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ABSTRACT

During the latest Cretaceous-early Paleo-
gene Laramide orogeny, the lithosphere be-
neath the southernmost Sierra Nevada
batholith and the adjacent Mojave Desert
region batholith was sheared off and dis-
placed deeper into the mantle. The litho-
sphere beneath the greater Sierra Nevada
batholith to the north was left intact until
mid-Miocene time, when fragments of it
were entrained as volcanic xenoliths. The
Laramide slab was evidently segmented
into a shallow flat segment to the south and
a deeper segment to the north. Shearing off
of the upper mantle to the south was fol-
lowed by the tectonic underplating of
schists derived from Franciscan subduction
complex and possibly forearc basin proto-
liths. The overlying batholithic crust was
deformed, deeply denuded, and tectonically
breached westward across its forearc re-
gion while the schists were underplated.
Westward breachment resulted from a
combination of west-directed thrusting and
extensional collapse. The westernmost
breached rocks were tectonically removed
by a combination of trench linked trans-
form and subduction erosion processes.
Subsequent tectonic erosion by the Neogene
San Andreas transform has left the Salinia
and the San Gabriel terranes as dispersed
residual fragments of the westward
breached arc segment.
The shallow slab segment appears to

have been !500 km in width, measured
along the plate edge. To the south, the slab
descent appears to have remained deep be-
neath the Peninsular Ranges batholith.
Classic Laramide structures of the craton
are concentrated in a corridor that corre-
sponds to the shallow slab segment as de-
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fined by plate edge relations and the cor-
responding trajectory of Farallon–North
American relative plate motions when
viewed on a pre-Neogene palinspastic base.
The plate interior is suggested to have been
deformed first by end loading as the shal-
low slab segment initially descended be-
neath the plate edge, and then by greater
basal traction components as the shallow
segment progressed beneath the cratonic
region. The subcontinental mantle litho-
sphere beneath the cratonic deformation
zone remained intact through Laramide
time.
Similar segmented slab topologies have

been resolved beneath the modern Andean
orogen where the shallow segments are cor-
related with the subduction of aseismic
ridges. A number of researchers have sug-
gested that the Laramide orogeny arose
from the subduction of a counterpart of the
Hess-Shatsky large igneous province of the
northwest Pacific basin. Fragments of rock
assemblages that are correlative to the
Hess-Shatsky province that were accreted
to the Franciscan complex in Laramide
time support this view. Recognition of the
resulting shallow slab segment and its tra-
jectory beneath North America explains the
geographic focusing of Laramide deforma-
tion, relative to the rest of the Cordilleran
orogen, and the relationships between plate
edge and plate interior deformational
regimes.

Keywords: tectonics, subduction, delami-
nation, Cordillera, Laramide.

INTRODUCTION

The Laramide orogeny is recognized as a
regional compressional event that deformed
the southwest North American craton in latest
Cretaceous-early Paleogene time (Miller et al.,

1992). A commonly cited plate tectonic mech-
anism for the orogeny is intensified traction
and tectonic erosion of the subcontinental
mantle lithosphere due to flattening of the sub-
ducted slab (Coney and Reynolds, 1977;
Dickinson and Snyder, 1978; Bird, 1988). The
response of the craton was deformation and
uplift along a north-northeast–trending corri-
dor extending from southwest Arizona
through Wyoming (Fig. 1). This intracratonal
deformation zone is for the most part inboard
of the Cordilleran (Sevier) foreland fold-thrust
belt, thereby calling for special circumstances
relative to much of Cordilleran tectonic his-
tory. Slab flattening at Laramide time seem-
ingly offers such a special circumstance, al-
though the dynamics responsible for slab
flattening are not well understood, nor is the
reason for the geographic restriction of Lar-
amide deformation relative to the much more
regionally extensive Cordilleran active mar-
gin. Such a geographic focusing of Laramide
deformation has been suggested to have re-
sulted from the subduction of a counterpart of
the Hess-Shatsky large igneous province of
the northwest Pacific basin, which was em-
bedded in the Farallon plate (Livaccari et al.,
1981; Henderson et al., 1984; Barth and
Schneiderman, 1996). The analysis offered
here finds much merit in this view, although
the main proposition presented here is not
contingent on this view. This proposition as-
serts that the Laramide slab possessed a shal-
low slab segment and that the subduction of
this shallow segment can be correlated with
both plate edge and interior Laramide
deformation.
Geologic events along the southwest Cor-

dilleran plate edge that have been attributed to
Laramide tectonics include: 1) the cessation of
arc magmatism in the Sierra Nevada batholith
and associated modification of the subbatho-
lith geotherm by conductive cooling from be-
low (Dumitru et al., 1991); 2) the low-angle
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Figure 2. Map of California region showing in generalized form a number of key tectonic
and geographic features that are referred to in text. The San Andreas transform system,
Transverse Ranges transrotational deformation, Neogene extension, and the eastern Cal-
ifornia shear zone constitute main superposed deformations that were restored in the
California region for the construction of the Figure 1 palinspastic base.

Figure 1. Map showing selected tectonic and basement features of the southwest Cordillera at the close of the Laramide orogeny on a
pre-Neogene palinspastic base. This map shows how the breached segment of the southwest Cordilleran batholithic belt, expressed
primarily by Salinia and the San Gabriel terrane, lies in a north-northeast–trending deformation corridor that includes classic cratonal
structures of the Laramide orogeny, and that this corridor is generally parallel to the Farallon–North American relative plate motions
for Laramide time. The restored trace of the Garlock fault is used as a surface tracer for the position of the inflection in the slab. This
tracer and its north-northwest projection bound the northwest margin of the deformation corridor that is consistent with the slab
segmentation model for Laramide deformation. References given in text.
N

thrust emplacement of Franciscan-affinity
greywacke-basalt assemblages and their meta-
morphism in high-pressure greenschist–
amphibolite facies (Rand-Pelona-Orocopia
schists); and 3) the spatially related deforma-
tion, denudation, and westward breachment of
an !500-km-long segment of the Cordilleran
batholith belt above the underplated schists
(Silver, 1983; May, 1989; Jacobson et al.,
1996; Malin et al., 1995; Barth and Schnei-
derman, 1996). The disrupted segment of the
batholith belt corresponds to much of the Mo-
jave Desert, Salinia and the San Gabriel ter-
rane as restored to their pre-Neogene positions
along the San Andreas fault, and the adjacent
southern Colorado River Desert region. The
northern end of the disrupted segment of the
batholith belt coincides with a zone of deep
denudation of the southernmost Sierra Nevada
batholith that has rendered a structurally con-
tinuous oblique crustal section (Saleeby, 1990;
Pickett and Saleeby, 1993). The southern end
of the disrupted segment of the batholith belt
corresponds to the northern Peninsular Ranges
batholith. For discussions below, it is useful
to symbolize these three segments of the bath-
olith belt as: SNB " Sierra Nevada batholith;
MSB " Mojave Desert–Salinia batholith, in-
cluding the San Gabriel terrane and adjacent
southern Colorado River Desert basement
complexes; and PRB " Peninsular Ranges
batholith.
Insights regarding the deep structure of the

SNB in Laramide time are augmented by pet-
rologic and geochemical data on lower-crust–
upper-mantle xenoliths that were entrained in
mid-Miocene volcanic rocks from the San
Joaquin volcanic field, the location of which
is shown in Figure 2 (Dodge et al., 1986,
1988; Ducea and Saleeby, 1996, 1998; Ducea,
2001; Lee et al., 2000; Saleeby et al., 2002).
Constraints on the lower-crust–upper-mantle
structure posed by the oblique crustal section,
along with seismic and the xenolith data, to-
gether carry important implications regarding
the topology and some of the effects of the
Laramide slab. These implications and their
relations to a spectrum of geologic features
attributed to the Laramide orogeny are the
subject of this paper.

Much of the discussion will focus on Figure
1, which is a reconstruction of the principal
tectonic elements of the southwest U.S. region
at late Laramide time. Figure 2 shows some
of these elements as they occur in their current

geological setting in California, as well as the
major Neogene tectonic systems that are re-
stored on Figure 1. The key restorations are:
1) Salinia and the San Gabriel terrane along
the San Andreas transform system (Ross,
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Figure 3. Generalized cross section from the central Sierra Nevada region southward along oblique crustal section and across Tehachapi-
Rand deformation belt into the northernmost Mojave Desert with the Rand Mountains complex restored to its pre-Neogene position
relative to the Sierra Nevada. General location of section line shown in Figure 1. This section shows contrasting deep-crust–upper-
mantle structures for central and southernmost Sierra Nevada region following Laramide orogeny, revealing a segmentation in the
subducted slab with the removal of the subbatholith mantle lithosphere and underplating of the Rand schist to the south. The subduction
trajectory of the slab was roughly at right angles to and directed into the cross-section trend. References given in text.

1984; May, 1989; Hall, 1991; Silver and Mat-
tinson, 1986); 2) transrotational deformation
of the Transverse Ranges (Hornafius et al.,
1986); 3) displacement along the Garlock fault
(Malin et al., 1995); and 4) transtensional
strain across the Death Valley region (Snow
and Wernicke, 2000). The compatibility of
these restorations with the structure of the
Mojave Desert presents a problem, for which
the answer is presumed to lie in the disputed
kinematic patterns of Neogene extension and
distributed dextral shear along the Mojave
segment of the eastern California shear zone
(cf. Dokka, 1986; Glazner et al., 1989, 1994;
Dokka and Travis, 1990; Henry and Dokka,
1992). Furthermore, it is asserted here that
Laramide tectonics left much of the Mojave
Desert basement in a tectonically layered
state, which in conjunction with only scattered
basement exposures expressed today, greatly
complicates the restoration of superposed
Neogene deformation. The Figure 1 recon-
struction also incorporates generalized pre-
Cenozoic reconstructions of the greater Basin
and Range province region (Coney and
Harms, 1984). Major structures of the Lar-
amide and Sevier deformation belts are shown
after Allmendinger (1992), Christiansen and

Yeats (1992), Miller et al. (1992), and Tickoff
and Maxson (2001).
Figure 1 also shows the trace of a longitu-

dinal cross section along the southernmost
SNB as it extends southward across the Te-
hachapi Range and the restored Rand Moun-
tains of the northernmost Mojave Desert (Fig.
3). This cross section displays the critical
structural features of the Tehachapi-Rand de-
formation belt, a complex structural system
that lies along the southern Sierra-Mojave De-
sert transition and that is directly related to the
denudation of the southern SNB oblique crust-
al section.

