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Did Westward Subduction Cause Cretaceous—Tertiary
Orogeny in the North American Cordillera?

Robert S. Hildebrand
Department of Geology, Utah State University, 4505 Old Main Hill, Logan, Utah 84322-4505, USA

ABSTRACT

The North American portion of the Cordilleran orogen extends continuously
from Alaska to southern Mexico, and from east to west over much of its length the
orogen comprises an easterly vergent fold-thrust belt, a complexly deformed meta-
morphic hinterland that collapsed gravitationally, and an interlaced mosaic of exotic
terranes. Although most models for the development of the Cordilleran orogen invoke
Late Jurassic—Cretaceous intraplate, backarc shortening above an eastwardly dip-
ping subduction zone, a simple collisional model in which the leading edge of North
America was subducted to the west, beneath a segmented, arc-bearing microconti-
nent, better fits the data.

During the early Mesozoic, Panthalassic Ocean crust was subducted westward
beneath a ribbon continent named Rubia, where it created a generally low-standing
continental arc. At about 124 Ma, the widespread deposition of intraformational
gravels and conglomerates atop the passive margin marked the passage of the North
American shelf over the outer bulge of the trench and its entry into the subduction
zone. Loading by the “bulldozed” and thickened accretionary wedge—as well as the
overlying eastern edge of the Rubian ribbon continent—depressed the lithosphere to
create the Cretaceous foredeep, which migrated eastward during progressive conver-
gence. As the westernmost edge of North America was subducted, the dewatering of
slope-rise and rift deposits abruptly created voluminous melts that rose to thicken
and assimilate the overlying exotic crust, where they formed Cordilleran-type batho-
liths. Owing to the difficulty of subducting an old craton, convergence slowed to a halt
by 80-75 Ma, causing the shutdown of Cordilleran-type magmatism, and finally, dur-
ing the Maastrichtian, break-off of the North American plate. The first segment to fail
was likely the Great Basin segment, located south of the Lewis and Clark lineament
and north of the Sonoran segment. There, slab failure rates were apparently slow
enough that there was considerable lithospheric necking, and so slab-failure mag-
mas were prevented from rising into the overriding plate. The diachronous break-
off caused a catastrophic stress inversion in both upper and lower plates. Released
from its oceanic anchor, the partially subducted edge of the North American craton
rose rapidly, causing its stress regime to change from extensional to compressional,
which, along with continued convergence, generated the thick-skinned Laramide

*Current Address: Department of Geosciences, University of Arizona, 1040 East Fourth Street, Tucson, Arizona 85721, USA; e-mail: bob@roberthildebrand.com.
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deformation. Uplift and gravitational collapse of the overlying Rubian plate formed
the linear belt of Paleocene-Eocene metamorphic core complexes within the orogenic
hinterland. In the Canadian segment, located north of the Lewis and Clark line, the
Coast plutonic complex was uplifted rapidly as asthenosphere rose through the torn
lower-plate lithosphere to invade Rubia with a 1500-km linear belt of break-off—
generated magmas. Within the Sonora segment to the south, break-off magmatism
was also prevalent. Both the Canadian and Sonoran segments have abundant por-
phyry copper mineralization temporally and spatially associated with the break-off
magmas, which suggests a genetic link between slab failure and porphyry copper
mineralization. By 53 Ma, eastwardly dipping subduction of Pacific Ocean crust was
generating arc magmatism on the amalgamated Cordilleran collision zone in both
the Canadian and Sonoran segments. Oceanic schists, such as the Orocopia-Pelona-
Rand, were formed in the ocean basin west of Rubia and accreted during initiation of
the new easterly dipping subduction zone.

A major transform fault, called the Phoenix fault, connects the Sevier fold-thrust
belt at the California-Nevada border with that in eastern Mexico and separates the
Great Basin and Sonoran segments. It juxtaposes the Sierra-Mojave-Sonora block
alongside the Transition Zone of the Colorado Plateau.

Cordilleran events affected the subsequent development of western North Amer-
ica. For example, the structural Basin and Range Province appears to coincide with
the region where exotic allochthons sit atop North American crust in both the Great
Basin and Sonoran segments. Also, within the triangular Columbia embayment, large
segments of Rubia appear to have escaped laterally during the Cordilleran orogeny to
create a lithospheric “hole”” that was later filled by basalt of the Columbia River and
Modoc plateaux.

The real voyage of discovery consists not in
seeking new landscapes but in having new eyes.

page 2

INTRODUCTION

The Cordilleran orogenic belt (Fig. 1) is a diverse and inter-
laced ensemble of fault-bounded blocks with a complicated his-
tory. It extends at least from Alaska to southern Mexico, and is
viewed by most North American geologists as reasonably under-
stood (Dewey and Bird, 1970; Coney and Evenchick, 1994;
Burchfiel et al., 1992). Since the landmark papers by Burchfiel
and Davis (1972, 1975), nearly all workers who have created
or utilized plate models for the main development of the Cordi-
lleran orogenic belt postulate Neoproterozoic to Cambrian rift-
ing of Laurentia to form a westerly facing passive margin, active
until the late Devonian; then 110 m.y., from the Late Devonian
to the early Triassic, punctuated by the successive accretion of
exotic allochthons, which converted the passive margin to an
active margin; and finally eastwardly directed subduction of
Pacific oceanic crust beneath North America. Although there
are numerous minor variants for the tectonic evolution from the
middle Paleozoic to the Triassic (Gehrels et al., 2000b), there
is general consensus that within this temporal scheme major
crustal shortening during the Late Jurassic—Cretaceous Cordi-
lleran (Sevier-Columbian) orogeny represents a period of back-

—Marcel Proust

arc, intraplate thrusting behind a magmatic arc (Fig. 2) on the
upper plate near or on its westernmost margin from the latest
Devonian until the Cretaceous (Armstrong, 1968; Burchfiel
and Davis, 1972, 1975; Gabrielse and Yorath, 1991; Monger and
Price, 2002; Scholten, 1982; Saleeby and Busby-Spera, 1992;
Miller et al., 1992; Oldow et al., 1989; DeCelles, 2004; DeCelles
and Coogan, 2006; Gehrels et al., 2000a, 2000b; Smith et al.,
1993; Thompson et al., 2006; Wyld et al., 2006; Dickinson,
2000, 2004, 2006; Colpron et al., 2007; Evenchick et al., 2007).
The cause of this deformation is variably attributed to rapid con-
vergence (Hyndman, 1972), flat subduction (Dickinson, 2004),
subduction of an oceanic plateau (Murphy et al., 2003), or sub-
duction of a spreading ridge (Bird, 1988).

A critical review of existing data, coupled with new field
observations, suggests that the backarc model is probably in-
correct. In this contribution, I develop an alternative model
on the basis of these data and posit that the main event of the
Cordilleran orogeny was a microcontinent-continent collision,
which developed in the Cretaceous during the thwarted subduc-
tion of North America beneath a previously consolidated, com-
posite superterrane to the west. I call this superterrane Rubia,
and it includes most of the Cordilleran terranes and previously
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Figure 1. Geological sketch map showing dis-
tribution of Cordilleran orogenic belt in west-
ern North America and main tectonic elements
used in the backarc model. Note that here the
Klamath Mountains are restored to a position
north of the Sierra Nevada. Diagonal-lined
area is Mesozoic arc graben from Busby-Spera
et al. (1990). Other authors draw the Meso-
zoic arc terrane curving northeasterly from the
north end of the Sierra Nevada to the Idaho
batholith. Abbreviations: b—Boulder batholith;
c—Cascades; cntb—Central Nevada thrust
belt; CRB—Columbia River basalts; d—
Death Valley; I—Idaho batholith; If—Luning-
Fencemaker thrust belt; m—Monashee com-
plex; p—Priest River complex; rmt—Roberts
Mountain thrust; s—Spring Mountains; SN—
Sierra Nevada batholith; SRP—Snake River
Plain.
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Figure 2. A more or less typical cross section, illustrating the main components of the generally accepted backarc, or intraplate, model for the
development of the Cordilleran orogeny (from DeCelles and Coogan, 2006). Note that in order to have created the Sevier thrust belt, stresses
must have traveled through the ductile regions of the crust and emerged at the platform edge of the North American passive margin. Also in this
model, huge quantities of North American crust must have vanished beneath the Sierra Nevada in order to balance the thin-skinned shortening.

identified superterranes (Monger et al., 1982; Johnston, 2001,
2008), plus new additions, within the Canadian and American
sectors of the orogen.

In this new model for the Cordillera, western North America
was a passive continental margin from the latest Precambrian
until about 124 Ma, when its outermost edge was subducted,
and the passive margin platform rode over the outer trench swell,
was eroded, and, until about 75-70 Ma, partially subducted be-
neath an arc-bearing microcontinent as the Panthalassic Ocean
closed. Following ocean closure, collision, and slab break-off,
a new easterly dipping subduction zone formed outboard of the
amalgamated western North American margin. This hypothesis
is similar to a few models for the Canadian and Alaskan sectors
of the orogen (Gabrielse and Yorath, 1991; Moore et al., 1994;
Johnston and Borel, 2007; Johnston, 2008).

After, and possibly even during, the collision, part of
the southwestern margin of North America was displaced to the
southeast, and the Sierra Nevada—Mojave—Sonora block juxta-
posed against the craton in its place. This idea is not new, for
other workers—Hamilton and Myers (1966), Burchfiel and
Davis (1975), Stevens et al. (1992, 1998), Dickinson (2006)—
earlier suggested that the truncation occurred in the late Paleo-
zoic or Permian—Triassic, but in the model presented here the
movement is considered to be largely Late Cretaceous—Tertiary.

Although it is true that the collisional model presented here
flies in the face of many “facts” as presently understood, it is
powerful because it unites previously difficult-to-explain features
of the Cordillera, such as high-grade metamorphism in the hinter-
land, Laramide basement uplifts, the distribution of metamor-
phic core complexes, the origin of Cordilleran-type batholiths,
and regional-scale Tertiary extension, into a logical continuum.

Despite its potential flaws, the model is far simpler, and explains
more aspects of the geology, than the current backarc model.
Nevertheless, it might be incorrect or even just partly so. Addi-
tional studies and tests—brought into focus by comparing and
contrasting the existing backarc model with the collisional model
presented here—should be profitable and might resolve some of
the more enigmatic aspects of Cordilleran evolution.

GEOLOGICAL OVERVIEW OF THE CORDILLERA

The regional geology of western North America consists
of long, linear geotectonic elements that parallel the Cambrian
continental margin for much of its length (Fig. 1). The largest
and most continuous elements in the Cordilleran orogen are the
Cordilleran passive margin, the Cretaceous fold-thrust belt,
the related foredeep, the Sevier hinterland belt, and the belt of
accreted terranes. Except for a 500 km stretch along the south-
western margin of North America, these elements occur, with
some variations, for nearly 10,000 km from southern Mexico to
Siberia. The summary that follows is not meant to be exhaustive,
but rather to provide a review of the geology and its framework to
provide a common basis for the discussions that follow.

The Cordilleran continental margin, or miogeocline, may
have developed during the Neoproterozoic, but this is doubtful,
for the coarse clastics and volcanic rocks of the Neoproterozoic
Windermere Supergroup, which are commonly considered to be
rift-facies rocks of North America, are at least 150 m.y. older
than the onset of passive margin subsidence (Bond and Kominz,
1984; Hoffman, 1988, 1989; Stewart, 1972). Even in the im-
probable case that the rifting did last 150 m.y., volcanic rift
basins (Roots, 1983; Harper and Link, 1986) are nearly absent.
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The eastern limit of rifting defined the western edge of North
America and coincided with the western limit of younger shelf
sediments on the passive margin (Bond and Kominz, 1984). The
Sevier shelf domain consists of a lower, mature, siliciclastic blan-
ket of Cambrian age overlain by shallow-water carbonate and
interbedded shale (Poole et al., 1992). Westward, or outboard, of
the platform are fine-grained siliciclastic and limy rocks depos-
ited coevally with the platform but deposited on the ancient con-
tinental slope and rise (Cook, 1970; Peterson, 1977). Within the
Utah-Idaho-Wyoming sector, the Sevier shelf edge is currently
located within the eastern Sevier thrust belt, and in Canada the
shelf edge crops out among thrust slices in the Main Ranges just
west of Banft (Price and Mountjoy, 1972). Here I use the term
Rocky Mountain platform or shelf to refer to the entire Cambrian-
Jurassic west-facing platform formed along the western margin
of North America. Understanding the position of the shelf edge
is critical for unraveling the evolution of the orogen as allochtho-
nous rocks outboard of this critical facies belt could be exotic, and
so should be carefully scrutinized. It is important to note that in
the United States the Rocky Mountain platform passes westward
into basinal facies rocks and that it is not the same shelf as the
Antler shelf, presently located west of the deeper water basinal
facies. Likewise, the shelf within Canada ends abruptly and is
entirely different than the carbonate bank of the more westerly
Cassiar platform (Johnston, 2008). This topic will be discussed
in more detail in a subsequent section.

During the Cretaceous and early Tertiary, sedimentary rocks
of the passive margin were detached from their basement and
translated eastward as stacked thrust sheets to form the present-
day fold-thrust belt (Armstrong, 1968; Price and Mountjoy, 1970;
Bally et al., 1966). The fold-thrust belt extends from Alaska to
southern Mexico and represents one part of the major deforma-
tional event of the Cordilleran orogeny (Fig. 1). Balanced cross
sections constructed by numerous workers (Dahlstrom, 1970;
Price, 1981; Oldow et al., 1989; Allmendinger, 1992; DeCelles
and Coogan, 2006) show eastwardly transport with a minimum
of two hundred kilometers of shortening across the belt, except
in northern Canada, where there is only a minimum of 50 km of
shortening. Within the United States the fold-thrust belt developed
during what Armstrong (1968) called the Sevier orogeny. In Can-
ada the fold-thrust belt formed during what is termed the Colum-
bian orogeny (Monger and Price, 2002). Because the Sevier and
Columbian orogenies were contemporaneous and constitute a
single continuous and linear belt of rocks and structures, I use the
term Cordilleran orogeny to refer to the Cretaceous deformation
that created the entire belt, whereas the term Laramide is used
only to refer to a series of Late Cretaceous—Tertiary basement-
involved uplifts, for the most part located in the Rocky Mountain
foreland east of the fold-thrust belt and mainly south of the Lewis
and Clark lineament (Fig. 1) in keeping with the original defini-
tion by Armstrong (1968).

Coincident with the development and transport within the
fold-thrust belt, large volumes of rock were eroded from the ris-
ing tectonic welt and transported eastward to accumulate in the

Cretaceous to Paleocene foredeep basin (Price, 1994; Beaumont,
1981). This basin, known overall as the Western Interior Basin,
extended from Alaska to Mexico, and along with the Cordilleran
miogeocline and the fold-thrust belt, it is now a major geotectonic
element of the Cordillera (Fig. 1). The locus of the basin and its
related foredeep bulge migrated eastward in front of the advanc-
ing thrust belt (Currie, 2002; White et al., 2002).

To the west of the fold-thrust belt is another major geotec-
tonic element of the Cordillera known in Canada as the Omineca
belt, and in the United States simply as the Sevier hinterland
(Fig. 1). This belt lies along the western side of the fold-thrust
belt from Canada to southern California and is characterized by
Precambrian crystalline basement of North America, intensely
metamorphosed and deformed supracrustal rocks, allochtho-
nous Devonian to early Cretaceous plutons (Wright and Wooden,
1991; Parrish, 1995), metamorphic rocks (>9 kb and 800 °C) of
Mesozoic age, large recumbently folded nappes (Raeside and
Simony, 1983; Snoke and Miller, 1988), many exposed today
in the cores of Paleocene-Eocene metamorphic core complexes
(Armstrong, 1982; Hodges and Walker, 1992; Coney and Harms,
1984), which formed as shortening in the fold-thrust belt to the
east ended. This belt is one of the keys to unraveling the evolution
of the orogen and is characterized by rocks likely to have been
exotic with respect to the North American craton, yet thrust onto
it during the Cordilleran orogeny. This element probably formed
the highest mountains in the entire orogenic belt (Mulch et al.,
2004), but its significance went largely unnoticed, partly because
itisn’t very wide, but more probably because the mountains col-
lapsed and eroded so rapidly that they no longer form a continu-
ous mountain front.

West of the Sevier hinterland—southern Omineca corridor
lies a tectonic collage (Helwig, 1974) of Paleozoic and Meso-
zoic microcontinents, subduction complexes with blueschists,
broken-formation and ophiolitic mélange, sedimentary basins,
carbonate platforms, seamounts, and arcs, many of which were
bound together prior to their accretion along the western margin
of North America. These terranes are interpreted to have devel-
oped offshore from North America and in large part were united
during the late Paleozoic and early Mesozoic prior to colliding
with North America. Some of these linkages will be discussed in
more detail in a later section.

WHY CURRENT MODELS FAIL

Several lines of reasoning suggest that there are problems
with the notion of an easterly dipping subduction zone beneath
North America prior to the Cordilleran orogeny and the conse-
quent development of the orogen in a backarc setting (Fig. 2).
The following are some of the major weaknesses of the back-
arc model.

1. In general, there is no evidence for collision, in the form
of deformation or exotically derived sedimentation, on the
Rocky Mountain shelf from the Cambrian to the Cretaceous.
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For example, extensive areas of western Nevada were sup-
posedly incorporated as part of North America after the Mis-
sissippian, but the Rocky Mountain shelf had no deformation
or sedimentation related to major 190-143 Ma deformation,
including 7-14 km of crustal thickening and major thrusting
in the Black Rock Desert and other nearby terranes (Wyld
et al., 1996, 2003).

During the Jurassic, deformation doubled the crust
and generated westerly vergent, recumbent thrust nappes and
associated metamorphism, yet there were no deformational
effects on the Rocky Mountain shelf, only 80-100 km away
after restoration of Basin and Range normal faulting. Jurassic
sedimentary rocks of the Morrison (U.S.) and Fernie Forma-
tions and the Kootenay Group (Canada) are the only units
of the passive margin sequence known to contain westerly
derived sediment, but they apparently contain no plutono-
metamorphic debris and are some 25-40 Ma older than the
initiation of foredeep sedimentation in the Western Interior
Basin. Additionally, the Morrison Formation doesn’t thicken
westward but instead thins westward from depocenters some
distance from the platform edge along the Utah-Colorado
border (Heller et al., 1986; DeCelles, 2004).

. As it is presently ~500 km from the Sevier shelf edge to
the 0.706 isopleth, restoring the 220-plus kilometers of
shortening (DeCelles and Coogan, 2006) and Basin and
Range shortening of 250 km (Gans and Miller, 1983;
Wernicke, 1992) across the Sevier fold-thrust belt in Utah
and Nevada puts rocks outboard of the shelf edge and all
of Nevada past the hypothesized western margin of North
America as approximated by the 0.706 Sr isopleth (Elison
et al., 1990). This is a difficulty for the current backarc
model because in it most of these rocks are considered
North American.

. The Sevier fold-thrust belt is thin-skinned, and for the most
part, did not involve crystalline basement, which means that
compressive stress must have been transmitted in the cover
from the continental margin several hundreds of kilometers
inland (Fig. 2) (Dahlen and Suppe, 1988). It is difficult to
imagine how this might have been accomplished, especially
since the intervening cover wasn’t deformed at that time and
there is no evidence that it was stronger than the deformed
rocks. In fact, judging by the preponderance of nearly flat-
lying Paleozoic rocks on cratons, upper continental crust
must have a yield strength greater than the differential
stresses placed on continents at their margins on a somewhat
regular basis by collisions and subduction.

Furthermore, the exact method of moving a block of
rock, such as the Belt-Purcell Supergroup contained on the
Lewis-Eldorado-Hoadley thrust, which was at least 450 km
by 100 km by 30 km, a hundred kilometers or more over the
North American carbonate platform without subduction as
required by the backarc model, is perplexing.

. The four hundred kilometers or so of Triassic to Cretaceous

shortening between the Sierra Nevada and the thin-skinned

Sevier fold-thrust belt also creates problems in constructing
balanced crustal-scale cross sections, which forced some
authors to invoke westward underthrusting, or some sort
of counterflow of North American crust beneath the Sierra
Nevada (e.g., DeCelles and Coogan, 2006; Ducea, 2001;
Fig. 2), something for which there is no evidence. Since the
Sierra Nevada were topographically low standing during
the Triassic—Jurassic, it is difficult to require thick continental
crust beneath them (see no. 5 below).

. Backarc thrust belts seem to form only where there is un-

usually thick arc crust and very flat subduction, such that
there is exceptional shear coupling between the two plates—
a feature possibly unique to the southern Andes. However,
most continental arcs are generally low-standing features
with crust of more or less average thickness (Hildebrand and
Bowring, 1984), and the Jurassic-Triassic Sierra Nevada—
Mojave—Sonoran arc appears to have been little different,
for volcanic rocks were erupted and/or deposited mostly in
shallow submarine environments (Busby-Spera, 1984, 1986;
Busby-Spera et al., 1990; Busby et al., 2002; Fiske and
Tobisch, 1978; Fisher, 1990; Riggs and Busby-Spera, 1990,
1991; Wadsworth et al., 1995; Haxel et al., 2005). The pulse
of voluminous magmatism that likely led to crustal thicken-
ing in the Sierra Nevada, and other Cordilleran-type batholiths
of the orogen, started at about 120 Ma (Bateman, 1992),
ended abruptly at about 80 Ma, and simply isn’t accounted
for in the current backarc model.

. The backarc model inadequately explains the intense short-

ening, high-grade metamorphism (>9 kb and ~800 °C), con-
vergent temperature-time paths, and extensional collapse of
the Sevier hinterland, where a minimum of 70 km of shorten-
ing and as much as 30 km of crustal thickening occurred, at
least in part, contemporaneously with thrusting in the Sevier
fold-thrust belt (Camilleri et al., 1997). This means that the
crust was doubled to twice normal cratonic thickness. It
is unclear how the compressive stresses required could be
generated in a backarc environment and how the thin conti-
nental crust of a backarc basin could produce the observed
pressures during deformation, given that the deformation
was generally thin-skinned. It also fails to explain how older
phases of the deformation, metamorphism, and crust thick-
ening could have taken place adjacent to the North American
passive margin without leaving any evidence.

. The backarc model constrains all post-Mississippian mag-

matism to North American crust, yet Jurassic and Early
Cretaceous plutons throughout Nevada and in the Sevier
hinterland have isotopic compositions inconsistent with their
derivation from North American continental crust (Wright
and Wooden, 1991).

. If the Roberts Mountain allochthon collided with North

America and converted the passive margin to an active mar-
gin during the Late Devonian—Early Mississippian, then why
was there so little arc magmatism in western North America
until the Triassic (Wyld, 2000) about 100 million years
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later? Similarly, the backarc model provides no satisfactory
method or actualistic model to explain the sudden flare-up of
magmatism within the various Cordilleran batholiths during
the period 120-80 Ma (Ducea, 2001), despite hundreds of
millions of years of assumed steady-state easterly directed
subduction. What changed?

9. Another feature difficult to explain in the backarc model is
the puzzling lack of rift deposits and rift basins on the North
American margin. It is, of course, possible that the rifted
margin was highly asymmetrical (Lister et al., 1991) such
that rifted crust was predominantly on one margin like the
present-day North Atlantic margin (Keen and Dehler, 1997);
but since that rare occurrence reduces the width of the rifted
margin on the North American side, it would be even more
likely that palinspastically restored units west of the Cordi-
lleran fold-thrust belt would not have been floored by North
American crust. Nevertheless, the paucity of rift deposits is
entirely unaccounted for in the backarc model.

10. While not strictly a flaw in the backarc model, the Mesozoic
continental arc terrane of the Sierra Nevada is typically as-
sumed to lie along the edge of the Paleozoic North American
craton; but, in fact, the Sierra Nevada is oriented at a very
high angle to the northeasterly trends of the miogeocline,
the Sevier thrust belt, the Luning-Fencemaker thrust belt,
the Roberts Mountain thrust, and the hypothesized edge
of the craton as reflected by the 0.706 isopleth (Fig. 1). As
the thrust faults of the Sevier fold-thrust belt appear to be
truncated at a high angle, it is difficult to make the trunca-
tion entirely older than the Sevier orogeny, as suggested by
some workers (Burchfiel and Davis, 1975; Hamilton, 1978;
Saleeby and Busby-Spera, 1992; Dickinson, 2000). This
suggests that the batholith was juxtaposed against those
other elements sometime during or after the Cordilleran
orogeny.

Overall, the problems with the backarc model (Fig. 2) for
western North America indicate the need for a fresh look at the
evolution of the Cordillera. I propose that a collisional model
better explains the known geology and has interesting implica-
tions for the subsequent evolution of western North America. In
the sections that follow I present data and explore the evidence
from individual belts within the orogen and bring together vari-
ous components to support an actualistic, and fully testable, col-
lisional model for the evolution of the Cordilleran orogeny.

THE PASSIVE MARGIN AND WESTWARD
CORRELATIONS

Rocks of the miogeocline are complex in detail, but collec-
tively they form a westerly facing sedimentary platform and slope
succession, sitting unconformably atop the North American craton.
Rocks deposited during rifting are sparse to nonexistent, but
possible candidates include rocks of the Gog Group and Mount

Harper complex within Canada (Powell et al., 2006; Roots, 1983)
and an amalgam of sedimentary rocks and basaltic lavas in the
northern Utah—southern Idaho area (Harper and Link, 1986).

The oldest passive margin rocks deposited on the thermally
subsiding margin (Bond and Kominz, 1984) are Cambrian se-
quences of quartzose siliciclastic rocks overlain by shelf-to-slope
carbonate rocks that pass abruptly westward into sparse and
thin, shaly basinal-facies rocks (Rigo, 1968; Stewart, 1970). The
Paleozoic carbonate shelf-to-basin transitions are observable to-
day in the eastern Sevier fold-thrust belt near the Utah-Wyoming
border (Peterson, 1977; Rose, 1977; Doelling, 1980; Palmer and
Hintze, 1992) and in the Main Ranges of the Canadian Rockies
(Cook, 1970; Aitken, 1971). The basal Cambrian sandstone also
grades westwardly into shale at the shelf edge (Oriel and Arm-
strong, 1971; Middleton, 2001). Overall, the platform-to-rise
transition persisted in more or less the same position, except for
occasional eastward transgressions and Pennsylvanian uplift and
sags in east-central Utah, from the Cambrian at least through the
Jurassic (Hansen, 1976; Koch, 1976; Rose, 1977; Blakey, 2008).
The shelf-slope transition was termed by some the Wasatch hinge
line (Hintze, 1988; Poole et al., 1992), which is not strictly cor-
rect, as the hinge line is the most landward point of lithospheric
stretching and the shelf edge probably marks the most landward
point of upper crustal extension (brittle faulting).

