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ABSTRACT

Orogenic gold deposits are located adjacent to deep-crustal fault zones, which
commonly parallel continental-margin magmatic arcs in crustally thickened parts of
the North American Cordilleran orogen. The most important Cretaceous to Eocene
deposits are located 100-200 km landward of the edge of the continent and within
allochthonous oceanic terranes that were accreted to the craton 35-80 m.y. prior to gold
deposition. Gold provinces are sited in the fore-arc (Juneau gold belt, Sierra foothills),
back-arc (Bridge River), and arc margins (Willow Creek). In all provinces, older intru-
sions define structurally favorable host rocks for many of the larger gold resources. Arc
magmatism in the gold provinces began 5-20 m.y. prior to hydrothermal activity, except
in the Sierra foothills where the widespread gold formation pre-dates the earliest phases
of the Sierra batholith by at least a few million years. The one temporally consistent,
major tectonic feature in all gold provinces is the correlation of ore formation with
transpression and related uplift along the fault systems. These critical events for the
generation of Cordilleran gold provinces specifically included: (1) a ca. 125 Ma change
from sinistral to dextral strike-slip along the faults of the Sierra foothills, (2) a ca. 55 Ma
shift from a compressional to transpressional regime within the terranes of the Juneau
gold belt, (3) the ca. 66 Ma onset of dextral slip on northern splays of the Border Ranges
fault system in the Willow Creek district, and (4) the ca. 66 Ma initiation of a transpres-
sive regime and dextral slip along splays of the Yalakom fault system within the Bridge
River district. Changing stress fields and associated transpressive tectonics are per-
haps the most critical feature for the development of orogenic gold provinces within
Cordilleran-type orogens.
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INTRODUCTION

Economically significant orogenic gold deposits of
Mesozoic-Cenozoic age are almost exclusively restricted to
the circum-Pacific, within orogens that define the most ac-
tive continental margins subsequent to Pangea breakup (e.g.,
Goldfarb et al., 1998, 2001). As much as 200 Moz of this
gold endowment are part of the past production, new resourc-
es, and associated placer accumulations recorded within the
North American Cordilleran orogen. These orogenic gold
deposits formed between ca. 180 and 50 Ma and over a dis-
tance of more than 5000 km from Nome, Alaska, through the
Yukon and British Columbia, to the Sierra Foothills of Cali-
fornia (Fig. 1).

Ore deposits in the Cordilleran orogen older than about
180 Ma represent either products of mostly syngenetic hy-
drothermal systems that were active in the platform/shelf
environment of the ancestral North America miogeocline, or
epigenetic systems that developed in distal oceanic arcs and
continental fragments prior to their accretion to the North
American craton. The initiation of compressional tectonism
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Figure 1. Orogenic gold provinces of the Cordilleran orogen. Major
gold resources are located along terrane-bounding fault zones within
a few tens of kilometers of the main Cordilleran continental margin
batholiths. They occur seaward (Juneau gold belt, California gold-
fields) of the magmatic arc, landward of the arc (Bridge River), or
within the margin of the arc (Willow Creek).
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along the continental margin began with the late Paleozoic to
Early Triassic obduction of allochthons of oceanic crust and
overlying sediment above the rocks of the miogeocline (Old-
ow et al., 1989). But it wasn’t until the Late Triassic, when
subduction of oceanic terranes first occurred along the margin
and moderate- to high-temperature Cordilleran orogenesis was
thus initiated, that a favorable tectonothermal regime began to
be established for the generation of orogenic gold deposits at
mid-crustal levels.

Within 10-20 million years of the onset of subduction
and accretion, large areas of the mid-crust within the growing
margin began to experience a significant rise in geotherms due
to the complex interplay among a number of factors. These
likely would include, to at least some degree, release of ra-
dioactive heat from accreted material, shear heating, heating
from massive fluid flux, crustal thickening, ridge subduction,
and slab rollback (Kerrich et al., 2000; Goldfarb et al., 2005).
Typical Barrovian P-T conditions, leading to a “deeper-later”
metamorphic style (e.g., Stuwe, 1998), caused release of enor-
mous fluid volumes; perhaps as much as five volume percent
of the accreted and/or underplated material was converted to a
low salinity, C-O-H-N-S fluid during metamorphic reactions.
These fluids, anomalous in As, Au, B, Hg, Sb, and W, were fo-
cused along deep crustal faults, commonly terrane-bounding
structures in the crustally thickened parts of the orogen, dur-
ing seismic events associated with changes in regional stress
fields. Resulting orogenic gold deposits formed throughout
the Cordillera at depths of 3-20 km (Groves et al., 1998; Gold-
farb et al., 2005).

The oldest gold lodes are those of Middle-Late Juras-
sic in the Canadian Cordillera (Goldfarb et al., 1998). Early
Cretaceous ores characterize the Sierra Foothills (Bohlke
and Kistler, 1986), mid-Cretaceous deposits occur in interior
Alaska (McCoy et al., 1997), and Paleocene-Eocene ores are
exposed along the present-day Gulf of Alaska (Goldfarb et al.,
1997). Orogenic gold deposits formed during the most re-
cent 50 m.y. certainly exist, but they have yet to be unroofed.
Mercury and antimony deposits within the Cordillera, which
are characterized by anomalous CO, and '®0 concentrations,
define shallow levels of the hydrothermal systems that may
overlie some of the still buried orogenic gold lodes (Groves et
al., 1998; Goldfarb et al, 2005).

