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ABSTRACT

The extensional provinces of western North America form the largest and most structur-
ally diverse extensional orogen in the world. Rift styles include classic metamorphic core com-
plexes, wide rifting, narrow rifting, and actively rupturing continental lithosphere. In general,
extended terrains overlap with previously thickened crust. Extension began in Eocene time in
the northwestern United States and southwestern Canada with rapid, large-magnitude meta-
morphic core complex extension in a supra-subduction, intra-arc setting. Farther south, the
Laramide subduction slab was flat, magmatism was concentrated farther east, and extension
had not yet begun. These early, northwestern core complexes lie mostly outside of the physio-
graphic Basin and Range province, which developed later. Extension became widespread in
the western US and Mexico in Oligocene to early Miocene time. Extension became widespread
in Oligocene to early Miocene time in the Northern Basin and Range of eastern and central
Nevada and western Utah, in the Southern Basin and Range of Arizona and Mexico, and in
the Rio Grande Rift of New Mexico and west Texas, with the highest rates and magnitudes of
extension in early to mid-Miocene time. This event was broadly associated with widespread
calc-alkaline volcanism, including the ignimbrite flare-up. Both extension and volcanism prob-
ably were triggered by heating of the base of the North American lithosphere due to inflow of
asthenosphere in response to removal of the Laramide flat-subduction slab. Slab removal oc-
curred by irregular slab rollback in the northern Basin and Range and eastern Mexico and by
the northward migration of the north edge of a slab window in northwestern Mexico, Arizona,
and southeastern California. An unextended and amagmatic corridor occupied the north-
eastern Mojave Desert and Central Basin and Range of southern Nevada and southeastern
California at this time, suggesting that slab removal occurred later at that latitude. Volcanism
became more strongly alkaline and bimodal in mid-Miocene time, but core complex exten-
sion continued, finally slowing and being replaced by wide-rift-style extension in late middle
Miocene time. In mid-Oligocene time (~29 Ma) the transform plate margin began to evolve
from the previous subduction margin, elongating generally smoothly to the north, but grow-
ing southward by jumps due to microplate capture, causing extension in the inner California
continental borderland and clockwise vertical-axis rotation of the western Transverse Ranges
— Channel Islands block of California. By middle Miocene time the central San Andreas fault
(the part north of the western Mojave Desert) and dextral faults farther west along the coast
were well established. Also at this time, extension in the southern Basin and Range was slow-
ing, onset of rapid extension in the central Basin and Range had connected the northern and
southern Basin and Range provinces for the first time; by late middle Miocene time the exten-
sion direction there rotated clockwise to the present generally northwesterly direction seen in
the Walker Lane of western Nevada and eastern California. By latest Miocene time the mod-
ern southern San Andreas fault was established in the Salton trough, oblique extension in the
Gulf of California was rapid, and rupture of the continental lithosphere was beginning.
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INTRODUCTION

Western North American extended terrain (WNAET;

