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Figure 18. Plate relationships derived from extra-
polation of Pacific-North American and Pacific-Kula
motions through the Cenozoic. Conventions and as-
sumptions are as in Figure 16.

Hayes, 1968; Grim and Erickson, 1969). The
rate and direction of spreading of the Kula
and Farallon plates away from the Pacific plate
can be determined from anomaly spacing and
fracture zone trends near the magnetic bight.
The 3 plates were all diverging so that a third
ridge lay between the Kula and Farallon plates
(Pitman and Hayes, 1968). The direction and
rate of spreading of the third ridge can be
deduced for the period from 75 to 63 m.y. ago,
but the Aleutian trench has destroyed data
concerning more recent motions of the Kula
plate and spreading of the third ridge. The

configuration of the third ridge and its trans-
form faults cannot be determined, for the
anomalies created by its spreading lay in the
Kula and Farallon plates which have both sub-
sequently been destroyed.

If we take the Kula-Pacific motion of the
late Mesozoic and the North American-Pacific
motion of the last 4 m.y. and extrapolate them
both throughout the Cenozoic, and if we as-
sume that the third ridge had no transform
faults, then the history shown in Figure 18
results. This extrapolation is very tenuous. The
Kula-Pacific motion since 60 m.y. ago is un-
known and no compelling reasons exist to
suggest that it was constant. The North
American-Pacific motion amounted to a large
offset in the present direction (from paleomag-
netic evidence), but it is almost certain that it
suffered at least minor changes in direction and
rate along the way. The crustal overlaps in
Figures 16E and 16F seem to require such a
change between 20 and 4 m.y. ago. The
Farallon-Pacific motion is known to have had a
minor change about 58 m.y. ago (Menard and
Atwater, 1968; Atwater and Menard, 1970).
In Figure 18, this was assumed to reflect a
change only in the Farallon plate motion, but
the Pacific plate motion may have changed as
well. Furthermore, McKenzie and Morgan
(1969, p. 131) show that 3 plates cannot all
maintain constant relative motion in the sense
that it is used here (rotation about a pole which
is fixed with respect to the plates whose motions
it describes); constant minor readjustment is
required.

Another problem with the reconstruction in
Figure 18 is that the pole for Kula-Pacific
relative motion is difficult to establish since
anomalies and fracture zones concerning it
occupy such a small area. For the extrapolation,
the pole is assumed to be far away so that rate
and direction of motion is uniform over the
entire Kula plate. This uncertainty makes the
Kula-North American vector, KA, particularly
unreliable. Yet another problem is that other
oceanic plates may have once existed north and
east of the Kula and Farallon plates. This could
drastically change the predicted North Amer-
ican boundary regimes.

Despite these many uncertainties, the gross
geometry of Figure 18 is probably correct. It is
clear that at least 3 ridges existed in late Mes-
ozoic and early Cenozoic times, and that their
triple junction lay farther south than the pres-
ent location of the magnetic bight. Unless
other small plates intervened, the third ridge
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Figure 17. Location of plate boundary regimes with respect to points in western North America, assuming
motions and deformations described for Figure 16. Inland cities are raised above the line. They have been projected
to the coast vertically in the projection of Figure 16, roughly parallel to the direction of Farallon-North American
underthrusting. Fine lines trace the shifting locations of the cities as the continent deforms. Gray areas show
times and places where tectonic and igneous activity related to subduction are predicted. White areas show times
and places where North America was in contact with the Pacific plate (or with the Kula plate, to be discussed
below). The probable near-coast manifestations of these interactions are stated. The dotted line encloses the time
and space included in the inland deformation zone of Figure 16. Although it is part of the North American-Pacific
interaction, this zone overlaps the Farallon-Pacific field, so that effects of the 2 regimes may be superimposed. For
example, around Carson City, andesite volcanism is predicted through the middle Tertiary until 11 m.y. ago, while
strike-slip and basin-range rifting is predicted to have started 20 m.y. ago, lasting to the present day.

Los Angeles basin (Yerkes and others, 1965)
fits this model well.

The configuration shown in 16C lasted until
about 5 m.y. ago, when the margin apparently
became stronger than an inland zone which
broke to take up the motion (16B), opening
the Gulf of California. In southern California,
the San Andreas had to break its way inland to
connect into the new Baja California boundary.
The bend was in such a direction that oblique
compression began in the Transverse Ranges
(Crowell, 1968). The two-stage development
of the San Andreas system with motion first
taken up outboard and then inboard of the
Baja peninsula has been suggested by Crowell
(Dec. 1969, personal commun.) and developed

by Suppe (1970b), although the suggested
timing is different.

AN EXTRAPOLATION INTO THE
EARLY CENOZOIC

When the model of constant motions is
extended into the early Cenozoic, yet another
triple junction is seen to have migrated along
the coast of North America. This is the junc-
tion between the Farallon, North American,
and Kula plates (Fig. 18).

The late Mesozoic existence of the Kula
plate (Grow and Atwater, 1970) has been
postulated to account for the formation of the
east-west-trending magnetic anomalies which
lie south of the Aleutian trench (Pitman and

Atwater, GSA Bull. 1970
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Figure 14. Some major tectonic features of western North America (afterKing, 1969). Quaternary volcanic rocks are black; granitic plutonic rocks are gray; most thrust
faults have been omitted. Map projection is that used in Figure 4, so that deformation related to the motion between the American and Pacific plates can be imagined by
keeping the ocean floor rigid and moving the rigid part of North America horizontally to the right. Horizontal faults experience pure strike slip while oblique faults have
components of rifting or compression. A large-scale version of this projection is available from the author.

Atwater, GSA Bull. 1970
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Figure 8. Reconstruction of the Pacific plate to fixed North America at the time of 

anomaly 10 (30.03 Ha). Reconstruction and isochrons as in Figure 2e. Crust shallower 

than the 1000 fm (1829 m) bathymetric contour is shaded. Continental crust west of the 
present San Andreas fault/Gulf of California has been restored to North America by the 

5.5 Ma reconstruction. Black dot is on the anomaly 10 ridge immediately south of the 

Pioneer fracture zone. The shaded ellipse indicates the uncertainty in position of this 

point, corresponding to an overlap of 340ñ200 km between the northern end of this ridge 

segment and continental crust. Other symbols in ellipses show the positions of the same 

point if 200 km of post-30 Ma extension were removed from the Transantarctic rift system 

by moving West Antarctica relative to East Antarctica by one of three representative 

rotations: square, 45øS, 150øE, -3.0ø; cross, 0øS, 150øE, -1.8ø; triangle, 45øS, 30øW, 
3.0 ø. Diamond, plus sign, and star are the positions of the same point relative to North 

America after rotation by the 28 Ha, 30 Ma, and 37 Ma fixed hotspot reconstructions of 

Engebretson et al. [1985]. Note that the fixed hotspot reconstructions indicate even 

more overlap than the global plate circuit reconstructions. See text for discussion. 

into the basement, east of the previous 
Sevier thin-skinned thrust belt. North 

and south of this zone, crustal shortening 

along low-angle thrust faults persisted 
well into Paleocene time [Armstrong, 

1974]. This along-strike variation in 

structural style and associated geochem- 
ical and spatial patterns of magmatism 
have been attributed to variations in dip 

of segments of the subducted Farallon 

plate [e.g., Burchfiel and Davis, 1975; 

Coney and Reynolds, 1977; Cross and 

Pilger, 1978, Dickinson and Snyder, 1978; 
Lipman et al., 1971]. 

In the present Andean orogenic belt 

there are analogous variations in the 

distance from the trench to the edge of 

the deformational belt, the style of 
compressional structures, and the arc- 
trench distance. These variations 

correlate with alternating steeply and 
shallowly dipping segments of the Nazca 

plate presently being subducted beneath 
South America [Jordan et al., 1983], but 

no cause and effect relationship between 

the tectonics of the upper plate and the 

dip of the slab is clear. The boundaries 

between segments of constant dip of the 

Nazca plate do not correlate in a simple 

fashion with variations in the age of the 
crust being subducted nor with along- 
strike variations in Nazca-South America 

convergence rate [Pilger, 1981, 1984]. 

Variations in the tectonic style of the 

Stock and Molnar, Tectonics 1988
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FlG. 5. Successive locations of the eastern edge of Pacific plate oceanic lithosphere, relative to a fixed North 

America, plotted upon the present shape of North America. The edge for each time step was drawn as described for 

Figure 4. The overlaps demonstrate the amount of internal deformation required within North America at each past 

time in order to avoid an unacceptable overlap of oceanic and continental lithosphere. 

mates. These and other constraints and obser-

vations are summarized below. 

1. For any time step, the total continental 

strain across western North America when com-

pared to that calculated via the around-the-

world plate circuit (Table 2) must equal or 

exceed the circuit solution in the coast-perpen-

dicular direction (i.e., it should equal or exceed 

the amounts listed in the right-hand column of 

Table 3A). It must be equal to or less than the 

circuit solution in the coast-parallel direction 

(i.e., it should be equal to or less than the 

amounts listed in the right-hand column of 

Table 3B). Furthermore, we hypothesize that 

the continental and circuit strain totals should 

be about the same since 18 Ma. Essentially this 

amounts to assuming that, prior to 18 Ma, right-

lateral strike-slip faulting and/or convergence 

may have taken place offshore, either within the 

continental margin or along the continent-

ocean contact zone, but since 18 Ma the conti-

nental margin has been attached to the Pacific 

plate. 

