereas
grades in the area between these centers are more modest
and extend to shallower depths. Molybdenum exhibits a more
diffuse pattern with significant grades to 1,800 m, the vertical
limit of drilling (Fig. 4); two areas in the north-central and
south-central parts of the East zone contain more abundant
type B3 veins and have elevated molybdenum grades com-
monly higher than 0.05% (Fig. 5). In the west, weakly miner-
alized propylitic and quartz-sericite-pyrite alteration and
well-mineralized potassic alteration are juxtaposed by the ZF
fault. In the east, mineralization is downdropped into the
East graben by the ZG1 fault.

Supergene mineralization

A thin, incompletely developed leach cap occurs locally
across the top of the West zone but is rarely more than 10 m
thick. Underlying supergene mineralization has an average
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thickness of only 22 m and exhibits a rapid transition to un-
derlying hypogene mineralization. Supergene sulfides com-
prise chalcocite, covellite, and minor bornite which variably
replace hypogene chalcopyrite and typically form only thin
rims on pyrite (Gregory and Lang, 2009; Gregory et al.,
2013). Supergene copper grades are locally up to 50% higher
than underlying hypogene grades. Kelley et al. (2011) re-
ported dates of 6 and 8 Ma on two grains of jarosite, which
they interpreted to have been glacially transported from the
supergene zone in the Pebble West zone.

Hypogene mineralization

Metal signatures at Pebble correlate closely with alteration.
Much of the Cu-Au-Mo mineralization in the deposit was in-
troduced during early potassic, sodic-potassic and sodic-
potassic ± calcic alteration. Copper is present primarily as
chalcopyrite accompanied locally by minor bornite and trace
tennantite-tetrahedrite. The pyrite to chalcopyrite ratio is close
to one in the East zone but is higher in the West zone where
quartz-illite-pyrite and quartz-sericite-pyrite alteration are lo-
cally present. Gold occurs primarily as electrum inclusions in
chalcopyrite with minor amounts hosted by silicate alteration
minerals; pyrite contains high-fineness gold (<10 wt % Ag),
electrum, and rare gold telluride inclusions (Gregory et al.,
2013). Diorite sills which contain magnetite-rich alteration and
type M veins have higher gold concentrations relative to cop-
per than other early alteration types. Molybdenite occurs both
in quartz veins and intergrown with disseminated chalcopyrite.

Incipient to weak illite ± kaolinite alteration had little effect
on grade, whereas strong illite alteration reduced the grade of
copper and gold but left molybdenum largely undisturbed.
Gold liberated during illite ± kaolinite alteration was recon-
stituted as high-fineness inclusions in new or recrystallized
pyrite (Gregory and Lang 2009; Gregory et al., 2013). 

Advanced argillic alteration zones have much higher grades
of copper and gold, but very similar molybdenum, compared to
early potassic alteration. Pyrophyllite alteration contains high
concentrations of pyrite and chalcopyrite and both minerals
host inclusions of high-fineness gold. This is the only zone in
the deposit where high-fineness gold inclusions occur in chal-
copyrite and this chalcopyrite therefore can be distinguished
from chalcopyrite that precipitated during older potassic al-
teration that has electrum inclusions (Gregory et al., 2013).
The increase in copper grade in sericite alteration is due to the
precipitation of high sulfidation copper minerals and pyrite
that replaced early chalcopyrite (Gregory and Lang, 2009).
Gold occurs as high-fineness inclusions in pyrite and high sul-
fidation copper minerals and as electrum in relict chalcopy-
rite related to early potassic alteration (Gregory et al., 2013).

The two zones of high quartz vein density initially may have
been low-grade domains which formed during early potassic
alteration. The zone along the brittle-ductile fault zone is now
strongly mineralized where overprinted by pyrophyllite alter-
ation. The zone north of the ZE fault has average to low
grades of copper and gold except in small volumes over-
printed by sericite alteration. 

Late quartz-sericite-pyrite alteration removed most copper
and molybdenum but typically gold is present in concentra-
tions between 0.15 and 0.5 ppm (Lang et al., 2008). The effect
of quartz-illite-pyrite alteration on copper and molybdenum

grade is similar to that of quartz-sericite-pyrite alteration but
the depletion is less extreme. In both cases, gold occurs as
high-fineness inclusions in younger generations of pyrite
(Gregory et al., 2013).

Relationships between copper, gold, and molybdenum dur-
ing early alteration are shown in Figure 8. Copper and molyb-
denum are not significantly correlated. A subpopulation with
high grades of molybdenum and with low copper plausibly re-
flects the effect of late type B3 veins. Gold and copper are
broadly correlated where sodic-potassic alteration has af-
fected granodiorite plutons in the West zone; a similar trend
is evident in a subset of data from the deposit as a whole, al-
though remaining data are uncorrelated. In other alteration
types, there is no significant correlation between the three
main metals at Pebble. 