CONTRASTING DEEP CRUST-UPPER
MANTLE SECTIONS IN LATEST
CRETACEOUS-PALEOGENE TIME

The southern !100 km of the SNB exposes
a southward-deepening oblique crustal section
through Cretaceous batholith-generated crust
from !2 kb to !9 kb conditions, or !7 km
to !35 km depths (Ague and Brimhall, 1988;
Saleeby, 1990; Pickett and Saleeby, 1993;
Wood and Saleeby, 1998). The oblique crustal
section, in conjunction with seismic data
(Fliedner et al., 2000) and xenolith data from

the San Joaquin volcanic field, offer an in
depth picture of the primary lithospheric
structure for the SNB (Ducea and Saleeby,
1996, 1998; Saleeby et al., 2003). The bath-
olithic crust is predominately felsic to !35
km deep. Below lies an !10-km-thick tran-
sition zone containing batholithic rocks and
mafic garnet granulite residues/cumulates that
in turn grade into an !35-km-thick section
dominated by garnet clinopyroxenite residues
that, like the granulites, were produced during
batholith generation. The garnet pyroxenites
are interlayered with progressively more spi-
nel and deeper garnet peridotites that extend
to an !125 km depth. This lithospheric sec-
tion remained intact in the central Sierra re-
gion at least until the mid-Miocene time of
xenolith entrainment. It is shown diagram-
matically at the northern end of the Figure 3
cross section. The garnet pyroxenite and pe-
ridotite levels of the section correspond to the
subbatholith mantle lithosphere that represents
the conductively cooled mantle wedge be-
neath the Cretaceous Sierran arc.
The subbatholith mantle lithosphere struc-

ture exhibited for the central SNB contrasts
sharply from the deep structure observed
along the Tehachapi-Rand deformation belt,
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shown at the southern end of the Figure 3 sec-
tion. Late Neogene high-angle faults have
been restored on Figure 3 (after Burchfiel and
Davis, 1981; Malin et al., 1995) in order to
elucidate the structural relations of the belt.
The southernmost Sierra (Tehachapi) seismic
structure correlates with the northern Mojave
seismic structure of the Rand Mountains area.
In both areas, field observations and geophys-
ical data indicate that the base of the batho-
lithic crust and its underlying mantle litho-
sphere have been tectonically removed and
replaced by the Rand schist (Cheadle et al.,
1986; Silver and Nourse, 1986; Malin et al.,
1995; Wood and Saleeby, 1998). In the north-
ern Mojave Desert region, the Rand thrust and
lower plate schist exhibit modest structural re-
lief and form the core of an antiformal win-
dow. To the north in the southernmost Sierra,
the schist is exposed in small windows and
larger fault-bounded slices along the Garlock
fault (Sharry, 1981; Ross, 1989; Wood, 1997).
Upper-plate rocks between the two areas cor-
relate in age, lithology, and radiogenic iso-
topes (Silver and Nourse, 1986; Saleeby et al.,
1987; Pickett and Saleeby, 1994; Wood and
Saleeby, 1998). Thermobarometric constraints
in both areas indicate that the level of detach-
ment of the lower crust and the level of schist
underplating were !9 kb (Sharry, 1981; Pick-
ett and Saleeby, 1993; Jacobson, 1995). The
Rand thrust has been seismically imaged as
dipping !20# beneath the southernmost SNB
as it extends northward from its surface ex-
pression along the small windows. Paleodepth
(pressure) isopleth patterns within the upper
plate SNB reflect a comparable dip to oblique
crustal section. Thus, the level of detachment
of the mantle lithosphere by the Rand thrust
approximated the base of the felsic batholithic
layer over a wide region.
The structural thickness of the Rand schist

is unknown. Radiogenic isotopic data from
Neogene volcanic rocks of the western Mo-
jave Desert region indicate a lack of continen-
tal lithosphere mantle beneath the !30-km-
thick crust (Miller et al., 2000). Radiogenic
and stable isotopic data of western Mojave
Neogene volcanic rocks and of small intru-
sions of Late Cretaceous muscovite-garnet
granites exhibit crustal components that match
the Rand schist (Glazner and O’Neil, 1989;
Miller et al., 1996). Crustal rocks that lie be-
tween the schist exposures and the current
Moho were likely to have been constructed in
large part from additional Franciscan-affinity
rocks that were progressively accreted beneath
the schist. The seismic structure of the western
Mojave Desert crust reflects a layered assem-
blage that has characteristics that fall within

the broad range of Franciscan protoliths and
metamorphic derivatives (Cheadle et al.,
1986; Li et al., 1992; Hauksson, 2000). The
fan-like seismic reflection structure and its trun-
cation by the Moho beneath the Tehachapi-
Rand belt (Fig. 3) is interpreted as the mark
of regional flattening of an underplated-duplex
complex and the related smoothing out of the
Moho subsequent to lower-crust tectonic ac-
cretion (Malin et al., 1995).
The batholithic plate above the Rand thrust

was deformed during and shortly after schist
underplating. This is evident on the cross sec-
tion in Figure 3 by the regional tilting of the
upper-plate batholithic crust and its denuda-
tion to nearly its primary Moho depths. Un-
derplating of the schist and regional tilting
were accompanied by westward oroclinal
bending and penetrative plastic flow of the
deep batholithic rocks, resulting in the dis-
tinctive westward protruding ‘‘tail’’ of the
southernmost SNB (Fig. 2) (Burchfiel and Da-
vis, 1981; Kanter and McWilliams, 1982;
Wood and Saleeby, 1998). At mid- to upper-
crust levels, the upper plate disaggregated into
a series of detachment sheets that escaped
southward into the southernmost Sierra–
northern Mojave Desert region (Wood and Sa-
leeby, 1998). The combination of the tectonic
removal of the subbatholith mantle litho-
sphere, and the denudation of the overlying
mid- to upper crust left the !125-km-thick
batholithic lithosphere tapered to a thin sheet
or series of sheets in the southernmost Sierra–
Northern Mojave Desert region. It appears that
the Neogene Garlock fault preferentially lo-
calized itself along the tip of this tapered-off
lithosphere section.
The contrast between the two subbatholithic

sections shown at the opposite ends of the
Figure 3 cross section calls for a fundamental
deep-crust–upper-mantle structural break of
Laramide age of which the manifestations in
the overlying SNB were principally regional
tilting and related crustal-scale denudation. An
inflection in the underlying subducting slab
that functioned like a large lateral ramp is im-
plied. This further implies that the subducting
slab was segmented into a shallow segment to
the south and a deeper segment to the north.

BASEMENT TECTONICS ABOVE THE
SHALLOW SLAB SEGMENT

The crustal response to the shallow slab
segment is expressed by a number of geologic
features that include (1) the distribution of the
Rand and related lower plate schists, (2) the
structure of the overlying MSB as well as the
southernmost SNB, and (3) anomalous pat-

terns in ‘‘forearc’’ sedimentation. The Rand
schist belongs to a family of high-pressure
greenschist-amphibolite facies rocks that were
derived from protoliths encompassing Francis-
can trench and Great Valley forearc basin-like
assemblages and that tectonically underlie
batholithic rocks at comparable structural lev-
els throughout the southern California region
(Jacobson et al., 1996). Age constraints on the
thrust emplacement and cooling of the schists
coincide with the latest Cretaceous, early Pa-
leogene age of the Laramide orogeny (Silver
and Nourse, 1986; Jacobson, 1990; Jacobson
et al., 2000; R.W. Kistler, 1996, written com-
mun.). The pre-Neogene distribution of all the
principal exposures of these schists is shown
on Figure 1, which corresponds to the north-
south limits of the MSB and the adjacent
southernmost SNB. This segment of the bath-
olithic belt is unique in its degree of tectonic
disruption and its related breachment west-
ward across its forearc region (May, 1989;
Hall, 1991; Malin et al., 1995; Barth and
Schneiderman, 1996). To the north and to the
south of the MSB, the Cretaceous forearc ba-
sin survived through Laramide time. The po-
sition of the forearc basin adjacent to the MSB
was occupied by Salinia following Laramide
time (Fig. 1). The northern to central areas of
Salinia contain schist exposures and regional
allochthonous relations that correlate with
those of the western Mojave Desert region
(Ross, 1976, 1984; Hall, 1991; Silver and
Mattinson, 1986). Seismic reflection data
across southern Salinia indicate that Salinia’s
batholithic rocks lie structurally above imbri-
cated low-velocity material that most likely
represents subducted sediments (Trehu and
Wheeler, 1987). Thus, over a broad region that
extends across the southernmost Sierra to the
adjacent western Mojave Desert, including the
pre-Neogene positions of Salinia and the San
Gabriel terrane, and continuing southeastward
into the southern Colorado River Desert re-
gion, the Cordilleran batholithic belt lies tec-
tonically above Franciscan and Great Valley
forearc affinity assemblages. This profound
structural relation developed in Laramide
time.
The forearc breachment of the MSB is also