2. The total Neogene opening across the Rio 

Grande rift was small—10 to 20 km. We assume, 

following Chapin and Cather (1994), that this 

deformation was accomplished by rotation of 

the Colorado Plateau 1.5° clockwise about a 

pole in northeastern Utah. 

3. The Colorado Plateau acted as a rigid block 

without significant internal deformation. 

4. The Sierran-Great Valley block acted rigidly, 

without significant internal deformation, 

except near its southern end. From paleomag-

netic studies of the central portions of the 

Sierra Nevada, Frei (1986) reported a clockwise 

rotation of 6 ± 8 ° (i.e., indistinguishable from 

zero) since the early Late Cretaceous. In our 

reconstructions we violate this slightly, letting 

this block rotate counterclockwise approx-
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into the basement, east of the previous 
Sevier thin-skinned thrust belt. North 

and south of this zone, crustal shortening 

along low-angle thrust faults persisted 
well into Paleocene time [Armstrong, 

1974]. This along-strike variation in 

structural style and associated geochem- 
ical and spatial patterns of magmatism 
have been attributed to variations in dip 

of segments of the subducted Farallon 

plate [e.g., Burchfiel and Davis, 1975; 

Coney and Reynolds, 1977; Cross and 

Pilger, 1978, Dickinson and Snyder, 1978; 
Lipman et al., 1971]. 

In the present Andean orogenic belt 
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the deformational belt, the style of 
compressional structures, and the arc- 
trench distance. These variations 

correlate with alternating steeply and 
shallowly dipping segments of the Nazca 

plate presently being subducted beneath 
South America [Jordan et al., 1983], but 
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dip of the slab is clear. The boundaries 
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rogenetic analyses, based on detailed evaluation of petrochemistry, we can in-

fer direct relationships of both these volcanic episodes and the younger mi-

gratory coastal volcanism to development of a slab window (Johnson and

O’Neil, 1984; Fox et al., 1985; Weigand and Thomas, 1989; Cole and Basu,

1992, 1995; Weigand and Savage, 1993; McCrory et al., 1995). Basaltic

magmas were derived largely from depleted upper mantle similar to mid-

ocean ridge basalt (MORB) sources, perhaps augmented in part by contribu-

tions from the subcontinental lithosphere, and the more evolved magmas were

contaminated to varying degrees by crustal assimilation (Hearn et al., 1981;

Sharma et al., 1991; Cole and Basu, 1992, 1995). Involvement of crustal ma-

terials presumably stemmed from the advective transfer of heat upward into

the coastal crust by rising or ponded mafic magmas (Fox et al., 1985; Liu and

Furlong, 1992). Negative europium anomalies in the more silicic (dacite-

rhyolite) members of the assemblage reflect a significant role for fractionation

also during magmatic evolution (Johnson and O’Neil, 1984; Fox et al., 1985;

Weigand and Thomas, 1989; Cole and Basu, 1995).

These interpretations are supported by abundant strontium and more lim-

ited neodymium isotopic data. Epsilon neodymium values (n = 57) range

downward from +9 to +2 for basalts, and from +6 to –3 for dacites and rhyo-

lites, with intermediate values of +6 to +3 for andesites and basaltic an-

desites (Sharma et al., 1991; Cole and Basu, 1992, 1995). Both fractiona-

tion and crustal contamination of mantle melts are implied. Initial 87Sr/86Sr

ratios (n = 200) that average 0.7040 or below for basalts and basaltic an-

desites reflect mantle derivation with little modification by crustal influ-

ences, but andesites in most areas, and most dacites and rhyolites, have dis-

tinctly higher average 87Sr/86Sr ratios near 0.7050, reflecting significant

crustal contamination (Table 4). Voluminous mid-Miocene andesites, how-

ever, have low ratios comparable to those of the basalts, and mid-Miocene

rhyolites locally show evidence of even more extensive crustal involvement

in magmatic evolution. Even so, selected silicic rocks of all ages display

strontium ratios and epsilon neodymium values as low as some coeval

basalts, and suggest that fractionation alone may have given rise to some of

the silicic melts.

MID-TERTIARY PULSE OF VOLCANISM

The mid-Tertiary pulse (27–22 Ma) of latest Oligocene and early Miocene

volcanism was triggered by multiple rise-crest interactions with the conti-

nental margin (Lonsdale, 1991). Figure 5 (A–C) depicts the inferred sequen-

tial configurations of a growing slab-free region and incipient transform plate

Figure 4. Diagram illustrating

sequential fault offsets along San

Andreas strands in central Cali-

fornia required to reconcile pres-

ent outcrop distribution of (1)

Jurassic gabbro (ER, Eagle Rest

Peak in San Emigdio Mountains;

GH, Gold Hill beside Cholame

Valley; LQ, Logan quarry near

San Juan Bautista); (2) approxi-

mately 22.5 Ma Zayante (Za) and

Tecuya (Te) formations (Table 1);

and (3) approximately 23.5 Ma

Pinnacles (Pi), Lang Canyon

(Lc), and Neenach (Ne) volcanics

(Table 1). Key information is

from Sims (1993). Northeast-

southwest scale is schematic.

TABLE 4. MEANS AND RANGES (IN PARENTHESES) OF 200 INITIAL 87Sr/86Sr RATIOS 
REPORTED FROM CALIFORNIA COASTAL VOLCANIC ASSEMBLAGES

Rock n Mid-Tertiary suite Mid-Miocene suite Post–mid-Miocene migratory suite
type (n = 60) (n = 55) (n = 85)

Basalt 26 0.7040 ± 0.0005 (0.7029–0.7048) 0.7032 ± 0.0005 (0.7026–0.7041) 0.7036 ± 0.0004 (0.7032–0.7045)
Basaltic andesite 27 0.7041 ± 0.0006 (0.7035–0.7052) 0.7039 ± 0.0003 (0.7035–0.7041) 0.7036 ± 0.0004 (0.7032–0.7045)
Andesite 64 0.7052 ± 0.0007 (0.7032–0.7062) 0.7034 ± 0.0003 (0.7025–0.7038) 0.7048 ± 0.0005 (0.7039–0.7055)
Dacite/rhyolite 48 0.7050 ± 0.0007 (0.7049–0.7077) 0.7050 ± 0.0021 (0.7033–0.7084) 0.7046 ± 0.0005 (0.7035–0.7053)
Rhyolite 35 0.7056 ± 0.0006 (0.7039–0.7064) 0.7087 ± 0.0014 (0.7080–0.7113) 0.7047 ± 0.0004 (0.7042–0.7054)

Note: Data from Futa et al. (1981); Johnson and O’Neil (1984);Weigand and Thomas (1989); Sharma et al. (1991); Weigand and
Savage (1993); Frizzell and Weigand (1993); Cole and Basu (1995).

Dickinson, GSA Bull 1997



THE SAN ANDREAS FAULT SYSTEM. CALIFORNIA 

the Hayward and Calaveras faults in central California 
and the San Jacinto and Elsinore faults in southern 
California (fig. 1.3). In addition, in southern California 
the San Andreas fault splits into northern and southern 
branches in the eastern Transverse Ranges east of Los 
Angeles. These major faults accommodate about two- 
thirds of the right-slip motion between the North Amer- 
ican and Pacific plates. 

Numerous smaller branches, and extensions of seg- 
ments of the fault, include in northern California such 
faults as the Rodgets Creek and Maacama faults, which 
may he considered northward extensions of the Hayward 
fault. The Green Valley and Bartlett Springs fault zones 
extend the Calaveras fault northward in a complex way 
(see maps at front of book). At the south end of the 
system, the Imperial fault represents a transition from 

the more continuous San Andreas fault to a more nearly 
echelon pattern characteristic of the faults under the Gulf 
of California. The Superstition Hills and Coyote Creek 
faults similarly represent a transition from the San 
Jacintofault to a more segmented pattern to the south in 
Mexico. 

In this volume, the San Andreas fault system is 
considered to lie principally within a belt about 100 km 
wide by 1,300 km long, but this boundary is arbitrary. 
Indeed, part of the relative strike-slip motion between 
the North American and Pacific plates seems to be taken 
up as far as 1,000 km east of the coastline throughout the 
Great Basin province (Jordan and Minster, 1988). The 
name "San Andreas fault system," however, should be 
confined to the more limited belt with the highest 
concentration of right-lateral strike slip. 

Sacramento 

. . . . . . . . . ... ..,... . .... 

50 100 KILOMETERS 0 - 
FIGURE 1.3.-The San Andreas fault system in California. Arrows on San Andreas fault (red) indicate direction of relative movement. 