Some workers argued for thick off-shelf sediment accumu-
lation of >13 km (DeCelles and Coogan, 2006), but there is no
evidence that those allochthonous rocks were ever part of North
America (Fig. 3). The concept of a thick offshore sequence stems
directly from the pre-plate-tectonics eugeosynclinal concept, where
off-shelf basinal sections were “supposed” to be much thicker
than their platformal, miogeosynclinal counterparts (Schuchert,
1923). Whereas there are many factors, such as whether the mar-
gin was windward- or leeward-facing, that might influence how
starved a given off-shelf sequence might be, during the Cambrian
North America was rimmed by carbonate platforms and there is
nowhere evidence for any topographically high-standing terrain
that might have shed significant amounts of clastic detritus out-
board of the carbonate platform. Thus, the Cambrian basinal facies
of North America were especially starved. The overall scheme for
western North America would have been an abrupt carbonate rim
with a narrow slope-facies debris fan and a thin, sediment-poor,
contourite-dominated rise facies (Fig. 4). Furthermore, because
virtually all of western and central North America was covered by
epeiric seas throughout most of the Paleozoic (Poole et al., 1977;
Blake, 1995; James and Mountjoy, 1983), there were few places,
if any, where there might have been extensive highlands capable
of producing large volumes of sedimentary debris along the west-
ern North American margin.

Locally along the U.S. Cordillera, where thrusts haven’t
overrun and buried the facies changes, there are, west of the shelf
edge, sequences of dominantly fine-grained rocks, which are the
remnants of off-shelf sediments on the North American margin.
The rocks of these regions separate the rocks of the Rocky Moun-
tain shelf from another Paleozoic shelf sequence, the Antler shelf,
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Figure 3. This palinspastic restoration through the North American passive margin from Wyoming to western Nevada (modified from Peterson,
1977) illustrates the widely held belief that the passive margin rocks extend westward from North America to lie beneath the allochthons em-
placed during the Antler orogeny. It is important to recognize that there are two entirely different platforms: (1) the eastern Sevier platform, and
(2) the Antler shelf, separated by a deep-water basin mostly without recognized basement: Only the Sevier platform sits on cratonic basement.

located to the west (Fig. 3) and now preserved in extensive alloch-
thons within the Sevier fold-thrust belt. It was rocks of the Antler
shelf—not the Sevier shelf—that were overthrust by rocks of the
Roberts Mountain and Golconda allochthons, and partially buried
by orogenic flysch from the collision zone. The west-facing Ant-
ler platform edge is well documented in Nevada and California
from the Paleozoic to the Triassic, and there is no doubt that it
is a different platform than the Sevier platform (Kepper, 1981;
McCollum and McCollum, 1984; Heck and Speed, 1987; Mon-
tafiez and Osleger, 1996; Morrow and Sandberg, 2008; Sheehan,
1986; Harris and Sheehan, 1998; Stevens et al., 1998; Stevens and
Stone, 2007). Nevertheless, some workers (Stewart, 1970; Stewart
and Poole, 1974; Poole and Sandberg, 1977; Poole et al., 1992)
correlated rocks of the Antler shelf west of the hinterland in Ne-
vada with rocks of the slope-rise and Sevier platform in the thrust
belt, but it is hard to understand how the correlations could have
been considered solid, given the intervening off-shelf slope-rise
facies as well as the high-grade and complexly folded hinterland
belt. The failure to recognize that there are two separate Paleo-
zoic platforms in western North America was, in my opinion, the
most critical error in the paleogeographical reconstruction of the
margin, and which, more than any other factor, allowed the intra-
plate model to flourish; for if the North American margin wasn’t
overthrust and buried by the Roberts Mountain—Golconda alloch-
thons and their orogenic debris during the Antler orogeny, then the
North American margin would have remained passive and undis-
turbed until the Cordilleran orogeny, as suggested here.

In collisional belts, all rocks outboard of the shelf edge
should be considered suspect, and extreme care must be accorded
correlations across strike, for even though they might be similar
in age to rocks of the shelf, the slope-rise sediments are typically
strongly deformed and likely are tectonically interleaved with
much younger, but similar appearing, trench deposits. This is an
important point because ophiolitic debris and mélanges might
not occur along a suture zone. One has only to imagine clos-
ing the Atlantic Ocean or to look at the sedimentary sequences
on both sides of the Tethyan sutures to understand that similar
rocks and sequences from opposite sides of an ocean can end
up juxtaposed across a suture zone. A good example occurs in
Iran, where nearly identical Baikalian platformal sequences with
similar sedimentary gaps and regional disconformities occur on
both sides of the Main Zagros ophiolitic suture (Stocklin, 1974).

In the Canadian Cordillera the story is similar to that in the
United States. A westwardly thickening wedge of mature and
shallow marine clastic rocks sits unconformably on cratonic base-
ment. The lower clastic rocks are overlain by two margin-parallel
facies: an inner carbonate bank and an outer slope to basinal fa-
cies, which are separated by an algal reef complex known as the
Kicking Horse Rim (Aitken, 1971). The shelf-slope facies transi-
tion occurs today in the Main Ranges close to the Alberta—British
Columbia border, where the Middle Cambrian carbonate plat-
form terminates into the shaly slope-to-basinal facies of which
the best-known accumulation is the Burgess Shale (Cook, 1970;
Mcllreath, 1977; Price and Mountjoy, 1972). The facies change is
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Figure 4. This figure shows an idealized passive margin (modified from Hoffman et al., 1988), illustrating the general coincidence of the platform

edge and the extended upper crust.

the locus of faulting and huge gravity collapse scarps, and marks
changes in penetrative strain and styles of folding (Dahlstrom,
1977; Stewart et al., 1993).

In Canada the equivalent of the Antler shelf is the Cassiar
platform, which lies to the west of the off-shelf basinal sedimen-
tary rocks (Johnston, 2008). Like their counterparts in the Great
Basin region, rocks of the Cassiar platform constitute a shal-
low-water, mixed carbonate-siliciclastic platform ranging in age
from Neoproterozoic to Jurassic. A number of lines of evidence,
including faunal provinciality, basement ages, and contrasting
Mesozoic structural evolution, led Johnston (2008) to suggest
that rocks of the Cassiar platform were part of a much larger
ribbon continent that was exotic with respect to North America
prior to the Cretaceous.

When the effects of thrusting in the foreland fold-thrust belt
are restored, it is likely that the platform-to-basin facies transi-
tion would approximate the boundary between non-stretched and
stretched upper cratonic crust (Fig. 4). This follows directly from
the well-documented idea that cooling is the primary cause of sub-
sidence in passive margins (Watts et al., 1982; Bond and Kominz,
1984), confirmed by direct observations on existing passive mar-
gins (Ginsberg and James, 1974; Bott, 1980; Mougenot et al.,
1983), direct observations in orogenic belts (Hoffman et al., 1988;
Hildebrand and Bowring, 1999), and is suggested by the continuity
of subsurface reflectors on seismic lines west of the thrust belt (All-
mendinger et al., 1987; Cook et al., 1988, 1992). If this is correct,
then basinal rocks to the west of the Rocky Mountain platform
would have been deposited on extended or transitional crust and
rocks of the Antler-Cassiar platform, which were situated even
farther west, likely bear no affinity for North America.

The ongoing interactions between the Philippine Sea and
Eurasian plates provide an enlightening example of how easily
such correlations can be incorrect, despite similar age, rock
type, and faunal assemblages. There, the Philippine oceanic to
continental arc is obliquely colliding with Eurasia to form an
arc-continent collisional orogen on the island of Taiwan (Suppe,
1984, 1987). Numerous carbonate platforms and basins occur
over the length of the Philippine Islands, and, in large part, the
ages of these platforms are synchronous with the ages of sedi-
mentation on the Chinese Eurasian margin; yet it would be incor-
rect to correlate the carbonate rocks on the eastern side of the
Philippines with those on the eastern side of the Chinese Eur-
asian margin, despite any superficial similarities they might have,
because the Philippine arc lies between them.

Nevertheless, the correlation of the Sevier and Antler shelves
(Fig. 3) led directly to models involving the Devonian collision
of the Cambrian to Devonian Roberts Mountain allochthon and
associated rocks with the western margin of North America dur-
ing what is called the Antler orogeny (Burchfiel and Davis, 1972,
1975; Dickenson, 1977; Speed, 1977; Schweickert and Snyder,
1981; Miller et al., 1984). The spurious correlations across the
collapsed shale basin and the high-grade hinterland are not
the only lines of evidence to suggest that this collision did
not involve North America.

1. There is no known deformation or sediment accumulation
related to this orogeny on the Rocky Mountain shelf.

2. Thickening and burial to 7-14 km, simultaneous with abun-
dant thrusting in the Luning-Fencemaker fold-thrust belt,
significantly before 143 Ma and possibly as old as 190 Ma,
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involved rocks of the Antler shelf; but there was no sign of
this activity in rocks of the Rocky Mountain shelf, despite
the observation that this deformation was widespread and
affected all of the arc terranes of Nevada and eastern Oregon
(Wyld et al., 2004).

3. Extensive Jurassic deformation and metamorphism, includ-
ing the formation of recumbent nappe-like structures and
intrusion of plutons, occurred within the hinterland belt, and
involved rocks of the Antler shelf, yet there is no evidence of
deformation or plutonic-metamorphic debris of this age any-
where on the Sevier platform. Both the Jurassic Morrison
Formation of the Rocky Mountain shelf in the United States
and the Kootenay Group in Canada have some westerly de-
rived sediment, but they apparently lack orogenic debris,
don’t thicken westward, and, as the Morrison Formation
is well dated to 155-148 Ma (Kowallis et al., 1998, 2007)
and the Kootenay to 152—-144 Ma, they are some 20-40 m.y.
older than initiation of the Cordilleran foredeep at about
124-115 Ma (Ross et al., 2005; Greenhalgh and Britt, 2007).

It appears, then, that throughout the Paleozoic, and much
of the Mesozoic, the North American margin remained passive
as rocks of its shelf recorded no major tectonic events, except
for some minor uplift of the Ancestral Rockies (Mallory, 1972)
and simultaneous formation of small isolated basins such as the
Paradox (Hite and Cater, 1972). These were likely related to far-
field effects of the Ouachita orogeny (Kluth and Coney, 1981).
A compelling feature of the shelf is the complete lack of sedi-
mentary rocks that contain orogenic debris such as plutonic or
metamorphic clasts, derived from the west until the Cretaceous.
Late Devonian to Mississippian and Jurassic tectonic events, gen-
erally attributed to have occurred along the western margin of
North America, involved rocks of the Antler-Cassiar platform,
which was probably not amalgamated with North America until
the Cretaceous—Tertiary Cordilleran orogeny.

FOLD-THRUST BELT AND EXOTIC SLICES

From northern Canada to Death Valley the fold-thrust belt
(Fig. 1) is reasonably well studied and understood because it has
been extensively explored for petroleum. The general findings
are that during the Cretaceous, older rocks of the miogeocline
were detached from their Precambrian basement along a décolle-
ment in Cambrian shale, then folded, and transported eastward
toward the continental interior (Price and Mountjoy, 1970; Bally
et al., 1966). Shortening across the fold-thrust belt varies from
place to place, but except in northernmost Canada, it is gener-
ally >200 km (Oldow et al., 1989; Allmendinger, 1992; DeCelles
and Coogan, 2006; Price, 1981; McMechan et al., 1992). As this
shortening does not include penetrative strain, the total shortening
is greater. What follows here are descriptions of thrust sheets car-
rying Precambrian strata and minor crystalline basement along
the length of the orogen. These thrust sheets originated west of
the continental slope, carry strata that have no North American
correlatives, and hence are interpreted as lying on the hanging

wall of a suture separating rocks of North America to the east
from rocks of an accreted superterrane to the west.

During thrusting the lower plate is pulled down beneath the
overriding plate with its thickening allochthons so that the sub-
jacent crust is depressed to form a foreland basin (Fig. 1) and an
associated foredeep bulge (Stockmal et al., 1986; Yu and Chou,
2001). Both the basin and bulge migrate in front of the advanc-
ing thrust front (Currie, 2002; White et al., 2002; Goldstrand,
1994; Ross et al., 2005). The oldest foredeep sedimentation in
both the U.S. and Canadian sectors is apparently Aptian, or about
124-115 Ma (Heller and Paola, 1989; Currie, 2002; Ross et al.,
2005; Britt et al., 2007). I will expand on the timing of thrusting
and initiation of the foredeep in a subsequent section.

In central British Columbia allochthons of Neoproterozoic
clastic sedimentary rocks, collectively termed the Windermere
Supergroup, emerge acutely southeastward from the Tintina
fault zone and lie structurally upon platformal rocks of the North
American passive margin. To the south, and for a strike length
of ~175 km, several thrust systems such as the Purcell thrust,
carry nearly 30 km of Mesoproterozoic Belt-Purcell Supergroup
rocks and overlying Windermere rocks over off-shelf rocks of
the North American margin (Wheeler and McFeely, 1991). Just
north of the U.S. border, the thrusts override the platform-basin
facies change, and the Belt-Purcell rocks sit entirely upon plat-
formal rocks. The Lewis thrust carries Belt-Purcell rocks even
farther eastward, where they sit structurally atop orogenic depos-
its of the foredeep (Fermor and Moffat, 1992).

These rocks continue southward into Montana where—in
what is termed the Montana Disturbed Belt (Fig. 5)—a huge slab
of Belt Supergroup rocks, 70—-110 km wide, ~450 km long, and
as much as 30 km thick, was transported onto the platform along
the Lewis-Eldorado-Hoadley-Steinbach thrust system (Mudge

»
>

Figure 5. Geological sketch map of northwest Mexico, western United
States, and southwesternmost Canada, illustrating the various tectonic
elements discussed in the text. Approximate eastern limit of exotic
allochthons marked by dashed line in thrust belt. Note that this is also
the suture. Abbreviations: ATL—Atlanta lobe; bc—Bitterroot
complex; bh—Black Hills; BIT—Bitterroot lobe; br—Black Rock
Desert; c—cascades core; cc—Clearwater complex; cmb—Crazy
Mountains  Basin; cn—Charleston-Nebo salient; cntb—Cen-
tral Nevada thrust belt; d—Death Valley; db—Denver Basin;
fc—Frenchman Cap; grb—Green River Basin; hs—Helena salient; k—
Kettle complex; Iftb—Luning-Fencemaker thrust belt; mdb—Montana
disturbed belt; mftb—Big Maria fold-thrust belt; ns—northern Sierra
Nevada; oc—Okanagan complex; prb—powder river basin; pr—Priest
River complex; rm—Ruby Mountains; rmt—Roberts Mountain thrust;
R—Rand schist; rb—Raton basin; rr—Albion—-Raft River—Grouse
Creek Ranges; sjb—San Juan Basin; s—Spring Mountains; SFTB—
Sevier fold-thrust belt; SOB—Shuswap—southern Omineca belt; sr—
Snake Range; ub—Uinta Basin; v—Valhalla complex; wb—Washakie
Basin; wr—Wind River Basin. Orocopia belt is restored to pre—
San Andreas fault configuration after Nourse (2002), but the modern
shoreline is left as is for reference. Note also that the extension within
the younger Basin and Range Province is not restored. In this and sub-
sequent figures, I use the geomorphological Colorado Plateau. Exten-
sion directions in Cordilleran core complexes after Wust (1986).
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and Earhart, 1980; Mudge, 1982; Sears, 1988, 2001; Cook and
Velden, 1995). Near the southern boundary of Glacier National
Park, rocks of the shelf emerge for ~150 km from beneath the
Lewis-Eldorado system, where they form a tightly folded and im-
bricate thrust stack of platformal and interleaved foredeep rocks
in the Sawtooth Range (Mudge, 1982). Rocks of the Belt-Purcell
Supergroup are entirely allochthonous (Sears, 2007).

South of the northern Montana segment the thrust belt
emerges from the Lewis and Clark shear zone, where it forms
a westerly concave salient termed the Helena salient (Fig. 5).
There, several thrust systems, such as the Sapphire, Lombar, and
Indian Creek, carry thick sections of the Belt eastward over the
platform (Sears, 2001; Lageson and Schmitt, 1994).

Moving southward to the area just north of the Snake River
Plain, the thrust belt is broken up by mid- to late-Cenozoic normal
faults, but like thrusts farther north, western thrusts carry thick suc-
cessions of Proterozoic strata. Paleoproterozoic crystalline base-
ment occurs within the Cabin—-Medicine Lake system just east of
the Idaho batholith (Skipp and Hait, 1977; Skipp, 1987) and in the
Tendoy Range of southwestern Montana (DuBois, 1982).

On the southeastern side of the Snake River Plain the Sevier
belt forms a broad salient that continues southward through Idaho,
westernmost Wyoming, and northeastern Utah (Fig. 5). The sector
contains at least eight major thrust systems and is the main area
along the U.S. portion of the fold-thrust belt where the platform
edge wasn’t overridden by Proterozoic-laden thrust sheets (Peter-
son, 1977; Rose, 1977; Palmer and Hintze, 1992). The western
Paris, Willard, and Meade thrusts all carry the typical thick sections
of Proterozoic sedimentary rocks, whereas other, more easterly,
thrusts root in a detachment within Cambrian shale (Armstrong and
Cressman, 1963; Armstrong and Oriel, 1965; Royse et al., 1975;
Lamerson, 1982; Royse, 1993a). One of the thrust systems, the
Ogden, has an antiformal duplex of Paleoproterozoic crystalline
basement that now constitutes the Farmington complex (Bryant,
1984; Yonkee, 1992; Yonkee et al., 1989, 2003).

Just south of Provo, Utah, is another eastward reentrant,
named the Charleston-Nebo salient (Fig. 5), where thrusts of the
Charleston-Nebo system carry a large, overturned, almost recum-
bent, anticline composed of thick sequences of Pennsylvanian-
Permian rocks not present on the North American platform, and
lesser amounts of Paleoproterozoic crystalline basement (Tucker,
1983). Thrusts farther west, such as the Sheeprock, carry thick
sections of Precambrian clastic rocks (Christie-Blick, 1982,
1983, 1997; Rodgers, 1989). Large areas of the eastern part of
the thrust belt are buried by synorogenic sedimentary rock, and
the entire area west of the Wasatch Mountain front was severely
disrupted by Cenozoic normal faults.

There are four major thrust systems in south-central Utah,
and the westernmost, the Canyon Range—Wah Wah system, car-
ries 4-10 km of dominantly siliciclastic rocks of Neoproterozoic
age and as much as 12 km of Paleozoic strata, whereas the North
American platform to the east is only ~1.5 km thick (Hintze,
1988). The Canyon Range thrust is the type “megathrust” of
DeCelles (2004) and DeCelles and Coogan (2006). Like the

Santaquin embayment to the north, 50 km of the frontal fold-
thrust belt in south-central Utah is also dominantly buried by oro-
genic deposits (DeCelles, 2004) and broken by younger normal
faults. The eastern faults in the area rise out of a décollement in
Cambrian shale (Lawton et al., 1997; DeCelles et al., 1995).

In the Las Vegas area there are several major thrust systems.
The structurally lowest Wilson Cliffs thrust places Cambrian car-
bonates and clastics atop eolian Aztec Sandstone of the North
American platform (Burchfiel et al., 1974a, 1998). Just to the
west, thick sequences of Neoproterozoic sedimentary rocks, col-
lectively known as the Pahrump Group, along with their Paleo-
zoic cover, sit unconformably on crystalline basement in a series
of thrusts (Burchfiel et al., 1974a, 1974b; Brady et al., 2000;
Snow, 1992; Wernicke et al., 1988).

The southernmost example of the “typical” Sevier fold-
thrust belt occurs near Las Vegas (Burchfiel et al., 1974a) and
then ends abruptly in the northeastern Mojave Desert near the
state line with California (Figs. 5 and 6). An arcuate, convex-to-
the-southwest thrust belt lies south of the Sevier belt. There is
no evidence that north-northeasterly trending faults of the Sevier
fold-thrust belt are deformed by the east-southeasterly trending
folds and faults. As the rock types, age of thrusting, and deforma-
tional styles change abruptly (Hoisch et al., 1988; Walker et al.,
1995), there is likely a structural break between the two (Fig. 6).
Most of the thrusts to the west within California appear to be con-
siderably older than those of the Sevier fold-thrust belt (Stevens
et al., 1998; Walker et al., 1995).

To the southeast, the Sevier fold-thrust belt is absent for
~500 km. Instead, variably metamorphosed crystalline basement,
Paleozoic sedimentary rocks, and Mesozoic clastic, volcanic, and
plutonic rocks dominate and, depending on location, were trans-
ported on either northerly and southerly vergent systems of thrust
faults (Hamilton, 1982; Haxel et al., 1984; Harding and Coney,
1985; Boettcher et al., 2002) that likely delineate different ter-
ranes. In places the Paleozoic supracrustal rocks were correlated
with strata in the Grand Canyon (Hamilton, 1982; Reynolds,
2007), but there are major stratigraphic differences, and many of
the units in Arizona are tectonically thinned to only 10% of their
cratonic thicknesses.

Miogeoclinal rocks and the Sevier-type fold-thrust belt ap-
pear again in northern Mexico (Figs. 1 and 5), where they con-
tinue southward through the Sierra Madre Oriental of Mexico to
at least the Tehuantepec narrows in southern Mexico (de Cserna,
1989; Campa U., 1985). In the best studied section within Mex-
ico, ~200 km of shortening occurred along easterly directed Cre-
taceous thrust faults (Suter, 1987). Unfortunately, much of the
western margin of the belt and the adjoining hinterland terrane
are covered by thick Tertiary volcanic deposits.

Overall, the similarity of the large structures and rock types
over the length of the U.S.-Canadian sector of the fold-thrust belt
is remarkable. Huge, thick allochthons carrying tens of kilome-
ters of Meso- to Neoproterozoic sedimentary rocks—and locally
1.7-1.5 Ga crystalline basement—were thrust onto rocks of the
North American platform. The platform-to-basin facies transition
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Figure 6. Sketch map from Walker et al. (1995), showing the apparent
truncation of the Sevier thin-skinned thrust belt by rocks and structures
of the Mesozoic magmatic arc.

is exposed for only a few hundred kilometers, as it is mostly over-
ridden by the megathrust sheets, but its existence nevertheless
demonstrates that the traditional idea (Stewart, 1970; Stewart and
Poole, 1974; Stewart et al., 2002) of the megathrust sheets having
been torn from the outer part of the North American continent
is difficult to entertain, as there simply are no correlative units
between the megathrusts and the platform. Similarly, just to the
west of, and partly within, the megathrusts lies the hinterland belt
(Figs. 1 and 7), where rocks were recumbently folded, and sub-
jected to temperatures of ~800 °C and pressures >9 kb during
the Jurassic. It is hard to comprehend how such metamorphism
and deformation, which basically doubled the thickness of the
crust, could have had no effect on the platform if it were only
80-100 km away, the typical width of the megathrust sheets.

THE HINTERLAND BELT

Lying directly west of the middle and late Precambrian
megathrust sheets in the western Cordilleran thrust belt from
southern Canada to Death Valley is the hinterland belt (Figs. 1
and 5; Table 1). Ever since Armstrong (1968) recognized the
belt, its origin has proved elusive, as it contains low-grade sedi-

mentary rocks, high-grade metamorphic rocks, several ages of
crystalline basement, and both metaluminous and peraluminous
intrusions—all cut by thrust and normal faults of significant dis-
placement. Its eastern and western boundaries are somewhat ob-
scure owing to at least two major periods of extensional faulting
and variable exhumation; but in a general sense the hinterland
is a northerly trending strip characterized by Paleocene-Eocene
core complexes, both Jurassic and Cretaceous metamorphism,
dominantly westerly vergent Jurassic folds, and generally sparse
Jurassic-Cretaceous plutons.

Rocks of the hinterland are exposed in Paleocene-Eocene
core complexes found in the Albion, Raft River, and Grouse
Creek ranges in northeastern Nevada, northwestern Utah, and
southern Idaho in what can best be termed the type area (Arm-
strong, 1968; Snoke, 1980; Howard, 1980; Todd, 1980; Snoke
and Miller, 1988; Wells, 1992). Present-day structural relief
within the hinterland is visible because of Paleocene—Eocene ex-
tensional collapse of the thickened and hot hinterland zone as
well as even younger Basin and Range extension.

The rocks in the Albion—Raft River-Grouse Creek ranges
(Fig. 5) are best divided into an autochthon comprising Archean
crystalline basement unconformably overlain by a thin veneer
of quartzite and pelitic schist (Compton, 1972), all structurally
overlain by migmatitic crystalline basement draped in recum-
bently folded nappes of variably metamorphosed supracrustal
allochthons (Fig. 7). Within the autochthon, the deformation—as
evidenced by small-scale structures—decreases downward from
the basal thrust, whereas metamorphism postdates, or was pos-
sibly synchronous with, thrusting (Compton, 1980; Miller, 1980;
Snoke and Miller, 1988). Early Cretaceous and Jurassic granites,
present in the overlying allochthons, have not been described
within the autochthon. The crystalline basement of the autoch-
thon is generally interpreted to represent cratonic North America
of the Wyoming province (Miller, 1980; Snoke and Miller, 1988).

Allochthonous rocks of the area generally contain evidence
for two pulses of deformation, the first during the Late Jurassic,
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Figure 7. Schematic cross section illustrating the observed rock types
and upward increasing strain and metamorphic gradients beneath the
upper plate in the Utah-Nevada-Idaho sector of the hinterland. The fault
between the upper and lower plates is here considered to be the suture
zone that places exotic rocks atop rocks of North America.
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and the second during the Late Cretaceous (Camilleri et al., 1997;
McGrew et al., 2000). Plutons of Jurassic age occur within the
allochthons. The Jurassic magmatism overlapped in time with
minor folding, thrusting, and development of local metamorphic
aureoles adjacent to the intrusions (Camilleri et al., 1997).

The second deformational and metamorphic event is more
intense and pervasive. Thrust faulting during this contractional
pulse caused at least 70 km of shortening and as much as 30 km of
crustal thickening (Camilleri et al., 1997). Metamorphic assem-
blages within the area indicate deep burial and metamorphism,
perhaps as early as Late Jurassic, followed by higher temperature
Late Cretaceous peak metamorphism at 85 Ma with temperatures
of 800 °C and pressures of >9 kb followed by a steep uplift path
(McGrew et al., 2000). Exhumation was largely complete by the
Eocene, when magmatic rocks intruded and overstepped exten-
sional detachments (Miller et al., 1987; Camilleri, 1992).