X
o
o

Fig. 1) constitutes the largest, most diverse, geologically o |
young and active extensional orogen (taphrogen) in the world. p{\c/b N R
Western North America was the source of many advances in X770 i
understanding of extensional tectonics that have been subse- (‘ 4)( &,'\A /.
quently applied to extended terrains worldwide. N '7)@ be N
This paper presents a short, very broad overview of TN ~ st L\
North American extensional tectonics, but no effort is made to ) \,/ ) )
provide an in-depth or newly updated synthesis. A number of 2o N X _ R
relatively recent review articles have discussed all or parts of N\ ORPS ¢ Ag
the North American extended terrains (Henry and Price, 1986; . AKX A
Davis and Lister, 1988; Wernicke et al., 1988; Gans et al., /' D 4 |D;MT
1989; Spencer and Reynolds, 1989; Henry et al., 1991; Henry )(' = % N
and Aranda-Gomez, 1992; 2000; Wernicke, 1992; Axen et al., (§ Northern>~ ' 4 N
1993; Sedlock et al., 1993; Spencer et al., 1995; Wernicke and ‘,5 Basin /, \~\ A
Snow, 1998; Chapin and Cather, 1994; Dickinson, 2002, 2006; e y 7
Ingersoll, 2003; McQuarrie and Wernicke, 2005; Ferrari et al., 2 and Range 'S
2007). The most thorough, province-wide review is by Bill “\) 4 \7\
Dickinson (2002), to whom this volume is dedicated. Ca / / S
The well-known Basin and Range (B&R) physiograph- &Q N S )
ic province is smaller than the full extent of western North \‘ /' Ve \quorado .
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and northern Baja California (Fig. 1). The extended terrains S /' * ,L
are broken into various parts, the most common of which are Southern / ,/
named in Figure 1. Many of the boundaries between these Basin and /
parts are diffuse or imprecisely defined. Some of the sub- Range\ /'
regions have experienced complex extensional histories that . ’\:\ /'
may include one or more phases of extension, during which \ Y
times the style and direction of extension may have changed. 2 \\
As such, the western North American extended terrain em- 2 !
bodies spatial and temporal complexity akin to most long- ’_Qui \\ —_
lived major contractional orogens (Dickinson, 2002). %_ sl hlesetd ,)‘ ™
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Figure 1. Simplified map of the North American extended terrains. s \ i ' 1\
Basin and Range province is colored tan. Black areas are metamor- (6@ % o~ '.T\_ N S
phic core complexes of the Northern Rocky Mountains with arrows N =° s Province >,' . -
showing direction of upper-plate transport (from Dickinson, 2002). A \ o -~ Vul
Dashed lines in southern Gulf of California are wide-angle seismic 20%( 3 2 — {~ o-s
reflection lines discussed in text and shown in figure 3. Province ab- PV Q- _\\/ . J‘\ )\"P 1
breviations, from north to south: NRMEP — Northern Rocky Moun- * T M </\AB\ S ™
tains extensional province; ID-MT — Idaho-Montana segment of the -y T ~-\G_/
Northern Basin and Range; ORPS — Oregon plateau segment of the > ]‘ ,..f r' .
Northern Basin and Range; SRP — Snake River Plain; SAF — San 760'9 ) , L 7> R
Andreas fault; CB&R — Central Basin and Range; WTR — West- * M~ 1 .QJ‘CJ\ /’ +
ern Transverse Ranges; MD — Mojave Desert; CB — continental ~<"/ = A

borderland; ST — Salton Trough; LCREC — Lower Colorado River
extensional corridor; Pen Rgs. — Peninsular Ranges; SMO — Sierra
Madre Occidental; TMVB — Trans-Mexican Volcanic Belt. Cities:
CSL — Cabo San Lucas; PV — Puerto Vallarta.
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Perhaps the scientifically most significant discovery
from the WNAET is the recognition of crustal-scale, low-an-
gle normal faults (or detachment faults) and their mid-crustal
equivalents as mylonitic shear zones (e.g., Crittenden et al.,
1980), which has had important implications for continental
and oceanic tectonics (see Axen, 2007). These faults individu-
ally accommodated up to several tens of kilometers of horizon-
tal extension, and typically bound footwall metamorphic core
complexes (MCCs) comprising intrusive and metamorphic
rocks exhumed from mid-crustal depths by detachment slip,
with the upper footwall recording the evolution from ductile to
brittle shear (e.g., Wernicke, 1981; Davis, 1983). As described
below for individual sections of the WNAET (Figs. 1 and 2),
the extension direction of the MCCs varies systematically
along the strike of the orogen, being generally subperpendicu-
lar to trend of the older, contractional orogenic grain (Wust,
1986; Dickinson, 2002). This strongly favors gravitational
spreading as an important driving force for extension (Coney
and Harms, 1984). Much attention has been focused on these
MCCs due to their localized, large-magnitude extension and
to controversy over existence of low-angle normal faults (e.g.,
Jackson, 1987), but they form just one end-member tectonic
style in which large-magnitude extension occurs. Elsewhere,
large-magnitude extension is accommodated by domino- or
bookshelf-style normal fault systems (e.g., Proffett, 1977,
Chamberlin, 1983), clustered brittle low-angle normal faults
(e.g., Wernicke et al., 1988; Axen et al., 1990; Bartley et al.,
1988), and, locally, magmatic replacement of old crust by new
juvenile crust (Fuis et al., 1982; Fuis and Kohler, 1984).

NORTHERN ROCKY MOUNTAINS EXTENSIONAL
PROVINCE

The earliest major extension of Cenozoic age began
in the Rocky Mountains of the northwestern US and south-
western Canada (Fig. 1) in Late Paleocene to Middle Eocene
time (Dickinson, 2002, and references therein). Extension in
this region was dominated by formation of large MCCs that
formed in an intra-arc setting with a general west-northwest —
east-northeast extension direction. Extension in these MCCs
migrated generally southward, roughly synchronous with ear-
ly migration of the arc magmatic front, from which rollback
of'a previously flat subducted slab is inferred. Thus, it appears
likely that intrusion of an asthenospheric wedge, with atten-
dant heating of the base of the North American lithosphere,
triggered extensional collapse of overthickened lithosphere.
However, the west-northwest — east-southeast average exten-
sion direction of these MCCs (reviewed by Dickinson, 2002)
is oblique to the upper crustal orogenic fabric (generally north
to north-northwest trending), so it seems likely that extension
here was not driven solely by orthogonal collapse of the pre-
existing orogenic welt, and that the extension direction was
influenced by superimposed forces, perhaps related to dextral
shear applied at the plate boundary or basal forces related to
slab rollback.