1. GENERAL FEATURES '1 

PRINCIPAL TRENDS 

With some notable exceptions, the fault trends about 
N. SV40Â°W (fig. 1.3). Inits central section between the 
latitudes of San Jose and Bakersfield, the fault is 
relatively simple and straight, but farther to the south 
and north several branches splay from the main active 
trace. Near San Jose, where the fault bends about N. 60' 
W., the Calaveras and Hayward faults splay to the east 
and trend between N. 20Â°an %OW. South of the latitude 
of Bakersfield, the main fault changes most sharply in 
strike, in what commonly is referred to as the Big Bend 
reach of the fault. For 120 km or more the fault strikes 
about N. 60Â°W. where it bounds the Mojave block on the 
south. This bend has significant tectonic implications (see 
chaps. 2 and 3, and maps a t  front of book). 

South of the latitude of Los Angeles, the Elsinore and 
San Jacinto faults splay to the southeast, forming, in a 
general way, a reversed image of the splays in the San 
Francisco Bay region, although both faults trend about 
N. 60 W. 

COMPLEXITIES OF THE FAULT SYSTEM 

OTHER RELATED FAULTS 

In addition to the right-lateral strike-slip faults that 
characterize the San Andreas fault system, faults dis- 
playing left-lateral strike slip, as well as thrust faults and 
reverse faults of many sizes, are present (see maps a t  
front of book). Normal faults are less common but are 
present in some places, for example, in zones of extension 

4 "*9 4'̂ f "A 

:: ... . . . . . . . . 

... ... .. ... 
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Faults dotted where concealed; sawteeth on upper plate of thrusts. Mendmino Fracture Zone queried where uncertain. 

Wallace, USGS PP 1515, 1990

Note inboard movement of SAF with time/distance south.
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such a heterogeneity, which we interpret as a
Salinian block [Irwin, 1990].

2.1. Modeling Approach
[20] We use the thermomechanical finite element
modeling tool SLIM3D [Popov and Sobolev, 2008]
to solve a coupled system of conservation equations
for momentum,

∂sij

∂xj
þ rgi ¼ 0; ð1Þ

and thermal enrergy,

rCp
DT
Dt

¼ ∂
∂xi

l
∂T
∂xi

! "
þ ctij _ɛvsij þ _ɛplij

# $
þ rA: ð2Þ

Here xi (i = 1, 2, 3) denote Cartesian coordinates;
sij is the Cauchy stress tensor; r is the material
density; gi is the gravity acceleration vector; Cp is
the specific heat; l is the thermal conductivity; T is
the temperature; 0 ≤ c ≤ 1 is the parameter regu-
lating degree of the thermomechanical feedback; tij
is the stress deviator; _ɛvsij and _ɛplij are the viscous and

Figure 4. Initial simplified thermal and crustal structure of the model. Colors indicate temperature magnitudes in %C.
The uniform initial temperature gradient 15%C/km is assumed. Temperature distribution in the oceanic slabs is linear
along the slab thickness. The 10 km transition zone is imposed between the top of the Gorda slab and the slab window.
(a) Temperature profile in the Gorda slab (profile A-A′). (b) Initial temperature distribution in the slab window (profile
B-B′). (c) Temperature profile in the Monterey microplate (profile C-C′). Positions of the profiles are given in Figure 3.
White dashed lines show Moho discontinuity. Hatched area represents Salinian block.
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which is the part of dissipated mechanical energy
converted into heat. Figure 7 shows how the tem-
perature field and terrain pattern after 18 Myr of
strike-slip motion are changing with reducing shear
heating in our models. If the shear heating is acti-
vated to the full extent, the model fails to displace
the crustal plate boundary during the entire 18 Myr
(Figure 7a). Only if we switch shear heating effi-
ciency parameter to unrealistically low 10% value,
the model responses with intensification of the
eastward fault migration. The variation of mantle
temperature field is shown in the vertical profiles
across the plate boundary in Figure 7. Significant
mantle temperature anomaly is detected in the
model with 100% shear heating (Figure 7a). Local
temperature perturbation beneath the fault causes
the viscosity decrease, according to equation (6),
thus reducing the lithospheric strength and making
the older fault more attractive locus for the plate
boundary.

[34] Predictions of the physically realistic 100%
efficiency scenario contradict the observations. The
observed crustal plate boundary does displace
inland, as opposed to the model (Figure 7a). The
shear heating must be decreased to unrealistically
low values (10% of the entire shear heating value)
to initiate the terrain accretion (Figure 7b). We
suggest, therefore, that slab window cooling alone
is insufficient to displace the crustal plate bound-
ary. These results remain valid if we include other
less important weakening mechanisms (e.g., grain
size reduction). More weakening will penalize fault
migration even further.

3.2. Effect of Transpression
[35] The style of plate boundary migration caused
by the slab window cooling is characterized by the
occurrence of restraining fault bends. It happens
because the more southern segments of the fault

Figure 6. Slab window cooling and eastward migration of lithospheric strength. Colors show distribution of the tem-
perature at (a) 15 Ma, (b) 10 Ma, and (c) 5 Ma. The locus of the inferred minimum integrated lithospheric strength is
shown with a dashed vertical line. White arrows indicate the nonzero heat flux on the vertical boundaries of the model.
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such a heterogeneity, which we interpret as a
Salinian block [Irwin, 1990].

2.1. Modeling Approach
[20] We use the thermomechanical finite element
modeling tool SLIM3D [Popov and Sobolev, 2008]
to solve a coupled system of conservation equations
for momentum,

∂sij

∂xj
þ rgi ¼ 0; ð1Þ

and thermal enrergy,

rCp
DT
Dt

¼ ∂
∂xi

l
∂T
∂xi

! "
þ ctij _ɛvsij þ _ɛplij

# $
þ rA: ð2Þ

Here xi (i = 1, 2, 3) denote Cartesian coordinates;
sij is the Cauchy stress tensor; r is the material
density; gi is the gravity acceleration vector; Cp is
the specific heat; l is the thermal conductivity; T is
the temperature; 0 ≤ c ≤ 1 is the parameter regu-
lating degree of the thermomechanical feedback; tij
is the stress deviator; _ɛvsij and _ɛplij are the viscous and

Figure 4. Initial simplified thermal and crustal structure of the model. Colors indicate temperature magnitudes in %C.
The uniform initial temperature gradient 15%C/km is assumed. Temperature distribution in the oceanic slabs is linear
along the slab thickness. The 10 km transition zone is imposed between the top of the Gorda slab and the slab window.
(a) Temperature profile in the Gorda slab (profile A-A′). (b) Initial temperature distribution in the slab window (profile
B-B′). (c) Temperature profile in the Monterey microplate (profile C-C′). Positions of the profiles are given in Figure 3.
White dashed lines show Moho discontinuity. Hatched area represents Salinian block.
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relating to the older and colder slab window parts
tend to displace further inland, while the more
northern segments locate closer to the ocean. In
between these segments the strike-slip velocity
vector is oriented obliquely to the fault, with sig-
nificant fault-normal convergent component; i.e.,
transpression occurs. Accordingly, the fault
“jumping” is inhibited, and can only occur if the
driving force is larger than the tectonic force
resulting from the transpression on the connecting
fault segments. Figure 8 demonstrates the trans-
pression zone formed after 30 km landward step of
the southern fault segment (model with 50% shear
heating). In the profile to the north of transpression
zone (Figure 8b) there is large offset between the
mantle and crustal plate boundaries with a sub-
horizontal detachment zone. Within the transpres-
sion zone (Figure 8c) both the surface uplift and
corresponding crustal thickening are detected.

4. Adding Microplate

[36] In this section we include a low-temperature
perturbation in the southern part of the domain,
which we interpret as the Monterey microplate
lithosphere (Figures 3b and 4c). As the microplate

subduction is assumed to have been ceased, no low-
friction subduction channel is placed between the
Monterey and North American plates. We rule out
the unrealistic low shear heating efficiency scenario
and assume that the entire dissipated mechanical
energy is converted into heat.

[37] The microplate, in general, create much stron-
ger heterogeneity in the mantle than the cooling of
the uprising asthenosphere. This factor dramatically
decreases or even completely prohibits the genera-
tion of faults in the continent above the microplate.
Hence, the plate boundary can instantly jump
inland up to the microplate margins. This behavior
is confirmed by the three-dimensional models pre-
sented here (Figure 9) (see also Animation S2).
Initially, the plate boundary forms a large restrain-
ing bend which tends to bypass the microplate
obstacle. In the northern and central parts of the
domain the plate boundary locates near the western
edge of the slab window. Further south it curves
and strikes around the eastern margin of the
microplate. The transpression resulting from this
bend transmits the tectonic forces from the Pacific
plate directly to the crustal blocks to the north of the
microplate. Thus, the terrain accretion becomes

Figure 7. Influence of shear heating on the terrane accretion. The two different models with (a) 100% and (b) 10%
shear heating efficiency (c, equation (2)). Shown are the total strike-slip displacements (colors) on the top boundary of
the model. Profiles show distribution of the strike-slip velocity (colors) and temperature (white lines). Note different
meaning of color on the top views and in the profiles. Also shown are the accumulated slips on the faults (white circles
with labels), terrane widths, and accretion time spans.
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Bird and Kong [1994]. The terrain configuration
corresponding to the reference model is shown in
Figure 9c (see also Animation S2).

5. Discussion

[41] Based on comparison of modeling results with
observations for SAFS (see below), we claim that
despite a relatively simple idealization, our models
are able to resolve first-order features of SAFS
structure and evolution. However, in no case our

results should be treated as a complete description
of the complex Neogene tectonic history of the
SAFS, because still the models contain many sim-
plifications (discussed below).