The Cordilleran orogen of western North America rep-
resents a relatively young, well-studied, and well-dated oro-
gen. Major tectonic events, particularly regional structural
and magmatic episodes, are thus well-constrained. As a con-
sequence, the hydrothermal events that were responsible for
formation of the metalliferous systems, comprised of orogenic
gold deposits and any associated mercury-antimony deposits,
can be relatively precisely correlated, both spatially and tem-
porally, to the major processes of orogeny in this part of the
circum-Pacific. Such findings will subsequently allow for a
better overall understanding of how, in general, mineral de-
posits that formed from metamorphic processes relate to ma-
jor tectonic processes active during orogeny.



Orogenic gold and evolution of the Cordilleran orogen

OROGENIC GOLD IN THE NORTH AMERICAN
CORDILLERA

Gold deposits of the Cordilleran orogen range in age
from ca. 180 to 50 Ma (Goldfarb et al., 1998). Many of the
ore-hosting districts in interior Alaska (e.g., Fairbanks, Seward
Peninsula) or western Canada (e.g., Klondike, Atlin) have a
relatively complex deformational and magmatic history be-
cause of the tens of millions of years of outboard collision.
The locations and geometries of the subduction-related arcs
in these areas may be difficult to define and much of the initial
gold resource may be eroded into placer accumulations. Re-
lationships between lode deposits and orogenesis may thus be
difficult to define in the older and more landward parts of the
orogen. Furthermore, parts of the orogen not directly associ-
ated with a large ocean closure generally lack an abundance of
amalgamated accreted terranes and arcs, and thus deep-crustal
faults or terrane sutures (e.g., Seward Peninsula, Klondike),
making such environments less amenable to fluid focusing
and large lode concentrations (Leahy et al., 2005). In more
present-day coastal areas of western North America where
relatively young Cordilleran batholiths can still be well-de-
fined, widespread transpression of these uplifted and thick-
ened central parts of the orogen, concentrated along the deep
crustal fault zones between dozens of allochthonous terranes
along the Pacfic rim, characterizes the late Mesozoic and early
Tertiary (Oldow et al., 1989). These areas exhibit the best
documented temporal relationships between deformation,
magmatism, and orogenic gold deposit formation (Fig. 1).

We describe below these critical tectonic features for
the major orogenic gold provinces spatially associated with
the Cordilleran batholiths. These include the Juneau gold belt
and Sierra foothills province seaward of the Cordilleran arc,
the Bridge River district landward of the arc, and the Willow
Creek district within the arc itself.

Sierra Foothills gold province, central California

The 300-km-long Sierra foothills gold province (Fig.
2) is the most endowed part of the Cordilleran orogen. Gold
deposits are located adjacent to first-order transcrustal fault
zones in a series of north-south-trending accreted terranes and
overlap assemblages, which are located on the western side of
the Sierra Nevada batholith. This forearc setting within an ac-
cretionary orogen is the most common tectonic setting for the
formation of productive orogenic gold deposits (Groves et al.,
1998, 2003). More than 40 Moz of historical gold production
has come from the Sierra foothills lode systems, with about
80-90 percent of this production concentrated in (1) the 195-
km-long x 1.5-km-wide Mother Lode belt (Knopf, 1929), (2)
the Alleghany district, and (3) the Grass Valley district. Much
of the ore in the Mother Lode belt is spatially associated with
serpentinized ultramafic rocks, which are abundant along the
main fault zones. The Idaho-Maryland and Empire deposits
in the Grass Valley district were the largest past-producing
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Figure 2. The major deposits of the Sierra Foothills gold province,
central California. Most of the lode resource was concentrated along a
200-km-long belt adjacent to the Melones fault system (Mother Lode
province) and in the Grass Valley district (i.e, mainly the Idaho-Mary-
land and Empire deposits). Terranes, after the classification of Snow
and Scherer (2006), were accreted to the margin between 272 and 166
Ma. Terrane-bounding faults were characterized by sinistral strike-
slip motion from 145-125 Ma, and subsequently by dextral strike-slip.
The magmatic arc, the Sierra Nevada batholith, was emplaced from
120-80 Ma along the eastern side of the Northern Sierra terrane.
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orogenic gold deposits in the entire orogen, together respon-
sible for about 9 Moz Au recovered. Throughout the foothills
province, zones of minimum principal stress and dilation that
host the gold ores include conjugate shears, dilational jogs,
granitoid pressure shadows, lithologic contacts, and compe-
tency contrasts (North, 2006). Proposed ore deposit models
range from historically magmatic (Knopf, 1929; Johnston,
1940) to more recently metamorphic (Landefeld, 1988; Jia et
al., 2003).

In addition to the lode gold, more than 65 Moz of placer
gold has been recovered from Eocene alluvial concentrations,
with surprisingly a large amount of this resource having been
defined upstream from the known lodes. Additional vein sys-
tems eroded during unroofing of the Sierra batholith, a few
tens of kilometers landward of the productive lodes, are an
obvious possible source for the upstream placers. However,
some paleovalleys extended far eastward into Nevada and
may define additional source areas for the placer gold (Gar-
side et al., 2005).