reflected by the westward oroclinal bend of
the adjacent southernmost SNB and its upper-
level detachment sheets (Burchfiel and Davis,
1981; Wood and Saleeby, 1998). Regional
lithologic belts, which are internal to the SNB,
and are defined by petrochemistry and wall-
rock geology, exhibit the westward deflection,
both in the plastically deformed mid- to deep-
crustal exposures and in the overlying detach-
ment sheets. This westward deflection pattern
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in the zonation of the batholithic belt contin-
ues into the MSB (Ehlig, 1981; Silver, 1983;
Ross, 1984; Silver and Mattinson, 1986; May,
1989; James et al., 1993; Kistler and Cham-
pion, 2001), and then it ceases southward into
the PRB where the batholith’s longitudinal
primary structure as well as its transition into
its adjacent forearc basin remained intact (Sil-
ver et al., 1979; Crouch and Suppe, 1993).
The deformed MSB, its tectonically under-

lying schists, and the spatially related missing
segment of the forearc basin are interpreted as
the surface manifestation of the shallow seg-
ment of the Laramide slab along the plate
edge (Malin et al., 1995). Batholithic mag-
matism ended with an abrupt regional cooling
throughout Salinia during the early Laramide
time of initial schist underplating (Naeser and
Ross, 1976; Mattinson, 1978; Kistler and
Champion, 2001). Magmatism waned at the
same time in conjunction with regional cool-
ing in the western Mojave Desert region
(Miller and Morton, 1980). Such waning in
magmatism was also marked by the emplace-
ment of relatively small petrochemically dis-
tinct plutons carrying isotopic signatures of
Rand schist in their source (Miller et al.,
1996). These western Mojave Desert and Sal-
inia events were accompanied in the eastern
Mojave Desert region by regional crustal
shortening, denudation, and the development
of basement-derived clastic wedges along the
Maria-Mule Mountains deformation belt (Fig.
1) (Carl et al., 1991; Foster et al., 1992; Miller
et al., 1992; Karlstrom et al., 1993; Richard et
al., 1994). A similar timing for the end of arc
magmatism, denudation, and cooling is re-
corded in the San Gabriel terrane (Carter and
Silver, 1971; Miller and Morton, 1980; Ehlig,
1981; Barth and Schneiderman, 1996). Thus,
the subduction of the shallow slab segment is
marked everywhere along the length of its
strike by the termination of magmatism, de-
formation, and rapid denudation of the over-
lying segment of the magmatic arc.

BASEMENT TECTONICS ABOVE THE
DEEP SLAB SEGMENT

The termination of arc magmatism through-
out the greater SNB at the onset of Laramide
time is well documented (Evernden and Kis-
tler, 1970; Stern et al., 1981; Chen and Moore,
1982). It has been further suggested from the
modeling of fission track data that the sub-
batholith mantle lithosphere was removed by
Laramide flat slab subduction at a depth of
between 35 and 50 km (Dumitru at al., 1991).
This later assertion is clearly at odds with the
xenolith data that indicate the survival of the

subbatholith lithosphere throughout Laramide
time (Fig. 3). The fission track data basis for
this lithosphere removal model also needs re-
evaluation in the light of apatite (U-Th)/He
dating conducted in the same region (House
et al., 2001). Most notable are the effects of
cooling related to Late Cretaceous-Paleogene
high relief topography. The key element in the
Dumitru et al. (1991) model is conductive
cooling of the Sierran crust from beneath by
the Laramide slab. In spite of the rejection of
the conclusion that the Laramide slab removed
the mantle lithosphere from beneath the great-
er SNB, the xenolith thermobarometric data
record an apparent conductive cooling event,
but for the entire mantle lithosphere (Lee et
al., 2000; Saleeby et al., 2003).
The Cretaceous SNB developed by copious

arc magmatism over a time interval of !50
m.y. (Evernden and Kistler, 1970; Saleeby and
Sharp, 1980; Stern et al., 1981; Chen and
Moore, 1982; Saleeby et al., 1987). The abun-
dance of mafic batholithic rocks along the
west margin of the batholith, their ubiquitous
occurrence throughout the batholith, and iso-
topic data on the large-volume felsic as well
as mafic members of the batholith, all attest
to the importance of the subbatholith mantle
wedge in magma genesis (Saleeby et al.,
2003). Maintaining a fertile mantle wedge
over such a long period of magma genesis re-
quires an influx of fertile peridotite into the
wedge environment as subduction progresses.
Geodynamic modeling of subduction in con-
junction with global petrogenetic and geo-
chemical data indicate the importance of as-
thenosphere cornerflow circulation and the
influx of slab-derived hydrous fluids for man-
tle wedge magmatism (cf. Billen and Gurnis,
2001; Ulmer, 2001). Thermobarometric and
petrogenetic data for the sub-SNB mantle xe-
noliths suggest a highly dynamic subarc man-
tle wedge that had a continuous material flux
during magma genesis (Saleeby et al., 2003).
This material flux included the circulation
of asthenospheric mantle, an influx of slab-
derived fluids, the rendering of hydrous ba-
saltic magma, and the settling of garnet-
pyroxene residue batches from upper level
felsic magma production domains. This dy-
namic system was terminated abruptly at the
onset of Laramide time. It is suggested that
the single most important factor in this ter-
minal event was the disruption of the astheno-
sphere cornerflow pattern by the interference
of the shallow slab segment. Without the con-
tinued circulation of hot asthenosphere into
the subarc mantle wedge, basalt magma pro-
duction would have ceased, leading to the ter-

mination of voluminous higher level felsic
magma production (Saleeby et al., 2003).
As shown in Figure 1, the shallow slab seg-

ment initially took a highly oblique trajectory
beneath the southwest Cordilleran plate edge.
The resulting damage to the subcontinental
mantle lithosphere is considered to have been
restricted, for the most part, to the southern-
most SNB and MSB regions. It is hypothe-
sized that a much broader region of the sub-
continental asthenosphere and its subduction-
related circulation pattern were affected by the
shallow slab segment. The aggregate regional
effect was the termination of arc magmatism
along an !1500 km segment of the plate edge
stretching from the MSB northward to the Ida-
ho batholith. The southern and northern ends
of latest Cretaceous-early Paleocene batholith-
ic belts that persisted through Laramide time
along the more northerly and southerly reach-
es of the Cordilleran plate edge are shown
near the opposite margins of Figure 1. Re-
establishment of the (post-Laramide) region-
ally continuous magmatic arc followed an in-
ward migration pattern from both ends of
these syn-Laramide arc segments and ulti-
mately coalesced in the central California re-
gion by the mid-Miocene (Burchfiel et al.,
1992). This migration pattern appears to have
respected the shallow slab segment corridor of
the craton in that migration and coalesence
were inward toward, and around the edges, of
the Colorado Plateau. This is suggested to re-
flect the maximum damage zone of the as-
thenosphere by the shallow slab segment.
The initial oblique trajectory of the Lar-

amide slab beneath the southwest Cordillera
also resulted in the partitioning of dextral
shear into a trench-linked transform system
that affected the SNB and the Franciscan com-
plex. In the SNB, a regional dextral shear zone
developed along the belt of terminal batholith-
ic plutons that were at solidus to hot subsoli-
dus conditions during shearing (Busby-Spera
and Saleeby, 1990; Tikoff and de Saint Blan-
quat, 1997; Wood and Saleeby, 1998). In the
southern SNB, the proto–Kern Canyon fault
of this system exhibits progressively greater
west-directed reverse components of shear
southward as it roots into upper plate tecton-
ites of the Rand thrust system (Fig. 1). To the
north, the proto–Kern Canyon fault is in con-
tinuity with the Sierra Crest shear zone. Other
than this regional dextral shear zone, the
greater SNB remained structurally intact and
little deformed. Apatite (U-Th)/He thermo-
chronometry from the central region of the
batholith suggests that it existed as an orogen-
ic plateau that had high relief fluvial topog-
raphy during Laramide time (House et al.,
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2001). These data in conjunction with regional
patterns in igneous barometry further suggest
a coherent pattern of slow denudation during
Laramide and most of Cenozoic time (Ague
and Brimhall, 1988; Saleeby et al., 2003).
This pattern breaks down in the southernmost
SNB where tremendous uplift, oroclinal bend-
ing, and detachment faulting related to schist
underplating have rendered the oblique crustal
section.