Figure 2. Map showing metamorphic core complexes of the Basin
and Range province (black areas with arrows as in figure 1). Cities:
LA — Los Angeles; LV — Las Vegas; P — Phoenix; Y — Yuma; T
—Tucson. Other abbreviations as in Figure 1.

BASIN AND RANGE EXTENSIONAL PROVINCE

The B&R province (Fig. 1) is characterized physio-
graphically by alternating mountain ranges and intervening
basins formed primarily by normal faulting with some areas
of significant strike-slip faulting. The B&R runs generally
north-northwest — south-southeast for >2500 km from ~21°
N latitude in central Mexico, north of the trans-Mexican vol-
canic belt, to ~45° N latitude in western Montana, north of
the Snake River plain, and is several hundred kilometers wide
for much of that length. It is divided into the subprovinces
described individually below. Many of these B&R subdivi-
sions are somewhat arbitrary, and commonly the boundaries
are vaguely defined. In large part, this stems from (1) the
lengthy and complex history of extension in the B&R — most
subprovinces have experienced more than one extensional
event, (2) emphasis by different authors on different aspects
of the extensional history, with subdivision accordingly, and
(3) early definitions based upon topographic/morphologic
characteristics rather than geologic history. The B&R con-
tains two significant unextended blocks, completely enclosing
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the Sierra Madre Occidental, Mexico and wrapping around
three sides of the Colorado Plateau (Fig. 1). These blocks
may have resisted extension due to being stronger than their
surroundings. This seems particularly likely for the Colorado
Plateau, which also remained little-deformed during earlier
contractional tectonism. The Sierra Madre, locus of volumi-
nous pre-and synextension magmatism is probably underlain
by batholithic crust, but may still have been hot and weak
when its surroundings extended, so perhaps was topographi-
cally low and lacking gravitational potential energy to drive
extension. Unextended batholithic belts of the Sierra Nevada
and Peninsular Ranges bound most of the western side of the
B&R and were probably cold and strong at the onset of exten-
sion.

Northern Basin and Range

The Northern B&R (NB&R; Fig. 1) includes all of
Nevada plus western Utah, east-central California, south-
eastern Oregon, eastern Idaho and western Montana. The
internally drained Great Basin forms its central core. It has
also been termed the “Numic subtaphrogen” recently (Sengor
and Natal’in, 2001; Dickinson, 2002). The younger to partly
coeval, volcanic Snake River plain cuts obliquely across the
northeast part and separates the Idaho-Montana segment from
the rest of the northern B&R. The northwestern part of the
NB&R is called the Oregon Plateau segment (Fig. 1). The
southern part of the NB&R has been called the Central B&R
(Wernicke et al., 1988), and connects the unextended southern
Sierra Nevada to the western Colorado Plateau at the latitude
of Las Vegas, Nevada and Death Valley, California (Fig. 1).
The western parts of the Northern and Central B&R in western
Nevada and east-central California form the northwest-trend-
ing Walker Lane (Stewart, 1988), which is morphologically
and structurally distinct from the simpler, north-elongated ba-
sins and ranges farther north and east.

A belt of MCCs runs north-south in the eastern part of
the NB&R from the Pioneer Mountains of Idaho to the Snake
Range of east-central Nevada (Fig. 2). These MCCs largely
began to form earlier than the range-bounding normal faults
that define most of the NB&R morphology. This belt also
forms the southward continuation of the Northern Rocky
Mountains MCC belt of high extension, with onset of MCC
extension also migrating south from Middle Eocene to Middle
Oligocene time (Axen et al., 1993). Some of the MCCs expe-
rienced either two distinct extensional events or a single pro-
longed extensional event, with large-magnitude detachment
slip and footwall exhumation continuing into Middle Miocene
time. Extension in this belt was generally oriented west-north-
west — east-southeast (Dickinson, 2002, and references there-
in). Non-MCC extension of Eocene-Oligocene age in this belt
occurred south of the Snake Range, to about 38° latitude, on
a low-angle normal fault system with too little slip to unroof
metamorphic tectonites (Bartley et al., 1988). Farther west,
a second north-south belt of Eocene-Oligocene extension ran
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parallel to the MCC belt nearly as far south as Death Valley, but
was separated from it by a narrow unextended terrain (Axen
et al., 1993). Presumably, extension in this second belt was of
lower magnitude.