The Sierra foothills gold province is underlain by a se-
ries of terranes and overlap sequences of Paleozoic to mid-
Mesozoic oceanic metasedimentary and metavolcanic rocks
(Fig. 2). Classification of these remains argumentative, but
most scenarios stress a Triassic-Jurassic growth to the con-
tinental margin. The most recent classification by Snow and
Scherer (2006) suggests that the North Sierra terrane, com-
prised of early Paleozoic sedimentary rocks and volcanic arc
rocks as young as Middle Jurassic, and that is located immedi-
ately seaward of the Sierra batholith, was accreted to the cra-
ton margin during a poorly constrained episode sometime be-
tween 272 and 166 Ma. It was amalgamated with an outboard
mélange, typically termed the Calaveras Complex or terrane,
along the Calaveras-Shoo Fly thrust between 235 and 176 Ma.
The Jura-Triassic arc belt (includes the Sullivan Creek, Foot-
hills, Don Pedro, Slate Creek, Placerville terranes of various
workers), with abundant serpentinite, mélange, and volcanic
rocks, hosts most of the gold occurrences. The belt includes
a number of steeply-dipping thrust faults (e.g., Melones, So-
nora, Bear Valley), traceable for hundreds of kilometers, that
are probable boundaries between distinct terranes. This belt
was amalgamated with the rocks of the Calaveras Complex
between 197 and 177 Ma. Still further west, the Middle-Late
Jurassic arc sequence is an overlap assemblage onto the Jura-
Triassic arc belt. Finally, the Franciscan melange was added
to the convergent margin beginning during Late Jurassic, with
the Jura-Cretaceous Great Valley clastic sequence forming be-
tween the melange and the Middle-Late Jurassic arc sequence
(Blake et al., 2002). The fact that sedimentary deposits in
the Great Valley sequence, overlapping rocks of the foothills
terranes and Franciscan mélange, are as old as Late Jurassic,
indicates that the gold-hosting foothills terranes were being
uplifted by Late Jurassic.

Magmatism in the Sierra foothills is concentrated into
two episodes, which mainly pre-date and post-date the gold
event (see below). Early magmatism is represented by nu-
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merous isolated plutons throughout the foothills terranes.
These were emplaced mainly between 165 and 140 Ma, and
therefore they overlap final collision along the margin and al-
most certainly final subduction below the terranes of the gold
province. Plutons from this episode in the Grass Valley dis-
trict hosted much of the historic gold resource; the >6 Moz
Au Empire deposit is hosted by a Late Jurassic granodiorite.
The massive Sierra batholith formed the main magmatic arc
tens of kilometers to the east of the older plutons at ca. 120-80
Ma, subsequent to a 20-m.y.-long period with essentially no
igneous activity.

Ages of deformation are broadly constrained within the
gold province. Throughout the Late Jurassic and earliest Cre-
taceous many workers report a sinistral oblique convergence
along the continental margin (Glazner, 1991; Umbhoefer,
2003). This tectonism was responsible for pre-145 Ma thrust-
ing and folding (Schweickert, 2006) and subsequent ca. 145-
125 Ma sinistral motion along structures such as the Melones
and Bear Mountains fault systems (Sharp, 1988; Umbhoefer,
2003); ca. 146-123 Ma regional metamorphism in the foot-
hills (Paterson et al., 1991); and widespread ductile deforma-
tion from 151 to 137 Ma, and perhaps to 123 Ma (Saleeby et
al., 1989). Much of the deformation overlaps the well-defined
magmatic lull. A major change in Farallon-North America
convergence established a dextral strike-slip regime within
the foothills subsequent to ca. 125 Ma. Glazner (1991) cor-
related the change in far-field stresses to the onset of batholith
emplacement (Fig. 3). Although accretion and subduction
were active throughout the Cretaceous in westernmost Cali-
fornia, the associated strike-slip faulting was fully concentrat-
ed a few hundred kilometers inland within the foothills ter-
ranes (Wakabayashi, 1999). The development of the immense
Sierra batholith indicates that although this was dominantly
a transpressive continental margin, significant Farallon plate
underthrusting must also have taken place below the Foothills
terranes (Ernst et al., 2008), beginning at approximately the
time of gold deposition.

Historically, there have been about twenty dates reported
for the gold lodes of the Sierra foothills province (i.e,. Bohlke
and Kistler, 1986). The dates range from ca. 144-104 Ma,
with the wide scatter reflecting, to a large degree, the K-Ar and
Rb-Sr dating methods that inherently possess a large amount
of imprecision. In fact, as pointed out by Bohlke and Kistler
(1986), the two oldest dates, both from the Brunswick deposit
in the Grass Valley district (ca. 144 and 141 Ma), should be in-
terpreted with caution because most of the veins in the district
cut granite that is more than 10 m.y. younger than the Bruns-
wick dates. In contrast, Landefeld (1988) argued that the 144-
141 Ma dates may be the best approximations for the timing
of gold deposition throughout the Sierra foothills because that
was the probable period of rising isotherms and metamorphic
devolatilization within the host terranes.

Dating of many of the foothills gold deposits during the
last year by relatively precise Ar-Ar methods, however, has
narrowed the range of vein formation to about 125+10 Ma
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Figure 3. A well-defined 20-m.y.-long magmatic lull during sinis-
tral motion and widespread deformation in the Sierra foothills, then
a change to dextral deformation during the onset of arc formation,
characterized the Sierra Foothills gold province during Early Creta-
ceous (from Glazner, 1991). Gold deposition throughout the prov-
ince (i.e., Marsh et al., 2008) overlaps with this transition in fault
kinematics.

(Marsh et al., 2008; Snow et al., 2008). An age of 152.2+1.2
Ma was also obtained by Snow et al. (2008) for hydrothermal
mariposite from the Idaho-Maryland orebody in the Grass Val-
ley district, providing further evidence of an older gold event
in this one part of the gold province.

