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a b s t r a c t
The role that the motion of microplates has played in the development of the Eastern California Shear Zone in
western North America is unclear. It was previously proposed that shear related to Baja California motion has
propagated from the Gulf of California northward into Nevada. However, there is evidence that the formation
of the Eastern California Shear Zone predates the inception of Baja California motion. Thus, either Baja
California began to move northwestward prior to 6 Ma, or the Eastern California Shear Zone formed by shear
strain resulting from different microplate motion than Baja California. The role of Sierra Nevada motion on
the development of an adjacent shear zone remains untested. We present a numerical modeling study that
examines the deformational response of western North America to Baja California and/or Sierra Nevada
microplate motion. In particular we study if, and under what condition of microplate motion, shear strain can
localize in the northern and southern part of the Eastern California Shear Zone (separated by the Garlock
fault). We ﬁnd that given the pre-existing weakness from Miocene Basin and Range extension (a lithospheric
strength contrast or normal faults) shear strain from either the Baja California or Sierra Nevada microplates
can lead to the formation of the Eastern California Shear Zone. Furthermore, the presence of a pre-existing
weakness explains the earlier initiation of strike-slip faulting north of the Garlock fault. Our models suggest
that today, Baja California microplate motion is the major player for present-day deformation rates along the
Eastern California Shear Zone and was in the past 6 Myrs also a major driver of strain localization in southern
Eastern California Shear Zone within the Mojave block.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Western North America straddles a complicated and diffuse plate
boundary between the North America (NAM) and Paciﬁc (PAC) plates.
Within this diffuse plate boundary, deformation concentrates along
narrow shear regions separated by tectonically rigid blocks (here also
called microplates). Although most of the relative displacement
between NAM and PAC is accommodated along the San Andreas
Fault system (SAF), approximately 25% of the deformation is located
along the Eastern California Shear Zone (ECSZ) (Dixon et al., 2000a;
Miller et al., 2001). This strike-slip zone is bounded on the east by
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diffuse extensional deformation (Basin and Range) and the undeformed tectonic block of Sierra Nevada on the west (SIERRA microplate) (Fig. 1). How this intra-continental plate boundary developed
and what role surrounding rigid blocks and weak extensional regions
play in its formation are still open questions. It has been suggested
(Faulds et al., 2005a,b; Harry, 2005; McCrory et al., 2009) that the ECSZ
formed by northward propagation of the plate boundary in the Gulf of
California due to the northward motion of the Baja California peninsula
(BAJA microplate). Translation of BAJA with the Paciﬁc plate began
around 6 Ma when the plate boundary had fully migrated westward and formed the Gulf of California transtensional fault system
(Lonsdale, 1991; Atwater and Stock, 1998). Prior, between 12 and
6 Ma the so-called Protogulf hosted east–west extension, and shear
was accommodated west of BAJA (Stock and Hodges, 1989). Geological
studies have dated initiation of strike-slip faulting in the ECSZ to 12–
10 Ma (Reheis and Sawyer, 1997; McQuarrie and Wernicke, 2005),
with single faults exhibiting dextral slip as early as 19 Ma (Bartley
et al., 1990). This implies that there was either older northerly displacement of BAJA (Fletcher et al., 2007) or an alternate earlier driver
for shear strain localization in western NAM. Several observations
suggest the need for alternative mechanisms for the formation of the
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Fig. 1. Left panel shows model geometry and boundary conditions for the BAJA driven model with homogenous NAM. Right side shows the model setup for SIERRA driven models,
and model alterations for simulating pre-existing weaknesses in NAM: gray shaded area shows region where viscosity was lowered from 1023 Pa s to 1021 Pa s, dashed line indicated
added strike-slip fault along the ECSZ–WLB. “Rollers” allow nodal displacement along-strike the model boundary. Model domain boundaries, model faults: (1) San Andreas Fault
(SAF), (2) Garlock Fault, (3) nECSZ–WLB, (4) SAF restraining bend, (5) BAJA–NAM plate boundary (Gulf of California), and (6) PAC–BAJA plate boundary. The Mojave block is located
between 3, 4, and 6.

ECSZ than northward propagation of shear from the Gulf of California.