The Ruby Range—East Humboldt Mountains (Fig. 5) just to
the southwest in Nevada also contain rocks that record a compli-
cated history of two Mesozoic orogenic events: (1) 153 Ma plu-
tonic emplacement, polyphase folding, and upper amphibolite
facies metamorphism; and (2) Late Cretaceous migmatization,
metamorphism, and deformation (Snoke and Miller, 1988; Hudec,
1992; McGrew et al., 2000). Cretaceous migmatitic upper am-
phibolite facies rocks are tectonically stacked and include a local
recumbent isoclinal fold cored by Archean basement and a struc-
turally overlying section of Neoproterozoic to Mississippian sedi-
mentary rocks possibly sitting on Proterozoic gneiss (Howard
et al., 1979; Lush et al., 1988; McGrew et al., 2000). Migmatiza-
tion was synkinematic with nappe emplacement at 84.8 + 2.8 Ma,
with peak metamorphic conditions of 9-10 kb pressure and 750—
800 °C (Hodges et al., 1992; McGrew et al., 2000). The initiation
of exhumation and uplift is not precisely dated, but exhumation
spans the range 63—-50 Ma (Snoke and Miller, 1988).

South of the Ruby Range lies the massive Snake Range
(Fig. 5), which appears to be structurally simpler but still con-
tains evidence for two periods of plutonism and metamorphism,
one at about 160 Ma and the other starting at about 100 Ma with
pre-metamorphic plutons, peak metamorphism at 79 Ma, and
initial exhumation between 57 and 50 Ma (Snoke and Miller,
1988; McGrew et al., 2000). Allochthonous Neoproterozoic
and Paleozoic sequences in both the Snake Range and the East
Humboldt-Ruby ranges are similar to those in the megathrust
sheets of the thrust belt.

The hinterland belt continues southward into the Death
Valley area (Fig. 5), where rocks of the hinterland were meta-
morphosed during the Cretaceous with peak metamorphic condi-
tions of ~620-680 °C and 7-9 kbar at 91.5 + 1.4 Ma, followed by
Late Cretaceous or early Tertiary extension, typical of other areas
within the hinterland (Hodges and Walker, 1990, 1992; Apple-
gate and Hodges, 1995; Mattinson et al., 2007).

Just like the Sevier fold-thrust belt, the hinterland belt does
not appear to continue south of the Death Valley area. Thrust
faults and high-grade metamorphic rocks occur in the north-
eastern Mojave Desert region and were deformed and metamor-

phosed to upper amphibolite facies at depths of 9—12 km beneath
a large nappe (Hoisch et al., 1988). However, these thrusts in-
volve crystalline basement and Mesozoic plutons, a character-
istic of the Mojave-Sonora thrust belts and not the Sevier thrust
belt. While deserving of more detailed study, the relations sug-
gest that both the Sevier fold-thrust belt and the hinterland belt
are truncated near the Nevada-California border and are not
present in the Mojave region of California (Walker et al., 1995).
Similarly, north of the Garlock fault and extending northward to
southern Owens Valley, the East Sierran thrust belt comprises
mostly northwest-striking, southwest-dipping thrust faults that
are largely Triassic-Jurassic (Stevens et al., 1998).

The Sevier hinterland continues north of the Snake River
Plain (Figs. 1 and 5) in the vicinity of the Idaho batholith (Hynd-
man and Sears, 1988). The Pioneer metamorphic core complex
contains an Archean core structurally overlain by Mesoprotero-
zoic gneisses and intruded by a variety of plutons at 54-48 Ma
(Silverberg, 1990; Link et al., 2007; Wust and Link, 1988).
Slightly to the north and adjacent to the Bitterroot lobe of the
Idaho batholith in the Bitterroot complex, metasedimentary rocks
of uncertain affinity were intruded by mid-Cretaceous quartz dio-
rite and tonalite plutons between 100 and 79 Ma and then by per-
aluminous granites between 66 and 49 Ma (Chase et al., 1978;
Bickford et al., 1981). The metasedimentary rocks preserve a meta-
morphic peak of ~700-725 °C and 7-8 kb, which was attained
by about 60 Ma and followed by gravitational collapse and rapid
exhumation starting at about 56 Ma and continuing to at least
48 Ma (House et al., 1997, 2002; Hodges and Applegate, 1993).

Large numbers of gneissic to foliated Cretaceous plutons
occur within the hinterland belt of Idaho (Lewis et al., 2005). Some
of the plutons contain primary epidote and so are inferred to record
crystallization at pressures >6 kb (Zen and Hammarstrom, 1984).
Within the hinterland of Idaho and Montana there is some confu-
sion as to how to divide the high-grade supracrustal rocks, because
metamorphosed Belt Supergroup rocks strike into the area. Also
present are numerous small Eocene granitoids and andesite dikes.

Nevertheless, recent work on the Clearwater core complex,
which lies just to the northwest of the Idaho batholith (Fig. 5),
and comprises a core of Paleoproterozoic 1.787 Ga anorthosite
and gneiss interleaved with 1.587 Ga amphibolite mantled by
polymetamorphic rocks of the Belt-Purcell Supergroup, reveals
peak Late Cretaceous metamorphic pressures as high as 9—10 kb
with temperatures of 600-650 °C prior to exhumation, which
began at about 59-54 Ma (Doughty et al., 2007; Doughty and
Chamberlain, 2007).

The Coolwater culmination of western Idaho, although not
recognized to be a core complex, should be considered part of the
hinterland belt owing to its Cretaceous upper amphibolite-grade
metamorphism, plutonism, and deformation. There, Cretaceous
paragneisses, deposited between 98 and 86 Ma, were overthrust
by 1.425-1.370 augen gneiss along an easterly vergent thrust
fault containing slivered ultramafic pods and bodies: Thicken-
ing and melting within the culmination stopped at about 61 Ma
(Lund et al., 2008; Lund and Snee, 1988).
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Along the Idaho-Montana border, additional core complexes
were discovered recently within the hinterland belt. They include
the Anaconda and Chief Joseph (O’Neill et al., 2004, 2005). The
Anaconda complex exposes a more upper-crustal segment than
do many of the other core complexes in the hinterland belt. Peak
metamorphism, which occurred around 79 Ma, was ~3.3-5.3 kb
and 600-665 °C (Haney, 2008). Exhumation occurred between
about 63 and 45 Ma. At present there are no detailed studies on
the metamorphism of the Chief Joseph complex, but the normal
faulting is no younger than Eocene (O’Neill et al., 2004).

Several west-northwesterly trending sinistral strike-slip
faults displace the hinterland and fold-thrust belt (Figs. 1 and 5).
The Great Divide megashear has up to 500 km of left-lateral slip
(O’Neill et al., 2007). That fault and others of the Lewis and Clark
lineament (“Montana transform” of Sears, 2006) translated rocks
of the hinterland belt westward into Washington, where they
trend northward and cross the international border into Canada.

The southeasternmost core complex north of the Lewis and
Clark lineament occurs in the Priest River complex of northern
Idaho (Fig. 5), where 2.65 Ga Archean quartzofeldspathic gneiss
is overlain by quartzite and migmatitic pelitic paragneiss, which
in turn are structurally overlain by 1577-1511 Ma augen gneiss
(Doughty et al., 1998; Doughty and Price, 1999; Doughty and
Chamberlain, 2008). These authors report metamorphic monazite
and xenotime ages of about 72 Ma, which date peak metamorphic
conditions: Exhumation ages were determined by K-Ar methods
to be 5043 Ma, but they could be a bit older. The 1577 Ma age
for the gneisses above the décollement is unknown on the North
America craton (Hoffman, 1989), and therefore it likely represents
exotic crystalline basement now sitting atop the North American
craton and its thin veneer of autochthonous cover.

The rocks farther west, in the Cascades of Washington
(Fig. 5), are not generally considered to be part of the hinter-
land belt, but they are fault bounded, and their metamorphic and
structural evolution (Table 1)—as well as their proximity with
the southern Ominica belt in Canada—suggest that they could
be interpreted as part of the hinterland. Alternatively, they may
simply be a southern extension of the Coast Plutonic Complex,
which also underwent similar events at about the same time. The
rocks include an upper plate of gneisses and possible metasedi-
mentary and volcanic rocks, now preserved as amphibolites and
layered gneisses of the Napeequa complex (Valley et al., 2003).
The earliest structures within the Napeequa suggest westerly
to southwesterly vergent thrusting and folding similar to many
upper plate rocks elsewhere in the hinterland belt. A large fault,
the Dinkleman décollement, has top-side to the northeast trans-
port, separates rocks of the lower plate from the gneisses and their
metamorphosed cover, and is associated with decreasing tempera-
tures through time (Paterson et al., 2004). Although the evolution
of this belt is not worked out in detail, it appears that epidote-
bearing metaluminous plutons within the upper plate were em-
placed between 96 and 91 Ma at 7-10 kb pressure into host rocks
with peak metamorphic conditions of 9-11 kb and 640-740 °C,
whereas later peraluminous granite sheets were intruded at 68 Ma

(Matzel et al., 2004). One paragneiss contains detrital zircons
dated at 73 Ma, which were buried, intruded by the peralumi-
nous granites at 68 Ma, and exhumed during gravitational col-
lapse of the hinterland by 55 Ma (Miller and Bowring, 1990;
Matzel et al., 2004). In a general sense the geology of the area
indicates northeast-southwest contraction and thickening from at
least 96 to 73 Ma, which overlapped with significant plutonism
at 96-65 Ma (Matzel et al., 2008), followed by extension and
rapid exhumation by about 55-50 Ma (Paterson et al., 2004). Post-
collapse plutonism started at about 48 Ma (Matzel et al., 2008).

In southern Canada the Omineca belt (Fig. 5) lies west of the
Purcell allochthons and is generally better studied and understood
than its counterpart in the Sevier hinterland. It comprises moder-
ate to high-grade core complexes of metamorphosed and short-
ened North American cratonic basement (Armstrong et al., 1991;
Johnston et al., 2000) structurally overlain by highly-deformed
exotic basement and cover rocks of the Selkirk allochthon. In
the Valhalla complex, peak temperatures were ~830 °C, and in the
Monashee complex (Fig. 5) temperatures reached 600-700 °C
at about 60-55 Ma with an estimated crustal shortening of 75%
and thickening of >20 km during Mesozoic to early Tertiary time
(Brown and Journeay, 1987; Parrish, 1995). Elsewhere in the
region, gneissic rocks are isoclinally folded with amplitudes of
4-5 km, then refolded by another set of recumbent structures with
amplitudes up to 8 km, and refolded again (Gabrielse, 1992).

The cover is variable, ranging from probable exotic rocks
of the Kootenay terrane to exotic strata of uncertain affinity.
Polyphase deformation typically includes several generations
of folding within recumbent nappes (Fig. 8), which are often
spectacularly exposed on steep to vertical mountainsides and
in gently plunging cross sections (Raeside and Simony, 1983;
Simony, 1992). The structures are remarkably similar to nappes
found in the Alpine collisional belt (Bailey, 1968).

In other areas just to the south of the Scrip nappe, such as the
Illecillewaet synclinorium, lower Paleozoic rocks were involved
in southwest-verging folds and thrusts, intruded by 181-165 Ma
plutons, and metamorphosed at pressures of 67 kb during the
Jurassic, but they were exhumed such that 10 km of rock was
removed from the area between 173 and 168 Ma (Colpron et al.,
1996). These rocks were intruded by Cretaceous plutons between
about 110 and 90 Ma and are situated today only ~130 km west
of the North American shelf edge, which exhibits no evidence of
the deformation, exhumation, and plutonism.

Metamorphism in the southern Omineca belt is highly vari-
able, but in some well-studied areas, such as the Monashee com-
plex, there were two compressional and metamorphic pulses,
just as elsewhere in the Sevier hinterland. However, the main
metamorphism within the North American plate occurred ex-
ponentially between 115 Ma and 58 Ma (Fig. 9), when the hot
Selkirk allochthon was placed on top of the North American
plate and progressively metamorphosed it (Parrish, 1995; Brown
etal., 1992; Carr, 1986, 1995), leading to inverted isograds in the
autochthon (Journeay, 1986). More than 15 km of rapid exhuma-
tion occurred on the core-complex normal faults between about
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but they are still classified as part of the Omineca belt. Although
a few core complexes occur there, the main area of Late Cre-
taceous extension is farther west within the Coast Plutonic
Complex. There, arc magmatism ended in the mid-Cretaceous,
and a narrow area, extending from Washington State to Alaska,
was uplifted and rapidly exhumed by 60 Ma (Armstrong, 1988;
van der Hayden, 1992; Andronicos et al., 2003). Within the com-
plex, older plutons, now orthogneiss, show top over bottom to
the southwest thrust displacements, but starting at about 67 Ma,
plutons were emplaced in an extensional environment (Crawford
et al., 1999). This Late Cretaceous—Paleocene suite of plutons
continued to be emplaced after orogenic collapse and was attrib-

18 R.S. Hildebrand
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Figure 9. Diagram adapted from Parrish (1995), illustrating the thermal
evolution of the Selkirk allochthon and the North American Monashee
Complex. This evolution is probably typical of rocks throughout the
Sevier hinterland—-Omineca belt areas. The upper allochthonous plate
cools slowly, while the lower plate progressively warms as it is buried,
but once the allochthonous slab is placed on top it warms at a faster rate.
Both plates cooled rapidly between 60 and 50 Ma as the orogen col-
lapsed gravitationally. The figure also demonstrates that unless equiva-
lent crustal levels are sampled for P-T-t (pressure-temperature-time)
work there will be wide variations in the results, even though the overall
P-T-t values might be more or less the same from locale to locale.

58 and 50 Ma (Parrish et al., 1988). The detailed work done by
Parrish (1995) and summarized in Figure 9 illustrates the meta-
morphic paths for various crustal levels in the hinterland belt.
This illustration makes it clear that a hot plate was emplaced
upon a much cooler plate, and that both cooled together between
58 and 50 Ma. It also explains part of the variation in metamor-
phic ages obtained from rocks up and down the hinterland belt
(Table 1), simply because the samples collected in the upper plate
by various workers were not necessarily sampled from equiva-
lent structural levels. LITHOPROBE seismic refraction data sug-
gest the possibility that the basal décollement in the Canadian
foreland belt passes westward beneath the allochthons and joins
the Monashee detachment before climbing down beneath alloch-
thons even farther west, perhaps to the Fraser River fault (Brown
et al., 1992; Cook et al., 1988, 1992).

Recently, some workers (Kruse and Williams, 2007) chal-
lenged the idea that the Monashee and its overlying allochthons
were separate entities and described the boundary between the
two as a gradational boundary, but this idea runs counter to
the preponderance of evidence, and, as we know that the crust
was substantially thickened, then it merely serves to move the
zone of thrusting to a different fault zone. Another point of con-
tention is whether or not the hinterland belt contained substantial
regions of migrating partially molten crust (Teyssier et al., 2005)
or not (Carr and Simony, 2006). Both problems can be resolved
if the lowermost part of the upper plate was partially molten and
formed a zone where rocks above it spread laterally to create a
broad zone of shear that overprinted the original suture.

In the northern and central British Columbia and Yukon sec-
tors of the Cordillera, the rocks and structure are quite different,

uted to asthenospheric upwelling (Mahoney et al., 20006).

The geology in Alaska is broadly similar to that described in
southern Canada and the continental United States. In the Brooks
Range of northernmost Alaska a Jurassic collisional belt was thrust
on top of North American rocks, starting in the Late Cretaceous,
and they collapsed at about 60 Ma (O’Sullivan et al., 2006; Vogl
et al., 2002). Thrusts associated with this event deformed the ear-
lier Jurassic (about 136 Ma) structures, as well as previously non-
deformed passive-margin strata of North America on the North
Slope (Moore et al., 2004; Potter and Moore, 2006). The Jurassic
event in Alaska (Miller and Hudson, 1991) might be the same event
recorded within the allochthons of the Great Basin and Canada.

Johnston (2001) presented an intriguing hypothesis in which
most of central Alaska is made of an 8000-km-long ribbon conti-
nent containing segments of the North American craton and its
collisional belt, which were sliced off and transported northward
to interior Alaska and Yukon Territory, where they were wrecked
in an oroclinal orogeny or large-scale buckling event. There is
abundant paleomagnetic evidence for large-scale strike-slip
movement along the western margin of North America (Irving
et al., 1980; Irving and Wynne, 1992), but there is no evidence
that parts of North America lie within the terrane wreck, as the
oldest rocks in it appear to be Devonian.

The descriptions of the fold-thrust and hinterland belts pre-
sented above demonstrate that rocks and relationships along the
western margin of North America are remarkably similar and
extend from Death Valley to Alaska. The passive-margin sedi-
mentary rocks were detached from their basement and moved
farther onto the craton during an intense mountain building
episode, which doubled the crustal thickness in the hinterland.
The mountain building episode involved medium- to high-grade
metamorphism associated with overthrusting of hot allochthons,
and, at about 70-60 Ma, belt-orthogonal extension (Fig. 5) led to
exhumation and denudation on regional detachment-type normal
faults, as originally envisioned by Armstrong (1982) and Coney
and Harms (1984).

FAILED SUBDUCTION OF NORTH AMERICA
Taken together, the consistent relations over most of the oro-

gen, involving hundreds of kilometers of thrust transport eastward
over the craton, simultaneous with high-grade metamorphism
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when a hot slab was placed atop autochthonous North America,
lead me to conclude that the main collisional event of the Cor-
dilleran orogeny was failed subduction of the North American
continent beneath an exotic arc-bearing superterrane, which I call
Rubia, and whose leading edge occurs at the easternmost edge
and base of the megathrust slabs.

Rubia is named for superb exposures in the Ruby Moun-
tains of Nevada, where many of the features characteristic of
the superterrane are well exposed. Rubia is defined to include
all the terranes amalgamated prior to collision with North Amer-
ica in the Cretaceous. As such it includes SAYBIA, the ribbon
continent of Johnston (2001, 2008), which was defined to include
rocks in Siberia, Alaska, Yukon, and British Columbia.

Farther west the suture is difficult to locate, as it is buried
beneath exotic allochthons or highly modified along with strongly
deformed basement of the upper-plate, high-grade metamorphic
rocks, and younger normal faults. Nevertheless, it crops out in
many spots along the belt. The best known and best exposed part
of the suture occurs within the Monashee complex (Fig. 1) of
southern British Columbia (Parrish, 1995), but it is also exposed in
the Priest River and Pioneer complexes and in the Nevada-Utah-
Idaho sector. In the model presented here, rocks above the suture
belong to Rubia and are exotic with respect to North America.

Within the southern British Columbia sector of the colli-
sional belt there is strong evidence that a hot upper plate was
emplaced upon North America and that heat was conducted
downward to metamorphose the uppermost parts of the craton
(Journeay, 1986; Parrish, 1995). Elsewhere, the upper-plate rocks
are typically strongly migmatitic, whereas beneath the thrust the
rocks generally are not. The downward flux of heat into rocks of
the North American plate likely resulted when the leading edge
of the North American passive margin was pulled beneath the
eastern edge of Rubia.

AGE OF THRUSTING AND COLLISION

The age of thrusting, and hence collision, is reasonably well
constrained by a number of detailed sedimentological and paleon-
tological studies. The earliest record of sedimentation that can
be tied to disturbances along the entire western margin of North
America occurs in the Aptian at about 124-115 Ma, when grav-
els and conglomerates, comprising a wide variety of sedimentary
clasts such as chert, quartzite, limestone, and siltstone, were eroded
from the Rocky Mountain platform and dispersed eastward to form
a thin veneer over a regional unconformity and a calcrete-silcrete
paleosol complex on the Morrison Formation and its equivalents
(Leckie and Smith, 1992; Heller and Paola, 1989; Yingling and
Heller, 1992; Currie, 2002; Ross et al., 2005; Zaleha and Wiese-
mann, 2005; Zaleha, 2006; Roca and Nadon, 2007; Greenhalgh
and Britt, 2007). These gravels are known by various local names,
such as Cadomin, Kootenai, Lakota, Cloverly, Ephraim, Buckhorn,
Pryor, and so on, and they are extensive (Heller et al., 2003), oc-
curring up and down the continent, eastward to the Black Hills of
South Dakota (Fig. 5), and as far south as Silver City, New Mexico,

where the gravels appear above a basal mudstone in the lower part
of the Beartooth quartzite (Hildebrand et al., 2008). The gravels are
overlain by marine mudstones and siltstones of Albian and Ceno-
manian age, which mark the first sedimentary rocks of the Western
Interior Basin (Kauffman, 1977).

An older, linear basin of Jurassic age formed at about
176 Ma in the Canadian foreland region, where it is known as
the Fernie-Kootenay basin (Gibson, 1985; Poulton et al., 1994).
The earliest sedimentary rocks in the basin are shales derived
from the east: Westerly derived sedimentary rocks were not
transported into the basin and distributed axially until the Late
Jurassic (Fermor and Moffat, 1992; Stockmal et al., 1992). Far-
ther north some westerly derived sedimentary rocks dated as
Middle to Late Jurassic crop out, but sedimentation had stopped
by the Hauterivian (Evenchick et al., 2007). Whatever the sig-
nificance of the basins—and they may have represented local
transpressional interactions along the western margin of North
America (Price, 2000)—for the most part, westerly derived
plutono-metamorphic detritus did not arrive in the region until
after deposition of the Cadomin Formation and its basinwide
equivalents (Stockmal et al., 1992; Ross et al., 2005). A regional
unconformity in the Foothills belt separates rocks of the Fernie-
Kootenay basin from those of the Cadomin Formation.

Similarly, shallow marine—lacustrine rocks of the Jurassic
Morrison Formation within the United States were deposited
between 155 and 148 Ma (Kowallis et al., 1998, 2007) and lo-
cally formed sub-basins where the rocks coarsen westward. Just
as with the Fernie-Kootenay, there is apparently no westerly de-
rived plutono-metamorphic detritus. Others suggested that both
the Morrison and the Fernie-Kootenay represent back-bulge
deposits to a “phantom” foredeep, now eroded but once located
to the west, or else they possibly reflect regional dynamic sub-
sidence (Royse, 1993b; DeCelles and Currie, 1996; DeCelles,
2004). However, there is no evidence for a foredeep of Morrison
age farther west, and the Morrison itself doesn’t thicken continu-
ously westward (Heller et al., 1986). In fact, there is evidence
that instead of continual subsidence characteristic of a foredeep,
the Morrison Formation was uplifted prior to deposition of the
Buckhorn conglomerate of central Utah, as the conglomerate fills
paleovalleys in the Morrison (Yingling and Heller, 1992; Currie,
1998; Heller et al., 1986) and has a thick paleosol at its top that
is truncated by the Buckhorn Conglomerate (Currie, 1997); the
Yellow Cat Member, the basal member of the overlying Cedar
Mountain Formation, consists primarily of reworked Morrison
Formation (Eberth et al., 2006).

A possible explanation for the localized surges in siliciclastic
debris shed over the platform found in both the Fernie and Mor-
rison basins is the presence of islands to the west. In the collision
model presented here, sediment couldn’t cross the trench region
from the forearc region of the upper plate to the platform located
on the lower plate. Thus, the westerly derived debris must have
been caused by erosion of islands that emerged on westernmost
North America, reasonably in the area of rift basins and tilted fault
blocks. Emergent islands could have created the point sources for
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the westerly derived siliciclastics, as shown in Figure 10. Islands
caused debris to be shed over the North Australia shelf several
million years prior to subduction of the leading edge of the shelf
beneath the New Guinean arc (Quarles van Ufford and Cloos,
2005) and to the west, where islands, such as the Aru, lie between
the trench and present-day Australia (Verstappen, 1959).

Another plausible model for the origin of the Jurassic
foredeep-like basins involves small areas of retreating subduction
boundaries (Royden, 1993a, 1993b) that could have arrived at the
North American margin well in advance of the main collision,
and then escaped laterally during the main collision. This is con-
sidered unlikely, as there are no apparent Jurassic deformational
structures that affect the Rocky Mountain shelf, but it might ex-
plain Jurassic detrital zircons in Morrison equivalents of Montana
(Fuentes et al., 2009). Whatever the origin of the localized Juras-
sic sedimentation on the shelf, the first event seen over the entire
margin was the sub-Cadomin unconformity upon which sedi-
ments were deposited during the Aptian between 124 and 115 Ma.

Heller and Paola (1989) labeled the 124115 Ma gravels and
conglomerates paradoxical, but the unconformity and the overly-
ing conglomerates could have been generated by the passage of
the North American craton over the outer forebulge of the trench
(Currie, 1998). As the continent passed over the bulge (Stockmal
etal., 1986; Yu and Chou, 2001) it was uplifted and eroded, and it
shed abundant clasts of its Paleozoic and Mesozoic sedimentary
cover both westward and eastward. Once any given strip passed
over the bulge, it was pulled down into the trench and buried by
fine-grained siliciclastic sediments. It is worthwhile to note that
once over the bulge, the North American margin was extending
as it was pulled downward into the mantle (Conrad and Lithgow-
Bertelloni, 2002). In large part, only the upper plate and the off-
scraped sediments of the fold-thrust belt, which were progres-
sively transferred to the upper plate, are in a compressive regime.
A prediction of this model is that initial sedimentary rocks within
the foredeep might show evidence of down-to-the-west synsedi-
mentary extension.

Dating the end of thrusting is more difficult, but on the ba-
sis of relations between thrusting and the Axhandle wedge-top
basin, thrusting on the major in-sequence faults of the thrust-belt
in Utah appears to have been mostly over at about 70-65 Ma
(Lawton and Trexler, 1991; DeCelles and Coogan, 2006). On a
more regional basis, the transition from the dominantly marine
foredeep, generated by the thin-skinned thrusting, to localized and
sedimentologically isolated nonmarine basins typical of the thick-
skinned Laramide deformation, occurred during the Maastrichtian
(71-66 Ma) (Dickinson et al., 1988; Raynolds and Johnson,
2003; Cather, 2004). In the Canadian foreland basin the minimum
age for the end of thrusting appears to be marked by the young-
est deformed rocks of the foredeep, which are mid-Paleocene
(about 60 Ma), and by significant exhumation of the thrust wedge
at about 58 Ma (Price and Mountjoy, 1970; Ross et al., 2005).
The megathrust slab of Belt Supergroup rocks, which has a strike
length of nearly 500 km in Montana and southern Canada, had
minimal or steady-state denudation until 59 Ma, when it was cut
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Figure 10. Sketch map modified from DeCelles (2004), showing the
palinspastically restored isopachs for the Jurassic Morrison Formation.
In this paper it is suggested that a set of islands, perhaps in the rifted
margin, shed debris onto the Rocky Mountain platform.

by porphyritic intrusions and underwent rapid isostatic rebound
(Sears, 2001). Thus the main compressional phase of the Cordi-
lleran orogeny lasted approximately 50-60 m.y., from about 124
to around 70—60 Ma, and its demise might have been diachronous.
Slightly younger ages in Canada suggest that thrusting might have
shut down progressively from south to north.