The gold deposits in the Sierra foothills post-date all
terrane accretion along the continental margin. The major-
ity of the gold deposits were formed about 35 m.y. after the
host rocks were added to the edge of the continent. But there
is a strong temporal correlation between gold deposition and
the change from sinistral to dextral strike-slip on the major
fault zones in the terranes of the Jurassic arc sequence (Fig.
3). Goldfarb et al. (2007) suggested this reflects the plume-
related plate reconfigurations in the Pacific basin at this time.
Such a major change in stresses would lead to significant di-
lational jogs within the older terrane-bounding fault systems,
which would enhance hydrothermal activity particularly dur-
ing seismic events (e.g., Sibson et al., 1988). The collision
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of the Guerrero terrane with North America at the latitude of
Mexico during this plate reconfiguration may have played
a role in the development of the dextral regime (Umhoefer,
2003). For the most part, hydrothermal activity predated by a
few million years the emplacement of the oldest plutons of the
Sierra batholith, which are exposed about 20-30 km landward
of most of the goldfields.

Juneau gold belt, southeastern Alaska

The deposits of the Juneau gold belt (Fig. 4a) were his-
torically the most significant lode producers in Alaska, with
>7 Moz combined production from the giant Alaska-Juneau
and Treadwell deposits and significant resources remaining at
these deposits and other vein systems along the 160-km-long
x 5- to 8-km-wide mineralized zone. The deposits are located
within 1-2 km of steeply-dipping, NW-striking thrust faults,
which were originally sutures between accreted terranes, and
they are about 15-20 km seaward of the main plutons of the
Coast batholith (Fig. 4b). Goldfarb et al. (1988a) first sug-
gested a metamorphic model for formation of the orogenic
gold deposits, which was well supported by fluid inclusion
(Goldfarb et al., 1989) and stable isotope (Goldfarb et al.,
1991a) data from deposits throughout the gold belt. The
dominantly NW-striking veins occur as temporally overlap-
ping shear and tensional vein systems developed ca. 56-53
Ma, during a shift from a contractional to a transpressional
continental margin regime (Miller et al., 1994). The largest
gold resources are spatially associated with relatively compe-
tent intrusive host rocks scattered along the belt of metasedi-
mentary and metavolcanic terranes, a scenario similar to what
was described above for the Grass Valley district in the Sierra
foothills.

The gold deposits occur within areas underlain by rocks
of the late Paleozoic, parautochthonous Yukon-Tanana ter-
rane, the Permian-Triassic Taku terrane, and the Late Jurassic-
Cretaceous Gravina belt (fig. 4b; Gehrels, 2000). The latter
represents an overlap basinal assemblage onto the Alexander
terrane, located to the west of the gold belt. Yukon-Tanana and
Taku terranes are separated by the Sumdum fault and the Taku
terrane and Gravina belt by the Fanshaw fault. These steeply
east-dipping thrust faults, which each contain gold deposits
within both their hangingwall and footwall, were the main
sutures during Cretaceous growth of the continental margin.
Compressional-related events, such as shearing, folding, mag-
matism, and metamorphism, are well documented until about
ca. 58 Ma (Miller et al., 2000).

Intrusions of a variety of ages are well-dated within the
Juneau gold belt. Permian gabbroic bodies, accreted as a part
of the Taku terrane, hosted the bulk of the gold ore at the Alas-
ka-Juneau gold deposit. Syn-accretionary, deeply-emplaced
diorites of the mid-Cretaceous Admiralty Revilagigedo belt
(Brew and Morrell, 1983) include the 105 Ma stock that hosts
the Kensington deposit and the 91 Ma sill that hosted the
Treadwell gold ores. A 700-km-long belt of 72-58 Ma tonalite
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Figure 4. (a) The 160-km-long Juneau gold belt, SE Alaska, in-
cludes an abundance of deposits (i.e., Kensington, Alaska-Juneau
or AJ, Treadwell, and Sumdum Chief) along the length of a com-
plex structural zone, sometimes termed the Coast Range Megalinea-
ment, which is overprinted by an inverted Barrovian metamorphic
sequence (e.g., Himmelberg et al., 1991). This zone includes two
closely-spaced thrust faults (see figure 5) that represent mid-Cre-
taceous sutures of terranes being added to the Cordilleran orogen
(Gehrels, 2000).

(b) Central part of the Juneau gold belt in the area of the Alaska-
Juneau and Treadwell deposits. The Sumdum and Fanshaw faults
separate the Yukon-Tanana and Taku terranes and the Taku terrane
and Gravina belt, respectively (Miller et al., 2000). A syndeforma-
tional belt of tonalite sills were emplaced 5-10 km landward of most
gold deposits between 72 and 58 Ma. Subsequently, post-kinematic
plutons of the Coast batholith were emplaced east of the sills and a
dextral transpressional regime became widespread throughout the
forearc, which may have facilitated movement along the Silverbow
fault that offsets the orebodies of the AJ deposit.
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sills was emplaced 5-10 km landward of the gold belt (Miller
et al., 1994). Simultaneously, between the sills on the east
and the most westerly part of the gold belt, an inverted Barro-
vian metamorphic sequence overprinted the various terranes
(e.g., Himmelberg et al., 1991; Stowell and Crawford, 2000).
Finally, about 15-20 km east of the gold belt, the majority of
the granodioritic and granitic plutons of the Coast batholith
crystallized between 55 and 48 Ma.

Compressional deformation fabrics are obvious in the
Cretaceous diorites and latest Cretaceous-Paleocene sills, but
are not recognized in the Eocene plutons of the Coast batho-
lith. These pre-gold fabrics were defined as D1-D4 by Miller
et al. (2000). The D4 event is recognized as a regional shear
fabric, termed the Coast Shear Zone, which essentially spa-
tially overlaps and deforms the belt of tonalite sills. Klepeis
et al. (1998) noted the variable tectonic history on opposite
sides of this shear zone. To the east, the Coast Mountains
were rapidly uplifted between ca. 65-57 Ma, whereas to the
west and in the terranes that host the Juneau gold belt, mainly
reverse movement is recorded as overprinting the Barrovian
metamorphism along the thrust faults at 57-55 Ma. This spa-
tial/temporal transition was interpreted as possibly recording
a major change in far-field stresses along the continental mar-
gin.