There is no observed connection across the Garlock fault between the
southern and northern part of the ECSZ (Dokka and Travis, 1990). The
northern part of the ECSZ (nECSZ) comprises the Owens Valley Fault
Zone, Panamint Valley — Hunter Mountain Fault Zone, Death Valley —
Fish Lake Valley Fault Zone. We include also the Walker Lane belt fault
zone. The southern part of the ECSZ (sECSZ) is located within and
adjacent to the Mojave block, As much as 90% of the faulting in the
southern part (often referred to as the Mojave Shear Zone, here called
sECSZ) occurred only after 4 Ma (Miller and Yount, 2002; Oskin and
Iriondo, 2004). Thus, geological observations suggest that the sECSZ
initiated after the northern ECSZ had already experienced signiﬁcant
shear.
Plattner et al. (2009) showed that at present, rigid block motion of
SIERRA can be driven by BAJA motion which in turn is driven by
partial coupling to PAC. However, the tectonic history of both
microplates makes it likely that in the past lateral drag resulting
from coupling with the PAC motion also acted directly on the western
margin of SIERRA (Nicholson et al., 1994). SIERRA microplate motion
could have been driven by this mechanism since 15–20 Ma, and could
have lead to the formation of the nECSZ prior to the development of
the plate boundary within the Gulf of California and the beginning of
BAJA northward migration. To test this hypothesis we use ﬁnite
element models to examine the shear deformation associated with
SIERRA and BAJA microplate motion. In particular, we want to assess i)
if, and under what conditions, lateral tractions applied to SIERRA can
lead to shear zone formation in western NAM (representing the
situation ∼12 Ma), ii) if, and under what conditions BAJA motion can
drive shear zone formation in the nECSZ prior to the formation of the
sECSZ (representing the period between 12 and 4 Ma, assuming
earlier northerly transport of BAJA), and iii) how the formation of the
sECSZ may have been inﬂuenced by an earlier formation of the nECSZ
(at any time of nECSZ formation prior to 4 Ma). We also assess the role
of lateral strength variations between the western NAM and the
extended and weak Basin and Range Province, and of pre-existing
regional fault zones.
2. Model description
To address these questions, we test two end-member deformation
models driven by the motion of either the BAJA microplate or by
SIERRA microplate, i.e., one of the microplates is driven by kinematic
boundary conditions while the other microplate and NAM respond in

a passive way. In both cases we test the deformational response in
western NAM, assessing whether that model enhances the development of a shear zone along the nECSZ, along the sECSZ, or neither. We
also test the effect of lateral variations in lithosphere strength on the
development of a shear zone between the SIERRA and the Basin and
Range. Finally, we test the inﬂuence of the reactivation of Basin and
Range normal faults as shear zones by assuming pre-existing faults
east of SIERRA.
For the numerical modeling we use the ﬁnite element code
GTECTON with 2D plane stress spherical thin shell elements (Govers
and Meijer, 2001). GTECTON solves the mechanical equilibrium
equations and computes the deformation resulting from our boundary conditions and model geometries.
The model domain (Fig. 1) is a three-plate conﬁguration, including
the North America plate, and the BAJA and SIERRA microplates. The
western edge of the domain is taken along the SIERRA–PAC and BAJA–
PAC microplate boundaries, where interaction of these microplates
with the PAC is represented by kinematic boundary conditions
(velocities). The plate boundaries (faults) follow the main fault-trace
(Meade, 2007) adapted to represent the plate conﬁgurations ∼12–
6 Ma. Assuming translation of BAJA with the PAC plate during this time
implies accommodation of shear in the Protogulf, and transpression
north of BAJA. Thus, in these models we separate BAJA from the NAM
plate by a weak shear zone, represented by faults. For better
comparison of the model results, we use the same representation of
the Protogulf and SAF restraining bend also in the SIERRA driven
models. We discuss the relevance of this assumption for both endmember models later. The southern end of the SIERRA block is
bounded by the Garlock fault already active in the time frame of
interest (Monastero et al., 1997). The model does not include the sECSZ
since we are studying the conditions that lead to its development. We
also test different assumptions for the nECSZ (as explained below).
All model plate boundaries and faults (same representation) are
vertical and frictionless, allowing strike-slip in response to shear
stresses on the model fault (Melosh and Williams, 1989). Protogulf
extension is modeled by allowing both strike-slip and normal relative
motion south of 27°N, as this best represents BAJA kinematics (Plattner
et al., 2009). Fault intersections are modeled by triple overlapping
nodes.
Velocity boundary conditions are speciﬁed w.r.t. stable NAM.