EXOTIC ROCKS GENERALLY CONSIDERED PART
OF NORTH AMERICA

In this section I examine many allochthonous sequences
of rocks—the White-Inyos, the Pahrump Group and overlying
Paleozoic rocks, the Belt Supergroup, and several successions in
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Canada and in the U.S. Great Basin—generally considered to be
part of ancestral North America, but here regarded to be exotic
and which in some cases sat on or near the leading edge of the
Rubian supercontinent.

Within the Utah-Nevada segment (Fig. 5) of the orogen the
most easterly suspect rocks are huge megathrust slabs, containing
thick late Precambrian-Cambrian clastic and carbonate succes-
sions and local crystalline basement, which occur mainly to the
east of the hinterland belt, yet west of the Rocky Mountain shelf
edge, and were thrust upon rocks of the Rocky Mountain platform
(DeCelles and Coogan, 2006). Basin and Range extension moved
many of these rocks well west of their postcollisional position
within the thrust belt, and they now crop out in ranges of west-
ern Utah such as the House, Deep Creek, and Cricket ranges. The
rocks contained within these more or less intact slabs, which are at
least 80—100 km across, were locally intruded by Jurassic plutons;
locally they exhibit intense Jurassic deformation and are consid-
ered here to be exotic with respect to North America because they
originated west of the platform edge, have abundant 1.1 Ga detrital
zircon profiles (Stewart et al., 2001), and have no definitive strati-
graphic ties to North America. A well-studied example (DeCelles
and Coogan, 2006; Currie, 2002) occurs above the Canyon Range
thrust, which occurs in central and western Utah; was active from
at least 145 to about 110 Ma, mostly before thrusting on the Rocky
Mountain platform; and transported nearly 4 km of Neoprotero-
zoic and Cambrian strata not found on the platform; and locally
intruded by Jurassic plutons, at least 117 km eastward.

West of the megathrust slabs and the hinterland belt, and
within the tectonic collage of exotic allochthons, the most east-
erly assemblage of rocks are platformal Cambrian to Permian
limestones and siliciclastic rocks of the Antler shelf. These rocks,
overlain to the west by rocks of the Roberts Mountain alloch-
thon and its foredeep clastics of the Diamond Range sequence
(Silberling et al., 1997), were cut by Jurassic—Early Cretaceous
plutons and were transported eastward on thrusts during the mid-
Jurassic to the mid-Cretaceous (Taylor et al., 2000; Finney et al.,
2000). They are considered exotic with respect to North America
because they lie so far west of the shelf edge that once Cretaceous
shortening is restored they would be well off North American
crust and would constitute an entirely different platform than that
formed on North America, as discussed previously.

The Roberts Mountain allochthon (Fig. 5) consists of a
stack of thrust nappes containing Cambrian to Devonian grapto-
litic shales, radiolarian chert, immature sandstones, barite beds,
sedimentary exhalative deposits, minor pillow lavas, tuffs, and
volcanogenic debris flows. There is considerable controversy as
to whether rocks of the Roberts Mountain allochthon are exotic
with respect to the Antler shelf, and hence in the old model,
North America. Several workers (Finney and Perry, 1991; Finney
et al., 2000; Poole et al., 1992) argued for a North American
connection based on continuity of a section of Paleozoic rocks
in north-central Nevada or detrital zircon peaks (Gehrels et al.,
2000a); whereas others (Coney et al., 1980; Silberling et al., 1997;
Wright and Wyld, 2006) suggest it to be exotic.

The presence of pillowed basalts and other alkaline volcanic
rocks throughout most of the history of sedimentation within the
Roberts Mountain allochthon (Poole et al., 1992) suggests that
they were not part of North America, or even the Antler shelf,
from the Middle Cambrian to the Middle Devonian because for
most of that time both the Antler and Sevier shelves were quies-
cent with no evidence of magmatism. Also, as passive margins
are cold and notoriously amagmatic after initial rifting, it is hard
to understand how such magmatism would even originate and
remain intermittently active for some 150 million years on a pas-
sive margin. Based on these arguments the Roberts Mountain
allochthon is considered exotic with respect to both the Antler
shelf and North America.

Rocks in other allochthons (Luning-Fencemaker thrust belt)
of western Nevada (Fig. 5) lie even farther outboard and are
dominantly sedimentary with minor basalt and range in age from
Late Devonian to Triassic (Wyld et al., 2004; Whiteford, 1990;
Murchey, 1990). Deformed rocks within the allochthons are un-
conformably overlain by Triassic volcanic rocks, which bracket
the thrusting (Wyld, 1990). Other allochthons carry Jurassic arc
rocks with shelf-basinal sequences (Dilek and Moores, 1995).
Jurassic plutons of Nevada east to the hinterland cluster in the
age range 165-155 Ma (Miller and Hoisch, 1995).

Another important line of evidence as to the accretion
age of Nevadan rocks was presented by Wright and Wooden
(1991), who showed that Jurassic and Early Cretaceous plutons,
which cut all of the sedimentary successions from the quartzite-
carbonate megathrusts westward, were exotic with respect to
North America; that is, they had been decoupled and transported
from their continental source region and now lie structurally
upon North American crust. If the plutons are exotic with respect
to North American basement, then their wall rocks must be as
well. Thus, the transport age of the exotic allochthons must be
younger than Early Cretaceous.

Seven and a half kilometers of Neoproterozoic and lower
Paleozoic sedimentary rocks crop out west of the Sevier hinter-
land in the White-Inyo Mountains of eastern California (Fig. 5),
where they are deformed into a series of large folds (Morgan
and Law, 1998). The basement of the sequence is not exposed,
but the section includes the classic group of Neoproterozoic—
Lower Cambrian rocks such as the Wyman, Reed, Deep Spring,
Campito, Poleta, and Harkless formations (Nelson, 1962, 1978;
Mount and Bergk, 1998). The Ediacaran-Cambrian boundary
appears to occur within the middle member of the Reed Dolo-
mite, as indicated by a strong negative 8"°C excursion and oc-
currence of Treptichnus pedum (Corsetti and Hagadorn, 2003).
Rocks of this age are not generally known to occur in the U.S.
Cordillera, except for a much thinner and very different group of
rocks of the same age in the Death Valley area.

The sedimentary succession in the White-Inyos is cut by
Jurassic plutons in the age range 180-165 Ma (Coleman et al.,
2003; Bateman, 1992). Because at least the youngest of these
plutons postdate folding, the deformation that created the folds
must be older (Coleman et al., 2003), and it therefore predates the
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Cordilleran orogeny. Much of the deformation is, in fact, Permian
(Stevens et al., 1998). Recent isotopic analyses (Ernst et al., 2003)
of the Barcroft plutonic series (165 + 1 Ma) show it to be metalu-
minous with isotopic signatures more typical of the Jurassic—Early
Cretaceous of the Great Basin, whereas the 100 Ma peraluminous
McAfee Creek Granite has isotopic signatures transitional between
the Early Jurassic and Late Cretaceous peraluminous plutons
(Wright and Wooden, 1991). Thus stratigraphy, time of defor-
mation, age of plutonism, and the isotopic characteristics of the
plutons all combine to suggest that this package of rocks more
properly belongs with exotic rocks of central and western Nevada
than with North America. Additionally, as the main bulk of the
Sierran batholith is Cretaceous and the plutons in the White-Inyos
are dominantly Jurassic in age, it may be that the two were not
part of a contiguous batholith, as generally considered (Bateman,
1992; Saleeby and Busby-Spera, 1992).

In the Death Valley—southern Nevada sector (Fig. 5), rocks
of the Pahrump Group and their crystalline basement are alloch-
thonous (Burchfiel et al., 1974a, 1974b; Brady et al., 2000; Snow,
1992). Overlying Ediacaran-Cambrian sedimentary rocks of the
Wood Canyon Formation contain detrital zircon peaks at about
1.1 Ga, and the slightly younger Zabriskie Quartzite contains
abundant 3.0-3.4 Ga grains (Stewart et al., 2001): source ages
markedly absent in western Laurentia. Higher in the stratigraphic
succession is the distinctive Middle to Late Cambrian Bonanza
King Formation, which farther north is part of the Antler shelf of
central Nevada and westernmost Utah (Kepper, 1981; McCollum
and McCollum, 1984; Montafiez and Osleger, 1996; Morrow and
Sandberg, 2008). This is well west of the Rocky Mountain shelf
edge, and rocks of the Bonanza King Formation match poorly
with those of the time-correlative Muav Formation of the Colo-
rado Plateau. These rocks and those of the White-Inyos were
folded and transported on thrust faults dated to be Permian at
about 294-284 Ma (Snow, 1992; Stevens et al., 1998; Stevens
and Stone, 2007). In the Spring Mountains near Las Vegas, car-
bonate rocks of the Bonanza King Formation sit structurally atop
rocks of the Aztec Sandstone, a Jurassic eolianite of the North
American platform (Burchfiel et al., 1998).

Stratigraphically higher in the sequence and crudely approxi-
mating the platform edge of the Bonanza King Formation is the
Late Ordovician—Silurian carbonate shelf edge (Sheehan, 1986;
Harris and Sheehan, 1998). This westerly facing shelf-edge facies
transition also crops out in east-central Nevada and northwestern-
most Utah, where it occurs west of the hinterland belt as part
of the Antler shelf. Similarly, the Pennsylvanian—Early Permian
Bird Spring carbonate shelf edge lies in eastern California and
faces west (Stevens and Stone, 2007). Overall, the locations of
the shelf edges, the non—North American detrital zircons, and
the Permian thrust faults indicate that crystalline basement in the
Death Valley area, the Pahrump Group, and overlying Paleozoic
strata are most likely exotic with respect to North America.

Allochthonous crystalline basement of Paleoproterozoic
age also occurs mostly within the Wasatch Range north and
southwest of Salt Lake City, where outcrop areas are known

as the Farmington Canyon and Santequin complexes (Yonkee,
1992; Bruhn et al., 1983; Schirmer, 1985). The basement rocks
occur to the west of the shelf edge in extreme northeastern
Utah (Rose, 1977) and structurally beneath the Jurassic Paris
thrust. The band likely continues northward into Idaho, where
Paleoproterozoic crystalline basement occurs within the Cabin—
Medicine Lake system just east of the Idaho batholith (Skipp
and Hait, 1977; Skipp, 1987) and in the Tendoy Range of south-
western Montana (DuBois, 1982). The basement is far trav-
eled and appears to sit structurally upon Archean rocks of the
Wyoming province. This northerly trending band of Proterozoic
rocks may continue even farther northward, where it could have
provided xenocrystic zircons to postcollisional plutons (Foster
et al., 2006). Restoration of the shortening within the thrust belt
restores the hypothesized crystalline basement well to the west
of North American crust, as indicated by Sr isotopes (Armstrong
et al., 1977; Fleck and Criss, 1985) and xenoliths (Evans et al.,
2002) and that, coupled with isotopic and geological evidence
that Archean basement likely continues to the edge of the craton
(Hanan et al., 2008), indicate that the Farmington Canyon com-
plex is exotic with respect to North America.

Rocks of the classic Belt-Purcell Supergroups within the
United States and southern Canada (Fig. 11) were discussed in
the section on the thrust belt, and because they are entirely alloch-
thonous, nowhere sit on North American crust, lie outboard of the
Cambrian shelf edge, occur in a megathrust slab like rocks far-
ther south in Utah, and were transported hundreds of kilometers
(Sears, 1988, 2007; Price and Sears, 2000), they are also likely to
be exotic. The tremendous thickness—nearly 30 km—of the Belt
succession suggests that it was deposited on oceanic crust, much
as the present-day Bengal Fan in the Indian Ocean (Curray et al.,
2002), in a trapped Caspian Sea-like basin (Hoffman, 1989),
or possibly in a series of rift grabens (Sears, 2007). Price and
Sears (2000) argued that movement of the Belt Supergroup was
dominantly rotational, but this is contentious (Elston et al., 2000)
and makes little sense in terms of the overall thrust belt, because
shortening both north and south of the proposed rotational anchor
near the Little Belt Mountains is at least 200 km.

In western Idaho, rocks of the Blue Mountain—Wallowa ter-
ranes, assembled by 145-137 Ma, were thrust over Cretaceous
gneisses—Belt Supergroup rocks and include a variable assem-
blage of 1.37 Ga gneisses, a spectrum of deformed and meta-
morphosed intrusions, with deformation having ended at 61 Ma
(Lund et al., 2008). These authors considered detrital zircons in
the 1.37 Ga gneisses to be Laurentian, but it is important to note
that they are not necessarily North American because they could
have been derived from the other rifted portion of Laurentia. This
is a general problem over the length of the orogen, as detrital zir-
con studies simply cannot discriminate from which part of rifted
Laurentia they were derived.

Within the southern Canadian Rocky Mountains, the Cam-
brian shelf edge occurs today within the Main Ranges. West of
this facies change (Cook, 1970), which, as discussed earlier,
likely marked the eastern edge of brittle-extended North Ameri-
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can crust, are a few thrust panels that contain shaly basinal-facies
rocks of the Chancellor Formation; but these rocks are overridden
along the Purcell thrust by Mesoproterozoic rocks of the Purcell
Supergroup (Price and Fermor, 1985). Within this thrust sheet
and others to the west there are no rocks that can be convincingly
related to North America. Packages of rocks within the Kootenay
terrane, such as the Neoproterozoic Horsethief Creek Group, the
Eocambrian Hamill Group, the Archeocyathid-bearing Badshot
Formation, the overlying nonfossiliferous Lardeau Group, and
the Mississippian basalt-bearing Milford Group, all lie west of
the Purcell fault, are not known to sit on North American base-
ment, contain older deformations including westerly vergent re-
cumbent folds (Brown and Lane, 1988; Simony, 1992; Smith and
Gehrels, 1992a, 1992b), do not occur in rocks east of the Purcell
fault, were transported a minimum of 200 km eastward (Price
and Mountjoy, 1970), and were variously intruded by plutons
ranging in age from late Paleozoic to Cretaceous (Okulitch et al.,
1975; Parrish, 1992; Crowley and Brown, 1994; Colpron
et al., 1998). Overall, it is difficult to understand how these pack-
ages of rocks might relate to the North American continent, and I
suggest they are better considered exotic.

Similarly, on the basis of faunal provinciality, contrasting
Mesozoic development, basement types, arc magmatism, paleo-
botany, and paleomagnetic data, Johnston (2008) argued that the
Cassiar platform of Canada—which, like the Antler platform
of the Great Basin, is separated from the North American plat-
form by a shaly basin—evolved separately from North America.
This implies that all rocks to the west, such as the so-called peri-
cratonic terranes (Colpron and Price, 1995; Colpron et al., 2006),
are also exotic.

THE SUPERTERRANE

A major question is, what was the extent of Rubia, the arc-
bearing terrane or microcontinent, postulated here to have col-
lided with North America during the Cordilleran orogeny? As
thrusting on the platform, and initiation of foredeep sedimen-
tation was more or less coeval over the entire length of North
America, Rubia must have been large enough to impact most
of the margin almost simultaneously, perhaps within just a few
million years.

Within Nevada, all of the terranes from the hinterland west-
ward to the Jurassic-Triassic Black Rock arc terrane—and in-
cluding the Roberts Mountain allochthon (Fig. 5)—accreted to
Rubia during the Mississippian, were probably assembled prior
to docking with North America, most likely by the Early Jurassic
(Wyld et al., 1996, 2004). These terranes stretch into Idaho and
eastern Oregon, where they include the massed Wallowa—Blue
Mountain terranes (Fig. 5); however, younger cover and poten-
tial transcurrent faulting complicate the story, and there could be
internal dislocations and translations yet to be discovered (Wyld
and Wright, 2005, 2007; Lund et al., 2008).

One group of terranes, the Northern Sierra, Cache Creek,
and part of the Klamath (Fig. 5), all have similar characteristics.

The Klamath and Northern Sierra lie within California west of
the Sierra Nevada, whereas the Cache Creek occurs extensively
within the Canadian Cordillera. They all contain accretionary
complexes of mélange, mafic to ultramafic volcano-plutonic
rocks, and upper Paleozoic seamounts-plateaux with carbonate
patch reefs and distinctive Tethyan fauna (Monger and Ross,
1971). Within Canada the Cache Creek terrane is juxtaposed
against two other terranes: Stikinia and Quesnellia (Fig. 11).
Both are large quasi-continental terranes with Devonian-Permian
carbonates, arc magmatism, and another distinctive fauna called
McCloud, which is known from northwestern Nevada and the
Sonoma terrane of the western Sierran foothills (Carter et al.,
1992). The Stikine, Quesnel, and Cache Creek terranes were
amalgamated at least by the Early Triassic, but subduction be-
neath the microcontinent continued on into the Early Jurassic
(Johnston and Borel, 2007).

Another group of terranes in Canada includes the so-called
pericratonic terranes of the Yukon-Tanana and Kootenay, which
were overthrust from the west by the already assembled Stikinia—
Quesnellia—Cache Creek terrane before the intrusion of 186 Ma
stitching plutons (Johnston and Erdmer, 1995). The pericratonic
terranes are characterized by Late Devonian to Permian mag-
matic rocks and carbonates (Mortensen, 1992; Roots et al., 2006)
and associated Carboniferous to Triassic blueschist-eclogite belts
(Erdmer et al., 1998). East of the pericratonic terranes are dis-
membered basinal facies rocks along with Upper Devonian to
Permian ophiolites, collectively termed the Slide Mountain ter-
rane (Nelson, 1993). Interestingly, rocks of the Slide Mountain
terrane contain giant fusulinids that are known only from a few
locales: Kettle Falls, Washington; the eastern Klamaths; Sonora,
Mexico; and an autochthonous locale from the miogeocline in
West Texas, all of which indicate that Slide Mountain rocks
in the Pacific Northwest and Canada are now far from their
warmer-water zones of origin (Carter et al., 1992). The fossil
data are supported by paleomagnetics, which indicate at least
2000 km of northward movement (Richards et al., 1993).

East of, and beneath, the belt of Slide Mountain rocks lie
rocks of the Selwyn basin and the Cassiar platform. Rocks of the
Cassiar platform were overthrust by Permian pericratonic rocks
prior to deposition of Triassic conglomerates containing clasts
of blueschist and eclogite, which cover the suture zone (Murphy
et al., 2006; Johnston and Borel, 2007).

A huge allochthon, some 700 km long and up to 200 km
across, of Neoproterozoic to Paleozoic rocks of the Selwyn basin
(Figs. 1 and 5) was thrust over the miogeocline along the Dawson
fault, and there are no direct stratigraphic links between footwall
and hanging wall; thus they are strongly suspect. The fine-grained
sedimentary rocks, chert, limy turbidites, and graptolitic shale
with alkaline basalts, barite beds, and sedimentary exhalative
Ag-Pb-Zn ore deposits (Goodfellow et al., 1995; Mair et al., 2006)
are reminiscent of rocks within the Roberts Mountain allochthon
and were likely deposited in a restricted oceanic basin. Rocks of
the Selwyn basin are linked to those of the Cassiar platform, to the
west, by a suite of 110-90 Ma plutons (Johnston, 2008).
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Another collection of rocks, the Farewell terrane of Alaska
(Fig. 11), also contains similar successions as those of the Selwyn
basin and Roberts Mountain allochthon: Cambrian to Devonian
deeper water sedimentary rocks and Devonian to Pennsylvanian
carbonates, Devonian and Triassic phosphatic black shale, barite,
and sandstone, with a variety of gabbroic sills and pillowed
basalts (Bradley et al., 2006). These rocks are also similar in
lithology, age, and metallogeny to rocks fairly widespread within
the Yukon-Tanana Uplands terrane (Fig. 11) of the Alaska-Yukon
border region (Dusel-Bacon et al., 2006) as well as rocks of the
Kootenay terrane (Smith and Gehrels, 1992a, 1992b; Colpron
and Price, 1995). The broad temporal and lithological similarities
are suggestive that rocks in all five areas could have originated
in the same basin (Turner et al., 1989) and were dispersed along
Rubia prior to, or during, collision with North America.

An interesting assemblage of exotic rocks occurs just south
of the Tintina fault in Alaska, where metamorphosed Devonian-
Jurassic oceanic and metaclastic rocks of the Tozitza terrane were
invaded by epizonal plutons and buried by bimodal volcanics
prior to exhumation at 60 Ma (Till et al., 2007). They document
that the eruption of the bimodal volcanics, deposition of lacus-
trine and fluvial sediments, and plutonism were contemporane-
ous with the cooling of the metamorphic rocks.

Within Alaska the Brookian collisional orogen involved an
arc-microcontinent collision in the Jurassic (Miller and Hudson,
1991). The microcontinent contains Devonian sedimentary rocks
cut by sparse Devonian orthogneiss with klippen of ophiolites
sitting atop the imbricate thrust belt (Moore et al., 1997a, 1997b;
Box, 1985). Overall, the rocks were likely part of the Yukon-
Tanana package and formed part of a much larger assemblage
that was amalgamated during the Jurassic.

Resolving the development of the Mexican terranes is ham-
pered by extensive Cenozoic volcanic cover; yet the details that
have emerged are similar to those farther north. Most terranes of
central and western Mexico are interpreted to represent arc and
accretionary terranes that were joined during the Late Jurassic—
Early Cretaceous prior to extensive shallow submarine arc mag-
matism (Centeno-Garcia et al., 1993; Tardy et al., 1994; Centeno-
Garcia and Silva-Romo, 1997; Centeno-Garcia, 2008).

The linkages discussed in the preceding discussion—and
the near isochronous initiation of foredeep sedimentation along
the entire belt—demonstrate that most terranes within the Cana-
dian and U.S. sectors of the Cordillera were probably amalga-
mated prior to their Cretaceous encounter with North America.
Furthermore, in the Canadian sector, part of the amalgamated
terrane possibly sits atop North American crust, as imaged by
LITHOPROBE (Cook et al., 1988, 1992). Within the Great Basin
a set of COCORP (Consortium for Continental Reflection Pro-
filing) deep seismic lines from western Utah to eastern Califor-
nia showed strong horizontal reflectors in the deep crust west-
ward from central Nevada to eastern California (Allmendinger
et al., 1987) that may represent the suture zone and possibly a
thin veneer of Paleozoic siliciclastic metasedimentary rocks of
the autochthon beneath Rubia. This suggests that cratonic North

America continues beneath the allochthonous terranes well west
of the 0.706 isopleth. Isotopic data from Idaho (Leeman et al.,
1992) and Oregon (Evans et al., 2002) support this conclusion.
Thus, the 0.706 isopleth, as well as Nd and Pb isotopic tracers,
may not reflect North American crust but may instead represent
crust within the overlying Rubian superterrane.

It appears that most of the exotic terranes now present along
the western margin of North America were amalgamated into the
Rubian superterrane prior to the Cordilleran orogeny, which is con-
trary to the commonly accepted hypothesis of progressive accre-
tion along western North America during the Mesozoic (Burchfiel
etal., 1992; Oldow et al., 1989; Umhoefer, 2003). Therefore, I pro-
pose that the Cordilleran orogeny represents one main collisional
event in which the leading edge of North America was partially
subducted beneath Rubia, the arc-bearing superterrane. This con-
clusion is similar to that reached in recent analyses of Canadian
terranes (Johnston and Borel, 2007; Johnston, 2008).

THE SUTURE

In any collision model there must be a suture between the two
plates. Although a suture is simply a fault zone that may or may
not contain ophiolitic remnants, blueschist mélanges, or trench de-
posits, its main characteristic is that it separates rock packages that
evolved separately over a significant time period and were sepa-
rated by oceanic lithosphere. If there are no vestiges of an oceanic
realm on the fault zone, then the suture is generally considered
to be cryptic (Dewey and Burke, 1973; Gibb et al., 1983). In the
context of the collisional model presented here, the main suture is
a fault that places the megathrust blocks, and locally other exotic
rocks, over the North American platform. Traced westward, the
suture appears at deep levels within some Paleocene core com-
plexes of the hinterland, such as the Raft River—Grouse Creek—
Albion, the Pioneer, the Priest River, and the Monashee, where
the suture is identified as the thrust that places deeper level exotic
rocks, such as 1.5-1.6 Ga crystalline basement, above metasedi-
mentary rocks sitting unconformably upon North American base-
ment (Journeay, 1992; Parrish, 1995; Doughty et al., 1998; Snoke
and Miller, 1988; Link et al., 2007). Even farther west, strong
midcrustal reflectors seen on COCORP and LITHOPROBE lines
(Cook et al., 1992; Allmendinger et al., 1987) likely represent
the contact between exotic rocks of the upper plate and autoch-
thonous rocks of the North American plate.

Other west-dipping thrust faults that occur east of the main
suture likely merge with the suture at depth, but because they
don’t involve exotic rocks they are not considered here to rep-
resent the suture (for the opposing view, see Lallemand et al.,
2001), even though the rocks were detached from North Amer-
ica and incorporated in the accretionary prism of the overriding
plate. That is because there was never an ocean between them.

In the collisional model presented here, rocks of North
America were ultimately pulled down beneath the accretionary
prism and the exotic allochthons. Given that there seems to be
little control over the dip of the descending slab by age of litho-
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sphere (Cruciani et al., 2005), it is difficult to evaluate how steep it
was in this case. However, as virtually all subducting plates dip at
~15° for the first 25 km or so, and because the flexure of the litho-
sphere is simple isostatic flexure, it follows that the density of the
overriding plate plays a dominant role in how deep the top of the
descending slab will be (Cloos, 1993). In the case of the Cordi-
llera, it appears that little sediment was scraped off the descending
plate prior to the arrival of the rigid and relatively-high-standing
Rocky Mountain platform. The lack of offscraping might simply
be because there wasn’t much sedimentary rock to “bulldoze”
off, or possibly because the bulk of the sedimentary rocks was
subducted during subduction retreat (Royden, 1993a). Consider
that the oceanic lithosphere adjacent to the continent was about
400 m.y. old, and therefore was cold, dense, and topographically
very low standing. These factors, along with the overall low grade
of metamorphism and general lack of basement involvement, sug-
gest that the North American—Rubian plate boundary was actively
retreating, and thus there would have been little possibility of in-
corporating slope-rise sediments into the accretionary wedge.

Another factor that might influence how much rise-slope
material is bulldozed off the subducting plate is the age of the
lithosphere. Owing to the increased flexural rigidity of old ver-
sus young lithosphere, old continental margins have bulge uplifts
on the platform, whereas young margins have their bulge on the
rise, much closer to the trench (Stockmal et al., 1986). Thus, in
old margins like the Cordillera, rise-slope sediments could be
subducted, whereas in young margins those sediments might
be added to the accretionary prism. Thus, two lines of reasoning
suggest that most slope-rise sediments of North America were
subducted and not incorporated into the accretionary prism.