The 56-53 Ma gold veins of the Juneau gold belt over-
print the 57-55 Ma D4 shear-related deformation. Miller et al
(2000) indicate that the non-Andersonian development of the
gold-bearing vein systems, such that they are mainly perpen-
dicular to the axis of maximum compression, could reflect a
drastic rotation in stress fields at this time. This is consistent
with Goldfarb et al. (1991b), who argued that the age of gold
mineralization correlates well with the change from a com-
pressional to transpressional continental margin. The initia-
tion of dextral transpression further seaward may have been
as old as 63 Ma on the Chatham Strait-Denali fault system
(Gehrels, 2000), but may first be recorded in the terranes of
the gold belt by features such as the E-W Silverbow fault that
offsets the gold orebodies at the Alaska-Juneau deposit.

In summary, gold formation in the Juneau gold belt oc-
curred during a 3-m.y.-long period of fluid flow along the Fan-
shaw and Sumdum fault systems. These steep faults tapped
fluids produced during a Barrovian metamorphic event that
was initiated about 15 m.y. earlier. The mineralization event
(1) post-dates accretion of the host terranes by at least 35
m.y., (2) overlaps the broadly-defined onset of transpressional
movement best recognized along the continental margin to the
west, and (3) overlaps the initial stages of massive batholith
development to the east, but post-dates 14 m.y. of sill magma-
tism on the western side of the batholith, which together prob-
ably define a single 25-m.y.-long episode of related intrusive
activity.
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Figure 5. The deposits of the Willow Creek district are localized along the seaward margin of the Tal-
keetna Mountains batholith, south-central Alaska (Winkler, 1992). Plutons in the southern part of the
batholith were emplaced at ca. 74-67 Ma and uplifted between 68 and 61 Ma. The 200-km-long Castle
Mountain fault and perhaps the local Hatcher Pass fault zone, probable splays off the regional Border
Ranges fault system that is located a few tens of kilometers south of the district, began to show evidence

of dextral strike slip by 75-65 Ma.

Willow Creek district, south-central Alaska

The Willow Creek district (Fig. 5) is the most important
gold district in the south-central part of Alaska. It is located
along the southern margin of the Talkeetna Mountains batho-
lith. The batholith is a part of the latest Cretaceous-early Ter-
tiary continental margin arc that extends for more than 3000
km, from the Coast batholith in southeastern Alaska, through
the Kluane batholith of western Canada, to the Talkeetna
Mountains batholith north of Anchorage, and to the Alaska
Range (e.g., Moll-Stalcup, 1994). Most of the >600,000 oz
of gold production in the Willow Creek district was from the
veins of the Independence deposit. A major terrane boundary,
the Border Ranges fault system, is located about 30 km south
of the gold district, but important splays off that system occur
much closer to the gold deposits.

The gold deposits are mainly hosted by latest Creta-
ceous-earliest Tertiary igneous rocks that have intruded rocks
of the Peninsular terrane (Fig. 5). In the region, the Penin-
sular terrane is dominated by accreted volcanic and intrusive
rocks of the Early to Late Jurassic Talkeetna arc (Winkler,
1992). This 1000-km-long oceanic arc was either built upon
the Wrangellia-Alexander terrane amalgamation or collided
with the amalgamation sometime between Permian and Late
Jurassic (Trop and Ridgeway, 2007). In either scenario, the
arc was likely accreted to the continental margin by the end of

the Jurassic (Clift et al., 2005). Simultaneously, and continu-
ing throughout the Late Cretaceous, mélange and flysch of the
Chugach terrane were being accreted to and thrusted below
the seaward margin of the Wrangellia-Alexander-Peninsular
superterrane along the Border Ranges fault system .

Plutons of the Talkeetna Mountains batholith intruded
the southern part of the arc after accretion, but coevally with
the latter stages of ongoing subduction/accretion to the south.
A number of K-Ar dates from different phases of the batholith
are spread between 79-65 Ma; the older half of the range char-
acterizes samples closest to the gold deposits (Winkler, 1992).
However, recent U-Pb ages for a number of samples within a
few kilometers of some of the gold deposits cluster between
72.5 and 67.3 Ma (Harlan et al., 2003; Dwight Bradley, oral
commun., 2004), and are probably the best estimate for the
age of the ore host rocks. Regional uplift and exposure of the
batholith took place at ca. 68-61 Ma.

The Border Ranges fault system, a few tens of kilo-
meters south of the deposits of the gold district, was reacti-
vated and underwent several hundreds of kilometers of right
lateral displacement sometime within the period from latest
Cretaceous through Tertiary (Little, 1990; Pavlis and Roeske,
2007). Some of the dextral strike-slip was partitioned onto a
200-km-long northern splay termed the Castle Mountain fault,
which is stated to have undergone at least 35 km of slip since
75 Ma (Bunds, 2001) or 130 km of slip post-65 Ma (Pavlis and
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Roeske, 2007). The fault is exposed about 5 km south of the
gold deposits and the southern margin of the Talkeetna Moun-
tains batholith. More importantly, the smaller and poorly stud-
ied Hatcher Pass fault zone is recognized between the batho-
lith margin and schists that are also a part of the Peninsular
terrane; gold deposits are within 1-2 km of this fault in mainly
the igneous rocks, but also a few small veins are recognized in
the schists. Madden-McGuire et al. (1989) defined this fault
as a possible “paleotrace” of the Castle Mountain fault. Alter-
natively, it may just be a low-order fault that has splayed off
the Castle Mountain and Border Ranges fault systems.