Therefore, eastern and southern boundaries of the NAM part of the
model domain are ﬁxed. The northern boundary of NAM is free to
move north. We choose this assumption because, as we analyze shear
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strain pattern, we prefer to under- rather than overestimate
resistance to motion of SIERRA and BAJA. The inﬂuence of this
boundary condition on the model results will be discussed later. The
imposed velocities are equal to the relative rigid plate motion of the
driving microplate with respect to stable NAM. The BAJA–NAM
motion is derived from Plattner et al. (2007) with an approximate rate
of 47 mm/year and azimuth of N50°W, while SIERRA–NAM motion is
derived from Psencik et al. (2006) (14 mm/year to N55W°). These
velocity boundary conditions represent a measure of mechanical
coupling between the respective microplate and the PAC plate
(Plattner et al., 2009). Thus the magnitude of the boundary condition
equals the full PAC–NAM rate minus the long-term amount of slip
accommodated at the corresponding boundary. Later we discuss the
inﬂuence of the use of present-day rigid plate velocity boundary
conditions in a model representing the period between 12 and 6 Ma.
In our 2D spherical shell models, we use an elastic-viscous rheology
to represent the (vertically averaged) lithospheric mechanical properties. We use an average viscosity of 1023 Pa s compatible with a
powerlaw rheology for continental lithosphere with a 60 mW/m2
surface heat ﬂow, a 30 km thick granitic crust overlying a 70 km thick
dry olivine lithospheric mantle, and a strain rate of 10− 15 s− 1 (Ranalli,
1995). In the ﬁrst sets of models the average viscosity is applied to the
entire model domain. We also test a weakened Basin and Range (Fig. 1)
to investigate the effect of rheological contrast on the development of
the ECSZ; the average viscosity in the Basin and Range is set to a lower
regional average value of 1021 Pa s (Flesch et al., 2000; Malservisi et al.,
2001), which is consistent with higher heat ﬂow in an extensional
regime (Lachenbruch and Sass, 1978) (90 mW/m2 steady state
surface heat ﬂow, 20 km thick granite crust overlying a 80 km thick
lithospheric mantle). We also analyze the role in the development of

the ECSZ as reactivation of normal faults along the western border of
the Basin and Range by including a pre-existing fault, which can move
by strike-slip. These models have homogenous rheology. Concerning
the density of the ﬁnite element mesh, we veriﬁed that all our models
have converged by demonstrating the insensitivity of the results to
changes in the element size.
3. Modeling results
Model results in map view show the maximum shear strain rate
from the local strain tensor (Fig. 2). The direction of this maximum
shear strain is not necessarily oriented parallel to plate motion. Fig. 3
shows two proﬁles oriented perpendicular to the plate motion
direction, where shear strain is calculated from the plate motion
parallel velocity. Note that it is likely, that the strain magnitude in
Fig. 3 is lower than from the maximum shear strain. The northern
proﬁle (A–A′) crosses the nECSZ at the approximate location of the
1872 Owens Valley earthquake (Beanland and Clark, 1982), and the
southern proﬁle (B–B′) crosses the sECSZ at the approximate location
of the 1999 Hector Mine earthquake (Sandwell et al., 2000) (Fig. 2).
We expect that localized shear zones from most likely in regions
where the shear strain rate is high within a narrow zone.
3.1. Response to BAJA motion
As expected with our model geometry, low strain rates in BAJA
(Fig. 2) demonstrate that most of this microplate moves as a rigid
block with fault slip along the Protogulf. Northwestward motion of
BAJA is hindered at the SAF restraining bend, causing deformation in
and around this collision zone. Shear strain is high at the corners of the

Fig. 2. Pattern of maximum shear strain rate (logarithmic color scale and contour lines) in southwestern North America (NAM) as a response to BAJA motion (upper images)
respectively, SIERRA motion (lower images), and in dependency of the strength in western NAM (see column headers). Maximum shear strain derived from constant strain element
information (does not show strain localized by fault slip on between elements). Faults are shown color-coded by the slip rate (fault slip rate is not shown at triple junctions). Proﬁles
A–A′ and B–B′ are shown in Fig. 3.