5.1. Model Assumptions and Limitations
[42] According to the tectonic reconstructions of
Atwater and Stock [1998] the Pacific plate velocity
has significantly changed its direction with respect
to the stable North America at about 8 Ma. In this
study we specify the velocity of the Pacific plate with

Figure 9. Influence of the microplate and strong crustal block on the terrane accretion. Shown are the total strike-slip
displacements (colors) on the top boundary of the model. Distinct terranes are labeled with letters. White circles with
labels indicate accumulated slips. The faults are marked with dashed lines. (a) Results of the model without crustal
block and with the saturated fault friction 0.12 according to Bird and Kong [1994]. (b) Results of the model with
crustal block and saturated friction 0.06. (c) Results of the model with crustal block and saturated friction 0.08 (refer-
ence model).
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No basal microplate

Add a microplate

Generally this paper wants to argue for weak faults and strong plates. Kind of wonder if thermal structure of Monterey microplate is correct.
Top: Influence of 10% shear heating on the terrane accretion. Shown are the total strike-slip displacements (colors) on the top boundary of the model. Note different meaning of color on the top views and in the 
profiles. Also shown are the accumulated slips on the faults (white circles with labels), terrane widths, and accretion time spans.
Middle: Initial simplified thermal and crustal structure of the model. Colors indicate temperature magnitudes in C. The uniform initial temperature gradient 15C/km is assumed. Temperature distribution in the 
oceanic slabs is linear along the slab thickness. The 10 km transition zone is imposed between the top of the Gorda slab and the slab window. (c) Temperature profile in the Monterey microplate (profile C-C′).
Bottom: Influence of the microplate and strong crustal block on the terrane accretion. Shown are the total strike-slip displacements (colors) on the top boundary of the model. Distinct terranes are labeled with 
letters. White circles with labels indicate accumulated slips. The faults are marked with dashed lines. Results of the model with crustal block and saturated friction 0.08 (reference model).
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after the microplates were no longer in existence. Thereafter, plate-margin

coupling along the San Andreas transform system, perhaps augmented by

analogous shear imparted to the continental block along the offshore Queen

Charlotte transform to the north (Christiansen and McKee, 1978), could

have induced internal deformation of the continental block. Initiation of

block faulting along the Rio Grande rift (Fig. 10) during the interval

21–15 Ma (Ingersoll et al., 1990) can perhaps be viewed as an integral part

of the overall intracontinental deformation induced by plate shear.

The geometric relationship of the Columbia River and related basalt

fields in the Pacific Northwest to the Basin and Range Province of the Great

Basin to the south (Fig. 10) is as striking as the observation that the erup-

tions immediately followed initiation of basin and range extension (Mckee

and Noble, 1986). The Northern Nevada rift (Zoback et al., 1994), a feature

filled by coeval (17–14 Ma) igneous rocks, extends southward as a prong

subparallel to the most prominent feeder dike swarms for Columbia River

basaltic eruptions (Hooper, 1982, 1988; Carlson and Hart, 1987; Hart and

Carlson, 1987). This circumstance lends weight to the suggestion that the

opening of fissures that fed Columbia River basaltic volcanism was also re-

lated to torsional shear of the continental interior owing to plate-boundary

interactions along the continental margin (Reidel et al., 1989). Because the

Figure 9. Time-distance plot (adapted and updated after Fox et al., 1985, and Atwater, 1989) of the Mendocino triple junction (shaded) and

post–mid-Miocene volcanic fields (stippled) in coastal California (data from Table 3). Adjusted distance is the distance along the San Andreas

transform trend from the present position of the Mendocino triple junction. The temporal-spatial correlation of ages of volcanics with the triple

junction path (as shown) required adjustment of positions of volcanic fields to allow for tectonic transport (approximately 57.5 km) across east-

ern California shear zone (of Dokka and Travis, 1990), as well as slip along splay faults of San Andreas system in the San Francisco Bay area.

Dashed positions of selected fields are plotted for the alternative of large displacement along the Hayward-Calaveras splay fault system (after

McLaughlin et al., 1996); curved connecting arrows show relationships to alternate positions (stippled) plotted for the assumption of lesser dis-

placement (after Graham et al., 1984).
Dickinson, GSA Bull 1997

Second phase is migration of slab-free window with triple junction
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after the microplates were no longer in existence. Thereafter, plate-margin

coupling along the San Andreas transform system, perhaps augmented by

analogous shear imparted to the continental block along the offshore Queen

Charlotte transform to the north (Christiansen and McKee, 1978), could

have induced internal deformation of the continental block. Initiation of

block faulting along the Rio Grande rift (Fig. 10) during the interval

21–15 Ma (Ingersoll et al., 1990) can perhaps be viewed as an integral part

of the overall intracontinental deformation induced by plate shear.

The geometric relationship of the Columbia River and related basalt

fields in the Pacific Northwest to the Basin and Range Province of the Great

Basin to the south (Fig. 10) is as striking as the observation that the erup-

tions immediately followed initiation of basin and range extension (Mckee

and Noble, 1986). The Northern Nevada rift (Zoback et al., 1994), a feature

filled by coeval (17–14 Ma) igneous rocks, extends southward as a prong

subparallel to the most prominent feeder dike swarms for Columbia River

basaltic eruptions (Hooper, 1982, 1988; Carlson and Hart, 1987; Hart and

Carlson, 1987). This circumstance lends weight to the suggestion that the

opening of fissures that fed Columbia River basaltic volcanism was also re-

lated to torsional shear of the continental interior owing to plate-boundary

interactions along the continental margin (Reidel et al., 1989). Because the

Figure 9. Time-distance plot (adapted and updated after Fox et al., 1985, and Atwater, 1989) of the Mendocino triple junction (shaded) and

post–mid-Miocene volcanic fields (stippled) in coastal California (data from Table 3). Adjusted distance is the distance along the San Andreas

transform trend from the present position of the Mendocino triple junction. The temporal-spatial correlation of ages of volcanics with the triple

junction path (as shown) required adjustment of positions of volcanic fields to allow for tectonic transport (approximately 57.5 km) across east-

ern California shear zone (of Dokka and Travis, 1990), as well as slip along splay faults of San Andreas system in the San Francisco Bay area.

Dashed positions of selected fields are plotted for the alternative of large displacement along the Hayward-Calaveras splay fault system (after

McLaughlin et al., 1996); curved connecting arrows show relationships to alternate positions (stippled) plotted for the assumption of lesser dis-

placement (after Graham et al., 1984).

Dickinson, GSA Bull 1997

Fox Jr., et al., Geology 1985

Of course southernmost possible extent of Cascade volcanoes is Sonora Pass
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FIG. 11. Placement of the Mendocino edge of the subducting Juan de Fuca plate beneath the Sierran-Great Valley 

block, from 20 Ma to present. Drift of oceanic plates is interpolated from our circuit solutions; displacement of the 

Sierran-Great Valley block is drawn following Wernicke and Snow (1998); the shape of the Mendocino edges from 6 

to 0 Ma is from Wilson (1989). Light grey coastline and state boundaries are given in their present-day locations for 

orientation purposes only. 

Nor th A m e r i c a n c o n t i n e n t . P a r t i c u l a r 

emphasis is on two issues—(1) the relationship 

of the plate displacements to the magnitude and 

direction of continental extension and shear 

and (2) the relationship of the slab windows to 

the tectonics of the overlying plate. 

Our results do suggest a close relationship 

between the relative Pacific-North America 

plate displacements and the magnitude and 

direction of continental extension in the Basin 

and Range province. The most recent update of 

the history of extension at the latitude of Las 

Vegas, Nevada is given by Wernicke and Snow 

(1998) in this issue from integrating the dis-

placement direction and timing of various nor-

mal and strike-slip fault systems between the 

Sierra Nevada of California and the Colorado 

Plateau. These geological observations show 

that the direction of motion of the Sierran-

Great Valley block, relative to the Colorado 

Plateau, was approximately E-W during the 

interval from 16 to 10 Ma, and then changed to 

become more northwesterly from 10 Ma to the 

present. The exact direction of northwest 

motion varied with latitude, but, nevertheless, 

the northwestward change of the displacement 

direction at ~ 1 0 Ma is quite striking. We specu-

late that this 10 Ma change may correlate with 

the chron 4 northward change in direction of 

relative motion between the Pacific and North 

America plates (Fig. 2). The uncertainties in 

the geological data are such that this change in 

direction of slip within the Basin and Range 

province could have occurred at chron 4 (8 Ma, 

rather than 10 Ma). Note that we do not expect 

the direction of extension in the Basin and 

Range province to exactly match the plate-

motion direction either before or after the 

clockwise change in plate motion, because some 

of the plate-boundary deformation was taken up 

on the San Andreas and related faults. 