Argon dating of hydrothermal sericite associated with
the gold deposits hosted by the granitoids yielded six ages
tightly constrained between 66.9 and 65.6 Ma (Harlan et al.,
2003). These dates are 2-3 m.y. younger than argon dates
on biotites from the pluton, indicating that the sericite dates
are indeed the age of mineralization and not cooling ages.
A slightly disturbed profile for white mica from the Thorpe
mine, hosted by the schist on the southern side of the Hatcher
Pass fault, yielded a weighted average apparent age of 54 Ma.
It remains unclear how significant this date may be or whether
any significant resource was deposited at this younger time.

Thus, unlike the other Cordillera gold districts, the
Willow Creek gold deposits are hosted dominantly within
the borders of the continental margin batholith itself and not
within the rocks of the accreted terranes adjacent to the arc.
The veins formed in the already solidified batholith, as the
young intrusions were being uplifted during latest Cretaceous
to earliest Paleocene. The intrusions are estimated to have
been emplaced no more than about 5 m.y. before they were
hydrofractured by the gold-bearing ore fluids. The fluid event
is likely coeval with the onset of significant dextral strike-slip
motion on splays of the Border Ranges fault system. The de-
posits themselves formed approximately 80 m.y. after terrane
accretion, but northwesterly subduction of younger oceanic
crust and overlying sedimentary rocks is likely to have been
ongoing during ore formation and, in fact, these underplated
rocks are a potential fluid and metals source. If the well-rec-
ognized southern Alaska slab window reached as far inland as
the Willow Creek district, it would have done so at ca. 62 Ma
(Cole et al., 2006), and would have been an unlikely trigger
for the 66 Ma gold event.

Bridge River district, southwestern British Columbia

Bridge River (Fig. 6) is the most important lode gold
province in the Canadian part to the North American Cordil-
lera. More than 4 Moz Au was recovered mainly from the
Bralorne-Pioneer vein systems from 1897-1971 (Harrop and
Sinclair, 1986). These high-grade veins are localized be-
tween and along the north-striking Cadwallader and Fergus-
son thrusts (i.e., the so-called Cadwallader break of Bacon,
1978), which together represent a few kilometers wide zone of
complex deformation of Paleozoic volcanic and sedimentary
rocks between the Coast batholith to the west and the Bendor
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pluton to the east. Leitch et al. (1991) suggested that ca. 90
Ma thrusting on these faults was associated with the Bralorne-
Pioneer gold deposition. In addition, many other small gold,
antimony, and mercury deposits are scattered throughout the
district, particularly within a few kilometers of the NNW-
trending Castle Pass fault system. Oxygen isotope data for
quartz gangue from all these deposits (Maheux, 1989) suggest
a consistent fluid signature and thus one main district-wide
hydrothermal event. The district is also the most significant
Cordilleran gold producer from orogenic gold deposits that
are located on the landward side of the continental arc.

The mining district is underlain by a complexly interca-
lated stratigraphy of rocks of the Cadwallader, Methow, and
Bridge River terranes (Fig. 6). Oceanic rocks of the Bridge
River terrane are comprised of Mississippian to Middle Juras-
sic fine-grained clastics, basalts, cherts, mélanges, intrusions,
and serpentinites, which were added to the continental margin
between late Middle Jurassic and late Early Cretaceous (Rus-
more, 1987; Schiarizza et al., 1997). These accretionary prism/
oceanic crust rocks were likely amalgamated with the Late Tri-
assic to mid-Cretaceous arc volcanic and clastic rocks of the
Cadwallader terrane shortly before accretion. The two terranes
were accreted to the Jura-Cretaceous basinal turbidites of the
Methow terrane to the east, with the suture being the Yalakom
fault on the eastern side of the Bridge River district. In the
area of the Bralorne-Pioneer deposit, rocks of the Cadwallader
and Bridge River terranes are complexly imbricated along the
Cadwalladar and Fergusson thrusts (Schiarizza et al., 1997).

The kinematics of the major, northwest-striking Yala-
kom fault system and related faults in the Bridge River region
were discussed in detail by Umhoefer and Schiarizza (1996).
The fault system was a site of contractional deformation until
ca. 91-86 Ma, which likely records final Wrangellia collision
seaward of the Bridge River and Cadwallader terranes. The
main structures in the region were subsequently interpreted
to record 30 m.y. of dextral strike-slip as part of an overall
transpressional regime, with the first significant slip probably
taking place at ca. 69-67 Ma along the Castle Pass splay (Um-
hoefer and Schiarizza, 1996). The Castle Pass splay is the most
westerly part of the Yalakom fault system within the district
and is exposed about 5 km east of the Bralorne-Pioneer veins.
This dextral slip is interpreted to be a reflection of the change
from normal subduction of the Farallon plate to obliquely
northward subduction of the Kula plate beginning at ca. 80 Ma
along the continental margin (Umhoefer and Miller, 1996).

