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ABSTRACT

The weak lithosphere and high gravitational potential energy responsible for the 
current, broadly distributed deformation in the western United States are consequences 
of flat-slab subduction during the Laramide orogeny and the subsequent removal of this 
slab.  Flat-slab subduction cooled and hydrated the base of western U.S. lithosphere 
and slab removal brought asthenosphere in contact with this conditioned lithosphere, 
causing a phase of intense magmatism that propagated in two sweeps across the western 
U.S.  Each sweep represents the opening of a slab-free window.

The southern window is associated with the northern propagation of the Mendoci-
no fracture zone during development of the transform margin.  This is the well-known 
window of Dickinson and Snyder (1979), although magmatism also occurred east of this 
window in an area occupied by very young Farallon slab.

The northern window initiated north of the area underlain by flat slab when the 
Siletzia terrain accreted to the margin of the Pacific Northwest ~48 Ma.  Subsequent 
termination of Challis arc magmatism in Idaho and initiation of Cascade arc magma-
tism evidences a westward jump in subduction to Cascadia and establishment of a more 
typically dipping slab there.  A tear is required between the normal-dip and flat segments 
of the subducted slab that extends east from near the continental margin in southern 
Oregon.  The northern window opened to the east as subducted Farallon slab beneath 
Idaho and Montana continued moving eastward, and it opened to the south across the 
Great Basin as the torn northern margin of the flat portion of the Farallon slab propa-
gated southward.
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INTRODUCTION

In this paper I develop the idea that two slab-free win-
dows opened and coalesced beneath the western U.S. (Fig. 1).  
I assume that the Farallon slab flattened against the base of 
western U.S. during the course of the Laramide orogeny.  This 
idea, introduced by Coney and Reynolds (1977), is based on 
the eastward sweep of magmatism during the early Laramide, 
and on the fact that, from ~45-75 Ma, magmatism was essen-
tially absent from the western U.S. south of the Challis-Ab-
saroka volcanic trend (Fig. 2).  Additional strong support for 
flat-slab subduction comes from the vigorous re-ignition of 
magmatism across the Cordilleria attributed to slab removal 
and heating of the metasomatized lithosphere (Humphreys, 

1995), especially in the Basin and Range province, where 
lower lithosphere is thought to be relatively fertile (i.e., have 
a higher fraction of basaltic component) compared to litho-
sphere of the more stable interior (Humphreys et al., 2003).  If 
this magmatic history represents slab ascent and contact with 
the base of North America and its subsequent removal, then 
the south-to-north propagation of initial ignimbritic magma-
tism across the southern Basin and Range and the north-to-
south propagation across the northern Basin and Range repre-
sents the progression of slab removal (Humphreys, 1995).  

The current physical state of the western U.S., includ-
ing the high gravitational potential energy of the Cordillera 
and low strength of the western Cordillera, is largely a con-
sequence of slab removal. The direct effect of removal was 



E.D. Humphreys390

Figure 1.  Western U.S. relief, with the two slab-free windows highlighted.  Arrows show direction of window opening.

uplift caused by unloading; its effects were accentuated by 
lithospheric hydration and basal erosion caused by flat-slab 
subduction.  More indirect were the effects on the lithosphere 
of magmatic heating and its consequent effects on contribut-
ing to lithospheric buoyancy and weakness.  Seismic images 
of western U.S. upper mantle suggest that a pervasive small-
scale convection affects the North American lithosphere that 
was in contact with the flat slab during the Laramide orogeny.  
This includes asthenospheric invasion of the lithosphere and 
lithospheric downwelling.  Late Cenozoic evolution involves 
a gravitational collapse of the western Cordillera and growth 
of a distributed transform margin, both of which responded to 
the lithospheric strengths and weaknesses inherited from the 
prior tectonic assembly and magmatic modifications.

THE SOUTHERN SLAB-FREE WINDOW

The southern window is that first discussed by Dick-
inson and Snyder (1979) and associated with the termina-
tion of subduction and growth of the transform margin that 
now is dominated by the San Andreas fault (Atwater, 1970).  

