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Fig. 3. Reconstructions of the lithospheric plates with respect to the 
hot spots, and formation of hot spot-produced volcanic edifices on the 
Pacific and Farallon plates at the spreading ridge. Hot spots are held 
fixed and the oceanic and continental plates are moved with respect to 
the hot spots from 154 Ma to 56 Ma. Large symbols show locations of the 
active hot spots in each frame, heavy lines show the tracks left on the 
oceanic plates by their motion over the hot spots. The large symbols 
are solid when the hot spots were located on the Pacific plate and open 
when the hot spots were located on the Kula plate. (a) The present 
location of the Lynn Seamount hot spot, the Wilkes hot spot, and the 
Hawaiian hot spot on the Pacific plate. (b)-(f) Reconstructions of 
plates, continents, and aseismic ridges. Locations of aseismic ridges 
showu subducted beneath North America are uncorrected for the dip of the 
slab. Barbed line marks the trench axis. Very heavy lines mark the 
ridge axes. This is a Mercator projection. 
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Figure 2 | Palinspastic map showing the southwest Cordilleran active margin and the Laramide foreland for the end of Cretaceous time3 with the
temperature field overlain. Contours (same as Fig. 1; light blue for 80 Myr BP, red for 60 Myr BP) and predicted positions of the putative Shatsky and Hess
conjugate plateaux (inside the 179 km contour) are from the inverse model. Filled circles represent the volumetric centre of the putative Shatsky (light
blue) and Hess (red) conjugate plateaux at given age during their subduction beneath North America. Line AA0 indicates the surface trace of the
cross-sections shown in Fig. 3.

these areas (Fig. 3a,b). Collectively, our study suggests that initial
subduction of the plateau should have caused the slab to flatten
because of the extra buoyancy associated with its thick crust,
but continuing flattening would mostly result from the increased
plate coupling with a possibly weakened mantle wedge21. As
the Shatsky conjugate translated beneath the Colorado Plateau
region (Fig. 2), the oceanic crust is deep enough to undergo the
basalt–eclogite phase transformation, during which the plateau
loses its positive buoyancy22. Both the overall negative slab density
anomaly and enhanced plate coupling during shallow subduction
drag the surface downward (Fig. 3a). A present-day analogy is the

subducting Inca plateau in Peru23, where broad surface subsidence
is observed above the flat slab (Supplementary S2).

Laramide uplifts, at local scales, initiated along thrust faults
during flat-slab underplating11 (Fig. 2). Subsequent regional-scale
uplifts, however, are associated with removal of the plateau from
beneath the Laramide province. The flat-slab associated with the
Shatsky conjugate gradually sank deeper into the mantle as it
migrated to the northeast. Both horizontal removal of flat slab
from beneath the Colorado Plateau region after 80Myr bp and
the overall diminishing negative dynamic topography associated
with cold slabs (Fig. 3b,c) led the surface to rebound in a

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 3
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zircon and geochemical signatures compared to temporally correlative
forearc strata of the Great Valley Group, with Early Cretaceous sediment
sources mostly from accreted terranes and Jurassic volcanics, and Late
Cretaceous sources mostly from more deeply eroded parts of the
magmatic arc (Dumitru et al., 2015).

The eastern belt includes from east towest, the South ForkMountain
schist, Valentine Formation, and Yolla Bolly terrane. The eastern belt
was juxtaposed against the structurally overlying Coast Range ophiolite
and Great Valley Group of the forearc basin along the Coast Range fault
zone,which is interpreted to have initiated along the subduction zone at
~160 Ma and been subsequently reactivated as a normal fault that
helped exhume the accretionary complex and generate accommodation
space for deposition of forearc strata (Unruh et al., 2007; Ernst, 2011).
Protoliths of the South Fork Mountain schist include ~135 Ma oceanic
basalt and chert overlain by coarsening upwards siliciclastics, which
were subsequently subducted to estimated depths of ~25–35 km and
metamorphosed at blueschist facies at 123 Ma (Dumitru, 1990). This
history records sea floor spreading with increasing clastic input as an
oceanic plate approached the trench. The Valentine Formation contains