The slab windows shown in Figure 10 were 

drawn assuming that the slabs had an 18° dip 

and were rigid. In any interpretation of the 

relationship of the slab windows to the geology 

of the overlying North America plate, it must be 

remembered that: (1) the paleo-dip of the slabs 

is not known, so that the boundaries of the 

windows could be shifted somewhat to the east 

or to the west; and (2) the downgoing plate may 

not have been rigid; it may have undergone 
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(n >1) fields in any case. Given the uncertainties of the various data under-

lying the plot, the relation between passage of the Mendocino triple junc-

tion and the migratory volcanism seems confirmed (Fox et al., 1985).

The youngest fields (Cl: Clear Lake Volcanics; Sb: Sierra Buttes vol-

cano), one located well inland (Figs. 1 and 8), fall well below the trajectory

of the Mendocino triple junction, as others have noted (Fox et al., 1985).

Despite its more easterly geographic position within the Great Valley

(Fig. 1), Sierra Buttes magmatism seems petrogenetically related to the

transform-related Coast Ranges rather than to the subduction-related High

Cascades even farther east (Christiansen and Yeats, 1992). The plot as a

whole, regardless of alternate assumptions regarding Hayward-Calaveras

slip, implies northward migration of volcanic centers at a significantly

slower rate (about 30 km/m.y.) than the Mendocino triple junction (about

50 km/m.y.). The meaning of this increasing time lag between passage of

the Mendocino triple junction and the outbreak of slab-window magmatism

is unclear, but may relate to some time-dependent change in the progress of

thermal evolution in the mantle or crust beneath the continental margin.

Bohannon and Parsons (1995) argued that slab windows may not extend

all the way to paleotrenches, but that gently inclined fragments of subducted

slabs may be underplated beneath the seaward flanks of continental margins,

subterranean tears farther inland allowing deeper parts of the subducted slabs

to separate from the stranded segments to form slab windows. Because the

post–mid-Miocene volcanic centers lie 100–125 km inland from the toe of

the continental slope, underplated slabs spanning that width could be present

seaward of the slab window, but a greater extent is difficult to reconcile with

the seemingly robust hypothesis of migratory slab-window volcanism.

COLUMBIA RIVER BASALT VOLCANISM

The voluminous pulse of Columbia River basalt volcanism in the Pacific

Northwest occurred during the same brief 17–14 Ma time span (Hart and

Carlson, 1987; Christiansen and Yeats, 1992) as the mid-Miocene pulse of

volcanism in the Transverse Ranges and the California continental border-

land. The two events at first glance seem unrelated, and Columbia River

basalt volcanism was certainly unrelated to any slab window. A possible tec-

tonic connection can be inferred, however, by hearkening back to the sug-

gestion of Atwater (1970) that the entire intermountain region can be

viewed as a wide soft plate boundary that underwent Neogene deformation

in a regionally coherent pattern. Figure 10 displays the tectonic geometry of

the region between the Pacific Northwest and the Gulf of California.

Although palinspastic restoration of the California continental margin

was incorporated into the diagrammatic map, other tectonic elements are

plotted in their present positions. This undoubtedly leads to depiction of the

mid-Miocene Great Basin as too wide by some measure, but distortions

within the Pacific Northwest are not serious. Major Paleogene tectonic ro-

tations within the Pacific Northwest (Heller et al., 1987) were complete by

approximately 15 Ma (Gromme et al., 1986), and subsequent deformation

in the interior has been minor on a regional scale. Modest rotation (15°–20°)

of Columbia River basalt flows of 15–12 Ma age within 100 km of the mod-

ern offshore subduction zone decline to nil or negligible at a distance of

250 km from the plate boundary (England and Wells, 1991). The deforma-

tion near the coast is attributed to the effects of oblique subduction of the

Juan de Fuca plate beneath the Pacific Northwest during the past few mil-

lion years (Reidel et al., 1984).

Regional Geotectonic Relations

The synchroneity of mid-Miocene (17–14 Ma) pulses of volcanism in

coastal California and the interior of the Pacific Northwest seems less coin-

cidental when one considers that extensional tectonism in its modern guise

was also initiated within the intervening Great Basin during the interval

18–16 Ma (Noble, 1972; McKee and Noble, 1986). This extensional tec-

tonic system can be viewed as intracontinental deformation produced by

drag on the continental plate as the Pacific plate sheared northwestward past

it (McKee and Noble, 1986). Until recently, it was unclear why this tor-

sional effect was delayed until mid-Miocene time, because the Pacific and

North American plates first came into contact during the interval 28–25 Ma.

That development of an integrated transform system along the California

coast was deferred until the demise of local offshore microplates during the

interval 19–17 Ma (Fig. 5) provides a logical rationale for the delay. In ef-

fect, the nearshore microplates served temporarily as a buffer zone between

the two larger plates, which began to interact directly on a broad scale only

Figure 8. Reconstructed post–mid-Miocene positions of the Mendo-

cino Fracture Zone (MFZ) and associated Mendocino triple junction

(MTJ) offshore from central and northern California (after Dickinson,

1996) in relation to positions and ages of post–mid-Miocene volcanic

fields (circles) in adjacent coastal California (from Figs. 1 and 2 and

Table 3; Ac [Anderson-Coyote basalt] of anomalous age not plotted).

Positions of >5 Ma volcanic fields are restored (solid circles) for

55–60 km of dextral shear (parallel to San Andreas fault trend) along

eastern California shear zone after Dickinson (1996), and alternately

for (a) 35 km of dextral strike slip along the Hayward-Calaveras fault

zone (apportioned equally to each branch after Graham et al., 1984),

and (b) 160 km of Hayward-Calaveras slip apportioned 60 km to Hay-

ward fault zone and 100 km to Calaveras fault zone (after McLaughlin

et al., 1996). Hachured line offshore is approximate base of modern

continental slope. Frame of reference is provided by present positions

of Mendocino triple junction and boundary of California.

Atwater & Stock, Int. Geol. Rev., 1998

Dickinson, GSA Bull 1997



W. R. DICKINSON

948 Geological Society of America Bulletin, August 1997

(n >1) fields in any case. Given the uncertainties of the various data under-

lying the plot, the relation between passage of the Mendocino triple junc-

tion and the migratory volcanism seems confirmed (Fox et al., 1985).

The youngest fields (Cl: Clear Lake Volcanics; Sb: Sierra Buttes vol-

cano), one located well inland (Figs. 1 and 8), fall well below the trajectory

of the Mendocino triple junction, as others have noted (Fox et al., 1985).

Despite its more easterly geographic position within the Great Valley

(Fig. 1), Sierra Buttes magmatism seems petrogenetically related to the

transform-related Coast Ranges rather than to the subduction-related High

Cascades even farther east (Christiansen and Yeats, 1992). The plot as a

whole, regardless of alternate assumptions regarding Hayward-Calaveras

slip, implies northward migration of volcanic centers at a significantly

slower rate (about 30 km/m.y.) than the Mendocino triple junction (about

50 km/m.y.). The meaning of this increasing time lag between passage of

the Mendocino triple junction and the outbreak of slab-window magmatism

is unclear, but may relate to some time-dependent change in the progress of

thermal evolution in the mantle or crust beneath the continental margin.

Bohannon and Parsons (1995) argued that slab windows may not extend

all the way to paleotrenches, but that gently inclined fragments of subducted

slabs may be underplated beneath the seaward flanks of continental margins,

subterranean tears farther inland allowing deeper parts of the subducted slabs

to separate from the stranded segments to form slab windows. Because the

post–mid-Miocene volcanic centers lie 100–125 km inland from the toe of

the continental slope, underplated slabs spanning that width could be present

seaward of the slab window, but a greater extent is difficult to reconcile with

the seemingly robust hypothesis of migratory slab-window volcanism.

COLUMBIA RIVER BASALT VOLCANISM

The voluminous pulse of Columbia River basalt volcanism in the Pacific

Northwest occurred during the same brief 17–14 Ma time span (Hart and

Carlson, 1987; Christiansen and Yeats, 1992) as the mid-Miocene pulse of

volcanism in the Transverse Ranges and the California continental border-

land. The two events at first glance seem unrelated, and Columbia River

basalt volcanism was certainly unrelated to any slab window. A possible tec-

tonic connection can be inferred, however, by hearkening back to the sug-

gestion of Atwater (1970) that the entire intermountain region can be

viewed as a wide soft plate boundary that underwent Neogene deformation

in a regionally coherent pattern. Figure 10 displays the tectonic geometry of

the region between the Pacific Northwest and the Gulf of California.

Although palinspastic restoration of the California continental margin

was incorporated into the diagrammatic map, other tectonic elements are

plotted in their present positions. This undoubtedly leads to depiction of the

mid-Miocene Great Basin as too wide by some measure, but distortions

within the Pacific Northwest are not serious. Major Paleogene tectonic ro-

tations within the Pacific Northwest (Heller et al., 1987) were complete by

approximately 15 Ma (Gromme et al., 1986), and subsequent deformation

in the interior has been minor on a regional scale. Modest rotation (15°–20°)

of Columbia River basalt flows of 15–12 Ma age within 100 km of the mod-

ern offshore subduction zone decline to nil or negligible at a distance of

250 km from the plate boundary (England and Wells, 1991). The deforma-

tion near the coast is attributed to the effects of oblique subduction of the

Juan de Fuca plate beneath the Pacific Northwest during the past few mil-

lion years (Reidel et al., 1984).
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The synchroneity of mid-Miocene (17–14 Ma) pulses of volcanism in

coastal California and the interior of the Pacific Northwest seems less coin-

cidental when one considers that extensional tectonism in its modern guise

was also initiated within the intervening Great Basin during the interval
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tonic system can be viewed as intracontinental deformation produced by

drag on the continental plate as the Pacific plate sheared northwestward past
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the two larger plates, which began to interact directly on a broad scale only
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(MTJ) offshore from central and northern California (after Dickinson,
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Positions of >5 Ma volcanic fields are restored (solid circles) for

55–60 km of dextral shear (parallel to San Andreas fault trend) along

eastern California shear zone after Dickinson (1996), and alternately
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zone (apportioned equally to each branch after Graham et al., 1984),
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of the plate displacements to the magnitude and 

direction of continental extension and shear 

and (2) the relationship of the slab windows to 

the tectonics of the overlying plate. 