Rhenium and palladium are present in concentrations of
potential economic interest. The average rhenium concentra-
tion in molybdenite metallurgical concentrates is 780 to 966
ppm (Lang et al., 2013). Palladium occurs in concentrations
of up to 3 ppm in pyrite but only within pyrophyllite alter-
ation zones (Gregory et al., 2013) where numerous drill in-
tersections up to tens of meters in length have returned val-
ues between 0.1 and 1.17 ppm.

The absolute grades of copper, gold, and molybdenum
within the intensely altered cores of the East and West zones
are not significantly influenced by rock type, plausibly as a re-
flection of the fluid-buffered environment. One exception is
the association of high Cu-Au grades with Fe-rich diorite sills,
a relationship common in porphyry deposits (e.g., Ray, Ari-
zona; Phillips et al., 1974). Where alteration is less intense,
particularly near the margins of the deposit, comparatively
less permeable, hornfelsed flysch consistently has lower
grades than adjacent intrusive rock types.

Other zones of mineralization in the district

Numerous zones of intrusion-related and epithermal-style
mineralization have been discovered in the Pebble district
but none have been fully explored (Fig. 2). These include: (1)
Eocene epithermal Au-Ag veins in the Sill zone and on Sharp
Mountain; (2) porphyry-style Cu-Mo-Au mineralization, sim-
ilar in age and characteristics to the Pebble West zone, in the
38 and 308 zones; (3) propylitic alteration associated with
polymetallic mineralization and hosted by 90 Ma granodiorite
intrusions in the 52 zone; (4) Cu-Au mineralization of in-
ferred mid-Cretaceous age associated with calc-silicate alter-
ation in the 37 zone; (5) strongly anomalous Mo, Cu, Au, and
other metals related to siliceous breccias and strong quartz-
sericite-pyrite−style alteration of uncertain age over an area
of at least 5 km2 in the 65 zone; and (6) gold, Cu-Au, and base
metal mineralization associated with 96 Ma alkalic intrusions
within and north of the 25 zone. The only intrusive event not
associated with hydrothermal activity is the 65 Ma mon-
zonites. Detailed descriptions of these mineralized zones are
available in Lang et al. (2013), Rebagliati and Haslinger
(2003), Haslinger et al. (2004), Rebagliati et al. (2005), and
Rebagliati and Payne (2006, 2007).

Discussion
Structural controls have influenced the location of the Peb-

ble deposit at all scales. Anderson et al. (2009, 2010, 2011,
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2013) inverted regional aeromagnetic data and proposed that
Pebble is hosted by one of at least five large centers of deep-
seated magmatic activity in southwest Alaska, which they in-
terpreted to be the roots of a Cretaceous arc. These centers
are distributed parallel to the Lake Clark and similar, re-
gional-scale, strike-slip faults, and potential deep-seated cross
faults are suggested by regional gravity data (L. Rankin, pers.
commun., 2011). This setting is similar to that of major por-
phyry deposits in northern Chile (e.g., Tosdal and Richards,
2001; Anderson et al., 2010).

At district and deposit scale, fault orientations are consis-
tent with connecting structures between strands of the Lake
Clark fault zone (Shah et al., 2009, 2011). Movement on many
of these faults occurred after formation of Pebble (Goldfarb

et al., 2013) but near coincidence of the younger ZG1 brittle
fault and the synhydrothermal brittle-ductile fault zone sug-
gests that older precursor structures were important. The re-
gional to local setting at Pebble therefore manifests a column
of crust that experienced long-lived, episodic magmatism and
deep-seated structural activity conducive to emplacement of
large magmatic sources of fluids and metals, intrusion of mul-
tiphase cupolas at shallow paleodepth, and maintenance of
hydrothermal plumbing systems. 

Multiple stages of metal introduction contributed to the
huge tonnage and, in the East zone, to the high hypogene
grades of mineralization at Pebble (Fig. 9) and can plausibly
be related to multiple phases of intrusion and fluid generation
(e.g., Proffett, 2003; Sillitoe, 2010). High-level intrusions

180 LANG AND GREGORY

0361-0128/98/000/000-00 $6.00 180

0

1

2

3

4

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Copper (%)

0

1

2

3

4

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Copper (wt%)

0

500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

500

1000

1500

2000

2500

3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0

G
ol

d
 (g

/t
)

M
ol

yb
d

en
um

 (p
p

m
)

Sodic-Potassic & Potassic Alteration in
All Rock Types (except West Zone stocks)

n = 3358 n = 3964

Sodic-Potassic Alteration in Granodiorite
Stocks, Pebble West Zone

Au:Cu = 1

Au:Cu = 1

Subgroup:
High Mo at low Cu

Copper ( wt%)Copper ( wt%)

FIG. 8.  Relationship between gold, copper, and molybdenum in the Pebble deposit. Data are restricted to samples dom-
inated by early potassic and/or sodic-potassic alteration. Data in the diagrams at left include results from diorite sills, alkalic
intrusions, granodiorite sills, the East zone granodiorite pluton, and flysch; samples from granodiorite plutons in the West
zone are shown separately in the diagrams at right.