More local, northeast-dipping, and northwest-striking,
mid-Cretaceous thrust faults are mapped in the Bridge River
area between the Castle Pass fault and the Coast batholith.
These are significant because they host the economically most
significant lode deposits of the Bridge River district. The 25-
km-long Eldorado fault system records ca. 90 Ma reverse-sinis-
tral movement and likely has a southern continuation that is
defined by the Cadwallader fault in the area of the Bralorne-Pi-
oneer veins (Leitch, 1990; Schiarizza et al., 1997). This highly
mineralized area is marked by an abrupt change in strike, from
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Figure 6. The Bridge River district, containing Hg, Sb, and Au deposits, is located landward of the Coast Plutonic Com-
plex (CPC; or Coast batholith) that forms the Late Cretaceous continental magmatic arc in southern British Columbia.
The major gold resource of the Bralorne and Pioneer orebodies is localized between the Cadwallader and Fergusson thrust
faults and a few kilometers west of the 65 Ma Bendor stock. The district is underlain by complexly intercalated rocks of
the Cadwallader, Methow, and Bridge River terranes, and is cut by a series of NW-striking splays of the Yalakom fault
system that likely showed significant dextral strike-slip at ca. 69-67 Ma (Umhoefer and Schiarizza, 1996).

north to northwest, of the local thrust faults (Church, 1996).
Other important points stressed by Church (1996) include (1)
the recognition of a large dilational zone in the area of miner-
alization, where the Fergusson fault splays off and then rejoins
the Cadwallader thrust and (2) some unspecified and debated
amount of lateral motion along the thrust systems.

Igneous bodies of the southeastern part of the Coast
batholith border the district to the west and the Bendor pluton
outcrops about 3 km east of the Bralorne-Pioneer deposit. The
stocks of the batholith in this area are mainly syn- to post-kine-
matic mid-Cretaceous intrusions that are part of the evolving
juvenile Middle Jurassic-Late Cretaceous arc in the northern
Cordillera (Friedman et al., 1995). The reported dates of in-
trusion cluster between 112 and 90 Ma. Latest Cretaceous to
early Tertiary igneous rocks outcrop east of the batholith and
within the mining district. Many of the dikes and small stocks
range in age from about 69-67 Ma and 47-44 Ma, and their

emplacement may have been controlled by the dextral strike-
slip faulting along the Yalakom fault system (Umhoefer and
Schiarizza, 1996). Explacement age of the large Bendor igne-
ous bodies has been uncertain; reported age determinations
historically have ranged from 139-56 Ma (Church, 1996).
The mineral deposits of the district are hosted by rocks
of both the Cadwallader and Bridge River terranes. The Bral-
orne-Pioneer ores have been studied in detail by Leitch (1990).
The veins are hosted by mainly mafic volcanic rocks at the
Pioneer orebody and Permian diorite at Bralorne. Leitch et al.
(1991) dated the dikes within the gold-bearing structures and
determined a 90 Ma U-Pb age for a pre-ore dike and an 86 Ma
K-Ar age for an altered dike interpreted to be syn-ore; thus,
a narrow mid-Cretaceous time window was suggested for the
gold event, which was also assumed to correlate with thrust-
ing along the Cadwallader break. This 90-86 Ma age was no-
tably older than the estimate of 63.6+1.8 Ma (K-Ar) reported
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by Pearson (1977) for white mica from the Bralorne host in-
trusion. Whereas Pearson (1977) assumed the age to date hy-
drothermal alteration associated with mineralization, Leitch
et al. (1991) interpreted it as a product of thermal resetting by
Late Cretaceous intrusions. Elsewhere in the district, other
K-Ar ages on gold deposits included (1) Harrop and Sinclair’s
(1986) reported K-Ar dates of hydrothermally altered dikes at
the Minto and Congress deposits of 69.4+2.4 and 67.1+1.2,
respectively, (2) a date of 57.7+2.0 by Leitch et al. (1991) for
sericite from the Gem deposit, and (3) a date of 70+£5 Ma for
the diorite host rock of the Elizabeth deposit. Combining all
the K-Ar data with the Leitch et al. (1991) interpretation for
Bralorne-Pioneer, these data suggest distinct middle and Late
Cretaceous hydrothermal events in the Bridge River district.

New argon geochronology by Hart et al. (2008), howev-
er, indicates that one single ore-forming episode likely char-
acterized the Bridge River district. Dating of hydrothermal
micas, from three locations along a 10-km-stretch of the Bra-
lorne-Pioneer veins, are concordant between 68 and 64 Ma,
and suggest no earlier mineralizing event. In addition, new
U-Pb and Ar-Ar dates for minerals phases from the Bendor
stock (Hart et al., 2008) indicate an overlapping age with the
mineralization. These results now confirm that (1) gold depo-
sition post-dates accretion of host rocks by perhaps 50 m.y.,
(2) hydrothermal activity overlaps the initial major dextral
strike-slip in the region and post-dates thrusting by at least 20
m.y., (3) hydrothermal activity is at least 20 m.y. younger than
final magmatism in the nearby Coast batholith, and (4) both
fluid flow and relatively young, coeval magmatic emplace-
ments were probably controlled by the same strike-slip event
within the Bridge River district.

DISCUSSION AND CONCLUSIONS

The tectonic controls of Cordilleran orogenic gold sys-
tems received surprisingly limited discussion compared to
other mineral deposit types throughout the 1970s and early
1980s, as workers began to place deposit types into their
appropriate global tectonic settings. Sawkins (1972) was
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among the first to point out the correlation between what is
now termed “orogenic gold” and subduction-related environ-
ments. Mitchell and Garson (1981) identified the distribution
of California goldfields within a convergent plate margin set-
ting. But it really wasn’t until the late 1980s that the geody-
namic settings of orogenic gold deposits of the Cordilleran
orogen were thoroughly synthesized.