Our results do suggest a close relationship 

between the relative Pacific-North America 

plate displacements and the magnitude and 

direction of continental extension in the Basin 

and Range province. The most recent update of 

the history of extension at the latitude of Las 

Vegas, Nevada is given by Wernicke and Snow 

(1998) in this issue from integrating the dis-

placement direction and timing of various nor-

mal and strike-slip fault systems between the 

Sierra Nevada of California and the Colorado 

Plateau. These geological observations show 

that the direction of motion of the Sierran-

Great Valley block, relative to the Colorado 

Plateau, was approximately E-W during the 

interval from 16 to 10 Ma, and then changed to 

become more northwesterly from 10 Ma to the 

present. The exact direction of northwest 

motion varied with latitude, but, nevertheless, 

the northwestward change of the displacement 

direction at ~ 1 0 Ma is quite striking. We specu-

late that this 10 Ma change may correlate with 

the chron 4 northward change in direction of 

relative motion between the Pacific and North 

America plates (Fig. 2). The uncertainties in 

the geological data are such that this change in 

direction of slip within the Basin and Range 

province could have occurred at chron 4 (8 Ma, 

rather than 10 Ma). Note that we do not expect 

the direction of extension in the Basin and 

Range province to exactly match the plate-

motion direction either before or after the 

clockwise change in plate motion, because some 

of the plate-boundary deformation was taken up 

on the San Andreas and related faults. 

The slab windows shown in Figure 10 were 

drawn assuming that the slabs had an 18° dip 

and were rigid. In any interpretation of the 

relationship of the slab windows to the geology 

of the overlying North America plate, it must be 

remembered that: (1) the paleo-dip of the slabs 

is not known, so that the boundaries of the 

windows could be shifted somewhat to the east 

or to the west; and (2) the downgoing plate may 

not have been rigid; it may have undergone 
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after the microplates were no longer in existence. Thereafter, plate-margin

coupling along the San Andreas transform system, perhaps augmented by

analogous shear imparted to the continental block along the offshore Queen

Charlotte transform to the north (Christiansen and McKee, 1978), could

have induced internal deformation of the continental block. Initiation of

block faulting along the Rio Grande rift (Fig. 10) during the interval

21–15 Ma (Ingersoll et al., 1990) can perhaps be viewed as an integral part

of the overall intracontinental deformation induced by plate shear.

The geometric relationship of the Columbia River and related basalt

fields in the Pacific Northwest to the Basin and Range Province of the Great

Basin to the south (Fig. 10) is as striking as the observation that the erup-

tions immediately followed initiation of basin and range extension (Mckee

and Noble, 1986). The Northern Nevada rift (Zoback et al., 1994), a feature

filled by coeval (17–14 Ma) igneous rocks, extends southward as a prong

subparallel to the most prominent feeder dike swarms for Columbia River

basaltic eruptions (Hooper, 1982, 1988; Carlson and Hart, 1987; Hart and

Carlson, 1987). This circumstance lends weight to the suggestion that the

opening of fissures that fed Columbia River basaltic volcanism was also re-

lated to torsional shear of the continental interior owing to plate-boundary

interactions along the continental margin (Reidel et al., 1989). Because the

Figure 9. Time-distance plot (adapted and updated after Fox et al., 1985, and Atwater, 1989) of the Mendocino triple junction (shaded) and

post–mid-Miocene volcanic fields (stippled) in coastal California (data from Table 3). Adjusted distance is the distance along the San Andreas

transform trend from the present position of the Mendocino triple junction. The temporal-spatial correlation of ages of volcanics with the triple

junction path (as shown) required adjustment of positions of volcanic fields to allow for tectonic transport (approximately 57.5 km) across east-

ern California shear zone (of Dokka and Travis, 1990), as well as slip along splay faults of San Andreas system in the San Francisco Bay area.

Dashed positions of selected fields are plotted for the alternative of large displacement along the Hayward-Calaveras splay fault system (after

McLaughlin et al., 1996); curved connecting arrows show relationships to alternate positions (stippled) plotted for the assumption of lesser dis-

placement (after Graham et al., 1984).
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First stage of slab window is behind trench-ridge collision. Note that Dickinson foundered the Monterey microplate to get volcanism on top
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Figure 3. Reconstruction models predicting geometry of oceanic crust east of the Pacific plate,
including slab windows beneath North America. Isochron positions on eastern plates (dashed) are
predicted by rotating Pacific plate isochrons according to the stage rotation history of Table 2.
Approximate position of the North American margin is indicated by the dashed line, and shading with
paired relative motion arrows shows presumed diffuse boundaries within oceanic plates. The reference
frame is fixed to the Pacific plate, with Figure 3a and 3b frames having more westerly centers than the
other frames. (a) Prior to chron C13, Juan de Fuca-Farallon plate motion is slow rotation about a local
pivot. (b) As the EPR approaches the subduction zone, faster right-lateral relative motion develops.
(c) During chron C10n, the Monterey microplate separates. (d) Both Pacific-Juan de Fuca and Pacific-
Farallon relative motion shift clockwise during chron C9n. (e) A separate slab window develops between
the Mendocino and Pioneer fracture zones during chron C8. (f ) By chron 6B, Cocos-Pacific motion has
slowed to the point where a Cocos-Monterey boundary is no longer required. (g) At about chron C6y,
Monterey-Pacific spreading stops, and we interpret that the Cocos-Monterey break position was parallel
to the continental margin. (h) Continued Cocos-Pacific spreading opens a slab window east of the
Monterey plate.
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overlap. We accommodate this motion on features recog-
nized as having late Miocene extension [Henry and
Arranda-Gomez, 2000], though probably using larger
motions than most workers would expect. Relative to the
southern Sierra Madre Occidental, post-12.5 Ma motion of
Baja California is modeled as 495 km (Figure 6); relative to
rigid North America, post-12.5 Ma motion is 515 km.
[23] As has been noted in previous compilations, our

dates of volcanism show little activity from 22 to 19 Ma
and widespread renewed activity in southern California
from 18 to 14 Ma. In the Santa Maria and Los Angeles
basins, these lavas have field relations showing that
eruptions were contemporaneous with major extension
[Crowell, 1987; Wright, 1991; Stanley et al., 1996]. In
current coordinates, older units are generally northwest of
younger units, but reconstructing the eruption positions
indicates a west-to-east progression of activity (Figure 8).
The setting of these lavas, especially their relation to the
capture of the Monterey plate by the Pacific plate, has
been the subject of recent debate. Nicholson et al. [1994]
and Bohannon and Parsons [1995] infer that the sub-
ducted Monterey plate slab under the California Border-
land moved with the Pacific plate after 19 Ma, driving
extension in the overlying plate. Dickinson [1997] argued
that the existence of the volcanic rocks is better explained
if instead the slab continued to subduct, separating from
the never subducted fragment and thereby opening a slab
window. Our interpretation of the capture of the Monterey
plate first by the Cocos plate, then by the Pacific plate
allows a quantitative test of Dickinson’s interpretation.
There are few direct constraints on the position of the
break between Cocos and Monterey plates, but if a
position is chosen, the growth of the slab window will
be predicted by the fairly well known relative motion of
the Cocos and Pacific plates.
[24] A position for the initial break just west of the oldest

volcanic centers in and around the Santa Maria Basin and
offshore on San Miguel and Santa Rosa Islands can explain
the eastward progression of volcanic activity without vio-
lating constraints imposed by observations of dipping
reflectors interpreted as top and bottom of subducted
Monterey plate crust under the offshore Santa Maria Basin
[Tréhu , 1991; Miller et al., 1992; Nicholson et al., 1992],
and under Monterey Bay and Santa Cruz [Page and
Brocher, 1993]. The eastward growth of the slab window
predicted by Cocos-Pacific motion is adequate for the slab
window to grow to extend under the !16 Ma volcanic rocks
of the Peninsular Range-Baja block (GV, SJ, RB) by 16 Ma
(Figure 8c). The more southerly locations we advocate
based on 27–22 Ma volcanic rocks also allow associating
the !17 Ma volcanic rocks near San Luis Obispo (YM2,
OF, LM2) with the north end of the Monterey plate slab
window (Figure 8c), but do not place the !16 Ma volcanic

Figure 6. Reconstruction model showing positions of blocks of western United States and Mexico at important times.
Reference frame is fixed to North America; map projection is oblique Mercator about 27!N, 2!W, with projection equator
near the center of each panel. Modeled extension in northwest Mexico is indicated by the increase in width from 485 to
700 km. Total motion of Sierra Nevada relative to Colorado Plateau is 295 km since 29 Ma, and motion of Baja
California relative to the Sierra Madre Occidental is 495 km since 12.5 Ma.