SLAB SEGMENTATION

The Andean subduction-arc system is com-
monly cited as a modern analogue for Lar-
amide tectonics of the southwest Cordillera.
The Andean system is characterized by the
segmentation of the down-going slab into nor-
mal, moderate, and shallow-dipping domains
(Barazangi and Isacks, 1976; Gutscher et al.,
2000). Seismic imaging of the Andean slab
by Gutscher et al. (2000) reveals flat seg-
ments that are as shallow as !50 km and as
deep as !120 km. A lateral ramp between
two such slab segments would yield the type
of lithosphere-scale structural patterns that are
exhibited beneath the SNB-MSB transition
(Fig. 3). Were it not for disruption by the San
Andreas fault, this line of reasoning could be
used to predict that a similar pattern could be
found beneath the MSB-PRB transition.
Gutscher et al. (2000) also show a close cor-
relation of shallow flat slab segments with the
subduction of oceanic plateaus or aseismic
ridges. The abnormal subduction geometry of
these shallow flat slab segments is thought to
arise from the buoyancy effect of the greatly
thickened crustal sections relative to that of
the abyssal lithosphere. Most shallow slab
segments associated with the subduction of
single plateaus or ridges are on the order of
500 km in width measured along the respec-
tive plate edges, which is the approximate
strike length of the disrupted segment of the
batholithic belt in the southern California re-
gion (Fig. 1).
It has been suggested that a counterpart of

the Hess-Shatsky large igneous province
(Towisangna Ridge of Barth and Schneider-
man, 1996) that was built on the Farallon plate
was subducted in the southwest Cordilleran
region in Laramide time, and that this led to
the profound tectonic events of both the plate
edge and interior (Livacarri et al., 1981; Hen-
derson et al., 1984; Barth and Schneiderman,
1996). Blocks of intraplate basalt and pelagic
limestone of the Permanente terrane in the
central California Franciscan complex repre-
sent fragments of this igneous province that
were accreted in Late Cretaceous-Paleogene

time (Vallier et al., 1983; Blake et al., 1984;
Sliter, 1984). It is suggested that these blocks
are the remnants of a much larger massif that
was subducted as part of the shallow slab seg-
ment in the southern California region, and
that the derivative blocks were displaced
northward by dextral faulting during and fol-
lowing subduction accretion (cf. McLaughlin
et al., 1988). The current position of the Per-
manente terrane, and the Central mélange belt
that dissipated much of the trench-linked
transform motion, are shown in Figure 2. The
origin and accretion history of the Permanente
terrane adds considerable support for a caus-
ative link between ‘‘Towisangna Ridge’’ sub-
duction and Laramide deformation.
A noteworthy difference between the Lar-

amide flat slab segment envisaged here and
those resolved beneath the Andes is, accord-
ing to the Pacific Basin plate motion recon-
structions for Laramide time (Engebretsen et
al., 1985; Stock and Molnar, 1988), that at
least the initial phases of shallow slab segment
subduction were highly oblique to the south-
west Cordilleran plate edge (Fig. 1). Such is
not the case for the Andes. Some of the ap-
parent consequences of this oblique subduc-
tion pattern for the Laramide are discussed
below.

SLAB SEGMENTATION AND
REGIONAL SOUTHWEST
CORDILLERAN DEFORMATION

The effects of the oblique subduction of the
Laramide shallow slab segment are manifest
in a north-northeast–trending corridor that ex-
tends from the southwest Cordilleran plate
edge into the adjacent craton. Figure 1 dis-
plays a close spatial correspondence between
the cratonic deformation zone and the dis-
rupted segment of the batholith belt, particu-
larly if viewed in the context of the relative
motion between the Farallon and North Amer-
ican plates. A critical tracer on Figure 1 is the
restored trace of the Neogene Garlock fault
(after Snow and Wernicke, 2000). This fault
is most pronounced along the Tehachapi-Rand
deformation belt where it coincides with the
inflection in the Rand thrust as it descends be-
neath the ‘‘pinched out’’ terminous of the
SNB oblique crustal section (Fig. 3). In this
context, the restored Garlock fault is used as
an approximate surface tracer of the segmen-
tation inflection in the Laramide slab. Relative
plate motion between the Farallon and North
American plates for early Laramide time is
parallel to the trend of this tracer (Engebretsen
et al., 1985). By projecting this plate motion
trajectory into the plate interior, one can see

that virtually all of the first-order Laramide
plate interior structures coincide with the shal-
low slab segment as defined above. The scale
of the shallow slab segment and its overlying
deformation corridor through the forearc, arc,
and distal backarc (craton) are comparable to
the spatial relations observed where the ase-
ismic Juan Fernandez Ridge is descending be-
neath the Andes and the adjacent Sierras Pam-
peanas foreland thrust belt (Gutscher et al.,
2000).
Considerable uncertainty exists for the rel-

ative motions between the Farallon and North
American plates at Laramide time (Engebret-
sen et al., 1985; Stock and Molnar, 1988), but
the derivative vectors that are shown on Fig-
ure 1 for 1 m.y. time increments of motion in
the southern California region are taken at
face value for this discussion. The cratonal
zone of deformation may have resulted from
a combination of end loading and basal trac-
tion from the shallow slab segment. Initial end
loading accompanied the shearing off of the
mantle lithosphere beneath the MSB. As dis-
cussed below, much of the mantle lithosphere
beneath the cratonal deformation zone is con-
sidered to have been left intact above the shal-
low slab segment. Tracking the initial 10 m.y.
subduction trajectory of the shallow slab seg-
ment (ca. 85–75 Ma) with the corresponding
relative motion vector puts the leading edge
of the shallow segment beneath the mid-
Colorado Plateau region at ca. 75 Ma. The
trajectory of the slab descent then began to
change to a more easterly course between 74
and 69 Ma. This change in trajectory corre-
sponds in time to an eastward migration and/
or intensification of cratonal deformation
(Brown, 1988). Arches and uplifts that lie bur-
ied in the midcontinent region and that formed
between 75 and 50 Ma (Tikoff and Maxson,
2001) may also reflect this change in the sub-
duction trajectory for the shallow slab
segment.
The topology and subduction trajectory of

the Laramide slab as envisaged above helps
explain controversies concerning the preser-
vation of the subcontinental mantle litho-
sphere beneath most of the southwest Cordil-
lera. Isotopic data of Cenozoic volcanic rocks
and mantle xenoliths (Livaccari and Per-
ry,1993; Farmer et al., 1989; Miller et al.,
2000; Lee et al., 2001) suggest regional post-
Laramide preservation of the mantle litho-
sphere in the backarc to cratonal region. These
findings are at odds with models of whole
scale removal of the mantle lithosphere in the
region by a regionally extensive flat slab (cf.
Bird, 1988; Dumitru et al., 1991). The topo-
logic and kinematic model presented above
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predicts that the only region where Laramide-
age removal of the mantle lithosphere is re-
quired is beneath the MSB region (Fig. 1). A
deeper flat slab geometry, as imaged in parts
of the Andes by Gutscher et al. (2000) and as
envisaged here for the greater SNB, would
leave the lithosphere intact in the SNB back-
arc region. In contrast, isotopic data for Mio-
cene volcanic rocks of the western Mojave
Desert reflect no such continental lithosphere
component (Glazner and O’Neil, 1989; Miller
et al., 2000). Miller et al. (2000) also show
that Miocene volcanic rocks that erupted in
the eastern Mojave Desert region, east of the
termination of the Garlock fault, do carry the
isotopic fingerprints of the subcontinental lith-
osphere mantle. These data appear to trace the
approximate downdip limit of the whole-scale
shearing off of the mantle lithosphere by the
shallow slab segment. The fact that it in gen-
eral spatially corresponds to the eastern ter-
mination of the Garlock fault is in accord with
the interpretation of the Garlock fault as a
shallow-level tracer of the slab segmentation
inflection.
Discussion will now focus again on the

plate edge environment. Based on the surface
distribution of the lower plate schists and on
the westward breaching patterns of the MSB,
Malin et al. (1995) suggested an !500 km
width for the shallow slab segment. The pos-
sible southward continuation of intra-arc tec-
tonic features that may be associated with the
shallow segment extends !100 km southward
into the otherwise intact PRB (May, 1989;
Goodwin and Renne, 1991; George and Dok-
ka, 1994). Most notable is the development of
high-strain fabrics and denudation along the
eastern Peninsular Ranges mylonite zone (Fig.
1). The restriction of this early Laramide age
structural zone to the northernmost PRB, and
the survival of the corresponding segment of
the forearc basin, are taken as the mark of the
southern bounds on the shallow slab segment.
The sinistral transfer structure shown in Fig-
ure 1 between the eastern Peninsular Ranges
mylonite zone and the basement rooted thrusts
of the San Gabriel terrane is after May (1989).
The contrast between the crustal deformation
expressions of the slab segmentation inflec-
tions between the SNB-MSB in the north and
MSB-PRB in the south are interpreted to re-
flect the dextral obliquity in early Laramide
plate convergence, the time when these defor-
mation systems formed.
Early Laramide ductile deformations along

the eastern Peninsular Ranges mylonite zone,
Maria-Mule Mountains deformation belt, pro-
to–Kern Canyon fault, and Sierra Crest shear
zone appear to have been localized by the

thermal weakening of active, or recently ac-
tive, arc magmatism. This pattern may contin-
ue northward along poorly exposed batholithic
rocks of the northwest Nevada region (Wyld
and Wright, 2001) and ultimately into the
western Idaho shear zone (Tikoff et al., 2001).
Evidence for broadly distributed dextral shear
also affecting the Laramide cratonal defor-
mation zone, including east-west–oriented an-
tithetic sinistral shears, has been reviewed by
Tikoff and Maxson (2001). This broad pattern
of upper plate dextral shear for Laramide time
is also manifest in the Franciscan subduction
complex (McLaughlin et al., 1988; Jayko and
Blake, 1993).
One of the outstanding problems for resolv-

ing the history of Salinia is the fate of its
western zone, which consists of Early Creta-
ceous batholithic and pre-Cretaceous meta-
morphic framework rocks. Petrologic and geo-
chemical signatures at its northern end
exposures (Silver and Mattinson, 1986; Kistler
and Champion, 2001), as well as clasts in ad-
jacent Eocene conglomerates (Schott and
Johnson, 2001), bear witness to the past ex-
istence of such rocks. The view adopted here
is that a combination of extreme crustal atten-
uation resulting from late- to post-Laramide
crustal collapse and subduction erosion, in
conjunction with trench-linked transform
faulting, can account for the absence of such
rocks (Figs. 1 and 4). Several relationships
within the Franciscan complex bear on this is-
sue. As noted above, northward translation of
the Permanente terrane along the Central mé-
lange belt can account for the displacement of
fragments of the Towisangna Ridge from its
presumed locus of impact along the MSB seg-
ment of the plate edge. Franciscan rocks of
the Gold Beach terrane in southwest Oregon
(Fig. 2) consist of Early Cretaceous western
zone-like arc rocks that are suggested to have
been displaced northward from the western
PRB region in latest Cretaceous–early Ceno-
zoic time (Jayko and Blake, 1993). Consid-
ering that the northern PRB forearc is intact,
excluding Neogene disruption, it seems more
likely that the Gold Beach terrane may have
originated as part of the MSB western zone.
Franciscan rocks that bound the western mar-
gin of Salinia consist of the Nacimiento block.
These rocks are suggested to have originated
along the Peninsular Ranges offshore trench
region, and to have been displaced and ac-
creted against Salinia by dextral transpression
in latest Cretaceous–early Paleogene time.
(Jayko and Blake, 1993). These rocks lie in a
position that was apparently vacated by the
missing western zone rocks of Salinia. Finally,
as discussed below, the MSB underwent a

vigorous phase of orogenic collapse in con-
junction with its disruption and forearc
breachment. Fragments of the western zone of
Salinia, as well as its forearc, may have been
tectonically eroded by subduction as well as
dextral shear in conjunction with orogenic
collapse.
The relationships outlined above for the

Franciscan complex and Salinia at Laramide
time suggest that the westward breachment
pattern of the MSB delivered attenuated crust-
al fragments of the respective arc to a trench-
linked transform system that resulted from
dextral oblique convergence. Serial events in
tectonic erosion by strike-slip displacement
and possibly subduction erosion, and subse-
quent accretion of more southerly derived sub-
duction complex packages, left Salinia in a
much reduced state and in a position liable for
further disruption and dispersal along the Neo-
gene San Andreas transform system.