Once the high-standing platform entered the trench region
it was detached from its basement, folded, and transported on
thrusts toward the craton. The end result is that there need not be
any sign of an ocean because all the evidence was already sub-
ducted. In that case, rocks of the North American platform were
tucked beneath rocks of the upper plate.

One of the distinctive features of the main suture zone be-
tween rocks indigenous to North America, and those I suggest
are exotic, is the juxtaposition of two distinctive assemblages.
To the east lies a largely Phanerozoic shelf and westerly facing
platform edge capped by thick Jurassic-Triassic sedimentary
rocks, whereas to the west of the suture is a complex amalgam
of crystalline basement, typically overlain by thick Neoprotero-
zoic and Paleozoic clastic-carbonate successions with scarce to
absent Jurassic-Triassic rocks. This is not a new finding, for it has
long been recognized that 2.5 km of Jurassic-Triassic formations
are abruptly truncated at the Wasatch line (Stokes, 1976), which
closely approximates the location of the suture proposed here. The
assemblages to the west exhibit older deformational episodes, in-
cluding recumbent, westerly vergent folds, and have detrital zircon
populations uncharacteristic of North American source terranes.
Although not exposed everywhere, these relations are consistent
from Canada to the southern Great Basin (see, e.g., Coogan, 1992;
Price and Fermor, 1985) and aid in locating the frontal portion of

the suture, which occurs at the front and base of the megathrust
sheets over the entire length of the Cordillera.

Many of these thrust sheets are typical of what John Rodgers
(1997) called exotic nappes—thrust plates with entirely differ-
ent facies juxtaposed against platformal rocks. These include the
megathrust sheets, which are composed of rocks not found on
the North Amerian platform. Some of the more internal thrust
sheets contain westerly vergent nappes formed during the Juras-
sic, which were deformed again during the Cordilleran orogeny.

Detailed paleomagnetic studies over 500 km of strike length
within the foreland belt of the Canadian Cordillera indicate that
Paleozoic carbonates within the Front Ranges have a steep Late
Cretaceous remagnetization, whose poles are compatible with those
from the North American craton (Enkin et al., 2000). If shallow in-
clinations measured in remagnetized carbonate rocks of the Main
Ranges also formed during the Late Cretaceous, then the differing
inclinations between the two belts suggest that the suture between
Rubia and North America is at or near the Kicking Horse Rim in the
Main Ranges and that previous correlations across the carbonate-
shale facies change are in error (Enkin, 2006), as suggested here.

Cryptic sutures are well known from other orogenic belts. In
northern Canada’s Wopmay orogen, the suture is a simple my-
lonitic fault that carries a huge klippe of 2.1-1.9 Ga exotic rocks
on top of the 3.0-3.5 Ga western Slave craton and its Paleo-
proterozoic continental margin (Hildebrand et al., 1991). The
ITapetus suture in parts of the British Isles is cryptic and is simply
a series of connected faults (Todd et al., 1991). In the Guayana
shield of northeastern South America, mafic volcanic piles and
related intrusions sit atop a quartzite-covered craton and are sepa-
rated from it by several meters of mylonite, best interpreted to rep-
resent a suture (Hildebrand, 2005). Even the ongoing Eurasian-
Philippine collision at Taiwan seems to have no oceanic material
along the suture in the narrow Longitudinal Valley (Huang et al.,
2006), although some ophiolitic olistostromes there originated on
scarps formed by backthrusting (Suppe, 1987). In some orogens,
paleontological or stratigraphic methods might serve to document
the differences; but it is easy to envision the closure of the Atlantic
Ocean, which is rimmed by the same age-passive margins—all
with more or less the same unconformities (Vail et al., 1980)—
sitting on formerly continuous basements.

Before this study it was generally accepted that Paleo-
proterozoic Selway terranes were accreted to the western margin
of the Wyoming craton prior to the development of the Cordi-
lleran margin (Foster et al., 2006). However, the presence of
Archean basement beneath allochthons in several widely sepa-
rated locations, such as the Grouse Creek—Albion—Raft River, the
Pioneer, and the Priest River complexes (Fig. 5), suggests that the
Selway terranes, as well as other areas of Precambrian crystalline
basement in the thrust belt, such as the Farmington and Santequin
complexes, are Rubian basement and are sitting structurally upon
the western margin of the Archean Wyoming craton. This is in
keeping with the abundant Paleoproterozoic xenocrystic zircons
in plutons of the Idaho batholith (Bickford et al., 1981; Toth and
Stacey, 1992; Foster and Fanning, 1997).
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SLAB BREAK-OFF AND DEVELOPMENT OF
METAMORPHIC CORE COMPLEXES

The end of major thrusting within the Sevier fold-thrust belt
and consequent uplift of the belt, the uplift and gravitational col-
lapse of the hinterland belt, cessation of deformation in many
exotic terranes, and the initiation of Laramide thick-skinned
thrusting and basin formation occurred more or less simultane-
ously during the Maastrichtian—Paleocene at about 70-60 Ma
(Fig. 11). This suggests that these events might somehow be
related, as originally suggested by Armstrong (1974). I offer
that slab break-off (Price and Audley-Charles, 1987; Sacks and
Secor, 1990; Davies and von Blanckenburg, 1995; Hildebrand
and Bowring, 1999; Davies, 2002; Levin et al., 2002; Haschke
et al., 2002) most logically explains the events.

Slab break-off is a simple process that must happen sooner or
later in every collisional orogen. Despite its simplicity it has the
potential to create complex geological phenomena because stress
regimes change rapidly, and asthenosphere flows upward to melt
and invade the collision zone. During collision, when the leading
edge of a continent is partially subducted, subduction stops when
the slab fails, because the strength of the descending, continent-
oceanic slab is exceeded by the competing forces between buoy-
ancy of the attached continent and downward pull of the attached
oceanic lithosphere. This is because the buoyancy forces resist-
ing the subduction of continental lithosphere are as large as those
pulling oceanic lithosphere downward (Cloos, 1993). Eventually,
this causes the subducting, dominantly oceanic plate to tear off at
its weakest point and sink into the mantle because of its greater
density. The zone of failure is likely at or near the synrifting limit
of upper crustal extension on the passive margin, because to one
side of this region is a craton with a thick root and to the other side
is old, thick and strong oceanic lithosphere (Hildebrand and Bow-
ring, 1999). The zone of thin, transitional, previously rifted crust
on a continental margin is welded to the underlying mantle, just
as the oceanic crust, whereas the upper part of normal continental
crust is separated from the mantle by a plastic and viscously be-
having lower crust, so it can easily be decoupled from the underly-
ing mantle (Cloos et al., 2005). Thus, accurate reconstructions of
the original platform edge on the passive margin should approxi-
mate the zone of failure, because, as discussed earlier, it typically
lies at the cratonward limit of extended upper crust. This implies
that during slab failure most of the transitional crust and its rift
deposits will be subducted (Hildebrand and Bowring, 1999).

The marked lack of initial rift volcanics and associated rift
valley clastic rocks in the Cordillera suggests that the slab and
extended continental crust with its rift deposits were torn from
North America and subducted exactly as predicted by the theory.
The rapid exhumation and collapse of the Sevier hinterland, as
well as the rapid erosion of foreland basin sediments, were likely
caused by slab failure, because rapid uplift is highly improbable
as long as the leading edge of the craton is attached to its oceanic
anchor. Once the slab failed, the subducted continent was free
to rise and likely did so rapidly, which in turn immediately shut

down thin-skinned thrusting. In the Cordillera, this idea is sup-
ported by the observation that the huge Lewis-Eldorado-Hoadley
thrust sheet and its load of Belt rocks were transported eastward
in a steady-state configuration with minimal denudation until the
cessation of thrusting at 59 Ma, when major isostatic uplift and
erosion began immediately (Sears, 2001).

Shortly after slab failure the collision zone will rise rapidly
as it tries to isostatically equilibrate. During uplift any especially
hot parts of the upper-plate arc might collapse gravitationally.
In the model presented here the Paleocene-Eocene extensional
core complexes from Canada to Death Valley developed when
the oceanic slab failed and broke off, generating uplift and exhu-
mation of the hot hinterland. Farther south, within the Mojave-
Sonoran segment, the core complexes are Miocene and may have
had an entirely different cause.

The presence of a hot arc, or a belt of plutons, within the
hinterland belt would explain why the hinterland directly adja-
cent to the thrust belt has more intense metamorphism and appre-
ciably more exhumation, and contains an intense concentration
of metamorphic core complexes. Another possibility is that the
area had earlier been thickened and heated during Jurassic defor-
mation and metamorphism.

An additional factor is that the process of break-off replaces
relatively cool and dense lithospheric mantle with hot astheno-
sphere. For example, Cloos et al. (2005) calculated that, with a
30-km-thick crust, an initial mean surface elevation of 700 m,
and removal of 50% of the lithospheric mantle, surface eleva-
tion would increase by ~2500 m. Additional study is needed to
elucidate precisely why the hinterland belt failed and collapsed,
but whatever the cause, the simplest method to shut down thin-
skinned thrusting and produce rapid uplift of the hinterland,
thrust belt, and foredeep is slab failure.

North of the Lewis and Clark line, the main belt of uplift ap-
pears farther west in the Coast Plutonic Complex, and possibly
southward into the North Cascades, where 15 km of uplift occurred
rapidly, starting in the Late Cretaceous. Overall, the belt is more or
less one giant core complex some 1500 km long by only 75-100 km
wide, so it is here attributed to uplift generated by slab failure.

Within the Great Basin, Paleocene-Eocene core complexes
are not known west of the hinterland belt, but whether that area
was simply cooler, did not have the same initial uplift, or relates
to major longitudinal movement with Rubia is unknown. Never-
theless, the differences are likely significant. Based on the areas
with and without metamorphic core complexes I theorize that
a combination of the intense heat, either from within an active
arc or from below during slab break-off, a thick crust basically
doubled by overthrusting, and rapid uplift caused by slab break-
off, were the critical components for creating the metamorphic
core complexes of the hinterland belt.

The effects of strong uplift related to slab failure within the
orogen might be visible in foredeep sedimentation. For example,
the intense influx of volcano-feldspathic detritus into the West-
ern Canada basin during the Maastrichtian (Leckie and Smith,
1992; Ross et al., 2005) might reflect sudden, strong uplift within
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the orogenic hinterland. In the next couple of sections I examine
some additional implications of slab failure on the tectonic and
magmatic development of the orogen.

LARAMIDE UPLIFTS AND THICK-SKINNED
DEFORMATION

Some of the more enigmatic geologic features of the Cordi-
lleran orogen are the Late Cretaceous to Eocene basement-involved
Laramide uplifts and associated basins of the Rocky Mountain
region (Figs. 5 and 13 [see below]). The uplifts generally have the
form of asymmetrical anticlines with cores of Precambrian base-
ment bounded by thrust faults, or steep to overturned monoclines
that faced, and in many cases overrode, deep basins that subsided
and received sediment during rise of the uplifts themselves. Many
of these features have lengths of tens to hundreds of kilometers,
have structural relief between basin-uplift pairs of 5-12 km,
and involve the entire crust (Grose, 1974; Smithson et al., 1979;
Brewer et al., 1982; Rodgers, 1987; Hamilton, 1988).

The Laramide features reflect fundamental changes in struc-
tural style and sedimentation within the U.S. segment of the Cor-
dillera in that deformation changed from thin-skinned to thick-
skinned, and the dominantly marine foreland basin sedimentation
changed to localized, isolated nonmarine basins (Dickinson et al.,
1988; Beck et al., 1988). Although there is some spatial and tem-
poral overlap between the two styles of deformation (Kulik and
Schmidt, 1988), the overall pattern of laterally continuous foreland
basin sedimentation was generally followed by the development
of localized depocenters and associated thick-skinned deformation
such that in a general sense there are two deformational episodes
with only minor temporal overlap between the two (Armstrong,
1968). In this contribution I use the term Laramide to refer to the
thick-skinned deformation formed within the Rocky Mountain
foreland during the Cordilleran orogeny. I maintain the traditional
time connotation (Grose, 1974) for the deformation in that it gener-
ally postdates the thin-skinned thrusting and is Late Cretaceous to
Eocene; but here I do not label rocks or deformation south of the
Colorado Plateau as Laramide, even though ages overlap to some
degree. This is because the area doesn’t appear to have the diag-
nostic thick-skinned deformation. In the model presented here the
Laramide is a localized event included as part of the Cordilleran
orogeny, because it was caused by the same collisional event.

Most of the data indicate that the Laramide thick-skinned
event started about the same time that the thin-skinned thrust-
ing in the foreland stopped, as the more continuous finer-grained
sedimentary strata of the foredeep are typically unconformably
overlain by coarse debris shed from strongly emergent basement-
cored uplifts (Raynolds and Johnson, 2003; Cather, 2004; Dick-
inson et al., 1988; Beck et al., 1988). Although there are minor
variations in timing owing to sample inconsistencies, outcrop,
etc., the best studied areas of the thrust and foreland belts all show
evidence for rapid exhumation at about 70-60 Ma (Sears, 2001;
DeCelles and Coogan, 2006; Ross et al., 2005), and the Laramide
basins all started to form in the Maastrichtian between 71-66 Ma
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(Fig. 11), deepened through the Eocene, and were basically dead
by the Oligocene (Robinson, 1972; McDonald, 1972; Otteman
and Snoke, 2004; Crowley et al., 2002; Dickinson et al., 1988).
Perry and Flores (1997) suggested that Laramide deformation in
Wyoming migrated northeastward to arrive at the Black Hills be-
tween 60 and 50 Ma.

The origin of this thick-skinned deformation has been es-
pecially problematic, because the mountains related to the Cor-
dilleran hinterland and fold-thrust belt along western North
America were shedding sediment eastward into the foreland
when the Laramide event occurred. This led some workers to
suggest that one simply couldn’t separate the two events in terms
of kinematics (Oldow et al., 1989). Other workers suggested that
variations in flat-slab subduction, such as convergence velocity
and dip beneath North America, generated the Laramide struc-
tures by increasing shear traction (Hamilton, 1988; Dickinson,
1981; Dickinson and Snyder, 1978; Bird, 1984). However, there
was no arc magmatism of this age anywhere in the region, so a
subduction model is generally nonviable. In the collisional model
a solution is readily available because the two events are quite
different in terms of kinematics in that the Cordilleran thrust
belt involved rocks transferred to the upper, overriding plate and
developed prior to slab failure, whereas the Laramide event in-
volved rocks of lower plate North America and occurred during
and/or just after slab failure.

Consider that prior to slab failure, rocks of the North Ameri-
can margin were scraped off their basement along a basal de-
tachment, separated from North America, and transferred to the
front of the overriding plate. These rocks were then transported
eastward in a compressional environment because new mate-
rial was constantly being added to the front of the thrust wedge
(Cloos and Shreve, 1988a, 1988b). Down below, the North
American plate was actively being pulled down by the descend-
ing oceanic slab (Spence, 1987; Royden, 1993a, 1993b; Conrad
and Lithgow-Bertelloni, 2002) and so was extended. Overall,
the upper and lower plates were weakly coupled. Once the slab
failed, there was what I term catastrophic stress reversal, for al-
most immediately the lower plate began to rise, lifting the upper
plate along with it. The rapid and significant uplift created by the
isostatic rebound of doubly thick crust is here considered to have
caused extension and gravitational failure in the upper plate, as
was discussed in the previous section. On the other hand, as the
lower plate rose, and a greater area of it contacted the base of
the upper plate such that continued movement—most likely be-
cause the failure was diachronous (Fig. 13 [see below]) just as in
the New Guinean example (Cloos et al., 2005)—produced much
stronger coupling between the plates. This generated consistently
increasing frictional drag and shear traction forces between the
plates, which caused the entire crust of the lower plate to enter
a progressively heightened compressive state, at least until hori-
zontal convergence between the two plates ceased. Because the
lower plate was old, cold, and rigid, the compressive stresses
were most likely partitioned over a significant thickness, and so
basement was involved in the resultant shortening. I believe that

it was these stresses in the North American craton that created the
Laramide thick-skinned structures (Fig. 13 [see below]). Simi-
lar basement-involved thrusts, such as the Mapenduma anticline,
formed in the foreland of the Central Range arc-continent col-
lision in Papua New Guinea during slab failure at about 6 Ma
(Cloos et al., 2005).

Although in some cases slab failure will produce magmas as
the asthenosphere wells up through the tear zone and melts adia-
batically, other areas might not have any magmatism at all. Cloos
et al. (2005) point out that greater ductile necking during slab
separation leaves more lithospheric mantle under the orogen. This
makes it much harder for magmas to penetrate and transit the re-
sidual lithosphere and so are much more likely to solidify at depth.

An important corollary is that different segments of the sub-
ducting plate can fail at different times and rates, which can lead
to different results in each segment. For example, one segment,
which had rapid and complete failure, might produce voluminous
magmatism, whereas another segment with a slower rate of plate
separation and considerable lithospheric necking might have no
magmas rising into the upper plate crust at all. An amagmatic
segment would have stronger coupling between the upper and
lower plates and therefore would have more thick-skinned defor-
mation in comparison with a segment with abundant magmatism,
because the rising magmas heat and weaken the lower crust,
which leads to weaker coupling.

SLAB BREAK-OFF MAGMAS AND THE SEGMENTED
NORTH AMERICAN PLATE

As stated earlier, magmas are created during and just after
slab failure as the asthenosphere wells up through the gap cre-
ated in the torn slab (Hildebrand and Bowring, 1999; Cloos
et al., 2005). Both arc magmatism and slab failure magmatism
are expected to produce linear belts of magmas whose composi-
tions might be rather similar and range anywhere from high-K
basalt to rhyolite, depending on the composition of the crust they
are transiting. Slab break-off magmatism can be expected to be
strongly diverse, first because the lithospheric mantle source re-
gion is highly variable (Menzies et al., 1987; Foley, 1992), and
second, because the rising magmas can assimilate between 10%
and 75% crustally derived materials during their rise through the
crust (Housh and McMahon, 2000).

The best candidate for a belt of magmatic bodies related to
slab break-oft during the Cordilleran orogeny occurs within the
Coast Mountains of western Canada (Fig. 12). There, Jurassic
to Late Cretaceous tonalitic-granodioritic plutons, deformed and
metamorphosed to gneiss under amphibolite-granulite condi-
tions, and generally considered to constitute the lower and middle
crust of a Cordilleran-type magmatic arc, were rapidly exhumed
just after arc magmatism ceased between about 65 and 60 Ma
(Armstrong, 1988; Hollister, 1982; van der Haydan, 1992; Craw-
ford et al., 1999). Extension, which took place at least between
about 60 and 50 Ma, and involved at least 15 km of tectonic ex-
humation, was accompanied by a voluminous Late Cretaceous—
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early Tertiary intrusive bloom of multiple sources (Hollister and
Andronicos, 2000, 2006; Hollister et al., 2008; Mahoney et al.,
2006; Andronicos et al., 2003). The strongly linear locus of uplift
and plutonism coincides with the western buried edge of cratonic
North America (Fig. 12) as inferred from two LITHOPROBE
deep reflection seismic lines (Cook et al., 1992, 2004). The shut-
down of arc magmatism just before the Late Cretaceous, the
rapid exhumation of the central gneiss complex between 60 and
50 Ma, the voluminous Late Cretaceous—early Tertiary magma-
tism, and the colocation of the apparent western edge of cratonic
North America in the subsurface combine to identify one region
of slab failure during the Cordilleran orogeny. Furthermore, the
isotopic character of magmas and xenocrystic zircons suggests
that they are mixtures of asthenosphere and Paleoproterozoic
crust (Samson et al., 1991), conditions that could have been met
if magmas derived from upwelling asthenosphere interacted with
the torn edge of western North America beneath the region (Ross
et al., 1991). Magmas streaming through the narrow tear as it
formed might explain the highly focused nature of the elongate
Late Cretaceous tonalitic magmas along the western margin of
the belt (e.g., Barker and Arth, 1990). Overall, the linear belt,
some 1500 km long, of Late Cretaceous—early Tertiary plutons
within the Coast Range Complex may be the best-exposed ex-
ample of slab failure magmatism anywhere on Earth.

The Coast Range orthogneisses and batholith are similar to
those along strike to the south in the North Cascades (Matzel
et al., 2004), but despite the similarities the North Cascade
block is fault bounded and may have younger deformation (S.A.
Bowring, 2008, personal commun.). Thus its relationship to the
Coastal belt is somewhat uncertain.

Even a cursory glance at the geological map of western North
America (Figs. 13 and 16 [see below]) leads one to notice that for
the most part the Laramide thick-skin belt doesn’t extend north of
the Lewis and Clark lineament—or, as it is sometimes called, the
Montana transform (Sears, 2006; Foster et al., 2007)—whereas
the contemporaneous postcollisional, slab failure magmatic
rocks of Canada generally don’t occur much south of it. This,
and their temporal overlap, suggest a causal relationship. Perhaps
the subducting oceanic slab was segmented, and the transform
transected the edge of the craton at the site of the Montana trans-
form. When the slab failed, it would then have been possible to
have different thicknesses of lithospheric mantle on either side
of the transform. Such differences could be the direct result of
how much lithospheric stretching had occurred during break-off.
Complete removal of lithospheric mantle leads to a greater rise in
asthenosphere, which, in turn, would generate more magma. In-
creased magma pooling at the break-off zone would lead not only
to more magmatism but would reduce the frictional coupling
between the upper and lower plates, because it heats and thus
weakens the lower crust. As pointed out by Cloos et al., (2005),
where upwelling amounts are lower, break-off speed becomes
more important, such that with 50% lithospheric thinning and
slow break-off, no melts would be created at all. Thus, if the area
south of the Lewis and Clark lineament had thicker remaining

lithosphere after break-off, there would be no, or very little, mag-
matism, and, hence, strong coupling between the upper and lower
plates, such as observed and inferred for the Laramide belt. Alter-
natively, greater lithospheric thinning allows for greater volumes
of adiabatically generated melts to form, rise into the collision
zone, heat the lower crust, and then rise toward the surface to cre-
ate the observed volcanic rocks north of the lineament. Thus, not
only can slab break-off account for the change from thin-skinned
to thick-skinned deformation, but longitudinal variations in litho-
spheric thinning during break-off could produce the change from
thick-skinned deformation without magmatism to the inverse
situation: magmatism without thick-skinned deformation. This is
exactly what is observed in western North America.

The Sonora segment, south of the Colorado Plateau, con-
tains another magmatic belt that is easily interpreted to repre-
sent slab break-off magmas (Fig. 13). These include the so-called
Laramide magmatism of southern Arizona and New Mexico, as
well as a linear belt of 76-55 Ma plutons that continue southward
through much of western Mexico (Damon et al., 1983; Zimmer-
mann et al., 1988; Titley and Anthony, 1989; Barton et al., 1995;
McDowell et al., 2001; Henry et al., 2003; Valencia-Moreno
et al., 2006, 2007; Ramos-Veldzquez et al., 2008).

In addition to the marked lack of slab failure magmas in the
Great Basin segment, there are two additional lines of evidence
that provide independent support for the idea of a segmented
North American plate:

1. Two major fault zones, the Lewis and Clark lineament and
the Orofino shear zone, trend northwest across the Rubian
superterrane (Figs. 13 and 16 [see below]). The hinterland
belt, with its Cordilleran batholiths and metamorphic core
complexes, shows several hundred kilometers of sinistral
separation across the Orofino shear zone, and if one con-
tinues it eastward into the lower plate it lines up well with the
northern margin of the geomorphological Colorado Plateau.
The Lewis and Clark lineament displays right-lateral separa-
tion of the Belt Supergroup, and it clearly fragmented the
foredeep between 100 and 75 Ma with thicker and coarser
sediments to the south (Wallace et al., 1990). The fault ap-
pears to mark the northern limit of Laramide thick-skinned
deformation (Fig. 13).

2. During the thrusting, one of the few areas in the entire colli-
sion zone to have syncollisional magmatism exists adjacent
to the Lewis and Clark lineament and Orofino shear zone.
South of the faults, and within the Helena salient, lies the
composite Boulder batholith (Figs. 13 and 16 [see below]),
which ranges in age from about 80 to 64 Ma; the coeval
Elkhorn volcanics; and the 66-64 Ma Butte porphyry cop-
per system (Dilles et al., 2003; Lund et al., 2002; Rutland
et al.,, 1989; Lageson et al., 2001). Within the fold-thrust
belt north of the lineament are volcanics of the 80 Ma Two
Medicine Formation and the 75 Ma Adel Mountain vol-
canics (Schmidt, 1978; Roberts and Hendrix, 2000; Harland
et al., 2005; Foreman et al., 2008). The interpretation of
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these rocks has been problematic, but perhaps their syncol-
lisional nature and their occurrence only near the faults indi-
cate that their source was the asthenospheric mantle beneath
a postulated transform or STEP fault (Govers and Wortel,
2005) extending just into the North American craton. Mag-
mas were able to upwell through gaps in the lithosphere into
the transform zone because of uneven scissors-like move-
ment, or tearing, possibly related to uneven rollback during
subduction (Royden, 1983a, 1983b; Rosenbaum and Lister,
2004). Similar tears are imaged tomographically today in the
Italian—Tyrrhenian Sea area and appear to have exerted con-
siderable control over magmatism and mineralization during
the last 10 Ma (Rosenbaum et al., 2008). Upper Cretaceous
sedimentary rocks within the foredeep are different in char-
acter and thickness on either side of the Lewis and Clark
lineament and reflect synsedimentary activity on the fault
during the period 10075 Ma (Wallace et al., 1990).

The Colorado Mineral Belt (Wilson and Sims, 2003) is a
linear belt of Late Cretaceous—early Tertiary magmatism that
divides the Laramide basins into two distinct fields (Fig. 13)
and appears to comprise magmas with a mantle source. The
75-50 Ma magmatism was correct to have been generated by
slab failure and likely represents mixtures of asthenospheri-
cally derived basalt and melted Proterozoic crystalline basement
(Fig. 14) emplaced into the lower North American plate (Stein
and Crock, 1990; Bailley and Farmer, 2007) through a tear in the
North American lithosphere that developed along a long-standing
lithospheric boundary (McCoy et al., 2005). Furthermore, vol-
canic rocks of the Oligocene San Juan volcanic field (Lipman,
2007) occur at the junction of the Colorado Mineral Belt and the
Rio Grande Rift, with most calderas within the Colorado Mineral
Belt (Fig. 13). This attests to the importance of these lithospheric
tears in controlling magmatism not only during slab break-off but
also during subsequent events many millions of years later.