Figure 7. Reconstruction model showing positions of
mid-Tertiary volcanic rocks relative to evolving slab
windows north of the Monterey plate. (a) The 26.5 Ma
(C8) reconstruction shows positions of 27–26 Ma volcanic
centers, (b) 23.0 Ma (C6B) reconstruction shows positions
of 24–22 Ma volcanic centers. With the exception of the
Carmel area volcanic rocks, all volcanic centers can be
restored to the slab window at their time of initial eruption.
Slab windows are from Figures 3d and 3f but in North
America fixed coordinates. ‘‘S’’ indicates a basin analyzed
in Figure 9 showing rapid subsidence; triangles are fault
correlation points from Figure 4.
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rocks at Rosarito Beach and San Clemente Island (RB,
SCL) past the southern limit of the possible slab window.

5. Discussion and Implications

5.1. Slab Windows and Basin Subsidence

[25] In many cases, the coastal California lavas are
interbedded with marine sedimentary rocks that allow
interpretation of the vertical motion of the basin relative

to sea level. Water depth at the time of deposition can be
inferred from population statistics of benthic foraminifera
and other microfossils, and corrections for sediment com-
paction and isostatic loading allow interpretation of the
basin subsidence in the absence of sediment input [e.g.,
Dickinson et al., 1987]. Most of the basins associated with
volcanic rocks that we attribute to slab windows show a
brief period (<2 Myr) of rapid subsidence synchronous with
volcanism, followed by slow subsidence of variable but
often extended duration (often 10–20 Myr). This pattern is

Figure 8. Reconstructions of 19–14 Ma volcanic centers compared with a slab window model east of
the captured Monterey plate. Within each frame, volcanic centers with preferred dates at the
reconstruction time or less than 1.5 Myr prior to it are plotted as solid circles; other volcanic centers with
age uncertainties encompassing the reconstruction time are plotted as open circles. Other symbols are as
in Figure 7. The initial position of the break at 19.1 Ma between the captured Monterey plate, and its slab
is not known independently, but is assumed to lie west of the older volcanic rocks, near the Hosgri fault.
The subsequent evolution of the slab window geometry (bold lines) is assumed to be governed by Cocos-
Pacific relative plate motions. Within dating uncertainties, all volcanic centers except JV east of the map
edge can be restored to above the slab window at their time of initial eruption. North America fixed
coordinates.
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Fig. 6. Proposed schematic model of slab-tearing prior to ridge-trench collision. The upper plate (shaded) is shown with dotted lines, the downgoing
plate (white) with plain lines, arc volcanoes (upper cartoon) and basaltic plateau flows (middle cartoon) in black. Scale and main structural elements
are as in Fig. 2. Stage A (N13 Ma): active subduction and edification of the Comondú arc. Stage B (13–7 Ma): end of subduction and development of
a slab tear which evolves into a slab window, post-subduction magmatism. The trench becomes fossil and the Tosco–Abreojos dextral strike-slip fault
propagates southward. The tear is represented at an early stage of development, when thermal erosion (stippled areas) starts to reduce the thickness of
its lithospheric edges. C: schematic cross-section along line CC’ (in B), at ca. 29°N, depicting the effects of thermal erosion and the ascent of infraslab
magmas (San Carlos alkali trachybasalts) through the tear.

111C. Pallares et al. / Journal of Volcanology and Geothermal Research 161 (2007) 95–117

shows that it is most pronounced at depths of less than 125 km
beneath the Central Valley and western Sierra Nevada. At 100
km, the lateral velocity contrast in shear velocity with the low-
velocity asthenosphere is on the order of 6%, similar to that be-
neath Baja California. With somewhat smaller velocity contrast,
below 125 km it dips steeply downward to the east to depths
greater than 200 km beneath the eastern Sierra Nevada and
Owens Valley, consistent with previous body and surface wave
imaging (13–16). In this paper, we interpret it as representing
a fossil slab connected to the Monterey microplate.
Our interpretation of the high-velocity Isabella and central Baja

California anomalies as fossil slabs attached to unsubducted
microplates is illustrated in Fig. 4, which also shows a schematic
cross-section through the slab gap at 39°N, just south of the Men-
docino triple junction between the Pacific, North American, and
Juan de Fuca or Gorda plates. One of the strongest pieces of evi-
dence for this interpretation is simply the geometry of the anom-
alies and the remnant microplates (Fig. 1). At 100-km depth, the
high-velocity anomalies along the west coast of North America are
all either associated with the actively subducting Juan de Fuca/
Gorda plate or directly opposite unsubducted microplates. The
distance from the fossil trenches to the anomalies is similar to the
distance from the active trench to the subducting Juan de Fuca slab
and the velocity contrasts with surrounding asthenosphere are
nearly the same (19).
Previous interpretations of the Isabella anomaly as delami-

nated lithosphere were based largely on the proximity of the
anomaly to the southern Sierra Nevada where the lower crust
and lithospheric mantle on the east side of the Sierra appear to
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This is in some ways similar to argument of Popov paper as this makes it easier to grab Baja to move northward



have been removed, on the coinciding subsidence of the Central
Valley, and on the existence of a “hole” in the P-to-S wave
conversion at the Moho above part of the Isabella anomaly. The
absence of a Ps signal could be caused by a steeply dipping Moho
pulled down by a dripping lower lithosphere (18). However, later
work showed that this weak Ps conversion is not confined to the
vicinity of the Isabella anomaly; it extends along the entire western
Sierra Nevada and is now thought to be due to the presence of
a dense mafic–ultramafic residue in the lower crust that reduces
the contrast between crust and mantle (20), an interpretation that
is consistent with our tomography model that has unusually high
S-wave velocities in the lower crust beneath the western Sierra
Nevada (Fig. 3C). The subsidence in the Central Valley could be
a flexural effect caused by uplift of the adjacent southern Sierra
Nevada or it could be driven by slight negative buoyancy of the
underlying fossil slab. To explain why the anomaly is beneath the
Central Valley instead of directly beneath the eastern Sierra or left
behind farther to the east beneath the Basin and Range as the
continent moved westward, Zandt (12) invoked an ad hoc “mantle
wind” that displaced the anomaly to the west. Our interpretation
that it is instead an oceanic slab is consistent with the model of
Nicholson et al. (5) in which drag from the still attachedMonterey
slab moving with the Pacific plate was responsible for the rotation
of the overlying Transverse Ranges crustal block.
The high-velocity anomalies are expected to be due to a com-

bination of oceanic lithosphere dehydration and cooler temper-
atures. The asthenosphere or low-velocity zone beneath most of
southwestern North America has very low shear wave wave ve-
locities similar to those beneath the East Pacific Rise and high
Vp/Vs ratios, suggesting the presence of a small melt fraction (8,
9, 14). The oceanic lithosphere, however, is depleted and dehy-
drated in the process of formation of the oceanic crust, leading
to higher electrical resistivity and higher seismic velocities be-
neath young seafloor than expected from conductive cooling
alone (21). Even though the young Monterey plate stopped
subducting at ∼19–20 Ma (2, 4) and would now only have an
average temperature contrast with the surrounding astheno-
sphere of 100–250 °C (22), there should be a velocity contrast
with the asthenosphere throughout the 60- to 70-km thickness of
depleted, subducted lithosphere caused by the absence of melt-
ing and dissolved water.
Postsubduction volcanism in Baja California is also consistent

with the high-velocity anomalies being fossil slabs. The distri-
bution of high-magnesium (Mg) andesites (bajaites), which are
commonly thought to form from a mixture of magmas from
melting subducted oceanic crust and melting the asthenospheric
mantle wedge fluxed by hydrous fluids released from the sub-
ducted plate (23), coincides with the landward edge of the slab
high-velocity anomaly at 100 km (Fig. 2). Although there is de-
bate about their origin (24, 25), the bajaites are produced where
the top edge of the slab with the basaltic crust lies directly below
at a depth typical for the formation of arc volcanism. Most of the
high-Mg andesites were produced millions of years after sub-
duction ceased. The heat necessary to melt basaltic crust may
have been supplied by upwelling associated with opening the
Gulf of California or by replacing the detached lithosphere with
hot asthenosphere at the end of the broken, fossil slab. A seismic
refraction profile at 24°S suggests that detachment of the slab in
that area occurred much shallower, at a depth of about 20 km
(26), in agreement with the absence of high velocities and the
lack of bajaites at that latitude (Fig. 2).
A different pattern of volcanism is expected for the Monterey