CRUSTAL COLLAPSE ABOVE THE
SHALLOW SLAB SEGMENT

The tectonic collapse of orogenically thick-
ened crust resulting from the mid- to Late Cre-
taceous Sevier and the latest Cretaceous–early
Paleogene Laramide orogenies has been dis-
cussed by a number of researchers and linked
to mid-Tertiary extensional tectonics of the
Basin and Range province (Coney and Harms,
1984; Sonder et al., 1987; Wernicke et al.,
1987). Hodges and Walker (1992) have dis-
cussed evidence for the initiation of such oro-
genic collapse in the southwest Cordillera, at
least locally, as early as latest Cretaceous time
(70–75 Ma). Malin et al. (1995) suggested
that the forearc breachment of MSB as well
as regional horizontal ductile flattening in the
underlying schists likewise reflect Laramide-
age crustal collapse. This view is developed
further below, and it is further suggested that
the profound tectonic events that led to the
replacement of the mantle lithosphere beneath
the MSB by largely wet sediment in conjunc-
tion with the late- to post-Laramide steepening
of the subducting slab promoted orogenic col-
lapse and forearc breachment of the MSB.
The extreme crustal attenuation exhibited

along the Tehachapi-Rand deformation belt
(Fig. 3), and for much of the MSB is sug-
gested to have in part been facilitated by rhe-
ological conditions resulting from schist un-
derplating. Uranium/lead age data on detrital
zircon from metaclastic units of the lower
plate schists show significant Late Cretaceous
batholithic as well as Proterozoic crystalline
basement source components that match those
of the MSB and its eastern cratonal basement
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Figure 4. Series of generalized cross section models of the southwest Cordilleran plate
edge in the region of the Mojave-Salinia segment of batholithic belt (MSB) showing how
the Laramide shallow slab segment deformed the forearc-arc region as subduction flat-
tened; then as subduction steepened, regional extension promoted orogenic collapse and
forearc breachment of the disrupted arc segment. Superpositioning of structures is not
shown in continental plate for reasons of simplicity.

wallrocks (Jacobson et al., 2000). These data
suggest rapid uplift and erosion of the MSB
sediment source, as well as rapid tectonic
transport of the corresponding clastic
wedge(s) into the metamorphic environment.
Seismic data from beneath the Tehachapi-
Rand deformation belt, as well as from Salinia
and the western Mojave Desert, suggest un-
derplating of perhaps up to an !30-km-thick
wedge of schist-affinity material (Cheadle et

al., 1986; Trehu and Wheeler, 1987; Li et al.,
1992; Malin et al., 1995; Hauksson, 2000).
Exposures of the schists are dominated by me-
taclastic rocks but also contain significant hy-
drous metabasalts and lesser serpentinites. The
tectonic replacement of the subbatholith man-
tle lithosphere by such an assemblage effec-
tively replaces a dry pyroxene $ garnet $
olivine rheology with a wet mica $ feldspar
$ quartz rheology, resulting in a tremendous

reduction in material strength (Tullis and
Yund, 1980; Blanpied et al., 1995; Kohlstedt
et al., 1995; Wintsch et al., 1995; Tullis et al.,
1996). Stable isotope and petrologic studies of
the Franciscan Catalina schist indicate very
high water fluxes during progressive subduc-
tion and metamorphism from 5 to 11 kb con-
ditions (Bebout and Barton, 1989). The Cat-
alina schist is very similar to the schists that
are underplated beneath the MSB. An analo-
gous high-water flux migrating from the un-
derplated schist protoliths into the overlying
quartzofeldspathic batholithic crust, as evi-
denced by widespread retrograding in the up-
per plate rocks, would promote substantial
weakening of the upper plate as well. It is sug-
gested that these extreme tectonic and rheo-
logical conditions resulted in the production
of a highly weakened orogenic crustal section
along the plate edge that was highly suscep-
tible to gravitational collapse. Malin et al.
(1995) point this out and imply that this alone
can account for the collapse and forearc
breachment of the MSB. It is further suggest-
ed below that the passing of the shallow slab
segment and the resulting steepening of the
slab dip promoted regional extension along
the plate edge and, in conjunction with the
extreme rheological conditions noted above, a
prolonged episode of vigorous orogenic col-
lapse characterized medial to late Laramide
time for the MSB.
Figure 4 is a model that shows the sequence

of events that led to the uplift and collapse of
the MSB. This model is intended to be ge-
neric for the MSB region and reflects the se-
quence of events affecting the northern-
MSB–southern-SNB transition perhaps up to
!10 m.y. earlier than for the southern MSB
region. The model is based on the concept of
the shallow slab segment resulting from the
subduction of the Towisangna Ridge (Livac-
cari et al., 1981; Hendersen et al., 1984; Barth
and Schneiderman, 1996). The Figure 4 model
also incorporates the work of McNulty and
Farber (2002), which documents the early
phases of crustal collapse of the Peruvian An-
des above its corresponding shallow slab seg-
ment. This work suggests that the initiation of
orogenic collapse there is linked in time with
the passing of the trailing flank of the sub-
ducted Nazca Ridge beneath the forearc re-
gion. The corollary added here is that the sub-
duction of less buoyant abyssal lithosphere, in
the wake of the subducted Nazca Ridge, in-
duces a steepening in the slab that further in-
duces extensional tectonics in the overlying
orogenically thickened crust.
Figure 4A shows in highly generalized

fashion the principal plate edge elements in
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the MSB region prior to arrival of the Tow-
isangna Ridge. In Figure 4B, the Ridge has
subducted several hundred kilometers beneath
the plate edge. The greater buoyancy of the
Ridge-hosting lithosphere, relative to abyssal
lithosphere, results in a flattening in the sub-
duction trajectory. The subarc mantle wedge
and part of the adjacent subcontinental mantle
lithosphere are sheared off and displaced
downdip into the mantle with the shallow slab
segment. Mantle wedge-driven arc magma-
tism is terminated. This phase of shallow slab
subduction was highly oblique to the plate
edge (Fig. 1) and, as discussed above, the as-
thensophere counterflow ‘‘engine’’ for mantle
wedge-driven magmatism was disrupted be-
hind the greater SNB resulting in its termi-
nation as well.
The onset of flat slab subduction resulted in

the imbrication and destruction of the over-
lying forearc basin. Fragments of the outer
forearc basin as well as its bounding accre-
tionary prism may have been displaced down
the shallow subduction zone and tectonically
underplated as the subarc mantle wedge was
sheared off. High-strain deformation of the
overlying arc is shown concentrated along its
western edge, as seen in the western Tehach-
api Range, and along its active thermally
weakened eastern edge, as seen in the Maria-
Mule Mountains deformation belt. The entire
MSB arc segment underwent rapid uplift and
erosional denudation resulting in a flood of arc
detritus into the adjacent trench. The dextral
shear component of oblique subduction is
shown distributed across the western edge of
the arc and out to the trench as shown by the
oroclinal bending of the southern SNB and
such structural trends continuing into northern
Salinia. To the north, dextral shear was parti-
tioned into the proto–Kern Canyon fault–
Sierra Crest shear system and the Franciscan
Central belt mélange. Such dextral shearing in
the Franciscan complex is presumed to have
extended along the MSB and PRB segments
of the plate edge as well.
The events depicted in Figure 4B corre-

spond to early Laramide time with respect to
the plate interior events. Early Laramide de-
formation of the interior is suggested to have
resulted from the endloading of the continen-
tal lithosphere as the subarc mantle wedge was
sheared off. Basal traction between the shal-
low slab segment and the overlying continen-
tal lithosphere is suggested to have become a
progressively greater driving force for plate
interior deformation as the shallow slab seg-
ment propagated beneath the plate interior
region.
Figure 4C and D depicts the passing of the

trailing flank of the Towisangna Ridge down
beyond the plate edge, and the ensuing steep-
ening of the slab dip with the subduction of
normal abyssal lithosphere. Given the relative
plate motions shown in Figure 1, a ridge that
has a down-slab dimension of !1000 km
would yield the time-space relations that are
depicted. There are no definitive constraints
on the other dimensions of the Ridge, other
than it is unlikely that it exceeded !500 km
based on the width of the deformation corridor
left by the shallow slab segment. Nor are there
any constraints on the angle that the Ridge
impinged on the plate edge, other than the
!500-km-wide deformation corridor and the
relative motion vectors. Such length scales are
similar to the major segments of the Hess-
Shatsky large igneous province in the north-
west Pacific basin (Iwabuchi, 1984). Such
length scales for the Towisangna Ridge
viewed in the context of the plate kinematics
depicted in Figures 1, 4C, and 4D, places the
trailing flank of the Ridge beneath the central
Colorado Plateau region at ca. 60 Ma. Thus,
the shallow slab segment still possessed the
capability of imparting a basal traction along
the subcontinental lithosphere beneath the
principal cratonic deformation zone.
The passing of the Towisangna Ridge’s