As discussed by Glazner and Supplee (1982), the northward 
propagation of intense magmatism across the southern Basin 
and Range (the sweep northward, as suggested by the NAV-
DAT database compilation, or northeastward, as suggested by 
activity of large volcanic centers (Coney and Reynolds, 1977; 
Christiansen and Yeats, 1992) coincides well with the pro-
jected location of the Mendocino transform and fracture zone 
beneath North America, and involves not only the area where 
geometric reconstruction implies an absence of slab beneath 
North America, but also the area to the east of this slab-free 
window, involving what was very young subducted Farallon 
slab south of the Mendocino transform beneath Sonora and 
New Mexico (what Severinghaus and Atwater (1990) termed 
the region of slab gap).  Figure 3a represents a concept where 
this warm, thin lithosphere drips off of basal North America.  
This tends to occur when the subducted slab looses its ability 
to transmit stress over length scales of a few hundred kilo-
meters and slab dynamics becomes dominated by small-scale 
Rayleigh-Taylor convective instabilities (e.g., Molnar and 
Houseman, 2004).  This process apparently dominated slab 
removal across most of the southern Basin and Range, espe-
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cially in Mexico (i.e., south of the latitude of the initial Men-
docino triple junction) where a clear magmatic sweep is not 
obvious (Ferrari et al., 1999).

THE NORTHERN SLAB-FREE WINDOW

At 50 Ma (Fig. 2a), just prior to the accretion of Siletzia, 
the subducting Farallon slab appears to have been in contact 
with western U.S. lithosphere as far north as NE Wyoming, 
based on the near absence of magmatism in the region to the 
south where slab contact is inferred.  To the north, I infer the 
NW-trending Absoraka-Challis-Kamloops volcanic trend rep-
resents a volcanic arc above the slab (Christiansen and Yeats, 
1992) that progressively steepened to the north, attaining a 
trench-arc separation (and inferred dip) that was normal be-
neath Canada.  With Siletzia accretion (Duncan, 1982) at 45-
50 Ma (represented in Figure 2 at 48 Ma), subduction jumped 
outboard of Siletzia, initiating the subduction-related magma-
tism that eventually created the Cascade arc (first magmatism, 
at ~43 Ma, was west of the current Cascade arc) and terminat-
ing Challis-Absoraka-Kamloops magmatism which was wan-

ing by ~45 Ma (Christiansen and Yeats, 1992; Madsen et al. 
2006, and references therein).

Two points about this suggested tectonic history war-
rant mention. First, the Siletzia terrain extends farther east 
than is often shown.  I include the entire inferred fragment 
of accreted ocean lithosphere (Figs. 2, 4, 5), as envisioned by 
Riddihough et al. (1986), and not only the portion west of the 
Cascade arc that comprises the Coast Ranges in Washington 
and Oregon. Second, Clarno volcanism in eastern Oregon, 
which occurred during the time of transition between Challis 
and Cascade activity, often is seen as part of a process such 
as slab rollback that propagated from the Challis to the Cas-
cades (e.g., Christiansen and Yeats, 1992). I do not see how to 
do this in the context of Siletzia accretion. Rather, I envision 
the Clarno activity to represent melting of the hydrated pre-
accretion forearc (Bostock et al., 2002), perhaps tectonically 
enhanced by a state of extension that would be expected dur-
ing early Cascadia subduction (Gurnis, 1992).

A continuing occurrence of Laramide tectonism and ab-
sence of magmatism south of Siletzia suggests that subduct-
ing Farallon plate remained in contact with North America 