microplate. TheGuadalupe/Magdalena fossil slab is on the Pacific
side of the current Pacific–North America plate boundary, but the
Monterey slab is on the North American side of the San Andreas
fault, marking the Pacific–North America boundary in California
(Fig. 1). There is no reported postsubduction volcanism between
the San Andreas fault and the coast along the corridor where
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the connection between the microplate and Isabella should lie
(Fig. 3A). Themantle shear wave velocities are also relatively high
down to depths of ∼70 km in this corridor, unlike the velocities to
the north of the Monterey microplate, suggesting an intact plate.
Throughout this corridor, oceanic crust has been traced from the
fossil trench to near the San Andreas fault using seismic refraction
techniques (27), further supporting the conclusion that there is
oceanic lithosphere connecting the microplate and the Isabella
anomaly. The existence of this volcanic gap suggests the lithospheric
blocks between the San Andreas and the coast largely translated
along with theMontereymicroplate and the rest of the Pacific plate,
with relatively little offset on the intervening strike-slip faults.
Detachment of the slab at depth rather than near the surface

may occur because young, depleted oceanic lithosphere is buoyant
(28, 29). As the spreading center approaches the trench, the young
upper parts of the slab thus may resist sinking while the deeper,
older, colder, denser parts may pull away. Recent dynamic models
of shallow detachment have not considered the effects of compo-
sitional buoyancy (7). A major remaining question is whether fossil
slabs could remain attached to the microplates while translating
hundreds of kilometers laterally beneath the North American plate
since subduction ceased. A simple geodynamic model indicates
that a cool, dehydrated plate should be sufficiently viscous that it
would remain nearly undeformed (30). The temperature contrast
with the surrounding asthenosphere (22) and dehydration increase
the viscosity, and the effective viscosity contrast is further enhanced

by the reduction in strain rate within the no-longer subducting slab
if the dominant deformation mechanism is dislocation creep. De-
tached slabs are expected to have at least two orders of viscosity
contrast with the surrounding asthenosphere (31). Depletion
buoyancy and the increase in viscosity due to dehydration may be
responsible for the survival of other fossil slabs, such as the 55-Ma
Siletzia slab in the Pacific Northwest (32).
In summary, we have shown that there are high-velocity

anomalies extending as deep as 200 km into the mantle associ-
ated with unsubducted microplates that are most simply inter-
preted as fossil slabs and that the fossil slabs probably influence
the subsequent, postsubduction, magmatic activity.

Materials and Methods
We use the two-plane-wave method for regional surface wave tomography
(33, 34). Details of the data, procedures, and model resolution pertaining to
each study area are presented in the supplementary materials to refs. 8 and 9.
Briefly, we use Born approximation sensitivity kernels to predict the per-
turbations of the wavefield caused by heterogeneities within the region of
interest, and then invert the amplitude and phase of the Rayleigh waves on
an array of stations for the phase velocity and azimuthal anisotropy as
a function of position as well as wave parameters describing the structure of
the incoming wave field from each earthquake source. The study regions are
divided into slightly overlapping subregions with independent wave
parameters so that the total wavefield is allowed to be more complex. The
2D maps of phase velocity as a function of frequency are then inverted point
by point to generate 3D models of vertically polarized S wave velocity.

In the case of the Baja California region, we have supplemented the
original data set that used 6 y of records of teleseismic earthquakes using land
stations (8) with 1 y of recordings from ocean bottom seismographs (OBS) in
the central and southern Gulf of California. The combined distribution of
source events and stations is shown in Figs. S1 and S2. Seventy-eight events
were recorded by land stations only, and 36 events from October 2005 to
October 2006 were recorded by both the Network of Autonomously Re-
cording Seismographs (NARS)–Baja array as well as eight OBS that were part
of the Sea of Cortez Ocean Bottom Array (SCOOBA) experiment. Adding the
OBS records gives better resolution of velocity within the Gulf and of the
southern extent of the high-velocity anomaly associated with the Guadalupe
and Magdalena microplates. In the Baja region, station spacing varied from
about 70 to 250 km and some of the stations were of poor quality or had
more limited frequency response, yielding poorer horizontal and vertical
resolution than in the southwestern United States. Phase velocities were
estimated at periods ranging from 22 to 111 s.

Themaximumdepthextentofthefossil slabbeneathBajaCalifornia ispoorly
known, because with the limited period range available here and the lack of
bodywave information, thenominal resolving lengthatadepthof150km ison
theorderof100km, i.e., theaveragevelocity is resolvableonlyfrom∼110to210
kmwhen 150 km is the target depth. In our study, resolution tests indicate that
narrow, linear features would be spread out over a width of about 80 km, or
about the width of the highest velocity anomalies we image, so the actual
minimum width of the feature cannot be resolved. Also, any abrupt lateral
termination of structure is spread out due to the limited horizontal resolution,
but it is clear that the southern end of the high-velocity anomaly does not
extend as far south as the southern end of the Magdalena microplate.

In the case of the southwestern United States (9), there is a higher density of
seismic stations (70 km or less spacing) that provide better resolution of the
structure from surface waves as well as for good bodywave tomography, so in
that area, we improved the deeper part of the imaging by iterating back and
forth between surface wave and body wave imaging. For the surface wave
analysis, we used 113 source events recorded at as many as 174 stations for an
individual event, butmore than 200 stations in total. Somewhere between 100
and 150 km is the crossover depth between fundamental mode surface wave
and body wave resolution. At shallower depths, surface waves have much
better depth resolution (using periods 18–145 s in the southwest), whereas at
greater depths, bodywave resolution is better, particularly of lateral variations
in structure, although both have some sensitivity to velocity structure
throughout the crust and upper mantle. Teleseismic body wave tomography is
primarily sensitive to lateral changes in velocity, whereas surface waves pro-
vide some control on the absolute velocities. We began with a 3D SV image of
Rau and Forsyth (9), and then used that model as a starting model for an S
velocity model using the body wave data of Schmandt and Humphreys (15).
That model was then used as a starting model for another Rayleigh wave in-
version. We iterated three times, ending with a final image that is fully com-
patible with the Rayleigh wave data.
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Fig. 4. Schematic diagrams of Magdalena fossil slab (A), Monterey fossil
slab (B), and slab window south of the Juan de Fuca plate at 39°N (C). Lo-
cation of profiles A and B are shown in Figs. 2 and 3A, separately. The solid
red vertical line shows current Pacific–North America plate boundary. The
dashed vertical red lines show location of fossil spreading centers. The
arrows indicate likely mantle upwelling. The small red blobs show regions of
melt production and migration. The red symbols at top indicate locations of
volcanic activity at the surface not on plate boundaries.
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Figure 3. Reconstruction models predicting geometry of oceanic crust east of the Pacific plate,
including slab windows beneath North America. Isochron positions on eastern plates (dashed) are
predicted by rotating Pacific plate isochrons according to the stage rotation history of Table 2.
Approximate position of the North American margin is indicated by the dashed line, and shading with
paired relative motion arrows shows presumed diffuse boundaries within oceanic plates. The reference
frame is fixed to the Pacific plate, with Figure 3a and 3b frames having more westerly centers than the
other frames. (a) Prior to chron C13, Juan de Fuca-Farallon plate motion is slow rotation about a local
pivot. (b) As the EPR approaches the subduction zone, faster right-lateral relative motion develops.
(c) During chron C10n, the Monterey microplate separates. (d) Both Pacific-Juan de Fuca and Pacific-
Farallon relative motion shift clockwise during chron C9n. (e) A separate slab window develops between
the Mendocino and Pioneer fracture zones during chron C8. (f ) By chron 6B, Cocos-Pacific motion has
slowed to the point where a Cocos-Monterey boundary is no longer required. (g) At about chron C6y,
Monterey-Pacific spreading stops, and we interpret that the Cocos-Monterey break position was parallel
to the continental margin. (h) Continued Cocos-Pacific spreading opens a slab window east of the
Monterey plate.
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Extreme micoplate--holding on to Monterey microplate (last spreading anomaly 6--19 Ma).  but it is NORTH of where Monterey plate last was
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Figure 10. Regional mid-Miocene tectonic geometry (offshore rise crests and transforms are shown for approximately 15 Ma; western Transverse

Ranges are back-rotated, and the Gulf of California is closed, as for Figures 3 and 5, but no other palinspastic restorations) showing mutual spatial

relationships of San Andreas and Queen Charlotte transform systems along continental margin, interior Great Basin segment of Basin and Range

Province in Nevada and Utah, Northern Nevada rift (Zoback et al., 1994), and back-arc magmatism in the Pacific Northwest, where flood basalt erup-

tions of the Columbia River Basalt Group and the Steens Basalt were coeval with mid-Miocene magmatism in coastal California (older Pacific North-

west coastal and younger interior Snake River Plain volcanism are also shown for reference). Ancestral triple junctions: MTJ, Mendocino; RTJ,

Rivera; TTJ, Tofino (new term). Silicic volcanic centers of Snake River Plain hotspot track (after Pierce and Morgan, 1992): B, Bruneau-Jarbidge;

H, Heise; I, Island Park; M, McDermitt; O, Owyhee-Humboldt; P, Picabo; T, Twin Falls; Y, Yellowstone Plateau (SRP = Snake River Plain basalts).

Columbia River basalt dike swarms: Co, Cornucopia; CJ, Chief Joseph; Mo, Monument. Accreted Paleogene seamounts of Pacific Northwest Coast

Ranges (after Duncan, 1982): B, Black Hills; C, Crescent; G, Grays River; M, Metchosin; R, Roseburg; S, Siletz River; T, Tillamook.
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