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Fig. 3. Shear strain rate with respect to distance from San Andreas Fault (SAF) along the cross-sections A–A′ crossing the nECSZ–WLB and B–B′ crossing the sECSZ (for location of
proﬁles see Fig. 2). With respect to Fig. 2, values are not maximum shear strain rate, but calculated from the derivate of the plate motion parallel velocity. Upper panel shows results
from models driven by BAJA motion, lower panel by SIERRA motion. BAJA motion causes larger shear strain rate in the region of the sECSZ. From both microplate motions shear zones
along the nECSZ–WLB can form in case of pre-existing weakness in western North America, such as lower viscosity in the Basin and Range area (rheol. contrast model) or fault zones
in the Basin and Range (fault model — note that fault slip is equivalent to high strain). Without such weakness (homogenous model) the deformation is broadly distributed over
western NAM.

restraining bend and at the eastern end of the Garlock fault. We will
see below that in all models dextral fault slip rates on the Protogulf
model fault range from 4 cm/year in the south to 2 cm/year in the
north. Sinistral fault slip rates on the Garlock Fault range from 0 to
1 cm/year.
3.1.1. Homogenous NAM
Along proﬁle A–A′, (dextral) shear strain rates are almost constant
indicating diffuse deformation (Fig. 3A). Along proﬁle B–B′ there are
high shear strain rates up to a distance of 200 km from the SAF
restraining bend (Fig. 3B), with a maximum at about 80 km from the
SAF. This distance corresponds to the present-day location of the
sECSZ. This zone with high shear strain trends northeast (Fig. 2A),
connecting the corner in the Protogulf — SAF fault with the end of the
Garlock fault.
3.1.2. Pre-existing weakness in western NAM
The model with a strength difference between the Basin and Range
Province and SIERRA (Fig. 1) shows high total shear strains in the low
viscosity region, in particular along the strength contrast (Basin and
Range–SIERRA boundary) (Fig. 2B). Shear strain rates are also high in
areas between the Gulf of California and the western Basin and Range.
Low shear strain rates are found within BAJA and SIERRA, indicating
that for this model the two microplates behave as rigid blocks. Along
proﬁle A–A′, the rheological contrast at 150 km distance from the SAF
produces a sharp increase in the shear strain rate from low rates at
SIERRA to high rates in the Basin and Range (Fig. 3A). The shear strain
reaches its maximum. Along proﬁle B–B′ shear strain localizes again in
the sECSZ but with higher rates and slower decay east of it (Fig. 3B).
3.1.3. Pre-existing faults in western NAM
We also test the effect on the deformation pattern of the existence
of a fault zone (irrespective of a strength contrast between the Basin
and Range and SIERRA) that was inherited from Basin and Range

extension. The model fault along the nECSZ is activated as a rightlateral strike-slip fault with slip rates of 10–20 mm/year (Fig. 2C).
Strike-slip on the fault reduces the shear strain in the Basin and Range
with respect to the rheology contrast model. In SIERRA, shear strain
rates are only slightly higher than in the rheological contrast model
indicating that in this case also SIERRA is moving as a quasi-rigid
block. In proﬁle A–A′, relative displacement along the fault appears as
a shear strain peak at distance 150 km from the SAF, with distinctly
lower strain rates in the SIERRA and the Basin and Range (Fig. 3A). A
NNW trending shear zone connects the Protogulf — SAF kink with the
end of the nECSZ fault. In proﬁle B–B′, this shows as a maximum shear
strain rate at 70 km distance from the NAF.
3.2. Response to SIERRA motion
The second end-member model considers the response of the
region to the application of transtensional velocity boundary conditions (∼ 14 mm/year) along the western SIERRA boundary. The
SIERRA motion mainly affects regions east of the SAF, SIERRA and
Basin and Range, where the deformational response in western NAM
depends strongly on the presence of pre-existing weakness. Strain
rates in the south, in BAJA and around the SAF restraining bend are
lower. For all the models, slip rates on both the Garlock Fault and on
the Protogulf are very close to zero (implying that the presence of the
Protogulf Fault is not essential for the SIERRA driven model results).
3.2.1. Homogenous NAM
Shear strain rates are highest in SIERRA, directly east of the SAF
(Fig. 2D). Along the proﬁle A–A′, the shear strain gradually decreases
with distance from the SAF without any apparent regional strain
concentration (Fig. 3C). South of the Garlock fault, the shear strain is
highest near the corner in the restraining bend of ProtoGulf–SAF
system, and at the eastern end of the Garlock fault. There is no through
going shear zone observable in the region of the sECSZ.