Figure 2.  Middle Eocene tectonic and magmatic evo-
lution of western U.S.  Subduction zone (purple line) 
and Mesozoic accreted and plutonic terrains of the Si-
erra Nevada, Klamath and Blue Mountains (pink) are 
after Dickinson (2002).  Accreted oceanic Siletzia ter-
rain (green) and major subduction-related volcanism 
(yellow) are also indicated, as is the area of flat-slab 
subduction (south of brown line).  (a) Prior to Siletzia 
accretion at 50 Ma.  The Challis-Absaroka volcanic 
belt is interpeted to represent a volcanic arc connect-
ing a normal subduction zone beneath Canada and the 
flat slab.  (b) Immediately after accretion of Siletzia 
at ~48 Ma.  Also shown is the current position of the 
accreted terrains and the paths taken by these terrains 
(after Dickinson, 2002).  The kink in displacement 
paths occurs at 7-8 Ma (Wernicke et al., 1998).  (c) 
Magmatic adjustment at 45 Ma, after Siletzia accre-
tion.  Challis-Absaroka magmatism is waning while 
Cascade magmatism is starting; its location indicates 
normal-dip subduction beneath Siletzia. The subduct-
ed Farallon slab must be torn between the flat- and 
normal-dip segments of subducted slab. The light gray 
area is the young northern slab-free window created 
by the accretion of Siletzia, shown here after 3 m.y. of 
Farallon slab motion following Siletzia accretion.  (d) 
The opening northern window, which opens because 
of the forward motion of the Farallon slab (here at 6 
m.y. after Siletzia accretion) and the southern retreat 
of the northern edge of the flat slab (indicated with red 
line). Southward slab retreat is marked by the initia-
tion of intense ignimbritic volcanism.
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lithosphere south of Siletzia, whereas initiation of the Cas-
cades indicates normal-dip subduction beneath Siletzia.  To 
accommodate these geometrical constraints, the Farallon slab 
apparently tore near the southern margin of Siletzia, creating 
a small window (light gray area in Fig. 2c) between the young 
slab subducting beneath the Cascade arc and the old subduc-
tion zone in central Oregon. That is, the accretion of Siletzia 
transfered a piece of ocean lithosphere to North America, cre-
ating a hole in the subducting lithosphere. Forward motion of 
subducted Farallon slab opened this window further by mov-
ing its trailing margin to the ENE (Fig. 2c-d). Simultaneously, 
the window opened to the south as the torn edge retreated 
southward (Fig. 2d).  This south-propagating opening was the 
result of flat-slab removal from the base of the lithosphere, 
exposing the (presumably cooled and metasomatized) litho-
sphere to infilling asthenosphere.  The major consequence of 
the flat-slab retreat is southward propagation of the ignimbrite 
flareup across the Great Basin.  The geometric form of the re-
treating of slab is not obvious, and could have involved side-
ways slab rollback or slab buckling, as illustrated in the two 
alternatives in Figure 3b.

TECTONIC EVOLUTION: 40 Ma – RECENT

With continued slab removal the two propagating mag-
matic fronts swept across the southern and northern Basin and 
Range provinces towards each other (Fig. 4a).  The thermally 
weakened lithosphere allowed core-complex extension to oc-

Figure 3.  Conceptual rendering of the subducted Farallon slab at ~40 Ma.  (a) Subduction occurs normally beneath Siletzia (dark gray 
lithosphere) and Canada to the north. The flat slab is shown as buckled (see (b) for alternative), with the northern tear propagating 
south, thereby exposing hydrated basal lithosphere to asthenospheric heating. Similarly, the Mendocino fracture zone (mfz) propa-
gates north, leaving hot thin slab beneath Mexico and the SW U.S. This thin slab is shown dripping off, which exposes hydrated basal 
lithosphere to asthenospheric heating.  (b) Two possible ways in which the flat slab may have been removed from North America 
lithosphere. In both cases the subducting Farallon slab moves toward the viewer (i.e., out of the page) and the Mendocino fracture 
zone propagates north with the Farallon plate motion. The “tacoing” (synformal folding) case is represented in (a), where the two 
sides propagate toward the center and descend. In the “sideways rollback” case, the northern edge of the flat Farallon slab peels away 
from the lithosphere in a north-to-south direction.

cur (Armstrong and Ward, 1991; Gans et al., 1989), which 
moved the Sierra Nevada and Klamath blocks to the west and 
rotated the Siletzia and the Blue Mountain terrains clockwise 
(as illustrated at 20 Ma in Fig. 4b). The Pacific plate, once it 
was placed against North America ~28 Ma (Atwater, 1970; 
Atwater and Stock, 1998), played an increasingly important 
role as a barrier to Basin and Range extension as the width 
of Pacific plate contacting North America widened with the 
divergence of the Mendocino and Rivera triple junctions.  
At 7-8 Ma, Pacific-North America relative motion grew less 
divergent (Atwater and Stock, 1998) and the motion of the 
Sierra Nevada and Klamath blocks responded by changing 
their velocity so as to move northwesterly relative to North 
America (Wernicke et al., 1998, Fig. 2b), thereby blocking 
most Basin and Range extension and effectively accomplish-
ing a partial transfer of the Sierra Nevada block (Wernicke et 
al., 1998) and a total transfer of Baja (at ~6 Ma; Fletcher et al., 
2007) to the Pacific plate.  