coarser volcaniclastics with maximum depositional ages as young as
123 Ma, which underwent blueschist metamorphism at 117 Ma. The
Yolla Bolly terrane consists mostly of clastics with maximum deposi-
tional ages of ~120–110Ma, alongwith a slab of ~170Ma oceanic basalt
and chert, which underwent lower blueschist metamorphism at
~110 Ma (Dumitru et al., 2010, 2015). Limited accretion prior to
125 Ma may reflect thin trench fill during early arc growth, whereas
rapid accretion after ~125 Ma appears associated with thicker trench
fill derived from the growing arc. The central belt consistsmostly ofmé-
lange comprised of disrupted volcaniclastic mudstone, sandstone, and
exotic blocks, which likely formed by a combination of sedimentary
(Wakabayashi, 2015) and tectonic (Cloos, 1982) processes, and subse-
quently underwent low-grade metamorphism. Strata contain rare Late
Cretaceous fossils and have DZ maximum depositional ages of
~100–80 Ma (Dumitru et al., 2010, 2015; Ernst, 2011).

The eastern and central belts also contain small, high-grade
(upper blueschist, amphibolite, and eclogite facies) metabasite
blocks with geochemical signatures similar to the Coast Range
ophiolite, which were metamorphosed from ~170–135 Ma at

Fig. 6. Schematic lithospheric cross sections, shown for: A— Late Jurassic (~150Ma); B— Early Cretaceous (~100Ma); C— Late Cretaceous (~80Ma); and D— Paleogene (~50Ma) times.
The Late Jurassicwasmarkedbydevelopment of an E-dipping subduction zone, increased igneous activity along themagmatic arc, and initial shortening in thewestern part of the orogenic
system. The Early Cretaceous included development of an accretionary complex, growth of the magmatic arc, crustal thickening in the hinterland, thin-skin shortening of the western
Sevier belt, and sedimentation within a foreland basin. The Late Cretaceous included decreasing subduction angle (along with early development of a flat-slab segment to the south), a
flare-up followed by shutdown of the magmatic arc, lower crustal thickening beneath a hinterland plateau, shortening in the eastern Sevier belt, and broad dynamic subsidence of the
Western Interior Seaway. The Paleogene included rapid subduction and NE-underthrusting of the flat-slab segment, minor extension in the thickened hinterland, final shortening in
the eastern Sevier belt, and uplift of Laramide arches that disrupted the foreland basin.

542 W.A. Yonkee, A.B. Weil / Earth-Science Reviews 150 (2015) 531–593

Yonkee & Weil, Earth Sci Rev, 2015
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SEGMENTATION OF THE LARAMIDE SLAB

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 1 garnet 1
olivine rheology with a wet mica 1 feldspar
1 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

Saleeby, GSA Bull, 2003
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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-
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logical conditions resulted in the production
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slab dip promoted regional extension along
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extreme rheological conditions noted above, a
prolonged episode of vigorous orogenic col-
lapse characterized medial to late Laramide
time for the MSB.
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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
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des above its corresponding shallow slab seg-
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orogenic collapse there is linked in time with
the passing of the trailing flank of the sub-
ducted Nazca Ridge beneath the forearc re-
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Potential Laramide/Oceanic Plateau Topics
1. The track of the oceanic plateau (“Shatsky Rise Conjugate”) is sufficiently well established that meaningful 
tests can be made. [Basically, if we don’t know where it was and instead are using the geologic changes in 
North America to plot its course, those geologic features cease to be useful as a test of the hypothesis; we then 
have to distinguish the features used to set the track from whatever is left that might test the idea]. 

2. Subduction of an oceanic plateau will cause surface uplift in the continent. [This is a subset of the models out 
there] 

3. Subduction of an oceanic plateau will lead to subsidence in the continental interior [Also a subset of models] 

4. Subduction of an oceanic plateau will usher in flat slab subduction 

5. Subduction of the Shatsky Conjugate produced the Rand+/-Orocopia+/-Pelona schists in the Mojave Desert 

6. Timing of vertical changes in surface elevation (see points 2 and 3) is in agreement with geological proxies 
such as changes in fluvial systems, major unconformities, etc. 

7. The stress field induced by the Shatsky Conjugate is consistent with coeval deformation in North America 

8. Subduction of the Shatsky Conjugate has left fragments in coastal accretionary complexes 

9. Magmatism patterns are consistent with the history of subduction of the Shatsky Conjugate. 

10. Timing of deformation in the Laramide is consistent with the passage of the Shatsky Conjugate.