These two north-south extensional belts were nearly or-
thogonal to the broadly coeval, east-trending, south-migrating
volcanic front (Stewart and Carlson, 1976; Best et al., 1989;
Christiansen et al., 1992), so that extension in their north-
ern parts generally postdated onset of volcanism, extension
in their central parts was synchronous with volcanism (e.g.,
Gans et al., 1989) and extension in their southern parts largely
pre-dated volcanism (Axen et al., 1993). Formation of ma-
jor caldera complexes generally lagged behind initial effusive
andesitic volcanism by a few million years (Stewart and Carl-
son, 1976), and most major caldera complexes formed pref-
erentially within the previously extended belts (Axen et al.,
1993).

By Middle Miocene time, extension had spread across
most of the NB&R and the modern system of range-bound-
ing faults had initiated, forming this archetypical wide rift
(e.g., Stockli, 1999). About this time, the nature of volcanism
changed from calcalkaline andesitic effusive volcanism plus
dacite-rhyolite ingnimbrite eruptions to more alkaline, bimodal
basaltic-rhyolitic volcanism (Christiansen and McKee, 1980).
Extension began later in the Central B&R than it did to the
north or south (see below), disrupting the last bit of unextended
terrain between the Colorado Plateau and the Sierra Nevada
and connecting the previously separate northern and southern
B&R. Large-magnitude west-southwest — east-northeast ex-
tension started in the eastern Central B&R in Middle Mio-
cene time (Wernicke et al., 1988; Axen et al, 1990). The locus
of rapid extension migrated west, and the extension direction
rotated clockwise to approximately northwest in the western
Central B&R, reaching the Death Valley region in late Mio-
cene time. (Wernicke et al., 1988; Snow and Wernicke, 2000;
McQuarrie and Wernicke, 2005). The Central B&R is one of
the few parts of the B&R that has experienced only one period
of extension.

The Central B&R differs structurally from most other
parts of the B&R in that large-slip, low-angle normal faults
slipped in concert with major conjugate strike-slip fault sys-
tems comprising west-northwest- to north-northwest-strik-
ing dextral faults and generally northeast-striking sinistral
faults. This unique structural evolution, combined with off-
set markers known from well-understood pre-B&R geology,
has allowed net extension of ~240 km toward ~N75W to be
calculated across the Central B&R (Wernicke et al., 1988;
McQuarrie and Wernicke, 2005).

The western Central B&R includes the southern Walker
Lane (Fig. 1), which is a zone of combined extension and
dextral shear, the latter being locally focused on individual
dextral faults but elsewhere distributed across arrays of north-
east-striking, sinistral, map-view domino-style faults that
experience clockwise vertical-axis rotation (Stewart, 1988).
MCCs formed locally in releasing left stepovers between dex-



Cenozoic extensional tectonism in western North America

tral faults, the largest being footwall range blocks east and
north of Death Valley (Fig. 2). These MCCs are younger than
other Cordilleran MCCs, having formed in latest middle to
late Miocene time (see review in Dickinson, 2002). South-
ward, the Walker Lane ends at the left-lateral Garlock fault but
the northwest-trending dextral shear zone continues south into
the Mojave Desert as the Eastern California shear zone (Sav-
age et al., 1990; Dokka and Travis, 1990), a system of mainly
dextral strike-slip faults that traverses the Mojave Desert, con-
necting southward to the southern San Andreas fault system
in the Salton Trough via the eastern Transverse Ranges. The
combined Walker Lane — Eastern California shear zone ac-
commodated several tens of kilometers of dextral shear, and
currently carries about 25 percent of relative Pacific — North
American plate motion (see review in McQuarrie and Wer-
nicke, 1995).

“Southern” and Mexican Basin and Range

The “Southern” Basin and Range (SB&R), as tradition-
ally defined, includes southern and western Arizona, south-
eastern California, southwestern New Mexico, southwestern
Texas, and adjacent parts of Sonora and Chihuahua, in north-
ern Mexico. The SB&R, plus a “transition zone” of lower
magnitude extension, wrap around the southern and western
Colorado Plateau. This US-centric view of the SB&R ignores
the vast tracts of less well-studied Mexican B&R farther
south that comprise roughly half of the total B&R area (Henry
and Aranda-Gomez, 1992). Here, the term “southern Basin
and Range” is retained in its traditional sense. Together, the
Southern and Mexican B&R recently have been termed the
“Piman subtaphrogen” (Sengor and Natal’in, 2001; Dickin-
son, 2002). East of the Colorado Plateau, the SB&R merges
with the narrow, north-trending Rio Grande Rift.