CORDILLERAN-TYPE BATHOLITHS AND
SUBDUCTED CRUST

If the North American continent was subducted to the west
beneath the superterrane, then it is correct to ask the question:
Where are the arc rocks related to westerly directed subduc-
tion prior to terminal collision? Although there was separation
on strike-slip faults that may have shifted major blocks con-
siderable distances, the obvious choice in the case of the west-

<
<

Figure 12. Sketch map showing the distribution of early Tertiary slab
break-off plutons of the Coast Plutonic Complex after van der Hayden
(1992); the approximate zone of Paleocene extension is from Arm-
strong (1988), and the approximate limit of western North America
in the subsurface is inferred from LITHOPROBE seismic reflection
(Cook et al., 1988, 2004). The ages and location of porphyry copper
deposits are also shown after Godwin (1975).

ern United States for such an arc would be the Sierra Nevada
batholith, the archetypical Cordilleran-type batholith (Bateman
and Wahrhaftig, 1966), and other Jurassic-Cretaceous batholiths
such as the Coast Plutonic Complex and the Idaho, Peninsular,
Sonoran, and Omineca batholiths (Fig. 13). It was the seminal
papers by Hamilton (1969a, 1969b) that led to the idea that the
Sierra Nevada batholith, and others of western North and South
America, were the products of easterly directed subduction of
Pacific Ocean floor beneath North America, a concept that has
come down to the present more or less unchallenged.

We have already seen, in the case of the latest Cretaceous—
early Tertiary development of the Coast Plutonic Complex of
western Canada, how great volumes of magma might suddenly
arise during collision owing to slab break-off, but apparently
there were other, even earlier, magmatic flare-ups in the Sierra
Nevada, Coast, and Peninsular Ranges batholiths (Silver and
Chappell, 1988; Ducea, 2001; Kimbrough et al., 2001; Ortega-
Rivera, 2003; Pearson and Ducea, 2006). These flare-ups corre-
late reasonably well enough with accretionary events to suggest
a causal relationship.

First, consider that “normal” subduction of oceanic crust,
even beneath continental crust such as the Alaskan or Kam-
chatkan peninsulas, doesn’t appear to create thick and volumi-
nous Cordilleran batholiths even with 100 m.y. of subduction
(Portnyagin et al., 2008). Instead, oceanic subduction generates
long-lived centers of magmatism in a broad area of subsidence
close to sea level, without much in the way of crustal thicken-
ing (Hildebrand and Bowring, 1984). Estimates for volumes of
basaltic magma arriving at the base of the crust in typical arcs are
poorly constrained but should be the same as magma production
in oceanic arcs, which vary widely between 1 and 40 km*/m.y.
per kilometer of arc length (Marsh, 1979; Reymer and Schubert,
1984; Crisp, 1984) on the low end, 60-95 km?*/m.y. per kilometer
of arc length (Taira et al., 1998; Holbrook et al., 1999; Larter

Figure 13 (on following two pages). Geological sketch map of part of
the Cordilleran orogen (after Wheeler and McFeely, 1991; Wheeler
et al., 1991; Reed et al., 2005; Ramos-Veldzquez et al., 2008), showing
the distribution of some exotic terranes within the Rubian superterrane,
Cordilleran-type batholiths, and various plutonic suites, including slab
break-off plutons and volcanic rocks. Insets show the doubled Cordi-
lleran batholiths in the Canadian Cordillera and a possible reconstruc-
tion of Cordilleran batholiths on the Rubian supercontinent. Note how
the Lewis and Clark lineament appears to control the northern bound-
ary of the Laramide thick-skinned deformation, whereas the northern
boundary of the geomorphological Colorado Plateau appears to be con-
trolled by the Orofino shear zone. Both Colorado Plateau and Laramide
thick-skinned deformation terminate on the south at the Phoenix fault.
AV—Adel volcanics; ATL—Atlanta lobe of Idaho batholith; BIT—
Bitterroot lobe of Idaho batholith; BM-W—Blue Mountain—Wallowa
terranes; EV—EIlkhorn Mountain volcanics; JM—Judith Mountains;
K—Kootenay terrane; LR—Little Rocky Mountains; M—McCoy
Mountains Formation; MC—Monashee complex; N—Nisling terrane;
RMA—Roberts Mountain allochthon; SJ—San Juan volcanic field;
SZ—shear zone. Colorado Mineral Belt from Wilson and Sims (2003);
calderas in San Juans after Lipman (2007).
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Figure 14. Initial € Nd vs. € Sr for Laramide monzonitic intrusions
of the Colorado Mineral Belt (from Stein and Crock, 1990), showing
that the intrusions could have been derived from a mixture of astheno-
spheric melts plus Proterozoic granulites of Colorado.

et al., 2001; Dimalanta et al., 2002) in the middle, and a poorly
constrained 180 km*/m.y. per kilometer of arc length (Jicha et al.,
2006) on the high end. Because the magmatic flare-ups are at
least 2-3 times as voluminous as the “normal” magma produc-
tion rates in arcs (Ducea, 2001), there must be something unique
about the process that caused the flare-ups.

Within the Sierra Nevada batholith the largest flare-up oc-
curred between about 120 and 80 Ma (Chen and Moore, 1982;
Ducea, 2001; Irwin, 2002), which is remarkably close to the
period of subduction of the North American cratonic margin,
estimated here to have taken place between about 124 Ma, when
the outer shelf passed over the outer trench bulge, and approxi-
mately 70 Ma, when the subducting slab failed. I suggest that
it was the melting and/or dewatering of the ancient continen-
tal margin slope-rise rocks and their basement that created the
magmatic flare-ups. Prior to slab failure, convergence slowed,
or even stopped, owing to the difficulty of subducting an old
craton, which would explain why magmatism in the Sierra
Nevada terminated at about 80 Ma (Chen and Moore, 1982;
Bateman, 1992; Saleeby et al., 2008). Similarly, the Coast Plu-
tonic Complex flared markedly during the Cretaceous from
about 123 to 85 Ma (Mahoney et al., 2006; Pearson and Ducea,
2006; Hollister and Andronicos, 2006), the Peninsular Ranges
Batholith flared between 120 and 90 Ma (Silver and Chappell,
1988; Ortega-Rivera, 2003), and the Salinian block 115-78 Ma
(Mattinson, 1990). Given that not every pluton in either batho-
lith has been dated, the ages are only approximations; neverthe-
less, the timing of the flare-ups coincides remarkably well with
the subduction of the North American margin. Subsequent uplift
of the batholithic zones exposed a sufficient variety of crustal
levels to show that flare-up magmatism essentially reorganized
the entire crust (Saleeby et al., 2007).

Water derived from subducted oceanic crust and its overly-
ing sedimentary veneer is generally implicated as the dominant
catalyst in the generation of arc magmas (Tatsumi et al., 1986;
Moran et al., 1992; Leeman et al., 1994; Stolper and Newman,
1994; Eiler et al., 1998; Caulfield et al., 2008). Old and cold
lithosphere adjacent to and in old rifted continental margins
would be much cooler than typical oceanic crust and would
favor deeper initiation of dehydration reactions, which should
promote more efficient transport of fluids to sub-arc depths
(Moran et al., 1992; Leeman et al., 1994). Under such conditions
a greater volume of subducted sediment would yield a greater
volume of water to create abnormal quantities of mafic melts in
the mantle wedge. The model suggested here is that arc terranes
develop along a crudely steady-state path, adding new crust at a
rate that is probably related to the convergence velocity, until the
rather abrupt entry of the leading edge of a subducted cratonic
margin into the zone of dehydration-melt creation suddenly
creates an abnormally large volume of melt to rise into the over-
riding arc, where it can melt anomalously large volumes of con-
tinental crust. Not only does the massive influx of magma create
voluminous crustal melts, but the addition of so much rising
basalt thickens the crust markedly, for basalt is less dense than
mantle. These are entirely different effects than those created
during typical steady-state subduction of oceanic crust with its
thin veneer of abyssal sediment. Prior to the influx of copious
quantities of crustal material into the melt-generation system, as
typified by the earlier Cretaceous and Jurassic-Triassic phases
of magmatism within the Sierra Nevada batholith, there wasn’t
extensive crustal thickening, as evidenced by its low-standing
nature (Busby-Spera, 1984, 1986; Busby-Spera et al., 1990;
Busby et al., 2002; Fiske and Tobisch, 1978; Fisher, 1990; Riggs
and Busby-Spera, 1991; Schmidt and Poli, 1998; Ulmer, 2001;
Davies and Stephenson, 1992; Grove et al., 2002; Parman and
Grove, 2004; Wadsworth et al., 1995; Haxel et al., 2005). Even
today in western North America, with >50 m.y. of easterly di-
rected subduction, there is no evidence for the development of
voluminous Cordilleran-type batholiths.

In the case of the Sierra Nevada, the Peninsular Ranges
Batholith, the Omineca belt, and the Coast Plutonic Complex there
is another feature difficult to explain with easterly directed subduc-
tion but rather simply explained by westerly directed subduction:
the clear and progressive easterly younging of the flare-up mag-
matism (Fig. 15) (Chen and Moore, 1982; Bateman, 1992; Silver
and Chappell, 1988; Ortega-Rivera, 2003; van der Hayden, 1992;
Hart et al., 2004). In the westerly directed subduction model pre-
sented here, the well-documented mechanism of slab rollback
can cause magmatism to migrate toward the trench, which is also
migrating (Elsasser, 1971; Dewey, 1980; Garfunkel et al., 1986;
Kincaid and Olson, 1987; Royden, 1993a, 1993b). Until recently,
many workers interpreted the rollback of the subducting plate as
steepening slab dip caused by subduction of progressively older,
colder, and denser oceanic lithosphere; however, there seems to
be no simple relationship between slab dip and age of the litho-
sphere (Cruciani et al., 2005). Steeper dips apparently can be
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caused by increased hydration and consequent decreased vis-
cosity in the asthenospheric wedge above the slab (Manea and
Gurnis, 2008), which, if correct, would dovetail with the model
presented here. Whatever the cause of steepening slab dips, roll-
back in a retreating plate boundary does not necessarily involve
any change in slab dip. Instead, rollback occurs when the down-
going plate is sufficiently dense to drive the subduction process
(Royden, 1993a, 1993b). This means that not only are old, dense
slabs more likely to sink and create a retreating plate boundary,
but also that subduction generally stops soon after thick and
buoyant continental crust enters the subduction zone.

Possible earlier flare-ups, such as the 170-150 Ma event in
the Sierra Nevada, were not as voluminous, and are obviously
more difficult to unravel; but they may reflect collisional events
in the exotic terranes themselves, such as the joining of the com-
bined Antler—-Roberts Mountain—Golconda terrane of western
Nevada to a whole host of Permian-Triassic arc terranes and
mélanges beneath the western Sierra Nevada, whose complex
interactions and amalgamation apparently took place during that
time interval (Dickinson, 2008).

No doubt some will argue that Cordilleran-type batholiths
cannot have such an origin because there was no collision in
South America where the classic Andean batholiths were em-
placed; but I would urge some caution because the Cordilleran
orogeny, and probably Rubia, continued southward from Mex-
ico into northwestern South America (Toussaint and Restrepo,
1994; Feininger, 1987), and the strong geological and temporal
relationships between the western margins of the two continents
farther southward suggest that similar processes were active at
about the same time (see especially geological maps and pre-
batholithic evolution in Cobbing et al., 1981; Pitcher et al., 1985;
the structure sections of the Bolivian sub-Andean thrust belt in
Roeder and Chamberlain, 1995; and Dunn et al., 1995; and the
Late Jurassic to Tertiary magmatic and metallogenic evolution of

northern Chile in Bogdanic and Espinoza, 1994). Thus, it is pos-
sible—perhaps in my view, even likely—that the western margin
of the South American craton was partially subducted westward
beneath an exotic block (Rubia?) during the Cordilleran orogeny
as the Panthalassic Ocean closed. Thus, the Cordilleras of South
America could, just as North America, contain the two possible
flare-up phases of collisional Cordilleran-type batholiths: mag-
matic flare-up and slab break-off flare-up.

It is perhaps worth returning to the North American cases
for a moment to point out that the two phases of collisional
Cordilleran-type batholiths need not be spatially coincident, even
in adjoining segments of the orogen. In the case of the Coast Plu-
tonic Complex, north of the Lewis and Clark lineament, the colli-
sional flare-up phase is overprinted by the younger slab break-off
phase as the subducting slab apparently broke off beneath the arc
itself. The two phases are partly separated in time by intense uplift
and exhumation. In the Sierra Nevada the subducting slab appar-
ently broke off more slowly and more to the east, such that litho-
spheric necking prevented magmas generated during slab failure
from invading the crust in the vicinity of the Sierra Nevada.

Given the possibility of a large amount of strike-slip motion
in the Cordilleran orogen, one thing not commonly considered is
the original distribution of the Cordilleran batholiths. As they all
apparently formed on the Rubian superterrane at the same time,
it is reasonable to assume that they originally formed a more or
less continuous belt. Within the Canadian Cordillera there are
two side-by-side Cretaceous batholiths (Monger et al., 1982),
the Coast Plutonic Complex and the Omineca batholith (Fig.
13). Paleomagnetic data from the 70 Ma Carmacks Group, at the
north end of the Coast Plutonic Complex (Fig. 13), indicate that
rocks of this group lay at the latitude of Oregon + 700 km when
erupted (Johnston et al., 1996; Wynne et al., 1998; Enkin et al.,
2006). The Omineca, Idaho, and Sierran batholiths all appear to
have parts of the same belt of terranes containing both Tethyan
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faunas along their western sides, so it is likely that they once
formed a continuous belt. The Peninsular Ranges Batholith ap-
pears to reasonably restore to the western margin of the Mexican
mainland, where it formed a continuous magmatic belt with the
Sonoran batholith prior to the opening of the Gulf of California.
Thus, I have tentatively restored the Coast Plutonic Complex to
a position between the Sierra Nevada and the Peninsular Ranges
Batholith (Fig. 13). This places the southern Sierra Nevada and
its strongly uplifted southern end (Saleeby et al., 2007) adjacent
to the deeply exhumed Coast Plutonic Complex.

POSTCOLLISIONAL MAGMATISM ON
NORTH AMERICA

In the collisional model presented here, arc magmatism
couldn’t begin on the newly amalgamated collision zone until
the original oceanic slab attached to North America failed be-
cause it was old, thick, cold, strong, and extended to great depths.
Once the subducting slab broke off, a new or even a preexist-
ing subduction zone could have propagated beneath the collision
zone to create a new arc (Hildebrand and Bowring, 1999; Teng
et al., 2000). Slab break-off, as deduced from the generation of
the metamorphic core complexes in the Sevier hinterland, the end
of thrusting in the fold-thrust belt, and the rapid uplift of the fore-
deep, occurred in the Late Cretaceous—early Tertiary from about
75 Ma in the Sonoran segment to possibly as young as 60 Ma
in the Canadian segment (Fig. 12). After slab failure, new arc
magmatism typically starts up within a couple of million years
(Dewey, 2005; Suppe, 1987).

Following collision, the first magmatic rocks on or in North
America were those of the 54 Ma Bitterroot lobe of the Idaho
batholith (Bickford et al., 1981; Foster and Fanning, 1997),
volcanic rocks of the Challis volcanic field (Armstrong, 1978),
and magmatism from the Washington Cascades through inte-
rior British Columbia that extends northward nearly to Alaska
(Fig. 16) (Tabor et al., 1984; Ewing, 1981a, 1981b; Matzel et al.,
2008; Madsen et al., 2006). A linear band of Eocene magmatism
extends >1500 km from southern Arizona to at least the Trans-
Mexican arc (Aguirre-Diaz and McDowell, 1991; de Cserna,
1989). In both the Sonoran and Canadian segments the mag-
matism is the same age, 53—40 Ma, and so together they likely
represent the first sign that subduction polarity had flipped and
that Pacific oceanic crust was being subducted beneath North
America. If subduction had existed beneath the Great Basin seg-
ment at that time, arc magmas apparently weren’t able to pene-
trate the lithosphere there.

Some workers (Haeussler et al., 2003; Dostal et al., 2003;
Breitsprecher et al., 2003; Madsen et al., 2006) argued that the
53-40 Ma magmatism originated above a slab window (Thorkel-
son and Taylor, 1989), but oblique subduction of a spreading
ridge is unlikely to have created a narrow, linear belt of coeval
magmatism extending from Wyoming to Alaska and from south-
ern Arizona to southern Mexico, directly mirroring the segmenta-
tion of the orogen.

TRIANGLE ZONE

An interesting feature of the Cordillera, mentioned earlier,
is the triangular-shaped area between the Lewis and Clark linea-
ment and the Snake River Plain (Fig. 16). This zone is often called
the Columbia Embayment, and on diagrams the northern Sierra
is typically connected to the Idaho batholith by a gently sweep-
ing curved line as if there were an actual reentrant in the margin
of North America (Dickinson, 2004). In those models the Idaho
batholith was emplaced into the North American margin far to the
east of the Sierra Nevada along a reentrant in the continental mar-
gin. This is unlikely, as both the Sierra Nevada and the Atlanta lobe
of the Idaho batholith have similar terranes containing Tethyan
faunas along their western margins and appear to be separated in
right-lateral fashion across the Snake River Plain (Fig. 16). The
0.706 Sr isopleth shows the same separation. These relations sug-
gest the presence of a northeasterly trending fault within Rubia
beneath the lavas of the Snake River Plain. On the north side of
the embayment the Orofino shear zone was active from 90 to
70 Ma and clearly separates the Western Idaho shear zone and
the 0.706 Sr isopleth in sinistral fashion (Armstrong et al., 1977;
Fleck and Criss, 1985; McClelland and Oldow, 2007). Just to the
north the Lewis and Clark lineament has dextral separation and
was active from 100 to 75 Ma (Wallace et al., 1990).

At the eastern apex of the trianglar zone, the Sevier fold-thrust
belt is especially complex and difficult to unravel; yet both the
hypothesized Snake River Plain fault and the Orofino shear zone
apparently don’t continue into the lower North American plate, al-
though southeasterly trending continuations of both the Orofino
and Lewis and Clark zones clearly constitute the northern bound-
aries of the Colorado Plateau and the Laramide thick-skinned
deformation, respectively (Figs. 13 and 16). Along most of the
Rubian superterrane, both to the north and south of the Columbia
triangle and lying east of the Cordilleran batholiths, are extensive
terranes containing the Early Cambrian Archeocyathid-bearing
reefs of the Cassiar and Antler shelves plus the thick Neoprotero-
zoic siliciclastic sections containing diamictons (Fig. 16). As noted
by earlier workers, these rocks are missing from the Columbia
triangle and may have escaped northward during collision of the
Rubian superterrane with North America (Pope and Sears, 1997;
Wernicke and Klepacki, 1988). Because the Lewis and Clark linea-
ment was active during the period 100-75 Ma, and because both
it and the Orofino shear zone, active from 90 to 70 Ma, clearly af-
fected the distribution of deformation and uplift on North America,
these faults were fragmenting the Rubian superterrane during the
Cordilleran orogeny at least up until slab failure.

Most of the area of the Columbia triangle is covered by thick
Miocene basalts of the Columbia River and Modoc Plateaux
(Fig. 16), so there is little opportunity to see what lay west of the
Blue Mountan—Wallowa terranes. One possible area where such
rocks are visible is the Rimrock Lake Inlier, where mafic plutons
and mélange, containing continentally derived clastic rocks and
greenstones, formerly lay ~90 km farther south in the middle of
the triangle, once strike-slip motion on the Straight Creek—Fraser
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fault is restored (Miller, 1989). As Miller recognized, the rocks
appear to be similar to those of the Klamaths and California
Coast Ranges, especially the easternmost Franciscan subterranes.
Within the triangle zone the terranes west of the Idaho batholith
appear to be 2-3 times as wide as they are to both the north and
south, whereas the area to the east of the batholith has been di-
minished by tectonic escape relative to areas both north and south
of the Columbia triangle. The subjacent lithosphere between the
two sides is probably very different, given that the western side
of the Cordilleran batholiths up and down the Cordillera com-
prises an amalgam of Triassic to Cretaceous oceanic and accre-
tionary packages (Dickinson, 2008). Presumably the lithosphere
inside the western part of the triangle differs from that outside
it, and so the faults on both its north and south sides may have
formed effective lateral barriers to magmatism and thus confined
younger eruptions of plateau basalts to the triangle region.

MOJAVE-SONORAN SEGMENT

I now turn to another segment of the Cordilleran orogen,
the region south of the Sevier fold-thrust belt and the Colorado
Plateau, where thrust faults, metamorphic terranes, Jurassic arc
rocks, subduction complexes, Precambrian crystalline rocks,
highly metamorphosed and tectonized Paleozoic metasedimen-
tary rocks, anchizonal sedimentary basin rocks, and metamor-
phic core complexes trend east-southeasterly from the Transverse
Ranges of California across the Mojave Desert and into the
Sonoran Desert of southern Arizona (Fig. 5). There is no evi-
dence that north-northeasterly trending faults of the Sevier
fold-thrust belt are deformed by the east-southeasterly trend-
ing folds and faults, and as rock types and deformational styles
change abruptly (Hoisch et al., 1988), there is likely a struc-
tural break between the two.

The overall map geometry and the abrupt changes in struc-
tural style and rock type suggest that the two areas are separated
by a major fault and that a part of the North American craton was
sliced off and transported elsewhere (Fig. 5). Crosscutting rela-
tionships indicate that at least some separation on the fault must
be synchronous or postdate the Sevier thrusts. I term the rocks
lying to the southwest of the fault the Sonoran segment, and I
suggest that they were juxtaposed against, and/or migrated along,
the truncated margin.

Within the Sonoran segment, rock units and their structures
trend more westerly than the proposed fault, so their eastern
margins are progressively cut out against more northerly parts
of the fault (Fig. 5). As the Sevier thrust belt is truncated, at
least part of the movement on this hypothesized fault must be
younger than about 60 Ma, the minimum age of the thrust belt.
The rocks and evolution of the Sonoran segment are sufficiently
different from rocks west of the North American craton, and the
interpretation presented here is sufficiently new so that a brief
description is warranted.

First, miogeoclinal rocks of North America are absent for
~500 km in this region. Second, rocks of the Sonora segment

define a series of east-southeasterly—trending fault-bounded do-
mains with thrust faults of various ages and with contrasting rock
packages, all of which are very different from those along the
western margin of North America, suggesting that they are rocks
of the Rubian superterrane. A major compressional belt within the
Sonoran segment is known as the Big Maria thrust belt (Fig. 5),
which transects the Colorado River area in California and Ari-
zona, and contains both northerly and southerly vergent thrust
faults (Hamilton, 1987; Richard et al., 1994; Boettcher et al.,
2002). This belt of rocks includes highly metamorphosed and
strongly attenuated rocks that some have correlated with North
American sections (Stone et al., 1983; Hamilton, 1982), but these
rocks were intruded by Mesozoic plutons and, like other parts of
the Mojave area, were deformed 8—10 m.y. before the onset of the
Cordilleran orogeny (Boettcher et al., 2002).

A 7-km-thick section of Upper Jurassic to Upper Cretaceous
clastic rocks, known as the McCoy Mountains Formation (Hard-
ing and Coney, 1985), appears to lie structurally beneath thrusts
along the south side of the Big Maria thrust belt and might rep-
resent rocks of a foredeep overridden during thrusting (Tosdal
and Stone, 1994) or possibly even a forearc basin. At least part
of this group was deposited and deformed after 79 Ma, the age
of a rhyolitic tuff within the upper part of the sequence (Tosdal
and Stone, 1994). Southwesterly directed thrusting deformed
the 79 Ma rocks along with Late Cretaceous plutons and may be
part of a more regional event that involved crystalline basement
farther west in the eastern Transverse Ranges (Boettcher et al.,
2002). A still younger northerly directed thrust event, present in
both the Mojave and Sonora Deserts, postdates the earlier defor-
mations and is latest Cretaceous to early Tertiary in age (Tosdal,
1990; Dillon et al., 1990; Haxel et al., 1984).

Apparently related to this younger event is the 500-km-long,
east-southeasterly—trending belt of the Orocopia-Pelona schist
(Fig. 4), a peculiar, yet distinctive, group of oceanic rocks that
contains detrital zircons as young as 60 Ma and was buried to
30 km depth, metamorphosed, and brought to middle crustal
depths by 48 Ma (Haxel et al., 2002; Jacobson et al., 2002, 2007).
This argues for protolith deposition in a subduction complex, and

»
>

Figure 16 (on following two pages). Geological sketch map showing
distribution of postcollisional 53—40 Ma arc magmatism, major faults
discussed in the text, named segments of the orogen, and selected fea-
tures of the Cordilleran orogen (after Wheeler and McFeely, 1991;
Reed et al., 2005). Inset (A) Distribution of Cordilleran-type batholiths
and 53-40 Ma arc magmatism. Inset (B) separations of Cordilleran
batholiths and Tethyan-McCloud terranes along Lewis and Clark lin-
eament (L&C) and the proposed Snake River fault (SRF). Note that
the western part of the Columbia triangle is filled with Tertiary basalt.
Archeocyathid-bearing limestones and Neoproterozoic diamictite oc-
cur all along the Cordillera, but they are missing from the Columbia
triangle. ATL—Atlanta lobe of Idaho batholith; B—Butte, Montana;
BB—Boulder batholith; BIT—Bitterroot lobe of Idaho batholith;
BM—Blue Mountain—Wallowa terranes; C—North Cascades; O—
Orcas Island; SRF—approximate trace of proposed Snake River fault;
wisz—Western Idaho shear zone.
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therefore the schist probably delineates a disrupted oceanic realm
formerly located off the western edge of Rubia. In this scenario
the Orocopia schist represents sedimentary detritus pulled be-
neath the Rubian plate and then later exhumed.

Part of the western margin of Rubia is now represented by
rocks that in part lie west of the present-day San Andreas fault
in the San Gabriel Mountains. Miocene reconstructions show a
more or less east-west—trending band of imbricate Proterozoic to
Mesozoic basement cut by Late Triassic, Jurassic (164 Ma), and
Upper Cretaceous intrusions, which was thrust northward (pres-
ent coordinates) over the Orocopia schist (Nourse, 2002). This
Precambrian crystalline basement appears to continue more or
less sporadically throughout southernmost Arizona. Whether it
was ever part of Laurentia is unknown, but it was clearly rotated
in a clockwise direction (Hornafius et al., 1986; Carter et al.,
1987) so that the Orocopia belt lies now along the northern flank
of the crystalline basement terrane.