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/3812426/9781629490410_ch08.pdf
by guest
on 05 August 2020



 related to Pebble are probably fractionates of the underlying
Kaskanak batholith, which represents a volume of magma suf-
ficient to generate the fluids necessary to form Pebble (Fig.
9A; cf., Richards, 2003, 2005). Ascent of fluids from this un-
derlying source was focused along the several granodiorite
cupolas and also, in the East zone, along the brittle-ductile
fault zone. Lang et al. (2013) have suggested that mineraliza-
tion related to early potassic, sodic-potassic and sodic-potas-
sic ± calcic alteration may comprise an earliest Cu-Au-(Mo)
substage, related either to thus far unidentified or blind in-
trusions (Fig. 9B), and a later substage of Cu-Mo-(Au) related
to the confirmed granodiorite porphyry plutons (Fig. 9C).

The latter relationship may explain the relatively higher grades
of Mo within the East zone pluton (Fig. 4). This was followed
closely by widespread molybdenum-rich type B3 veins, which
plausibly reflect late fluids generated during advanced frac-
tionation of the magmatic source of the early Cu-Au-Mo min-
eralization (Fig. 9C; Candela and Holland, 1986). The deposit
cooled sufficiently to form widespread illite ± kaolinite alter-
ation, which redistributed copper and gold, possibly during a
period of magmatic-hydrothermal quiescence. A late, discrete
pulse of fluid, plausibly related to a blind intrusion emplaced
at depth along the brittle-ductile fault zone, formed advanced
argillic alteration and precipitated additional, high-grade Cu-Au
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mineralization in the East zone (Fig. 9D). The quartz-
sericite-pyrite alteration formed outboard of and variably
overprinted the other alteration types as the hydrothermal
system waned; the quartz-illite-pyrite alteration is most likely
a relict cap of quartz-sericite-pyrite alteration that was par-
tially converted to illite. Some degree of metal variation
within each of the major mineralization substages may also
have been influenced by evolution of fluids from a single
magmatic source and reutilization of structural flow path-
ways. The multiple stages of intrusion, alteration, and metal
introduction at Pebble are compatible with a protracted
hydrothermal history (cf. Sillitoe and Mortensen, 2010).

There is no evidence to support more than about 20° of
eastward rotation of the Pebble deposit. Its current flat-tabu-
lar geometry is considered to reflect its original orientation
above the eastern flank of the Kaskanak batholith (Fig. 9A).
Although the amount of eroded mineralization is unknown,
limited fluid inclusion data (Tracy, 2001) and analogy with the
metal ratio studies of Proffett (2009) and Murakami et al.
(2010) suggest formation at a paleodepth of less than 2 km;
much of the deposit may therefore be preserved . The current
deposit geometry may, in part, reflect vertical restriction of
fluid flow by hornfels aquitards in flysch and promotion of a
significant component of lateral fluid flow along the relatively
more permeable diorite and granodiorite sills (Fig. 9A; cf. Sil-
litoe, 1997). This scenario explains the upward flaring of late
sericite alteration (Fig. 9D), the spatial coincidence of late ad-
vanced argillic alteration with early alteration types, the ab-
sence of hydrothermal breccias, the distinct base to the NQV
zone of high density quartz veins, and the lower average metal
grades encountered in flysch at the margins of the deposit.
Longer fluid residence may also have contributed to higher
concentrations of veins and disseminated mineralization.