A belt of MCCs runs southeast across the SB&R (e.g.,
Davis and Lister, 1988; Spencer and Reynolds, 1989; Fig. 2).
The northwest end is in the “lower Colorado River extension-
al corridor” (Fig. 1), where kinematically related MCCs lie
astride the Colorado River south of Las Vegas, Nevada and
northeast of Yuma, Arizona. Many detachment faults of the
lower Colorado River corridor are probably directly correla-
tive from one MCC to the next, had very similar top- north-
east slip of >50 km, and root northeast under the transition
zone. Fastest slip on these detachments was in early to middle
Miocene time. MCCs continue southeast to Phoenix, Arizona
with similar age and kinematics, then between Phoenix and
Tucson, Arizona the upper-plate transport direction reverses
(Fig. 2). The MCC belt continues south from Tucson into
Mexico, with variable extension directions ranging from near-
ly north-south to west-southwest-east-northeast, and ends in
the Sierra Mazatan near Hermosillo, Sonora (Nourse et al.,
1994; Wong and Gans, 2003).

The SB&R MCCs evolved in Late Oligocene to Middle
Miocene time, generally beginning and ending earlier in the
south than in the northwest. Thus, MCC activity in the NB&R
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and SB&R migrated toward one another, and the two halves
of the B&R were finally joined when extension began in the
Central B&R in mid-Miocene time.

The Mojave Desert, here included in the SB&R, is not
extending at present, but its central part was highly extended
in early Miocene time (pre-18 Ma) when the central Mojave
MCC was active (Dokka, 1989; Glazner et al., 1989). At pres-
ent, the Mojave Desert is a regime of distributed dextral shear
within the eastern California shear zone (Savage et al., 1990;
Dokka and Travis, 1990).

The Rio Grande Rift also began to form in late Oligocene
time, with extension concentrated around silicic caldera com-
plexes (Chapin and Cather, 1994; Cather et al., 1994; Ingersoll,
2001). By middle Miocene time, rapid extension was ongo-
ing along the length of the Rio Grande Rift, which comprised
separate, morphologically closed lacustrine basins separated
by accommodation zones across which the transport direction
of master normal fault systems reversed. The extension rate
slowed in latest Miocene time, allowing the formerly closed
basins to fill and become integrated into the through-going
Rio Grande River system.

The Mexican B&R is contiguous with the SB&R, and
runs south to the Trans-Mexican Volcanic belt, where young
arc volcanoes formed above slabs subducting along the
Middle America trench (Henry and Aranda-Gomez, 1992,
2000; Ferrari et al., 2007). The Mexican B&R 1is divided into
the eastern Meseta Central province and the western Gulf
Extensional Province, separated by the north-trending Sierra
Madre Occidental volcanic plateau and underlying batholithic
belt (Fig. 1; Dickinson, 2002; Ferrari et al., 2007). The Gulf
Extensional Province was originally defined as the region
around the Gulf of California that is affected by young exten-
sion related to opening of the gulf (Gastil et al., 1975; Stock
and Hodges, 1989), but the northern and eastern boundaries
were poorly defined. Dickinson (2002) recently expanded the
Gulf Extensional Province to include the southwestern part of
the SB&R and all of the western Mexican B&R. In general,
the Mexican B&R, particularly the Meseta Central Province,
is less well studied and described than the rest of the B&R, so
may be the most fertile ground for new discoveries.

Extension began in the Meseta Central province in
Oligocene time (Henry and Aranda-Gomez, 2000; Ferrari et
al., 2007) and continued into Miocene but probably was of
generally low to moderate magnitude. The onset of extension
migrated generally westward through time, beginning in lat-
est Oligocene to early Miocene time in the eastern part of the
Gulf extensional province, and in middle Miocene time in the
western part (e.g., Henry, 1989; Gans, 1997).

Early extension in the Southern and Mexican B&R
was broadly coeval with voluminous eruptions of generally
subalkaline ignimbrite and basaltic andesite of the South-
ern Cordilleran Basaltic Andesite association (SCORBA;
Cameron et al., 1989; see review in Ferrari et al., 2007). Ig-
nimbrites of the Sierra Madre Occidental volcanic province
(much larger in area than the unextended Sierra Madre Oc-
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cidental of Figure 1) form one of the largest silicic igneous
provinces on Earth. By late middle Miocene time, volcanism
had migrated west and narrowed into a more typical fringing
continental arc centered approximately in the present Gulf of
California (e.g., Hausback, 1984; Sawlan, 1991; Ferrari et al.,
2007).