A series of papers on Cordilleran ore deposits in 1988
described broad tectonic controls of orogenic gold deposits
in California (Landefeld, 1988), British Columbia (Nesbitt
and Muehlenbachs, 1988) and Alaska (Goldfarb et al, 1988b).
Many of the more important consistencies in the orogenic
gold model were succinctly discussed by Nesbitt (1991), a
few years later, in his summary on Phanerozoic gold in active
convergent margins. First-order faults were shown to control
the mineralization, particularly those with significant strike-
slip components. Gold ores were stressed as forming late
during orogeny, subsequent to much of the deformation and
metamorphism of the immediate host rocks. Throughout the
Cordillera, orogenic gold was now well-recognized as having
a broad spatial and temporal link to magmatism, but evidence
for a direct genetic link was lacking. A metamorphic model
was now the most widely accepted genetic model for these
Cordilleran gold systems.

A subsequent summary of orogenic gold deposits of
the Pacific rim (Goldfarb et al., 1998) indicated that the larg-
est orebodies may be found outboard, within the margins, or
inboard of the continental magmatic arcs, and typically 100-
200 km landward of the subduction zone associated with the
accreted margin. Arc-related magmatism was stated to have
no consistent pattern relative to hydrothermal activity; it may
pre-date, be coeval with, or post-date formation of the gold
deposits. Available geochronology showed that most Cordil-
leran gold deposits post-dated regional metamorphism of host
rocks by 5-15 m.y. and post-dated accretion/convergence-re-
lated deformation by at least 30 m.y. Reconfiguration of plate
stresses was hypothesized as critical to ore formation.

During the last decade, an abundance of new data sum-
marized in this paper has further improved our understanding

TABLE 1. TIMING RELATIONSHIPS BETWEEN GOLD DEPOSITION, BATHOLITH FORMATION, AND FAULT MOVEMENTS IN THE NORTH AMERICAN CORDILLERA

Age of

Time post host-rock  Spatial association Temporal association

Area Gold province mineralization (Ma) accretion (m.y.) with batholith with batholith Tectonic events

Central California  Sjerra Foothills 150(?), 130-115 Seaward Mainly a few million (1) Shift from sinistral to
(Mother Lode belt, Grass years pre-batholith dextral strike slip (2) change
Valley distrcit, Alleghany in Pacific basin plate motions
district) (3) terrane collision to

SW British Bridge River 68-64 50 Landward 20 m.y. post- Onset of dextral strike-slip

Columbia (Bralorne-Pioneer lodes) batholith

SE Alaska Juneau gold belt 57-53 235 Seaward End stages of sill (1) Initiation of transpressive
(Alaska-Juneau, emplacement and regime (2) shift in Pacific
Treadwell, Kensington first stages of basin plate motions
deposits) batholith

South-central Talkeetna Mountains 67-66 80 Within 5 m.y. post- Onset of dextral strike-slip

Alaska (Willow Creek district) batholith




Orogenic gold and evolution of the Cordilleran orogen

of the relationship between orogenic gold ores and orogen-
esis (Table 1). The formation of major economic goldfields
can all be shown to have post-dated accretion of their host
rocks by 35-80 m.y. Gold-bearing veins in the Willow Creek
and Bridge River districts were formed, respectively, 5 and
20 m.y. subsequent to emplacement of the continental margin
magmatic arc. In the Juneau gold belt, the ores post-date initi-
ation of arc magmatism (i.e., the tonalite sill belt) by about 15
m.y., but the main phase of batholith emplacement is syn-ore
to 5 m.y. post-ore. In contrast, most of the gold deposits in the
California goldfields pre-date, by at least a few million years,
the initiation of 40 m.y. of magmatic activity that formed the
Sierra Nevada batholith. Thus, whereas continental arcs and
gold deposits both may form late during orogenesis, variable
controls on melts and fluids are reflected in an inconsistent
relative timing between melt migration and fluid flow.

The main control on fluid flow, and thus formation
of orogenic gold deposits adjacent to the magmatic arc, is
transpressive reactivation of crustal scale faults. Major chang-
es in fault kinematics within the accretionary margin clearly
correlate with all large gold-forming events. As was noted by
Goldfarb et al (1991b), initiation of transpression in southeast-
ern Alaska was a critical requirement for gold genesis in the
Juneau gold belt. A similar geodynamic setting now seems
critical for orogenic gold deposit formation throughout the
Cordillera. The switch to dextral strike-slip along the terrane-
bounding faults of the California foothills, as well as initiation
of dextral strike-slip along strands of the Border Ranges fault
system in the Willow Creek area of southern Alaska and in
the Bridge River region of British Columbia, apparently were
essential to ore formation.

This same reactivation of strike-slip faulting charac-
terizes orogenic gold deposit formation worldwide in older
Cordilleran-types orogens. Early Cretaceous movement on
the Tan-Lu fault in eastern China, simultaneously with Pacific
basin plate adjustments that influenced fault reactivations in
California, led to deposition of much of China’s gold resource
(Goldfarb et al., 2007). In the Uralian orogen, the giant mid-
Carboniferous gold ores are associated with sinistral strike-slip
being initiated during transpressive deformation (Herrington
et al., 2005). The Permian orogenic gold deposits of central
Asia (i.e., Muruntau, Kumtor; Yakubchuk et al., 2005) corre-
late with the shift from right-lateral to left-lateral slip, which
is recognized to have occurred then throughout the Altaid oro-
gen (e.g., Yin et al., 2005; Briggs et al., 2005). De Ronde and
de Wit (1994) identified such changing fault kinematics, from
reverse to strike-slip, as critical to formation of orogenic gold
deposits back into the Archean. In such transpressional re-
gimes, it is recognized that highest uplift rates with an orogen
are concentrated within 10 km of the major, first-order crustal
fault zones (Spotila et al., 2007). Therefore, not only would
the changing fault dynamics influence hydrothermal fluid
migration, but the spatially associated uplift itself is likely to
enhance fluid migration and thus metal endowment along the
length of this part of an orogen.
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