Much of southern Arizona is dismembered by a set of north-
westerly trending strike-slip faults, but the north-northeasterly
vergent thrust faults continue eastward across southern Arizona
in the fault slivers and transport a variety of metamorphosed
and mainly Jurassic rocks, which collectively constitute a dis-
membered arc complex. In many places, primary textures within
welded tuff units are still visible (Drewes, 1971), and calderas are
locally present (Riggs and Busby-Spera, 1991; Lipman, 1994). In
other areas, which reflect deeper structural levels, the rocks are
strongly deformed and metamorphosed with local subvolcanic
basement of Paleozoic metasedimentary rocks and Precambrian
crystalline rocks, both involved in thrusting (Haxel et al., 1984;
Reynolds et al., 1988; Hoisch et al., 1988). Throughout the south-
ern Mojave-Sonoran area the overall style and composition of
magmatism, along with the occurrence of crystalline basement,
indicate that the arc terrane was constructed on continental crust
(e.g., Howard et al., 1995), which could once have been part of
Laurentia; but if so, it was rifted during the Cambrian and was re-
accreted during the Cretaceous. Despite large amounts of short-
ening and crustal thickening within the Mojave-Sonora block, no
complementary foredeep basin is preserved.

Within southern Arizona there are two groups of plutonic
rocks: an older belt of metaluminous plutons ranging in age from
about 74 to 64 Ma, and a younger grouping of peraluminous plu-
tons with ages between 58 and 53 Ma (Miller et al., 1992). The
rocks in the age range 74-64 Ma appear to be part of the slab
break-off suite that continues southward through western Mex-
ico (Fig. 13), whereas the younger group appears to be part of
the postcollisional arc that also extends down through western
Mexico (Fig. 16).

Like the hinterland belt, rocks of the Sonoran segment col-
lapsed to form metamorphic core complexes (Fig. 5). However,
instead of doing so in the Paleocene—Eocene, as in the Sevier, the
collapse of this belt was in the Miocene (Coney, 1980). In spite
of this difference, the rocks of the Sonoran segment have similar
ages of deformation, metamorphism, and plutonism, as the rocks
of the Rubia superterrane and are included within it. Neverthe-

less, owing to extensive strike-slip faulting and younger exten-
sion, relations are incompletely resolved and require additional
work. The thrust front and likely eastern limit of Rubia occurs
in east-central Mexico, south of the Big Bend of the Rio Grande,
Texas (Figs. 13 and 16).

THE CASE FOR THE PHOENIX FAULT

As stated earlier, rocks of the Sonoran segment are truncated
abruptly, but progressively, to the north-northeast (Fig. 13) by a
previously unrecognized fault. The line of truncation trends west-
northwesterly across Arizona from just north of the Mexico—
Arizona—New Mexico triple junction, passing to the north of
South Mountain in Phoenix to the Lake Havasu City area and
then more or less along the California-Nevada border until it
is truncated by the left-lateral Garlock fault. Within much of
Arizona the fault trace (Fig. 17A) appears to coincide with a
northwesterly line of deep Cenozoic basins, such as the Safford,
Higley, Luke, Hassayampa, Congress, and Date Creek basins,
which separate the Miocene core complexes to the southwest
from the Transition Zone of the Colorado Plateau to the north-
east (Spencer et al., 2001). Within southwestern New Mexico
the fault passes near Lordsburg, where it separates conspicu-
ous Mesoproterozoic granites from Mesozoic volcanic rocks in
both the Pyramid and Little Hatchet mountains to the south. The
truncation of the Sevier thrust belt, and the consequent gap south
of the Colorado Plateau, have been recognized for decades, and
this area contains several northwest-trending faults (Titley, 1976;
Nydegger, 1982; Drewes, 1982, 1991). In southeastern Arizona
and southwestern New Mexico the trace of the proposed fault
approximates the boundary between Drewes’s (1991) foreland/
subfold-and-thrust-zone to the northeast and his intermediate
zones to the southwest.

Besides the abrupt and progressive termination of the thrust
belts, several other fundamental changes take place across this
line: (1) the extent of Mesozoic-Tertiary metamorphism and
its grade drop markedly from widespread amphibolite facies to
anchizonal; (2) penetrative deformation is absent to the north and
common to the south; (3) Mesozoic and Cretaceous magmatic
rocks are absent to the north, whereas they dominate to the south;
(4) Miocene metamorphic core complexes are common to the
south but are absent to the north; (5) K-Ar and fission-track cool-
ing ages are much younger to the south; (6) highly aluminous
metasomatic rocks are widespread south of the line but are absent
to the north; (7) conodonts south of the line have a high color-
alteration index, whereas those to the north generally have a low
color-alteration index; and (8) a change from shallow astheno-
sphere south of the line to thick lithosphere north of the line
(Reynolds et al., 1988; Hendricks and Plescia, 1991).

The line is also prominent (Fig. 17B) on magnetic anomaly
maps (Klein, 1982; North American Magnetic Anomaly Group,
2002) where it truncates the prominent northeasterly grain in Pre-
cambrian rocks of the American Southwest (Karlstrom and Bow-
ring, 1988). Overall, the juxtaposition of the two regions is so
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A DC=Date Creek basin
CO=Congress basin
HP=Hassayampa plain
LB=Luke basin
CO HB=Higley basin
AB=Aravaipa basin
/:_9 SB=Safford basin
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Figure 17. (A) Geological sketch map of Arizona, showing the proposed trace of the Phoenix fault between the Tertiary metamorphic core complexes
of the Basin and Range Province and the Transition zone of the Colorado Plateau. Note the occurrence of the deep Tertiary sedimentary basins
along the fault trace. Taken in part from Spencer et al. (2001). Several proposed northwest-trending fault zones are shown south of the Phoenix fault
after Titley (1976) and Eisele and Isachsen (2001), as well as my own interpretations based on several features such as the termination of the belt
of Orocopia schist. p—Phoenix, t—Tucson. (B) Aeromagnetic map of Arizona (North American Magnetic Anomaly Group, 2002), illustrating the
abrupt truncation of the prominent northeasterly trending anomalies reflecting the northeasterly grain in Precambrian rocks of the American Southwest
(Karlstrom and Bowring, 1988). Anomalies south of the Phoenix fault trend northwesterly and in part likely reflect dismemberment by strike-slip faults.

pronounced and abrupt that the line must represent the approxi-
mate surficial trace of a regional structural boundary, most likely
amajor transcurrent or transform fault. I call the fault the Phoenix
fault, mainly because it passes beneath the city of Phoenix.

In addition to the qualities mentioned above, the southern
margin of the Colorado Plateau along the Mogollon Rim is very
different from its western margin, where large and numerous
fault-rotated blocks characterize the transition to the Basin and
Range Province (Erskin, 2001). Along the Mogollon Rim, huge
rotated normal fault blocks are mostly absent: Instead, nearly
flat-lying pediment surfaces are present. Gently dipping sedi-
mentary rocks of Paleozoic age simply end at the rim, and the
escarpment is an erosional feature rather than a series of normal
faults. Even within the transition zone, horizontal Paleozoic sedi-
mentary rocks occur as erosional remnants sitting unconform-
ably on Precambrian basement. There are some younger faults,
such as bound the Verde Valley or occur near Cave Creek (Elston
and Young, 1991), but the overall structure of the transition zone
is dominantly erosional, a marked difference from the western
and eastern margins of the plateau.

In Arizona, it appears that plate interactions along that mar-
gin caused at least 1200 m of uplift and shed Paleocene gravels
(termed rim gravels) from the rising tectonic welt (Elston and
Young, 1991; Holm, 2001; Flowers et al., 2008). This indicates
that within the Sonoran segment the original thrust belt, along

with most of its foredeep sedimentary basin succession, lay far-
ther to the south and was transported away. The new package of
rocks juxtaposed with the southern edge of the Colorado Plateau
cuts out the lower plate thrust belt with its imbricated foredeep
deposits, and as such now collocates upper-plate arc rocks and
their basement with lower-plate cratonic rocks of North America.
This is a nearly identical situation to the Caribbean mountain sys-
tem of Venezuela, where a nonmetamorphosed Cenozoic fore-
land fold-thrust belt is being diachronously juxtaposed against a
mid-Cretaceous metamorphic hinterland owing to oblique con-
vergence (Ostos et al., 2005).

The trace of the Phoenix fault also coincides with several
formerly difficult-to-explain changes in depositional facies,
jumps in metamorphic grade, and different magmatism along
the California-Nevada border. These changes typically occur at
nearly right angles to the miogeoclinal and Sevier trends. For ex-
ample, northeast of the fault Mesozoic eolianites contain no asso-
ciated volcanic rocks, yet abruptly to the southwest they are inter-
bedded with volcaniclastic sandstones and overlain by volcanic
rocks (Marzolf, 1982). Similarly, Mesozoic plutons and volcanic
rocks occur directly south of the line, where they are associated
with basement-involved thrusts and amphibolite-grade metamor-
phism of Paleozoic sedimentary rocks (Miller et al., 1982). The
age of those thrust faults is also older than those of the Sevier
fold-thrust belt just to the north (Walker et al., 1995). Similarly,
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faults of the East Sierra thrust belt, located mainly northward
from the Garlock fault to southern Owens Valley, transported
sedimentary, volcanic, and plutonic rocks on northwesterly strik-
ing, southwesterly dipping thrust faults that don’t continue east-
ward into southern Nevada (Stevens et al., 1998).

The Phoenix fault may continue north of the Garlock fault
along the eastern side of the Argus Range, where it apparently
truncates the Independence dike swarm (Moore and Hopson,
1961; Carl and Glazner, 2002). Alternatively, the fault to the north
might be a segment of the Mojave-Sonora megashear, which ap-
pears to sever and translate the thick Neoproterozoic-Cambrian
succession of the White-Inyo Mountains into Mexico (Silver
and Anderson, 1974; Anderson and Silver, 2005). Regardless
of which major fault continues north of the Sevier thrust belt,
its exact path in the Sierra Nevada—Owens Valley—White-Inyos
area is problematic, for large-scale displacements in the area have
often been proposed, but there has been no general agreement
on the trace of such a fault or its age. The most obvious place
for such a fault is directly through Owens Valley, where it would
explain the absence of the 7.5-km-thick section of White-Inyos
Neoproterozoic—lower Paleozoic sedimentary rocks in the Sierra
Nevada and would separate the dominantly Jurassic plutons of the
White-Inyos from the dominantly Cretaceous plutons of the Sierra
Nevada. Stevens et al. (1998) argued that separation of Devonian
submarine channels and Permian-Triassic structures limited dis-
placement across Owens Valley to ~65 km, whereas Glazner et al.
(2003) suggested that the Independence dike swarm was offset by
at least 65 km, and possibly by as much as 130 km, and Kylander-
Clark et al. (2005) argued for 65 km of post—83 Ma strike-slip
motion in Owens Valley on the basis of matching a single dike
across the valley. None of these are definitive as piercing points,
because in the case of the dikes they are composite and appear to
have emanated from plutons (Hopson, 1988) and not from a re-
gional swarm (Glazner et al., 2008), so matching dikes have been
difficult to prove. Correlating a submarine channel across the val-
ley would only be viable if there were only one channel along the
ancient margin or if there were something particularly distinctive
about those channels. Schweickert and Lahren (1993b) suggested
that roof pendants within the Sierra Nevada batholith contained
equivalents of the Roberts Mountain and Golconda allochthons
and so constrained movement across Owens Valley. However,
similar rocks occur over much of the length of the Cordillera (e.g.,
Turner et al., 1989), and so the value of those rocks as piercing
points seems questionable.

Other workers suggested a major Early Cretaceous fault
in the Sierra Nevada called the Snow Lake fault, which could
have as much as 400 km of dextral displacement (Lahren and
Schweickert, 1989; Schweickert and Lahren, 1990, 1993a; Wyld
and Wright, 2001, 2005, 2007), or other cryptic intrabatholithic
faults with displacements on the order of 100 km (Kistler, 1993;
Saleeby and Busby, 1993). Testing these cryptic faults is diffi-
cult, as they likely predate the 98-86 Ma Sierra Crest and other
Cretaceous magmatism (Coleman and Glazner, 1998; Saleeby
and Busby, 1993) and so are now obliterated. The presence of

such a fault running right through the arc front would not be sur-
prising, as a huge Fitch-type fault (Fitch, 1972), known as the
Semangko, or Barisan Mountain, fault, strikes right through the
arc front in Sumatra (van Bemmelen, 1949; Westerveld, 1953;
Hildebrand, 1981), but in the case of the Snow Lake fault more
data are required to better constrain the proposed fault, which, in
any case, doesn’t seem to have hundreds of kilometers of separa-
tion (Saleeby and Busby, 1993).

At present I suggest that a major fault of great displacement
runs through Owens Valley, for the very thick and distinctive
7.5-km-thick Neoproterozoic—early Paleozoic sedimentary sec-
tion in the White-Inyos simply is not represented in the Sierra
Nevada, and there are no definitive piercing points across the
valley. The presence of a fault through Owens Valley not only
explains why the sections are so different across the valley, but
why platform-facies transitions are truncated (Stevens and Stone,
2007), why the Sierra Nevada sits obliquely across the south-
west-trending Sevier and older structures of Nevada, and why
Jurassic plutons of the White-Inyos are juxtaposed with the dom-
inantly Cretaceous plutons of the Sierra Nevada. Interestingly,
the dominant 305°-335° strike of the Independence dike swarm
(Hopson et al., 2008) parallels the trend of the Sierran-Mojave-
Sonoran arc terrane (Fig. 5).

There are several possible traces for major faults in Mexico,
all rather poorly constrained at present. Along the international
border a major fault appears to separate rocks of the Chihua-
hua trough (Haenggi, 2001, 2002), which contains no volcanic
rocks, from volcaniclastic rocks of the Bisbee basin to the west,
which contain abundant volcanic debris (Fig. 5). Southward, the
fault defines the southwestern edge of the Chihuahua trough, de-
lineates that edge of North American crust as identified by Pb
isotopes (James and Henry, 1993), and appears to truncate the
northeast-trending Ouachita Front (Housh and McDowell, 2005)
as shown in Figure 5. Even farther to the south are additional
dislocations along the San Marcos fault and Coahuila Island
that might be a continuation of the fault (Anderson and Nourse,
2005), but these are more speculative. The simplest solution is to
link the two ends of the fold-thrust belt along a fault that passes
near the Big Bend of the Rio Grande (Figs. 13 and 16).

Another line of reasoning that supports a syncollisional
origin for the fault is the variable cratonic extent of the West-
ern Interior Basin, which appears to be widest where the Rubian
allochthons on North American crust are most extensive, as con-
trolled by the location of the Tintina and Phoenix faults (Fig. 18).
This could happen only if the region outboard of the faults was
decoupled (Fitch, 1972) from the North American craton during
sedimentation within the Western Interior Basin.

The proposed Phoenix fault could also explain the enig-
matic relationship between the northwesterly trending band of
Miocene metamorphic core complexes and the Transition Zone
of the Colorado Plateau in Arizona. There, kinematic indicators
within the main fault zones of the detachments demonstrate that
rocks atop the core complexes slid northeastward during the ex-
tensional episode (Shackelford, 1989; Spencer et al., 2001), as
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Figure 18. Sketch map illustrating the extent of the Western Interior Basin (modified from Leckie and Smith, 1992) and the approximate locations
of the outer bulge, or anticline, and the traces of the Phoenix and Tintina faults. The trace of the outer bulge anticline is defined by the occurrence
of Precambrian cored uplifts within the cratonic interior. The anticline, plus older cross-folds, possibly related to the Ouachita orogen, combine to
form a dome-and-basin interference pattern over the Midcontinent region. The trace of the anticline within the northern Canadian Shield passes
just to the east of Great Bear (GB) and Great Slave (GS) Lakes, where its trace is defined as a broad ridge that forms the eastern margin of the
Mackenzie River drainage basin (not shown). The width of the Western Interior Basin is greatest where the hinterland belt is preserved inboard
of the proposed Phoenix fault, which suggests that the width of the basin was largely controlled by the load of Rubia on North America, despite
there being a possible component of dynamic subsidence. It also suggests that the Phoenix fault was active during sedimentation, as the region
outboard of the fault system appears to have been decoupled from North America and does not appear to have affected the width of the basin.
Note that except for the Sonora segment, at least part of the thrust belt is preserved everywhere just inboard from the fault system, which rules
out subsequent removal of large segments of the foredeep to produce the current breadth. The Selwyn basin (SB) is a thin-skinned belt of exotic
rocks, as discussed in the text.

of structural relief between the Colorado Plateau with its Creta-
ceous erosional surface and the Transition Zone. Just north of

shown in Figures 5 and 17. Whereas the rocks directly to the
northeast today are rocks of the transition zone, there should be

some evidence, in the form of piercing points, that those rocks
formerly lay above the core complexes; yet to my knowledge,
none have been found. Additionally, as rocks within the lower
plates of the core complexes were uplifted as much as 10 km, it
follows that the rocks of the upper plate must have collapsed a
more or less equivalent amount, but today there is at most 2 km

Phoenix, at the margin of the plateau, the base of the southern-
most outcrops of rim gravels is at most only 1.5 km lower than
the rim of the plateau (Ferguson et al., 1998; Gilbert et al., 1998).
Also, as documented by relict fault slivers above the detachment
zones, and also by rocks mapped beneath the detachments, vari-
able amounts of Mesozoic plutonic and volcanic rocks occurred
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throughout the area (Reynolds and Spencer, 1989; Bryant and
Wooden, 1989; Hamilton, 1982; Howard et al., 1982); yet these
rocks are not known within the transition zone. The proposed
fault would pass approximately beneath point 400 on the Arizona
COCOREP line (Hauser et al., 1987), and the reflection models
are not particularly clear in that area, so that sorting out inclined
reflectors of the northward-dipping detachment surfaces from
those of the Tertiary basins is not straightforward.

A series of northeast-trending folds, with wavelengths
of 3-10 km and axial traces that are coaxial with the lineation
within the detachment fault zones, is present within many of
the core complexes and has been difficult to explain by a simple
gravitational collapse model (Reynolds and Spencer, 1989). The
folds might be more readily explained as structures developed in
a transtensional environment (Venkat-Ramani and Tikoff, 2002;
C. Ferguson, 2008, personal commun.) along a major trans-
current or transform structure such as the Phoenix fault.

MOJAVE-SONORA MEGASHEAR AND
OROCOPIA-PELONA-RAND SCHISTS

Another major northwest-trending structure of the region is
the hypothesized Mojave-Sonora megashear (Silver and Ander-
son, 1974; Anderson and Silver, 2005), which appears to be well
south of the Phoenix fault. The presence in the Caborca terrane
of Ordovician-Devonian fine-grained siliciclastics, cherts, and
barite, coupled with Neoproterozoic, lower Paleozoic, and Lower
Jurassic sedimentary rocks—all cut by Jurassic plutons—sug-
gests a reasonable correlation with the Rubian rocks of Nevada
and eastern California, including the White-Inyo Mountains, as
originally suggested by Silver and Anderson (1974), and more
recently by Stewart (2005). The presence of a Neoproterozoic
diamicton southeast of the likely White-Inyo equivalents (Stewart
et al., 2002) strengthens the case, as Neoproterozoic diamicton
of the Kingston Peak Formation occurs in the Death Valley area
southeast of the White-Inyo Mountains.

Comparison of rocks between the White-Inyos and the
Caborca terrane makes a compelling match (Stewart et al., 2002;
Stewart, 2005), but the trace of the fault is problematic, largely
because subsequent deformations and magmatism obscure
older structures and relationships. However, there are some con-
straints on its location. First, if the belt of Orocopia-Pelona-Rand
schist represents a suture that corresponds to an oceanic realm,
as generally accepted, then the fault must pass to the east of the
easternmost exposures of the schist, as it defines a more or less
continuous belt extending some 500 km from the California coast
to western Arizona (Fig. 5). This is consistent with recent work
(Amato et al., 2009), which indicates that the Mojave-Sonora
megashear must lie farther to the northeast than previously sug-
gested (Anderson and Silver, 2005). There does appear to be an
unnamed, but major, northwest-trending fault (Fig. 17) that trun-
cates the belt of schist in western Arizona and juxtaposes different
stratigraphic sections on either side (C. Ferguson, 2009, personal
commun.). If this is correct, then it opens the possibility that the

Orocopia-Pelona-Rand schist belts (Fig. 5) were formerly con-
tiguous and were disrupted by major strike-slip faults as alluded
to by other workers (Grove et al., 2003; Nourse, 2002). Overall,
the schists have: (1) detrital zircon populations that indicate that
a major source for their sedimentary protoliths was the great Cor-
dilleran batholiths and their wall rocks, and (2) accretion ages
that young to the east from about 90 to 50 Ma, with the Sierra
de Salinas and San Emiglio Mountains outcrops markedly older
than the Rand, Pelona, and Orocopia occurrences, which were ac-
creted between 60 and 50 Ma (Grove et al., 2003). From a tem-
poral standpoint, the 50-60 Ma age grouping largely overlaps
with slab failure and initiation of easterly directed subduction
beneath the newly amalgamated orogen, which suggests that the
schists were detritus deposited offshore to the west of Rubia, per-
haps in a basin generated during subduction retreat, and that they
were partially subducted during the initiation of subduction. This
is in keeping with the singular nature of the schist-accretion event;
that is, there was only one accretion event, which is difficult to
explain in an ongoing, unbroken subduction model. Occurrences
of rocks with similar source and burial ages elsewhere along
the western margin of Rubia, such as the Swakane gneiss of the
Washington Cascades (Matzel et al., 2004) and Catalina schist of
the Southern California borderlands (Grove et al., 2008), suggest
that the schists and related rocks mark a unique, plate-scale event.
Polarity reversal following the thwarted subduction of continental
crust beneath an arc is perhaps the mechanically easiest method to
generate a subduction zone (Mueller and Phillips, 1991), and this
mechanism explains why there was only one burst of schist accre-
tion. Elsewhere along the margin, such as west of the Peninsular
Ranges batholith, the emplacement, uplift, and exhumation of the
Cordilleran-type batholiths supplied copious quantities of detritus
to the western basin (Kimbrough et al., 2001), but apparently any
partially subducted material was not regurgitated.

PORPHYRY COPPER DEPOSITS

Porphyry copper deposits are intrusion-related mineralized
systems of large size that typically have zoned mineralization and
alteration (Titley, 1982). The dominantly calc-alkaline dioritic
to quartz monzonitic intrusions have porphyritic to seriate tex-
tures, and their disseminated mineralization is mostly fracture-
controlled, even on a microscopic scale. Alteration is ubiquitous
and widespread but is subject to variability in local structure,
wall rock composition, depth and size of intrusion, as well as
groundwater availability and volatile evolution of the magma
(Gustafson, 1978). The distribution of known deposits reflects
not only their origin, but also the wide variety of factors that ex-
posed, modified, and preserved them, so it should be clear that
any one model for their origin is unlikely to explain the spectrum
of deposits (Barton et al., 1995). Nevertheless, some broad rela-
tionships have emerged from the current study.

The largest concentration of porphyry copper deposits within
North America occurs in southern Arizona and western Mexico
(Figs. 13 and 19). The deposits and their plutonic sources formed
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between about 75 and 55 Ma (Titley and Anthony, 1989; Titley,
1982; Damon et al., 1983; Barton et al., 1995; Barra et al., 2005;
Valencia-Moreno et al., 2006, 2007). Many of the intrusions are
not accurately dated by zircons, so the precise ages are not well
known; nevertheless, the 65 + 10 Ma age suggests that many por-
phyry deposits in the Sonoran segment might be related to slab fail-
ure as they appear to have been in the Alpine belt (Boorder et al.,

1998), Central Range orogeny of Papua New Guinea (Cloos et al.,
2005; McDowell et al., 1996), and elsewhere in the southwest
Pacific (Solomon, 1990). The main reasons to suggest a genetic re-
lationship between slab failure magmatism and porphyry develop-
ment are their close temporal and spatial equivalence.

The porphyry deposits of southwestern North America
overlap spatially and temporally with the burst of Cretaceous
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slab-failure magmatism (Titley and Anthony, 1989) south of the
Colorado Plateau (Figs. 13 and 19). Although the age of terminal
thrusting within the Mexican sector of the orogen is unknown,
the progression of slab failure from the U.S. to the Canadian sec-
tors suggests that the slab was progressively tearing from south
to north. If so, then it is reasonable to conclude that tearing in the
Mexican sector might be as old as 75 Ma.

Like the Sonoran segment, the Canadian segment appears to
have concentrations of porphyry copper deposits of similar ages
(Godwin, 1975; McMillan et al., 1995) and so also appear to be
related to slab beak-off (Fig. 12). The Canadian examples appear
to be concentrated along specific zones that are also loci of intru-
sions, striking obliquely to the trend of the orogen. This is simi-
lar to the slab failure magmas along the Colorado Mineral Belt
and the Lewis and Clark lineament, such as the Boulder batholith
and the Butte porphyry deposits. Overall, many of the porphyry
deposits within North America can be accounted for by slab fail-
ure magmatism. Some younger deposits might relate to magmas
that have scavenged metals from older slab failure plutons and/or
relict asthenosphere.

BAJA-BC AND STRIKE-SLIP FAULTS

The Baja-BC (British Columbia) hypothesis was conceived
after paleomagnetists discovered anomalously shallow paleomag-
netic inclinations in Cretaceous rocks of the Canadian Cordillera,
compared with poles from North American cratonic rocks (Beck
and Noson, 1972; Irving, 1985). The data implied that a major
portion of the British Columbian Cordillera migrated northward
some 3000 km between about 90 and 60 Ma (Irving, 1985; Irving
etal., 1995; Wynne et al., 1995; Cowan et al., 1997). A number of
lines of evidence, including faunal provinciality, basement ages,
and contrasting Mesozoic evolution, led Johnston (2008) to sug-
gest that rocks of the Cassiar platform were part of a much larger
ribbon continent that was exotic with respect to North America
prior to the Cretaceous. Somewhat earlier, Johnston (2001) and
Johnston et al. (1996) presented compelling evidence that much
of the Canadian and Alaskan Cordillera migrated several thou-
sand kilometers northward prior to docking with North America.
That the break occurs well within the foreland, perhaps even
at the Kicking Horse Rim, is supported by paleomagnetic data
(Enkin et al., 2000; Enkin, 2006), as discussed earlier.

Many scientists couldn’t find independent evidence for such
large displacements in the field (Mahoney et al., 1999; Butler
etal., 2001; Gabrielse et al., 2006) and so had difficulty accepting
that thousands of kilometers of translation had occurred (Kerr,
1995). Despite 25 years of intense debate, there is still no clear
resolution of the controversy (Umhoefer, 2000). Similarly, some
faults, such as the Tintina—Southern Rocky Mountain Trench
(Fig. 11), have documented separation of 400-450 km but ap-
pear to terminate fairly abruptly, so these faults are difficult to
integrate into the geological framework (Gabrielse et al., 2006).