GULF EXTENSIONAL PROVINCE

The Gulf Extensional Province (GEP) is unique within
the B&R because it now contains the Pacific-North American
plate boundary. The continental lithosphere has been rup-
tured there, and juvenile oceanic and quasi-continental crust is
forming in narrow spreading centers connected by northwest-
striking, dextral transform faults in the Gulf of California and
contiguous Salton Trough (which forms the northern end of
the gulf depression) (e.g., Lonsdale, 1989).

The eastern parts of the GEP were extending in early
to middle Miocene time, in an intra- to back-arc, subduction
setting (Henry, 1989; Gans, 1997; Ferrari et al., 2007). Exten-
sion was ongoing along the length of the GEP by ~14-12 Ma
(e.g., Stock and Hodges, 1989). By about 15 Ma, the buoyan-
cy of the young Farallon plate subducting under North Amer-
ica had caused subduction to slow, presumably as coupling
to the edge of the continent increased (e.g., Bohannon and
Parsons, 1995). Subduction apparently ended by ~14 Ma, as
indicated by sediments of that age at the base of the offshore
Magdalena fan, which was deposited on a microplate (Yeats
and Haq, 1981). These events presumably record detachment
of the preserved microplates from the already subducted and
inexorably sinking slab. The Farallon plate then fragmented
into microplates and the spreading direction between the mi-
croplates and the Pacific plate systematically rotated to be-
come increasingly parallel to Pacific-North America motion
(Lonsdale, 1991; Atwater and Stock, 1998; Michaud et al.,
2006), also presumably reflecting the coupling between the
microplates and the west edge of the continent. Spreading
slowed rapidly after ~12 Ma (Atwater, 1970; Lonsdale, 1991;
Atwater and Stock, 1998) and had ended completely by ~8
Ma (Michaud et al., 2006) during which time the continen-
tal-margin sliver west of the Tosco-Abreojos-San Benito fault
system (in the continental borderland west of Baja California;
Spencer and Normark, 1979; Michaud et al., 2004) was al-
most completely transferred to the Pacific Plate.

The modern phase of GEP opening began at ~12 Ma.
Significant dextral slip probably continued on the Tosco-
Abreojos-San Benito fault system west of Baja California,
with extension partitioned mainly to the east (Spencer and
Normark, 1979, 1989; Stock and Hodges, 1989). This tra-
ditional, strain-partitioned view has been challenged recently
(e.g., Gans, 1997), which is supported by recognition of more
transform-parallel extension in the southern gulf (~450 km;
Lizarralde et al., 2007) than can be accommodated in the
northern gulf (~320 km; e.g., Oskin and Stock, 2003) and be-
cause the submarine Magdalena fan probably formed farther
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north than originally postulated (Fletcher et al., 2007). These
relationships imply that ~150 km of dextral shear may be un-
accounted for in western mainland Mexico, which may have
a transtensional history like the Walker Lane. By ~5.5 Ma,
dextral transform faulting “jumped” into the GEP (Crowell,
1981), initiating the modern southern San Andreas fault and
the plate boundary system in the Gulf of California, and lead-
ing to final rupture of the continental lithosphere in the GEP
and marine flooding shortly thereafter (Oskin and Stock,
2003).

The relative contributions of possible extensional driv-
ing forces in the Gulf of California remains unclear. Before
opening, the region presently occupied by the gulf may have
been elevated and had thick, hot, weak crust left from older
shortening and Miocene arc volcanism, so gravitational po-
tential energy may have been important. As described above,
events relating to fragmentation of the Farallon plate into
microplates and their subsequent rotation and capture also
suggest that basal drag between the microplates and the con-
tinental margin may have been significant. This may have
been significant as early as ~12 Ma, when mid-ocean ridge
spreading had ended (Lonsdale, 1991) or was waning (Mi-
chaud et al., 2006), and almost certainly by ~8 Ma, by which
time mid-ocean ridge volcanism had ended (Michaud et al.,
2000).