trailing flank beneath the plate edge and the
attendant steepening of the slab are suggested
to have induced a suction along the slab upper
plate interface that induced regional extension
and subsidence along the plate edge. Regional
extension commenced (at least locally) by ca.
70 Ma along the thickened and thermally soft-
ened eastern zone of the arc, and it is sug-
gested to have been distributed above the en-
tire MSB arc segment in conjunction with
schist underplating. Underplating is suggested
to have incorporated progressively more de-
nuded arc detritus with time, and possibly tec-
tonically eroded fragments of the forearc and
western zones of the arc. Such subduction ero-
sion has been shown to have been an impor-
tant process in attenuating the forearc crust
during shallow slab subduction beneath the
Peruvian Andes (von Huene et al., 1996). Re-
gional extension, subduction erosion, and
trench-linked transform fault erosion along
western Salinia have destroyed virtually the
western half of the MSB as well as its forearc.
This model predicts the possible existence of
thrust-wedges and/or transposed layers of
MSB as well as its forearc rocks at depth with-
in the underplated schists; a possibility im-
plied by seismic data (Hauksson, 2000).
The initial phases of schist underplating are

thought to have contributed to crustal thick-
ening, isostatic uplift, and gravitational insta-

bility of the orogen. As the slab steepened,
schist underplating is suggested to have ac-
celerated. Dehydration reactions and attendant
fluid fluxes progressively weakened the entire
crustal column, and a ‘‘runaway’’ extensional
collapse episode commenced. As the slab con-
tinued to steepen, the upper levels of the un-
derplated wedge found a trenchward trajectory
as its path of easiest escape. A return flow
channel developed in the upper wedge, similar
to that modeled for accretionary wedges by
Cloos (1982) and Emerman and Turcotte
(1983). The return flow channel exerted a trac-
tion along the base of the weakened upper
plate that further promoted its gravitational
collapse and breachment toward the forearc.
In some localities, this coupled upper- and
lower-plate collapse process went to such an
extreme as to cut out the deep crustal upper
plate rocks along the ‘‘thrust’’ system and re-
place them with shallow-level detachment
sheets juxtaposed immediately above the
schists (Wood and Saleeby, 1998). The trans-
port pattern in the return flow channel and its
traction along the base of the upper plates re-
sulted in the commonly observed kinematic
patterns along the ‘‘thrust’’ exposures that are
contrary to the subduction transport pattern of
initial schist emplacement (Ehlig, 1981; Simp-
son, 1990; Yin, 2002).
The steepening of the slab and the implicit

suction at depth along the plate edge imply
the inflow of asthenosphere % subcontinental
lithosphere beneath the eastern Mojave Desert
region. Late Cenozoic volcanic-hosted lower-
crust–upper-mantle xenolith suites suggest the
existence of such a complex upper-mantle
structure, as well as the presence of latest
Cretaceous–early Paleogene basaltic intru-
sions produced by decompression partial melt-
ing of ascended asthenosphere (Leventhal et
al., 1995).

MARINE TRANSGRESSION ACROSS
CRUSTAL COLLAPSE ZONE

The extreme crustal attenuation envisaged
for the crustal collapse process discussed
above is reflected in the latest Cretaceous to
mid-Eocene transgression of marine strata
across the deeply denuded MSB (Fig. 4). This
is extraordinary considering that the greater
SNB to the north persisted as an orogenic pla-
teau that had perhaps 3 km or more regional
elevation through Laramide time (House et al.,
2001). One would expect from the Figure 3
cross-section relations that the initial tecto-
nism and isostatic response to schist under-
plating would have elevated the southernmost
SNB and adjacent MSB to higher than ambi-
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ent elevations. In the case of the southernmost
Sierra region, the adjacent Cretaceous forearc
basin sequence is missing (Goodman and Mal-
in, 1992), probably as a result of uplift and
oroclinal bending during schist underplating.
Paleocene-Eocene strata lie unconformably on
the deeply denuded and westward-deflected
SNB of the southernmost Great Valley and ex-
tend eastward along the trend of the Tehachapi-
Rand deformation belt. These more easterly,
locally derived, coarse clastic strata have de-
positional features and structural relations
suggesting deposition in supradetachment ba-
sins (Wood and Saleeby, 1998). By Eocene
time, the eastern known limits of this complex
basinal system were under marine conditions
(Cox, 1987). A similar pattern of Eocene-age,
coarse, locally derived marine clastic sedi-
mentation characterizes the deeply denuded
upper-plate basement rocks of the southern
Colorado River Desert region as well as cor-
relative rocks of the western San Gabriel ter-
rane and of adjacent southernmost Salinia
(Howell, 1975). The easternmost known ex-
tent of the Eocene transgression above the col-
lapsed segment of the batholithic belt is de-
picted by the approximate trace of the Eocene
shoreline in Figure 1. This shoreline trace con-
forms to the regional facies patterns of the
pre-Laramide forearc basin system both to the
north and to the south of the collapsed MSB.
Latest Cretaceous to Eocene depositional

patterns across the collapsed MSB suggest the
existence of a complex borderland environ-
ment that underwent general regional-scale
transgression through time. Western and cen-
tral Salinia record Maastrichtian to Paleocene
marine deposition of coarse, locally derived,
clastic strata in a rugged normal fault con-
trolled basinal setting (Grove, 1993). Such de-
positional patterns are also recorded for Pa-
leocene strata of the central San Gabriel
terrane (Sage, 1975). At the time of the max-
imum Eocene transgression, thick sequences
of marine clastic strata were shed laterally
across the northern end of Salinia and extend-
ed northward along the adjacent southern
Great Valley forearc basin. Similar strata were
shed laterally across the southern end of Sal-
inia and extended southward along the north-
ern reaches of the adjacent southern California
borderland forearc basin (Nilsen and McKee,
1979). These sediment dispersal patterns mim-
ic and accentuate the tectonic dispersal pat-
terns of the collapsed segment of the batho-
lithic belt. Possible western facies of this
depositional system, as well as the western
zone of the batholithic belt in Salinia, are
missing and are presumed to have been dis-
placed by trench-linked transform faulting and

subduction erosion. Eocene marine strata of
northernmost Salinia carry distinctive con-
glomerate clasts that attest to the past exis-
tence of rock types that typify the extreme
western zone of the southwest Cordilleran
batholithic belt (Schott and Johnson, 2001).
The latest Cretaceous–early Paleogene

transgressive marine sequences that were de-
posited across the collapsed segment of the
batholithic belt should not be misconstrued as
forearc basin strata. Throughout Salinia, in the
southern Sierra–northern Mojave Desert re-
gion and in the San Gabriel terrane, these stra-
ta lie depositionally on westward-breached,
Late Cretaceous, eastern zone batholithic
rocks. To the north and south of the collapsed
segment of the batholithic belt, these strata
have sedimentary facies relations with strata
deposited in the adjacent surviving segments
of the forearc basin system (Nilsen, 1984; Nil-
sen and McKee, 1979; Kanter, 1988), but
where these strata rest on the westward
breached MSB, they are unique in their tec-
tonic significance.

CONCLUSIONS

The deep-crust–upper-mantle structure in-
herited in the southern Sierra Nevada region
from Mesozoic subduction and arc magma-
tism contains a fundamental tectonic bound-
ary that cuts across the regional trend of the
batholith belt. To the north, the subbatholith
mantle lithosphere remained intact to a depth
of !125 km at least until mid-Miocene time.
In the southernmost Sierra and adjacent west-
ern Mojave-Salinia segment of the regional
batholithic belt, the mantle lithosphere was
sheared off by a shallow segment of the Far-
allon slab and displaced deeper into the man-
tle. The shallow slab segment was probably
carrying a fragment of an aseismic ridge that
was the counterpart of the Hess-Shatsky large
igneous province of the northwest Pacific ba-
sin. Its thickened mafic crustal section relative
to abyssal lithosphere is presumed to have
rendered a greater buoyancy leading to slab
segmentation into the respective shallow do-
main. The sheared off segment of the sub-
batholith mantle lithosphere was replaced by
a tectonically underplated greywacke-basalt
protolith assemblage derived from the Fran-
ciscan subduction complex as well as possible
forearc basin material that was displaced
downdip into the shallow subduction zone.
The overriding segment of the batholith belt
was deformed, deeply denuded, and breached
westward into the corresponding forearc re-
gion. This plate edge tectonic regime com-
menced at ca. 85 Ma and persisted until ca.