The collisional model presented in this paper has the poten-
tial to resolve both the Baja-BC controversy and the vanishing

fault conundrum. The reasons involve two of the major differ-
ences between the models. In the backarc model, much of the
Cordillera was accreted to North America between the Late
Devonian—Jurassic, with the Cordilleran orogeny having been
caused by backarc intra-plate shortening starting in the Juras-
sic at about 150 Ma. Implicit in the model is that most of the
terranes were already part of North America prior to the Cre-
taceous and so couldn’t have moved northward except along
major strike-slip faults. Therefore, it is possible to argue that if
there were faults of the magnitudes suggested by the Baja-BC
hypothesis, they should be throughgoing and relatively easy to
spot. They aren’t.

If the exotic terranes did not begin to arrive on the North
America margin until about 120 Ma, and were still moving north-
ward at about 70-60 Ma, when thrusting ceased, then the exotic
terranes could have moved great distances without leaving any
evidence on North America simply because they weren’t com-
pletely attached to it yet. Thus, a collisional model provides for
the possibility of large-scale Cretaceous longitudinal movement
in the exotic rocks both before and during collision with North
America (Fig. 20). Even though convergence could have been
strongly oblique, there need not have been lengthy strike-slip
faults within the North American plate because the exotic super-
terrane was still “at sea.”” Even when partly docked, strongly
oblique convergence would have created major strike-slip faults
in the overriding plate, yet would have preserved the orthogonal
thrusting in the thrust belt (Fitch, 1972). The collisional model, if
correct, reconciles the two opposing views of the Baja-BC con-
troversy (Kerr, 1995; Cowan et al., 1997).

The solution to the vanishing faults is slightly different, but
it too is much easier to resolve in an interlaced mosaic of moving
fault-bounded terranes. Many faults of the northern Cordillera,
possibly even including the Tintina—Southern Rocky Mountain
fault, appear to have had most of their strike-slip displacement
in the Cretaceous—early Paleocene (Gabrielse et al., 2006; Till
et al., 2007). They simply could have ended at a terrane boundary
within the exotic collage or possibly have been overridden by an-
other thrust sheet, as illustrated in Figure 21. Thus the collisional
model provides a simple method for resolving both the Baja-BC
controversy and the vanishing fault problem.

ORIGIN AND SIGNIFICANCE OF EARLY TO
MID-TERTIARY EXTENSION

The structural Basin and Range Province (Christiansen
and Yeats, 1992) is an extensive area of western North Amer-
ica where the crust was extended, starting in the early to mid-
Tertiary (Fig. 22). Geologists have been confounded over the
reason for its generally high elevation and its regional exten-
sion, so there is little consensus among researchers who have
constructed an inordinate number of models to explain its
characteristic features (Eaton, 1982; Coney, 1987; Gans and
Miller, 1993; Wernicke et al., 1987; Sonder and Jones, 1999).
To date, none has garnered universal acceptance. However, the
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Figure 20. Diagram modified from Enkin (2006) showing the paleo-
latitudes determined from Cretaceous-Paleocene bedded rocks in the
Canadian Cordillera, compared with the calculated paleolatitude evo-
lution curve of North America. Global polarity timescale plotted at bot-
tom (black-normal polarity; white-reverse polarity). Note that although
many exotic samples plot 2000 km or more distant from North America,
they all could have arrived at their final site by 60-50 Ma, near the end
of major contractional deformation of the Cordilleran orogen. This so-
lution potentially reconciles the Baja-BC controversy. CK—Carmacks
volcanics; MT—Silverquick and Powell Creek formations at Mount
Tatlow, British Columbia; CH—Silverquick and Powell Creek forma-
tions at Churn Creek, British Columbia; BA—Powell Creek Formation at
Battlement and Amazon creeks, British Columbia; TA—Powell Creek
Formation at Tete-Angela, British Columbia; CA—Cantwell Formation
volcanic, Alaska; SA—San Poil volcanics, Washington; CR—Cres-
cent Formation volcanics, Washington; OO—Ootsa Lake volcanics,
British Columbia; NGl—Lower Nanaimo Group, British Columbia;
MC—MaColl Ridge Formation, Alaska; NGu—Upper Nanaimo
Group, British Columbia; LC—Lake Clark lavas, Alaska; JC—Late
Powell Creek Formation at Jamison Creek, British Columbia; TK—
Talkeetna Mountains volcanics, Alaska; KA—Kamloops Group vol-
canics, British Columbia; FL—Flores volcanics, British Columbia.

model presented here provides a simple method for generating
the generally high-standing nature and subsequent extensional
collapse of the region. Figure 22 shows the area of early to
mid-Tertiary extension, and it is clear that the area of extension
coincides remarkably well with the area of crustal thickening
related to underthrusting of the North American continent be-
neath the arc-bearing Rubian superterrane. For example, within
the Great Basin segment the Rubian—North American suture
occurs at the Wasatch front, and the Basin and Range extension
continues westward to the Owens Valley, the locus of major
strike-slip faulting. The only significant difference is the Rio
Grande rift area of New Mexico and Colorado.

As much of the Great Basin region has crust of “normal”
30-35 km thickness (Heimgartner et al., 2006) and has under-
gone more or less 100% extension (Gans and Miller, 1983;
Wernicke, 1992), it follows that prior to normal faulting the crust
was approximately double normal thickness. Because the distri-
bution of the overthrust region coincides with the extended and
collapsed region, I postulate that the early to mid-Tertiary exten-
sion resulted directly from the collapse of the region of the crust’s

|

il
1
N
\

|
\

Figure 21. Two possible solutions for the disappearing fault problem
often encountered in the Cordillera.

doubling during the collisional event. While topography could be
the main control on extension, it may be that following collision
the hot, and possibly molten, lower crust of the upper plate was
more likely to have flowed laterally when sandwiched between
cool lower-plate crust and its own cool upper levels (Burov and
Watts, 2006). This suggests that the non-extended portion of the
lower plate remained fundamentally intact, as suggested during
the discussion of slab break-off.

An excellent and well-studied younger analogue is the
Tibetan Plateau, which is a region of double-thickness crust
formed as a result of convergence between India and Eurasia
(Molnar and Tapponnier, 1975). At least part, and perhaps all,
of the area of thickened crust can be directly related to subduction
of Indian lithosphere beneath Eurasia (Searle et al., 1987). A
variety of geophysical data, such as seismic reflectors, highly con-
ductive and low-velocity zones, high heat flow, and strong attenua-
tion of seismic waves, are collectively interpreted to indicate that
a partially molten zone exists at depths of 15-20 km beneath the
plateau (Nelson et al., 1996; Schilling and Partzsch, 2001).

Driven by the gravitational potential of the thick crust in
high plateaus, the thickened region could have thus flowed out-
ward along the partially molten layer, causing the sheetlike re-
gion above it to extend (England and Houseman, 1988; Teyssier
et al., 2005). For North America, I envision that a rheological gra-
dient existed where the lower part of the Rubian plate was able to
flow laterally above the suture zone, whereas the uppermost crust
simply broke up in brittle fashion.

The buried edge of North America and strike-slip faults may
have combined to limit the western edge of Basin and Range ex-
tension by decoupling the area west of the faults from the main
mass of Rubia sitting on top of North America. This could ex-
plain the lack of obvious Basin and Range-type extension in
most of the western Canadian Cordillera.
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Figure 22. Sketch map showing the distribu-
tion of the mid-Tertiary extended region in
western North America (ruled and colored area),
after Christiansen and Yeats (1992) and Henry
and Aranda-Gomez (1992). Note that, except
for the Rio Grande rift, the extended area coin-
cides remarkably well with the region of crust
possibly doubled in thickness during the Cor-
dilleran orogeny. North American basement
continues beneath the allochthonous terranes
in the subsurface westward to eastern California
as suggested by COCORP and discussed in
the text; tmvb—Trans-Mexican volcanic belt,
SN—Sierra Nevada.
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SUMMARY OF THE EVOLUTION OF THE
CORDILLERAN OROGEN

A careful, yet critical, examination of the known geology of
western North America reveals that the current backarc model is
problematic. Instead, a simple collisional model better explains
the geology of the region. A partial time line for the development
of the Cordilleran orogen is shown as Figure 23, and a series of
developmental cartoons is presented in Figure 24.

In the model presented here the rifted western margin of
North America, formed during the Cambrian, collided with, and
was partially subducted beneath, a previously amalgamated super-
terrane (Figs. 13 and 16), which I call Rubia. The superterrane
consisted of a diverse collection of terranes, arcs, and seamounts
that were united prior to their collision with North America. The
first overt sign of collision with North America was the initiation
of Cordilleran-type batholiths within Rubia. The batholiths started
to develop at about 120 Ma when the outermost parts of the sedi-
mentary wedge of the North American margin were subducted and
dewatered to create voluminous melts that rose into the Rubian
crust. This was more or less synchronous with the passing of the
North American platform over the outer swell to the trench. As
the platform emerged, it was eroded, and widespread gravels and
conglomerates were spread over the length of the orogen and as
far to the east as the Black Hills. When the outermost margin of
North America entered the trench it was forced to bend down-
ward and was overrun by fine-grained trench deposits, which,
even if not subducted, would have been difficult to separate from
unsolidified distal-rise sediments of North America. Abyssal
plain, rise, and rift rocks do not appear to have been preserved in
the orogen and so were not scraped off the descending plate and
incorporated into the accretionary complex. This is not surprising,
as the North American ocean plate was about 400 m.y. old and so
may have been actively foundering as the plate retreated. This idea
is supported by the eastward migration of magmatism within the
Cordilleran-type batholiths. It may be that in collisions in which
the lower plate is actively retreating that very little slope-rise sedi-
ment is incorporated within the accretionary prism simply because
the lower plate is sinking faster than its cover can be scraped off.

When rocks of the high-standing Rocky Mountain plat-
form entered the somewhat diminutive accretionary complex,
they were folded, “bulldozed” from their basement, transferred
to the accretionary complex of the overriding plate, and then
translated >100 km eastward onto the craton. Rocks of the upper
plate basement formed a backstop; were the structurally highest
allochthons, many of crustal dimensions; and were thrust atop
the Rocky Mountain shelf edge, burying it in all but a few places.
The rapidly thickening accretionary pile flooded the platform and
adjacent cratonic cover with eroded debris.

As the leading edge of the North American craton was bent
and pulled down beneath the amalgamated superterrane, the pull
force generated from the sinking, subducting lithosphere was
initially stronger than the buoyancy of the North American cra-
ton, so the plate continued to be subducted. However, as greater

amounts of buoyant continental lithosphere were subducted,
the buoyancy force continually increased until it surpassed the
sinking force generated by the oceanic lithosphere. When this
happened, the lithosphere of the transitional crust between the
strong oceanic lithosphere and the weakly coupled craton started
to neck and soon failed. The outermost portion of the craton, and
likely all of the transitional crust with its rift deposits, remained
attached to the oceanic anchor and were subducted. The failure of
the North American plate led to (1) shutdown of the thin-skinned
thrusting in the thrust belt; (2) uplift, exhumation, and gravita-
tional collapse in the area just west of the thrust belt known as the
hinterland belt; (3) voluminous slab break-off magmatism within
the Canadian and Sonoran segments of the orogen; (4) forma-
tion of porphyry copper deposits in the Canadian and Sonoran
segments; and (5) thick-skinned basement-involved folding and
thrusting within the Great Basin segment.

The thick-skinned folds and thrust faults characteristic of the
Laramide deformation formed because of continued movement,
probably owing to diachronous propagation of the tearing within
the subducting plate coupled with rapid isostatic uplift of the col-
lision zone. This led to a strong coupling from frictional forces
between the two plates such that compression was partitioned
through the entire thickness of crust within the Great Basin seg-
ment of the North American craton. This area had little magma-
tism because the lithospheric mantle had stretched and necked
so that the asthenosphere couldn’t rise high enough to create a
substantial quantity of melt. Both the Canadian and Sonoran seg-
ments had torn rapidly, and adiabatically generated magmas were
able to flood the collision zone, reduce the frictional forces be-
tween plates, and interact with the crust to produce a linear belt
of magmatism extending from Wyoming to northern Canada and
from Arizona southward through western Mexico. These features
demonstrate both the longitudinal variations involved in slab
break-off as well as the variations related to speed of break-off.
An unresolved question is the source of heat for metamorphism
within the hinterland belt. There are a number of small plutons
scattered throughout, but whether the region marks the arc front
on the upper plate, or reflects residual heat from Jurassic events,
is unresolved.

During the collision, a transform fault, here called the
Phoenix fault, separated the Great Basin segment from the more
variable Sonora segment, with its distinct developmental scheme.
Slab failure in the Sonoran and Canadian segments engendered a
burst of magmatism, some of which produced the abundant and
rich porphyry copper deposits in the area.

A large area of western North America was, and still is,
underlain by terranes accreted during the collision. Starting in the
Miocene the region of doubled crust began to collapse. This re-
gion included not only the classic Basin and Range Province, but
also nearly all of the western United States and Mexico outboard
of the suture zone. The region probably extended above a partially
molten sheet in the lower part of the overthrust Rubian plate. Within
the Mojave-Sonoran block the hot arc crust led to Miocene gravi-
tational collapse and creation of metamorphic core complexes.
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Figure 24. Illustrative cartoons, crudely to
scale, showing important developments of the
Cordilleran orogeny and subsequent events
as developed within the text. (A) West-facing
Cambrian passive margin of North America
with its rift and overlying passive-margin sedi-
ments migrated across the Panthalassic Ocean
until about 124-115 Ma. Westerly subduc-
tion of the North American plate beneath the
Rubian superterrane; c—carbonate platform.
(B) The western margin of North America
was partially subducted beneath the arc-
bearing Rubian superterrane starting at about
124-115 Ma. When the leading edge of North
America reached the appropriate depth the sed-
iments of the slope-rise dewatered to create the
characteristic Cordilleran-type batholiths over
the length of the orogen. The Rocky Moun-
tain platform was riding over the outer swell
to the trench at about this time, as documented
by widespread deposition of intraformational
gravels at the base of the orogenic foredeep.
(C) By about 80 Ma, enough continental crust
had been subducted so that convergence rates
had slowed markedly, the North American
lithosphere had begun to neck, and astheno-
spheric circulation above the subducting slab
had stalled. This caused the shutdown of mag-
matism. (D) Because old and thick cratons are
too buoyant to subduct entirely, the subduct-
ing slab failed at 75-60 Ma, depending upon
the segment, and recycled the rift deposits
and their subjacent attenuated basement into
the mantle. When freed of its dense oceanic
anchor the buoyancy of the North American
craton caused it to rise rapidly, which gener-
ated strong coupling and intense friction be-
tween it and the upper plate. Either owing to
plate momentum or to diachronous break-off,
the two plates continued to converge, which
caused compression in the foreland, and dur-
ing the Maastrichtian, generated the basement-
involved Laramide thrusts and folds. The upper
plate hinterland was uplifted and collapsed to
form core complexes during the Paleocene—
Eocene. As the plate ruptured, asthenosphere
upwelled through the tear to melt and invade
the Rubian superterrane, where it formed ex-
tensive slab break-off magmatism. (E) By
53 Ma a new easterly dipping subduction zone
had formed outboard of the amalgamated col-
lision zone, and arc magmatism occurred in
both the Canadian and Sonoran segments.
(F) During the mid-Tertiary the area of crust
that thickened during the Cordilleran orogeny
collapsed gravitationally to form the Basin and
Range Province.



sped457-01 page 52

52 R.S. Hildebrand

It is possible that the core complexes formed along the Phoenix
fault in a transtensional setting, as there is no evidence that the
Transition Zone to the Colorado Plateau slid off the core com-
plexes as had generally been assumed.

I suggest that within the overall tectonic framework of the
Cordilleran orogen, it can logically be divided into five different
zones from east to west (Fig. 25):

1. a zone of folded autochthonous platformal and foredeep
rocks deposited upon the North American craton;

2. a narrow allochthonous zone that occurs from the frontal
thrust to the suture and contains eastwardly transported
rocks detached from North America during convergence;

3. atransitional zone of considerable complexity that contains
a variable assemblage of deformed North American slope-
rise rocks, trench-fill deposits, exotic forearc rocks, oceanic
rocks, and at least the frontal portions of megathrust slabs;

4. the hinterland zone, in which the North American craton was
deeply buried beneath exotic allochthons, and that collapsed
to form core complexes; and

5. an interlacing zone of exotic terranes, many of which are
still actively migrating along the western margin of North
America.

DISCUSSION

Not only does the collision model best explain the evolu-
tion of the Cordilleran orogeny, but it explains several features
of western North America, which were poorly explained or un-
resolved in the intraplate model, such as the development and
collapse of the hinterland belt, the origin of Cordilleran batho-
liths and early Tertiary plutonism, the Baja-BC controversy, the
Laramide thick-skinned deformation, the origin of the Basin and
Range Province, and the puzzling lack of rift deposits on the Cor-
dilleran margin. Furthermore, it unites the various components
into an actualistic continuum.

1. The collisional model explains the distribution of the Sevier
hinterland with its associated metamorphism and intense
contractional deformation because in the collisional model it
relates directly to underthrusting of the edge of North Amer-
ica beneath an already amalgamated superterrane.

2. Tt explains the lack of transitional continental crust and rift
basins, presumably once located on the western margin of
North America, because the failure of the subducting slab
recycled the outer transitional crust and its rift deposits into
the mantle.

3. The model clarifies why there are no effects on the North
American passive margin shelf from the deformation related
to the accretion of the Roberts Mountain allochthon, events
in the Luning-Fencemaker thrust belt, and intense Juras-
sic deformation and metamorphism in the hinterland. This
concept also makes interpretations for the allochthons much
simpler, because in the model presented here they were
amalgamated into a superterrane offshore prior to its dock-
ing with North America. This removes the need to transmit
200 km of shortening for hundreds of kilometers through the
sedimentary cover without any evidence for it. Furthermore,
it removes the necessity to balance ~400 km of shortening
in the cover by stuffing an equal length of North American
basement beneath the Sierra Nevada.

4. Tt explains the non—North American isotopic results from
Jurassic and Early Cretaceous plutons in the Basin and
Range Province of Utah and Nevada, because the plutons
were derived from crust of the Rubian superterrane and thus
constituted part of the exotic allochthons emplaced upon
North America during the collision.

5. The collisional model accounts for the marked change from
Jurassic arc magmatism on Rubia to the Cretaceous devel-
opment of voluminous Cordilleran-type batholiths. Jurassic
volcanism was erupted into a generally low-lying area typi-
cal of continental arcs, whereas the Cretaceous Cordilleran
batholiths were markedly more voluminous and caused rapid

W E
Main bulk of Sevier hinterland: Transitional zone: .qg)’ Allochthonous Autochthonous
exotic rocks metamorphic rocks exotic forearc, trench; |2 North America North America

of upper plate arc NA rift and off-shelf, [
cryptic suture n
— — —_ —_
N o r t h A m e r i ¢ a n b a s e m e n t

Figure 25. Sketch illustrating the five main zones of the tectonic framework outlined in this paper. From east to west, they are (1) an autochtho-
nous zone comprising rocks of North America; (2) a zone consisting entirely of North American platformal rocks detached from their basement
and transported eastward; (3) a transitional zone that might or might not contain a wide variety of rock types, such as slope-rise sediments of
North America (NA), trench deposits, exotic forearc rocks, all deformed and in most cases difficult to separate; (4) a hinterland zone comprising
metamorphosed and deformed exotic rocks sitting atop North American crust; and (5) rocks entirely exotic with respect to North America, pos-
sibly sitting on North American or exotic basement.
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thickening of the crust. Steady-state subduction of oceanic
crust with its typical thin veneer of sediment simply can-
not produce enough magma to have generated Cordilleran
batholiths even if subduction had lasted for many tens of
millions of years, but the dewatering of sediments deposited
on the western margin of North America provided a method
for producing voluminous melts rapidly.

6. The collisional model presents a coherent explanation for
the collapse of the hinterland belts and the distribution of
metamorphic core complexes within western North America
because they formed because of isostatic uplift of the col-
lision zone as the result of the break-off of the subducting
North American slab.

7. Slab break-off during the collision caused stresses with the
partially subducted North American plate to change from
extensional to compressive and propagate throughout the
entire crust, including crystalline basement, which pro-
vided a simple mechanism for generating the thick-skinned
Laramide basement-involved uplifts and basins.

8. The linear trend of Late Cretaceous—early Tertiary magmatic
rocks extending from Wyoming to Alaska and from Arizona
to southern Mexico can readily be explained as products of
slab break-off. Asthenosphere was able to rise through the
widening gap in the torn North American plate, melt adia-
batically, and rise into and through the collision zone.

9. The collisional model provides a simple explanation for re-
gional mid-Tertiary extension in that it occurred only where
crust was doubled during the collision.

10. The model appears to resolve the 25-year-long controversy
over the Baja-BC hypothesis because final docking of the
superterrane did not occur until 65-58 Ma during the Late
Cretaceous—early Tertiary, which provides ample time for
longitudinal motion along the western margin of North
America. Similarly, the timing provides possible answers to
the vanishing fault conundrum, because major Cretaceous
strike-slip faults may have transected only one or two ter-
ranes or blocks within the amalgam.

11. The model reveals that a transform fault, the Phoenix fault,
separated the Great Basin segment from the Sonoran seg-
ment. This not only explains why the Sevier fold-thrust belt
contains a 500-km gap, but it may explain why the Sierra
Nevada lies obliquely to the trends of the Sevier thrust belt
and the Nevadan thrust belts.

12. The slab break-off likely was largely responsible for the gen-
eration of Late Cretaceous—early Tertiary porphyry copper
deposits in both the Sonoran and Canadian segments, much
as break-off generated similar deposits in New Guinea at
about 6 Ma.

PROBLEMS DESERVING ADDITIONAL STUDY
The realization that there are two west-facing platforms in

western North America raises the obvious question: Where did
the exotic Antler-Cassiar platform come from? Did it come north-

ward from Mexico or South America, or was it originally an east-
facing margin that was rotated 180°? Because a contact aureole of
a 105 Ma pluton links the Cassiar platform to the 70 Ma Carmacks
Group (Johnston, 2008), which, as discussed earlier, migrated
~2000 km north, it is clear that it is far traveled. Paleomagnetic
studies of the Cassiar-Antler platforms might resolve its origin.

Overall, there appears to have been so much longitudinal
transport along the orogen that much new paleomagnetic data
must be collected to better constrain the original locations of in-
dividual fault slices. For example, if the Coast Plutonic Complex
migrated some 2000 km northward after 70 Ma and was originally
located at the latitude of the United States, what are the implica-
tions for the paleogeography, and where was the batholith when
younger slab-failure magmas were emplaced? Problems such as
this abound, but geologists must be more prepared to accept ro-
bust paleomagnetic data that indicate large rotations in latitude.

Another vexing problem is the single occurrence of volcanic
boulders up to 9 m across within the Jurassic Carmel Formation
on the Colorado Plateau in south-central Utah (Chapman, 1989).
The boulders are interpreted to have been transported northeast-
erly at least 250 km over floodplain, tidal-flat, and sabkha deposits
in shallow channels by debris flows (Chapman, 1993). Although
how this might have happened, without catastrophic floods that
should have seriously disrupted the substrate, is difficult to under-
stand. If accepted at face value, the presence of these boulders
is puzzling, as the model here demands that the Jurassic arc re-
mained separate from North America until about 124-115 Ma.
Perhaps the simplest resolution of the problem is that the volcanic
debris was shed northeasterly from across the Phoenix fault. How
such outsized clasts might have traveled so far, why they occur
in this one locale, and how they accessed North America are all
questions that deserve additional consideration.

The complexities between the Lewis and Clark lineament,
the Orofino shear zone, and the hypothesized Snake River Plain
fault deserve much more study, because the area is critical for
understanding the extent of the Colorado Plateau, the Laramide
thick-skinned deformation, and the younger eruptions within the
Columbia triangle.

NEW DIRECTIONS

The recognition that North America was the lower plate dur-
ing the Cordilleran orogeny opens up a world of new research
possibilities, for the Sevier hinterland belt is still imperfectly
understood, and much remains to be learned about how the over-
riding plate was deformed during collisional orogeny. Likewise,
the preservation of a higher structural level within upper-plate
rocks in the Sonoran segment allows comparison with deeper
structural levels exposed within the Sevier hinterland.

The new model can provide a more realistic picture of the
tectonic setting for ore deposits, which could lead to new dis-
coveries. Consider that many deposits were found in rocks for-
merly considered to be rift and miogeoclinal deposits of North
America (Lund, 2008), but which are better interpreted as part of
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the Rubian superterrane. Many deposits occur within the Roberts
Mountain allochthon, and if exotic, as argued here, it might be
worthwhile to examine similar rocks, such as those of the Selwyn
basin, up and down the Cordillera.

It is obvious that there are considerable along-strike varia-
tions within the Cordilleran orogen. Some of these relate to the
original shape of the North American continent, such as the area
of the Mackenzie Mountains in Canada, where a possible embay-
ment may have prevented the construction of a thick hinterland.
Others probably relate to the segmented nature of the subduct-
ing North American plate. The along-strike variations within the
belt in both upper and lower plates will provide years of fruitful
examination for understanding how colliding plates with various
components, such as island and continental arcs, respond during
collision. Detailed comparisons of these and other along-strike
variations should help to illuminate the permutations of colli-
sional orogeny.

The recognition of various segments and transverse shear
zones, such as the Orofino shear zone and Phoenix fault, which
bound the Colorado Plateau geomorphological province on its
north and south margins, suggests a genetic relationship. How an
upper plate structure can affect the distribution of the Colorado
Plateau in the lower plate provides an interesting problem. How the
dextral Lewis and Clark lineament influenced the location of the
northern margin of Laramide deformation needs resolution. And
does the Colorado Mineral Belt lithospheric tear really divide the
Laramide deformation into two different domains as it appears?

The magmatic evolution of the orogen can no longer be sim-
ply viewed to have been generated by Mesozoic and Tertiary flat-
slab subduction of Pacific oceanic crust beneath North America.
In actuality its development is much more complex and started
with the subduction of Panthalassic oceanic crust beneath Rubia.
As the leading edge of the North American continent entered the
subduction zone, huge volumes of water suddenly became avail-
able, and from 120 to 80 Ma Cordilleran-type batholiths were
created. Because of the difficulty of subducting the North Amer-
ican craton, the subducting slab broke off, and asthenospheric
upwelling generated Late Cretaceous—Paleocene slab failure
magmas in two segments of the orogen while the Great Basin
segment remained relatively amagmatic. Arc magmatism related
to easterly dipping subduction of Pacific crust commenced on the
amalgamated collision zone at about 53 Ma. Because there are
already large amounts of field, petrographic, chemical, and iso-
topic data for the magmatic rocks of the orogen, placing them in
a modern plate tectonic framework will allow more detailed and
precise understanding of how these rocks formed.
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