A recent onshore-offshore wide-angle reflection seis-
mic experiment in the southern gulf (Lizarralde et al., 2007)
imaged crustal structure along three northwest-southeast,
transform-parallel transects that connect conjugate margins
(Figs. 1 and 3). In the mouth of the gulf, between Cabo San
Lucas, Baja California Sur and Puerto Vallarta, Jalisco, ap-
proximately 55 km (measured parallel to the transect) of
slightly thick (~7 km) oceanic crust formed under the Maria
Magdalena Rise beginning at ~4.5 Ma (Line 1, Figs. 1 and 3).
Subsequently, ~175 km of normal-thickness (~6 km) oceanic
crust formed at the East Pacific Rise, which propagated into
the mouth of the gulf at ~3.5 Ma. The continental margin
of Baja California is narrow (~90 km along the profile) and
continental crust thickens rapidly to the northwest. The con-
tinental margin to the southeast is wider: it is strongly thinned
(to only ~9-13 km) for ~80 km, then thickens southeastward
to >25 km over ~100 km of horizontal distance. Thus, the
Cabo San Lucas-Puerto Vallarta transect was a narrow rift
before sea floor spreading began, and it displayed normal to
slightly robust magmatism once spreading began.

In the Alarcon basin, across one transform system and
only ~100 km to the northeast (Line 2, Figs. 1 and 3), normal
oceanic crust is only ~135 km wide and did not begin to form
until ~3.6 Ma (DeMets, 1995). Extension in the continental
margins is also asymmetric, with a somewhat narrower mar-
gin (~280 km along the transect) on the Baja California side
and a wider (>380 km), strongly and very irregularly thinned
(to ~7-27 km) continental margin on the southeast end of the
transect. Significant local Moho relief is preserved along this
line (up to ~5 km relief in ~40 km of horizontal distance).
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The Alarcon transect appears to have been a cold, wide rift
that was magmatically starved.

Thus, (1) gulf opening in the Alarcéon transect was ac-
commodated entirely by continental extension from ~4.5-3.5
Ma, while oceanic spreading was ongoing immediately to the
southwest in the mouth of the Gulf, (2) the net widths (mea-
sured parallel to the transforms) of the pre-oceanic rift seg-
ments changed rapidly along strike from ~270 km between
Cabo San Lucas and Puerto Vallarta to ~660 km in the Alarcén
transect, and (3) substantially less new oceanic crust formed
in the Alarcon transect (~135 km) than in the Cabo San Lucas-
Puerto Vallarta transect (~175 km) since ~3.5 Ma, requiring
that oceanic spreading and continental extension were syn-
chronous in the Alarcon transect for a significant portion of
that time.

Farther north, in Guaymas basin (Line 3, Figs. 1 and
3), ~280 km (northwest-southeast) of oceanic crust is abnor-
mally thick (up to ~8 km) and lies under ~2 km of sediment.

The continental margins are narrow (together only ~ 150 km
wide). So, the Guaymas segment appears to have been a nar-
row rift that was magmatically robust after sea floor spreading
began.

The crustal structure of the northern gulf is less well
known (Persaud et al., 2003; Gonzalez-Fernandez et al., 2005;
Aragon-Arreola and Martin-Barajas, 2007), but is probably
similar to the structure of the Salton trough (Figs. 1 and 4),
which is relatively well understood. Sedimentary deposits,
mainly of the Colorado River delta, fill the Salton Trough
(Winker and Kidwell, 1996). The west side is bounded by
the west Salton detachment fault (Axen and Fletcher, 1998),
which dips gently east and has the stable Peninsular Ranges as
its footwall (Fig. 4). The northeastern side is defined mainly
by the southern San Andreas fault. P-wave velocity struc-
ture of the edges of the Salton trough is typical of continental
crust: a sedimentary layer no more than a few kilometers thick
overlies a layer of typical felsic to intermediate velocity (e.g.,
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Figure 4. Schematic block diagram, viewed to the northwest, of the
Salton Trough from ~4? Ma to ~1.1 Ma, while the west Salton de-
tachment was slipping synchronously with the southern San Andreas
fault and with generation of new mafic lower crust. Juvenile “quasi-
continental” crust that lacks a granitic layer (Fuis and Kohler, 1984)
underlies the central Salton Trough (front corner of the diagram).
Note that the west Salton detachment has only about 20 km of net
slip whereas the San Andreas fault slipped ~150-200 km during that
time frame. See text for discussion.

~6.3 km/s) that, in turn, overlies mafic lower crust (Fuis et al.,
1982; Fuis and Kohler, 1984).