60 Ma, encompassing much of the classic Lar-
amide orogeny time.
Viewing the regional structures produced

along the southwest Cordilleran plate edge
during this tectonic regime on a pre-Neogene
palinspastic base, and considering the relative
motions between the Farallon and North
American plates at Laramide time, leads to the
following conclusion. The Laramide slab pos-
sessed a shallow flat segment along an !500-
km-long stretch of the plate edge in the south-
ern California region. Classic Laramide
structures of the deformed craton lie in a cor-
ridor that corresponds to the shallow flat slab
segment with respect to the trajectory of
Farallon–North American relative plate mo-
tions. A direct causative link between plate
edge and plate interior Laramide deformation
is implied. It is suggested that end loading
during the initial shearing off of the subbath-
olith mantle lithosphere, joined by basal trac-
tion along the base of the subcratonic mantle
lithosphere (as the shallow slab segment was
subducted), led to the pattern of basement de-
formation observed in the craton. A modern
analogue in terms of scaling of the shallow
slab segment and the plate edge to plate in-
terior deformation corridor is exhibited where
the Juan Fernandez Rise is currently subduct-
ing beneath the southern Andes and adjacent
Sierra Pampeanas foreland thrust belt. It is
further suggested that extensional collapse of
the deformed crust above shallow slab seg-
ments may arise from the passing of the shal-
low slab segment and the ensuing steepening
of the slab. This process is in its inception in
the Peruvian Andes and was taken to comple-
tion along the southwest Cordillera with the
regional collapse and forearc breachment of
the corresponding arc segment.
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A.M.C. Şengör, D.J. Wood, and the entire SSCD
Project working group helped stimulate this synthe-
sis. Drafting and technical assistance by Zorka Fos-
ter, assistance in manuscript preparation by Kim
Klotz, and assistance in library research by Lawr-
ence Leone are gratefully acknowledged.

REFERENCES CITED

Ague, J.J., and Brimhall, G.H., 1988, Magmatic arc asym-
metry and distribution of anomalous plutonic belts in
the batholiths of California: Effects of assimilation,
crustal thickness and depth of crystallization: Geolog-
ical Society of America Bulletin, v. 100, p. 912–927.

Allmendinger, R.W., 1992, Fold and thrust tectonics of the
western United States exclusive of accreted terranes,
in Burchfiel, B.C., Lipman, P.W., and Zoback, M.L.,



666 Geological Society of America Bulletin, June 2003

J. SALEEBY

eds., Geology of North America, Cordilleran orogen:
Conterminous U.S., v. G-3, p. 583–607.

Barazangi, M., and Isacks, B., 1976, Spatial distribution of
earthquakes and subduction of the Nazca plate be-
neath South America: Geology, v. 4, p. 686–692.

Barth, A.P., and Schneiderman, J.S., 1996, A comparison
of structures in the Andean Orogen of northern Chile
and exhumed midcrustal structures in southern Cali-
fornia, USA: An analogy in tectonic style?: Interna-
tional Geology Review, v. 38, no. 12, p. 1075–1085.

Bebout, G.E., and Barton, M.D., 1989, Fluid flow and
metasomatism in a subduction zone hydrothermal sys-
tem: Catalina schist terrane, California: Geology,
v. 17, p. 976–980.

Billen, M.I., and Gurnis, M., 2001, A low viscosity wedge
in subduction zones: Earth and Planetary Science Let-
ters, v. 193, p. 227–236.

Bird, P., 1988, Formation of the Rocky Mountains, western
United States: A continuum computer model: Science,
v. 239, p. 1501–1507.

Blake, M.C., Howell, D.G. Jr., and Jayko, A.S., 1984, Tec-
tonostratigraphic terranes of the San Francisco Bay
region, in Blake, M.C. Jr., ed., Franciscan geology of
northern California: Society of Economic Paleontolo-
gists and Mineralogists, Pacific Section, Los Angeles,
v. 43, p. 5–22.

Blanpied, M.L., Lockner, D.A., and Byerlee, J.D., 1995,
Frictional slip of granite at hydrothermal conditions:
Journal of Geophysical Research, v. 100, no. B7,
p. 13,045–13,064.

Brown, W.G., 1988, Deformation style of Laramide uplifts
in the Wyoming foreland: Geological Society of
America Memoir 171, p. 1–25.

Burchfiel, B.C., and Davis, G.A., 1981, Mojave Desert and
environs, in Ernst, W.G., ed., The geotectonic devel-
opment of California, Rubey Volume I: Englewood
Cliffs, New Jersey, Prentice-Hall, p. 217–252.

Burchfiel, B.C., Cowan, D.S., and Davis, G.A., 1992, Tec-
tonic overview of the Cordilleran orogen in the west-
ern United States, in Burchfiel, B.C., Lipman, P.W.,
and Zoback, M.L., eds., Geology of North America,
The Cordilleran orogen: Conterminous U.S.: Boulder,
Colorado, Geological Society of America, v. G-3.

Busby-Spera, C.J., and Saleeby, J.B., 1990, Intraarc strike-
slip fault exposed at batholithic levels in southern Si-
erra Nevada, California: Geology, v. 18, p. 276–280.

Carl, B.S., Miller, C.F., and Foster, D.A., 1991, Western Old
Woman Mountains shear zone: Evidence for late duc-
tile extension in the Cordilleran orogenic belt: Geol-
ogy, v. 19, p. 893–896.

Carter, B., and Silver, L.T., 1971, Postemplacement struc-
tural history of the San Gabriel anorthosite complex
[abs.]: Geological Society of America Abstracts with
Programs, v. 3, p. 92–93.

Cheadle, M.J., Czuchra, B.L., Byrne, T., Ando, C.J., Oliver,
J.E., Brown, L.D., Kaufman, S., Malin, P.E., and Phin-
ney, R.A., 1986, The deep crustal structure of the Mo-
jave Desert, California, from COCORP seismic re-
flection data: Tectonics, v. 5, p. 293–320.

Chen, J.H., and Moore, J.G., 1982, Uranium-lead isotopic
ages from the Sierra Nevada batholith: Journal of
Geophysical Research, v. 87, p. 4761–4784.

Christiansen, R.L., and Yeats, R.S., 1992, Post-Laramide
geology of the U.S. Cordilleran region, in Burchfiel,
B.C., Lipman, P.W., and Zoback, M.L. eds., Geology
of North America, Cordilleran orogen: Conterminous
U.S., v. G-3, p. 261–406.

Cloos, M., 1982, Flow mélanges: Numerical modeling and
geologic constraints on their origin in the Franciscan
subduction complex, California: Geological Society of
America Bulletin, v. 93, p. 330–345.

Coney, P.J., and Harms, T.A., 1984, Cordilleran metamor-
phic core complexes: Cenozoic extensional relics of
Mesozoic compression: Geology, v. 12, p. 550–554.

Coney, P.J., and Reynolds, S.J., 1977, Cordilleran Benioff
zones, Nature, v. 270, p. 403–406.

Cox, B.F., 1987, Stratigraphy, depositional environments,
and paleotectonics of the Paleocene and Eocene Goler
Formation, El Paso Mountains, California: Geologic
summary and roadlog, in Cox, B.F., ed., Basin anal-
ysis and paleontology of the Paleocene and Eocene
Goler Formation, El Paso Mountains, California: So-

ciety of Economic Paleontologists and Mineralogists,
Pacific Section, Los Angeles, p. 1–29.

Crouch, J.K., and Suppe, J., 1993, Late Cenozoic tectonic
evolution of the Los Angeles Basin and inner Cali-
fornia borderland: A model for core complex-like
crustal extension: Geological Society of America Bul-
letin, v. 105, p. 1415–1434.

Dickinson, W., and Snyder, W.S., 1978, Plate tectonics of
the Laramide orogeny: Geological Society of America
Memoir 151, p. 335–366.

Dodge, F.C.F., Calk, L.C., and Kistler, R.W., 1986, Lower
crustal xenoliths, Chinese Peak lava flow, central Sierra
Nevada: Journal of Petrology, v. 27, p. 1277–1304.

Dodge, F.C.W., Lockwood, J.P., and Calk, L.C., 1988, Frag-
ments of the mantle and crust beneath the Sierra Ne-
vada batholith: Xenoliths in a volcanic pipe near Big
Creek, California: Geological Society of America Bul-
letin, v. 100, p. 938–947.

Dokka, R.K., 1986, Patterns and modes of early Miocene ex-
tension of the central Mojave Desert, California, inMayer,
L., ed., Continental extension processes: Geological So-
ciety of America Special Paper 208, p. 75–95.

Dokka, R.K., and Travis, C.J., 1990, Late Cenozoic strike-
slip faulting in the Mojave Desert, California: Tecton-
ics, v. 9, p. 311–340.

Ducea, M., 2001, The California arc: Thick granitic bath-
oliths, ecogitic residues, lithospheric-scale thrusting,
and magmatic flareups: GSA Today, v. 11, p. 4–10.

Ducea, M.N., and Saleeby, J.B., 1996, Buoyancy sources
for a large, unrooted mountain range, the Sierra Ne-
vada, California: Evidence from xenolith thermoba-
rometry; Journal of Geophysical Research, v. 101,
p. 8229–8244.

Ducea, M.N., and Saleeby, J.B., 1998, The age and origin
of a thick mafic-ultramafic keel from beneath the Si-
erra Nevada batholith: Contributions to Mineralogy
and Petrology, v. 133, p. 169–185.

Dumitru, T.A., Gans, P.B., Foster, D.A., and Miller, E.L.,
1991, Refrigeration of the western Cordilleran litho-
sphere during Laramide shallow-angle subduction:
Geology, v. 19, p. 1145–1148.

Ehlig, P.L., 1981, Origin and tectonic history of the base-
ment terrane of the San Gabriel Mountains, central
Transverse Ranges, in Ernst, W.G., ed., The geotec-
tonic development of California: Engelwood Cliffs,
New Jersey, Prentice-Hall, p. 253–283.

Emerman, S.H., and Turcotte, D.L., 1983, A fluid model
for the shape of accretionary wedges: Earth and Plan-
etary Science Letters, v. 63, p. 379–384.

Engebretsen, D.C., Cox, A., and Gordon, R.G., 1985, Rel-
ative motions between oceanic and continental plates
in the Pacific Basin: Geological Society of America
Special Paper 206, 59 p.

Evernden, J.F., and Kistler, R.W., 1970, Chronology of em-
placement of Mesozoic batholithic complexes in Cal-
ifornia and western Nevada: U.S. Geological Survey
Professional Paper 623, 42 p.