As the Mendocino triple junction migrated north, so too 
did the southern slab-free window, which opened beneath the 
California Coast Ranges (Furlong et al., 1989). However, a 
broad opening of a window beneath the western U.S. interior 
was not possible because the subducted slab there had already 
been removed during prior opening of the northern window, 
and so slab-window effects were confined to the near coast 
region.  However, toroidal mantle flow around the southern 
edge of the currently subducting Gorda-Juan de Fuca slab 
may influence tectonics and magmatism much farther inboard 



Cenozoic slab windows beneath the western United States 393

Figure 4.  Magmatic and tectonic state at ~20 Ma.  (a) shows the two slab-free windows (light gray areas) opening by 
propagating towards one another (see Fig. 3). Background figure shows the occurrence of volcanic activity at ~21 Ma (from 
the NAVDAT web site), showing clearly the concentration of volcanic activity near the opening edge of the slab window.  
The red line shows the Mendocino transform fault, and the purple line shows the edge of North America at 21 Ma (solid 
where margin is transform, dashed where it is subduction).  (b) The main tectonic elements (see Fig. 2 for symbol explana-
tion), showing the extending continental interior moving the margin of North America to the west and rotating Siletzia. The 
Klamath and Blue Mountains terrains are being separated in a manner that is not understood.

(Zandt and Humphreys, 2008).  Slab that subducted beneath 
central and northern California at times after Siletzia accretion 
but prior to 28 Ma appears to have subducted in a relatively 
normal fashion, creating arc volcanism as far south as Lake 
Tahoe (Henry et al., 2004; Christiansen and Yeats, 1992).

CURRENT ACTIVITY

The current tectonic situation is represented in Figs. 5 
and 6.  The western U.S. is remarkable for the broad area that 
is tectonically and magmatically active and the broad Cordil-
lera that is elevated.  The area that is tectonically most active 
occupies roughly the western half of the western U.S. Cordil-
lera, whereas in Canada and Mexico tectonic activity is lim-
ited nearly entirely to a narrow plate boundary transform fault 
(Figs. 5 and 6b). Within the broadly active western U.S., the 
westernmost portion is dominated by shear deformation (Fig. 
5), while deformation to the east occurs at relatively low rates 
in nearly pure extension. In a general sense, shear deforma-
tion requires forces created in the far field to be transmitted 

through strong plates to areas of weakness, whereas dilational 
deformation is driven by a local concentration of gravitational 
potential energy (GPE).

The western deformation zone of shear deformation is 
300-600 km wide and accommodates Pacific-North America 
transform interaction and oblique (dextral) subduction of the 
Gorda-Juan de Fuca plate (Fig. 5). Roughly three fourths of 
Pacific-North America relative motion occurs on the San An-
dreas system and about one fourth occurs east of the Sierra 
Nevada block on the Eastern California shear zone–Walker 
Lane Belt (e.g., Dixon et al., 1999) in the western Great Basin.  
As this interior shear zone crosses the Pacific Northwest, it is 
accommodated largely by rotation of the nearly non-deform-
ing Siletzia block (McCaffrey, 2005; Svarc et al., 2002).  The 
zone of shear deformation broadens as many of the accommo-
dating faults change trend to become more northerly (releas-
ing, or normal; red area in Fig. 5) in orientation as it approach-
es Siletzia, where deformation occupies the southern Oregon 
and NW Nevada Basin and Range (Hammond and Thatcher, 
2005). North of Siletzia, a wide region of N-S contraction 
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Figure 5.  Current tectonic situation, emphasizing the shear margin.  At the southern and north-
ern ends, Pacific-North America (P-NA) relative motion is accommodated on narrow transform 
systems (black and yellow line for strike-slip fault; see also Fig. 6b).  At the latitude of Califor-
nia, the San Andreas fault (SAF) and eastern California shear zone (ecsz) accommodate P-NA 
relative motion, with the Sierra Nevada (sn) and Klamath (k) blocks occupying a transitional 
setting (motion shown relative to North America). Northern motion of the Klamath block is 
accommodated by rotation of the Siletzia block (green), shown as broken and separating at the 
Cascade graben (Priest, 1990). The shear zone broadens across the width of the rotating Siletzia 
block, necessitating extension of the NW Basin and Range (B&R) and contraction across the 
Yakima fold and thrust belt (f&th). Siletzia rotation is consistent with the oblique convergence 
of the Juan de Fuca plate (JdF) south of Canada; no shear deformation occurs where JdF subduc-
tion is normal.

(blue area in Fig. 5) occurs along the northern margin of the 
block (the Yakima fold and thrust belt and the Seattle area 
faults). Kinematically, deformation adjacent to Siletzia serves 
to distribute what is elsewhere a relatively narrow shear sys-
tem across the width of Siletzia, thereby accommodating the 
rigid Siletzia lithoshere within the shear zone.