In contrast, the central Salton Trough is underlain by
juvenile crust ~25 km thick (Elders et al., 1972; Fuis et al.,
1982; Fuis and Kohler, 1984; Fig. 4). Based upon seismic
P-wave velocities and well data, the upper ~12 km consists of
sediments that grade rapidly downward into metasediments,
with both probably intruded by downward-increasing vol-
umes of juvenile igneous bodies: P-wave velocity increases
smoothly with depth from ~2 km/s to ~5.8 km/s (Fuis et al.,
1982; Fuis and Kohler, 1984). A well drilled to ~3 km depth
in this succession bottomed in greenschist facies metasedi-
ments of Pleistocene age at ~300°C (Elders and Sass, 1988).
The metasediments are underlain by ~12 km of juvenile mafic
crust, with a transition ~1 km thick in which P-wave velocity
increases from ~5.8 to ~7.2 km/s. The maximum age of this
mafic basement is not known, but the Salton Trough appears,
on the basis of the total thickness of mafic lower crust, to have
been magmatically robust. Formation of a mid-ocean ridge
was precluded by Colorado River deposition that continually
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buried the spreading center and kept mafic lavas from inter-
acting with cold seawater. Thus, the sediment-over-mafic
layering resembles oceanic crust but the thickness is like thin
continental crust, and I refer to this new crust as “quasi-conti-
nental”. The crustal structure of the northern gulf is probably
similar.

CALIFORNIA CONTINENTAL BORDERLAND

The remaining highly extended part of western North
America is in the California continental borderland (Legg et
al., 1991; Crouch and Suppe, 1993; Bohannon and Parsons,
1995), which lies off shore of southern California and north-
ernmost Baja California, Mexico (Fig. 1). The northeastern
part of this region, termed the inner borderland, was rapidly
denuded in middle Miocene time in a fairly unique “transro-
tational” mode in response to Pacific-plate capture of for-
mer Farallon plate fragments (e.g., Nicholson et al., 1994).
Plate-capture kinematics were similar to, but ~5 Myr older
than, those described above for onset of the GEP extension.
The captured microplates beneath the borderland dragged
the south end of a sliver of marginal North America to the
northwest, away from the San Diego, California area. The
north end of that sliver, however, remained coupled to North
America north of Los Angeles, and the sliver rotated ~100°
clockwise around this fulcrum (see review by Dickinson,
1996), denuding the inner borderland, opening the early Los
Angeles basin, and exposing high-grade subduction-complex
rocks of the Catalina Schist. The rotated sliver now comprises
the southernmost Western Transverse Ranges and Channel Is-
lands block northwest of Los Angeles.

After transrotational denudation of the inner borderland
but before initiation of the southern San Andreas fault in the
Salton trough at ~5.5 Ma, dextral transform slip probably
passed south through the Los Angeles basin (Ingersoll and
Rumelhart, 1999) and connected to the Tosco-Abreojos-San
Benito fault system off shore of Baja California (Spencer and
Normark, 1979; 1989; Legg et al., 1991). Releasing steps in
this dextral fault system caused additional local extension of
the continental borderland (Legg et al., 1991; Lonsdale, 1991;
Michaud et al., 2004).

SUMMARY

The western North American extended terrains represent
a complexly evolving extensional orogen that rivals many
collisional orogenic belts in scale, life span, and complexity
of tectonic activity. Extension generally began in an evolving
supra-subduction setting as the formerly flat Laramide slab
collapsed or rolled back in an irregular fashion, exposing the
base of the North American lithosphere to hot asthenospheric
influence. Thus much of B&R extension was either intra- or
back-arc in nature. B&R extension was widespread by mid-
dle Miocene time, with most of the province active and much
MCC extension ongoing and rapid. It is likely that MCC ex-



Cenozoic extensional tectonism in western North America

tension was largely driven by gravitational potential energy
relict from earlier contractional tectonics (e.g., Coney and
Harms, 1984; Wust, 1986) but triggered by sublithospheric
kinematics of the subducted slab (particularly for pre-Mio-
cene MCCs) and/or by evolution of the transform margin
(e.g., Atwater, 1970; Glazner and Bartley, 1984; Atwater and
Stock, 1998; Axen et al., 1993; Humphreys, 1995). This ~60
Myr history of diachronous continental extensional activity
culminated in a narrow sliver of the continental margin (Baja
California and southwestern California) rifting away from the
mainland as early as ~12 Ma and finally being torn from North
America and mostly transferred to the Pacific plate within the
last ~5 Myr, in a strongly oblique event related to oceanic mi-
croplate capture along the west coast (Atwater, 1970; Nichol-
son et al., 1994; Atwater and Stock 1998). This was probably
driven by traction between the captured microplates and the
base of the continent and/or by gravitational potential energy
of previously thickened crust.
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