Farmer, G.L., Perry, F.V., Semken, S., Crowe, B., Curtis,
D., and DePaolo, D.J., 1989, Isotopic evidence on the
structure and origin of subcontinental lithosphere
mantle in southern Nevada: Journal of Geophysical
Research, v. 94, p. 7885–7898.

Fliedner, M.M., Klemperer, S.L., and Christensen, N.I.,
2000, Three-dimensional seismic model of the Sierra
Nevada arc, California, and its implications for crustal
and upper mantle composition: Journal of Geophysical
Research, v. 105, p. 10,899–10,921.

Foster, D.A., Miller, C.F., Harrison, T.M., and Hoisch, T.D.,
1992, 40Ar/39Ar thermochronology and thermobaro-
metry of metamorphism, plutonism, and tectonic de-
nudation in the Old Woman Mountains area, Califor-
nia: Geological Society of America Bulletin, v. 104,
p. 176–191.

George, P.G., and Dokka, R.K., 1994, Major Late Creta-
ceous cooling events in the eastern Peninsular Ranges,
California, and their implications for Cordilleran tec-
tonics: Geological Society of America Bulletin,
v. 106, p. 903–914.

Glazner, A.F., and O’Neil, J.R., 1989, Crustal structure of
the Mojave Desert, California: Inferences from Sr and
O isotopic studies of Miocene volcanic rocks: Journal
of Geophysical Research, v. 94, p. 7861–7870.

Glazner, A.F., Bartley, J.M., and Walker, J.D., 1989, Mag-
nitude and significance of Miocene crustal extension
in the central Mojave Desert, California: Geology,
v. 17, p. 50–53.

Glazner, A.F., Walker, J.D., Bartley, J.M., Fletcher, J.M.,
Martin, M.W., Schermer, E.R., Boettcher, S.S., Miller,
J.S., Fillmore, R.P., and Linn, J.K., 1994, Reconstruc-
tion of the Mojave Block (guide book and roadlog),
in McGill, S.F., and Ross, T.M., eds., Geological in-
vestigations of an active margin: Geological Society
of America Cordilleran Section Guidebook, Redlands,
California, San Bernardino County Museum Associ-
ation, p. 3–30.

Goodman, E.D., and Malin, P.E., 1992, Evolution of the
southern San Joaquin Basin and mid-Tertiary ‘‘tran-
sitional’’ tectonics, central California: Tectonics, v. 11,
p. 478–498.

Goodwin, L.B., and Renne, P.R., 1991, Effects of progres-
sive mylonitization on Ar retention in biotites from
the Santa Rosa mylonite zone, California, and ther-
mochronologic implications: Contributions to Miner-
alogy and Petrology, v. 108, p. 283–297.

Grove, K., 1993, Latest Cretaceous basin formation within
the Salinian terrane of west-central California: Geo-
logical Society of America Bulletin, v. 105,
p. 447–463.

Gutscher, M.A., Spakman, W., Bijwaard, H., and Engdahl,
E.R., 2000, Geodynamics of flat subduction: Seismic-
ity and tomographic constraints from the Andean mar-
gin: Tectonics, v. 19, p. 814–833.

Hall, C.A. Jr., 1991, Geology of the Point Sur-Lopez Point
region, Coast Ranges, California: A part of the south-
ern California allochthon: Geological Society of
America Special Paper 266, 40 p., 2 pls.

Hauksson, E., 2000, Crustal structure and seismicity distri-
bution adjacent to the Pacific and North American
plate boundary in southern California: Journal of Geo-
physical Research, v. 105, p. 13,875–13,903.

Henderson, L.J., Gordon, R.G., and Engebretson, D.C.,
1984, Mesozoic aseismic ridges on the Farallon plate
and southward migration of shallow subduction during
the Laramide orogeny: Tectonics, v. 3, no. 2,
p. 121–132.

Henry, D.J., and Dokka, R.K., 1992, Metamorphic evolu-
tion of exhumed middle to lower crustal rocks in the
Mojave extensional belt, southern California, USA:
Journal of Metamorphic Geology., v. 10, p. 347–364.

Hodges, K.V., and Walker, J.D., 1992, Extension in the Cre-
taceous Sevier orogen, North American Cordillera:
Geological Society of America Bulletin, v. 104,
p. 560–569.

Hornafius, J.S, Luyendyk, B.P., Terres, R.R., and Kamer-
ling, M.J., 1986, Timing and extent of Neogene tec-
tonic rotation in the western Transverse Ranges, Cal-
ifornia: Geological Society of America Bulletin, v. 97,
p. 1476–1487.

House, M.A., Wernicke, B.P., and Farley, K.A., 2001,
Paleo-geomorphology of the Sierra Nevada, Califor-
nia, from (U-Th)/He ages in apatite: American Journal
of Science, v. 301, p. 77–102.

Howell, D.G., 1975, Early and middle Eocene shoreline
offset by the San Andreas fault, southern California,
in Crowell, J.C., ed., San Andreas Fault in Southern
California: A guide to San Andreas fault from Mexico
to Carrizo Plain: California Division of Mines and Ge-
ology Special Report 118, p. 69–74.

Iwabuchi, Y., 1984, General bathymetric chart of the oceans
(GEBCO): Canadian Hydrogeographic Service, Otta-
wa, Canada, scale 1:10,000,000, sheets 5-06 and 5-07.

Jacobson, C.E., 1990, The 40Ar/39Ar geochronology of the
Pelona schist and related rocks, southern California:
Journal of Geophysical Research, v. 95, p. 509–528.

Jacobson, C.E., 1995, Qualitative thermobarometry of in-
verted metamorphism in the Pelona and Rand schists,
southern California, using calciferous amphibole in
mafic schists: Journal of Metamorphic Geology, v. 13,
p. 79–92.

Jacobson, C.E., Oyarzabal, F.R., and Haxel, G.B., 1996,
Subduction and exhumation of the Pelona-Orocopia-
Rand schists, southern California: Geology, v. 24,
p. 547–550.

Jacobson, C.E., Barth, A.P., and Grove, M., 2000, Late Cre-



Geological Society of America Bulletin, June 2003 667

SEGMENTATION OF THE LARAMIDE SLAB

taceous protolith age and provenance of the Pelona
and Orocopia schists, southern California: Implica-
tions for evolution of the Cordilleran margin: Geolo-
gy, v. 28, no. 3, p. 219–222.

James, E.W., Kimbrough, D.L., and Mattinson, J.M., 1993,
Evaluation of displacements of pre-Tertiary rocks on
the northern San Andreas fault using U-Pb zircon dat-
ing, initial Sr, and common Pb isotopic ratios: Geo-
logical Society of America Memoir 178, p. 257–271.

Jayko, A.S., and Blake, M.C. Jr., 1993, Northward displace-
ments of forearc slivers in the Coast Ranges of Cali-
fornia and southwest Oregon during the late Mesozoic
and early Cenozoic, in Dunn, G., and McDougall, K.,
eds., Mesozoic paleogeography of the western United
States-II: Society for Sedimentary Geology (SEPM),
Pacific Section, Los Angeles,, Book 71, p. 19–36.

Kanter, L.R., and McWilliams, M.O., 1982, Rotation of the
southernmost Sierra Nevada, California: Journal of
Geophysical Research, v. 87, p. 3819–3830.

Kanter, L.R., 1988, Paleolatitude of the Butano Sandstone,
California, and its implications for the kinematic his-
tories of the Salinian terrane and the San Andreas
fault: Journal of Geophysical Research, v. 93,
p. 11,699–11,710.

Karlstrom, K.E., Miller, C.F., Kingsbury, J.A., and Wooden,
J.L., 1993, Pluton emplacement along an active duc-
tile thrust zone, Piute Mountains, southeastern Cali-
fornia: Interaction between deformational and solidi-
fication processes: Geological Society of America
Bulletin, v. 105, p. 213–230.

Kistler, R.W., and Champion, D.E., 2001, Rb-Sr whole-rock
and mineral ages, K-Ar, 40Ar/39Ar and U-Pb mineral
ages, and strontium, lead, neodymium and oxygen iso-
topic compositions for granitic rocks from the Salinia
composite terrane, California: U.S. Geological Survey
Open File Report 01-453, 84 p.

Kohlstedt, D.L., Evans, B., and Mackwell, S.J., 1995,
Strength of the lithosphere: Constraints imposed by
laboratory experiments: Journal of Geophysical Re-
search, v. 100, p. 17,587–17,602.

Lee, C.-T., Yin, Q., Rudnick, R.L., Chesley, J.T., and Ja-
cobsen, S.B., 2000, Re-Os isotopic evidence for pre-
Miocene delamination of lithospheric mantle beneath
the Sierra Nevada, California: Science, v. 289,
p. 1912–1916.

Lee, C.-T., Yin, Q., Rudnick, R.L., and Jacobsen, S.B.,
2001, Preservation of ancient and fertile lithospheric
mantle beneath the southwestern United States: Na-
ture, v. 411, p. 69–73.

Leventhal, J.A., Reid, M.R., Montana, A., and Holden, P.,
1995, Mesozoic invasion of crust by MORB-source
asthenospheric magmas, U.S. Cordilleran interior: Ge-
ology, v. 23, p. 399–402.

Li, Y.-G., Henyey, T.L., and Silver, L.T., 1992, Aspects of the
crustal structure of the western Mojave Desert, California,
from seismic reflection and gravity data: Journal of Geo-
physical Research, v. 97, p. 8805–8816.

Livaccari, R.F., and Perry, F.V., 1993, Isotopic evidence for
preservation of Cordilleran lithospheric mantle during
the Sevier-Laramide orogeny, western United States:
Geology, v. 21, p. 719–722.

Livaccari, R.F., Burke, K., and Şengör, A.M.C., 1981, Was
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