The zone of extensional deformation, primarily the 
northern Basin and Range, is thought to be both weak (Low-
ry and Smith, 1995; Fig 6) and of large GPE (Fig. 6c). The 
weakness results from recent, large volume volcanic activity 
(i.e., the ignimbrite flareup), and it allows the existing stress 
to drive strain at geologically significant rates; the high GPE 
provides the necessary tensional stress (Humphreys and Co-
blentz, 2007). The high elevations indicate buoyancy at depth, 
and the high GPE (Fig. 6c) indicates that this buoyancy is 
relatively deep (in particular, deeper that the Moho). The fact 
that GPE is greatest near Yellowstone suggests that buoyant 
Yellowstone mantle is important there. However, high GPE 
extends across the entire elevated western U.S. (including the 
thick-lithosphere Rocky Mountains), which suggests that a 
heterogeneous combination of hydration and heating contrib-
utes to the deep buoyancy (Humphreys et al., 2003).

Currently, the base of western North America lithosphere 
under which flat-slab subduction occurred is actively involved 
in small-scale convection nearly everywhere (Fig. 6a).  This 
includes areas that are seismically fast (blue areas in Fig. 6a), 
which involves downwelling of lithosphere, and areas that are 
seismically slow (and which tend to be magmatically active), 
requiring the advective ascent of heat. 

The form of downwelling could be whole-lithosphere 
removal (such as delamination, Bird, 1979), as proposed for 
the southern Sierra Nevada (Saleeby et al., 2003), Transverse 
Ranges (Bird and Rosenstock, 1984; Humphreys and Hager, 
1990), east of the Rio Grande Rift (Gao et al., 2004; Song and 
Helmberger, 2007), below the source of the Columbia River 
flood basalts (Hales et al., 2005), or Rayleigh-Taylor “drips” 
off of the lower lithosphere (Molnar and Houseman, 2004), as 
proposed for the southern Sierra Nevada (Zandt and Carrigan, 
1993), Transverse Ranges (Billen and Houseman, 2004), and 
the Penninsular Ranges (Yang and Forsyth, 2006).

The form of asthenospheric penetration is more curi-
ous.  Simple replacement of delaminated lithosphere is pos-
sible. However, the Colorado Mineral Belt and Yellowstone 
low-velocity anomalies exist within what appears to be thick 
lithosphere that has not been removed (Dueker et al., 2001). 
Apparently, heating from below has generated melt that has 
invaded the lithosphere. For Yellowstone, this appears to be 
related to anomalously hot mantle ascending as a plume (Fee 
and Dueker, 2004; Yuan and Dueker, 2005). However, for 
the Colorado anomalies, which extend to depths of ~200 km 
(Dueker et al., 2001; Humphreys et al., 2003), it is less clear if 
anomalously hot asthenosphere is involved. This deep melting 
may be enhanced by Laramide hydration of lower lithosphere 
(Humphreys et al., 2003).

Presumably the vigorous small-scale convection active 
beneath the western U.S. (imaged in Figure 6a) is unusual, 
although basal lithosphere is not comparably resolved any-
where else in the world.  If unusual, I suspect that the weaken-
ing effects of hydration and the heating it caused (by induc-
ing melting) are primarily responsible for the mobility of the 
lower lithosphere.
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Figure 6.  (a) Seismic velocity anomaly at 100 km, 
showing the common occurrence of small-scale con-
vection. Blue-colored mantle to the north and east is 
North America craton. Beneath westernmost U.S., 
where velocities are typically slow and lithosphere is 
thin, blue indicates sinking lithosphere (subducting 
Juan de Fuca slab or downwelling North America lith-
osphere). Beneath the Rocky Mountains, Snake River 
Plain, and Yellowstone, where lithosphere is thick, 
slow mantle represents hot (probably partially molten) 
mantle (Humphreys and Dueker, 1994). Figure from 
Humphreys et al., 2003.  (b) Velocity relative to North 
America, showing the “cavity” of deformation that af-
fects much of the western U.S. Note that most of the 
northern Basin and Range moves at low speeds toward 
the Pacific plate, whereas the western margin of North 
America becomes partly entrained with the Pacific 
plate.  (c) Gravitational potential energy (GPE) and 
the stresses it creates.  The large magnitude of GPE 
indicates that the buoyancy which elevates the western 
U.S. is at ~100 km depth, implying that the mantle lith-
osphere or asthenosohere is of unusually low density.  
Note that high GPE and the consequent extensional 
stresses extend over the entire Cordillera, whereas it is 
only the western Cordillera is deforming at significant 
rates. This suggests that the western Cordillera that is 
unusually weak.
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