Magmatic-Hydrothermal-Structural Summary
A provisional geologic history of the Pebble deposit conceiv-

ably manifests the following major components: (1) deposition
of Kahiltna flysch prior to 99 Ma; (2) intrusion of diorite and
granodiorite sills at about 96 Ma; (3) emplacement of alkalic
suite plutons and associated breccias at about 96 Ma; (4) in-
trusion of the Kaskanak batholith and formation of hornfels at
about 90 Ma; (5) emplacement at depth of intrusions coeval
with the Kaskanak batholith and generation of fluids responsi-
ble for an early substage of Cu-Au-(Mo) mineralization; (6)
formation of the later potential substage of Cu-Mo-(Au) min-
eralization and zones of high vein density in association with
granodiorite plutons within the Pebble deposit; (7) additional
molybdenum mineralization related to type B3 veins; (8) cool-
ing, formation of illite ± kaolinite alteration, and redistribution
of copper and gold; (9) additional intrusions at depth along the
brittle-ductile fault zone and formation of advanced argillic
alteration and associated Cu-Au mineralization; (10) cessation
of magmatic-hydrothermal activity; (11) uplift and deposition
of the Cover sequence in a dynamic erosional environment
during the Late Cretaceous; (12) rotation of the entire de-
posit 20° to the east; (13) erosion of the Cover sequence from
the West zone and formation of supergene mineralization by
8 Ma; (14) Pleistocene to Recent glaciation, removal of pale-
osupergene mineralization, and downice dispersion; and (15)
glacial retreat by about 11 Ka and formation of additional

minor supergene mineralization. The accuracy of the model
will be tested and revised as more detailed geologic, fluid in-
clusion, isotopic, and geochronological studies are completed.

Exploration Considerations
Pebble is a world-class porphyry Cu-Au-Mo deposit and

whether it is an isolated giant, like the deposits at Butte and
Bingham Canyon, or is part of a major, emerging metallo-
genic belt remains to be learned. Regardless of this uncer-
tainty, first-order exploration targeting for Cretaceous por-
phyry deposits in southwest Alaska should focus on the large
magmatic-structural centers (Anderson et al., 2013), which
are known to host mid- and Late Cretaceous deposits (Young
et al., 1997; Goldfarb et al., 2013). Viable drill targets within
these areas are, however, likely to be concealed by extensive
Eocene rock and Quaternary glacial cover. Detailed mapping
of surficial glacial deposits and determination of ice-flow di-
rections (e.g., Hamilton and Klieforth, 2010) are critical to in-
terpretation of soil and till geochemical surveys and heavy in-
dicator mineral studies (Kelley et al., 2009, 2011; Rebagliati
and Lang, 2009; Eppinger et al.. 2013). Each of these meth-
ods has produced high-contrast anomalies which indicate the
presence of Pebble but the anomalies have been glacially dis-
persed up to at least 11 km south of the deposit (Rebagliati
and Lang, 2009). These methods will be most successful
where deposits are more like the Pebble West zone and over-
lain only by glacial cover.

Exploration in areas with young, unmineralized cover rocks
will be more challenging. Eppinger et al. (2009, 2013), Smith
et al. (2009), and Kelley et al. (2010) report that high-resolu-
tion ICP-MS analysis of surface waters and certain types of
selective extraction geochemical analysis of soils indicate the
presence of concealed mineralization in Pebble East below
the Cover sequence. The copper isotope composition of sur-
face waters also vectors to concealed mineralization in both
Pebble East and West (Mathur et al., 2011, 2013). In both
cases, patterns may reflect upflow of ground waters along
major faults. Surface waters are widespread in southwest
Alaska and hydrogeochemical exploration methods can be
broadly applied. Biogeochemical surveys have been unsuc-
cessful at Pebble (Kelley et al., 2010).

Geophysical surveys will be key exploration tools. Drilling
at the margins of strong induced polarization chargeability
highs led to discovery of the 38, 308, 37, 52, and 25 zones in
areas covered only by glacial sediments (Rebagliati and Lang,
2009). Airborne magnetic and electromagnetic surveys have
been less effective in directly identifying zones of mineraliza-
tion in the Pebble district but provide important constraints
on geology and structure. Three-dimensional inversion of
geophysical datasets significantly improves resolution to
depth and should incorporate in situ measurements of the
physical properties of mineralized and barren rock types by
downhole geophysical logging (Pare et al., 2012).

The expression of the top part of the Pebble hydrothermal
system is poorly known. The location of quartz-illite-pyrite al-
teration and control on advanced argillic alteration by the
brittle-ductile fault zone suggests that the deposit was capped
by strongly altered, geochemically anomalous quartz-sericite-
pyrite or quartz-illite-pyrite alteration, potentially complicated
by a superimposed advanced argillic lithocap and by vertical
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restriction of fluid flow by hornfels aquitards. The intense,
laterally extensive, geochemically anomalous alteration and
molybdenum-bearing siliceous breccias in the 65 zone (Fig.
2) suggest that this area may be a high-level analogue to Peb-
ble, which requires drill testing to depth. The distribution of
zones of alteration and mineralization in the Pebble district is
at a scale similar to or larger than that in many major por-
phyry districts which contain clusters of major deposits (Fig.
10). This supports a potential for additional major discoveries
in the Pebble district, and elsewhere in southwest Alaska,
which may require deep drilling to adequately test.
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