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3.2.2. Pre-existing weakness in western NAM
In the model with a viscosity contrast between the Basin and
Range Province and SIERRA, the shear strain is higher in the low
viscosity zone. Low strain rates within SIERRA indicates rigid block
motion (Fig. 2E), except near the intersection of Garlock fault and the
SAF. Along proﬁle A–A′, the rheological contrast at 150 km distance
from SAF is evident by the sharp increase in the shear strain rate from
low rates at SIERRA to high rates in the Basin and Range (Fig. 3C).
Within the Basin and Range there is high shear strain near the
rheological contact with rates decaying slowly to the east (Fig. 3C).
Along proﬁle B–B′, a broadly deforming area is found around the SAF
restraining bend corner and in the Basin and Range, with lower rates
in between (Fig. 3D).
3.2.3. Pre-existing fault in western NAM
Up to 12 mm/year of differential motion between SIERRA and the
Basin and Range occurs on the pre-existing fault (Fig. 2F). Along
proﬁle A–A′, the shear strain rate peaks at the fault at a distance of
150 km from the SAF (Fig. 3C). While some shear strain remains
within the SIERRA, the Basin and Range has shear strain rates close to
zero. South of the Garlock fault, the orientation and location of the
high shear strain coincides roughly with the sECSZ (Fig. 3D).
4. Model sensitivity
As already pointed out, the choice of the boundary conditions for
the northern side of the model is not unique and can affect our results,
in particular the shear strain rate along the ECSZ. One extreme would
be to ﬁx completely the northern model boundary simulating a
geological setting where the northern end of the SIERRA block would
be part of the NAM plate. This boundary condition would increase the
magnitude of shear strain rates in western NAM in the SIERRA driven
model, particularly within SIERRA (Fig. 4). In the BAJA driven model,
the velocity of SIERRA is lowered signiﬁcantly, leading to lower shear
strain rates across the ECSZ (Fig. 4). However, while the magnitude of
the shear strain rate is affected, for both models the presence or

absence of signiﬁcant shear strain gradients and its location do not
change signiﬁcantly by varying the NAM boundary condition in the
north. It is also interesting to note that for the BAJA driven fault model,
leaving free the northern boundary of the SIERRA block leads to an
overestimation of the slip rate accommodated by the nECSZ while
ﬁxing the northern boundary led to an underestimation of the slip
rate. This is compatible with the fact that in reality the SIERRA block is
very well deﬁned on three of its side while the northern termination
and fate of the block is not really clear, indicating that this microplate
is probably neither completely independent nor completely coupled
to NAM.
Our rigid plate velocity boundary conditions imply homogenous
mechanical coupling along the PAC plate boundary as a driving force,
providing an upper limit of strain concentration at the plate
boundaries (e.g. SAF restraining bend). Possible heterogeneities are
negligible with respect to the strains associated with the ECSZ
formation. We assumed present-day kinematics for BAJA and SIERRA
motion following results on constant plate motions since 3 Ma (Dixon
et al., 2000b; Plattner et al., 2007) and in absence of better constraints
for the past. Lower rates of SIERRA and BAJA motion could be likely due
to resisting forces in western NAM and the Protogulf, and in case of the
SIERRA driven model, the missing dynamic effect of BAJA on SIERRA
motion prior to 6 Ma (Plattner et al., 2009) (Fig. 2). In this case, the
shear strain rates could be slightly overestimated. The suggested
change in PAC–NAM plate motion azimuth, at 6 Ma from 286° to 305°
(Atwater and Stock, 1998; DeMets, 1995) lowers the shear strain in
direction of the ECSZ fault strike, but does not affect our conclusions.
Our model geometry is a simpliﬁed representation of the western
NAM tectonic at 12 to 6 Ma. During this time the Protogulf developed
from a weak volcanic arc region into a plate boundary, with unknown
mechanical properties. Thus it is important to evaluate the sensitivity
of our model results to the presence of this structure. We tested the
strain pattern from BAJA and SIERRA driven models in which the
Protogulf and the SAF restraining bend do not exist (in this case the
rigidity of this volcanic arc region is exaggerated). In the BAJA driven
model, BAJA–NAM motion leads to diffuse shear strain south of

Fig. 4. Inﬂuence of northern boundary conditions on the velocity and shear strain rate across the nECSZ (proﬁle A–A′ in Fig. 2), for BAJA driven (upper), and SIERRA driven (lower)
models with rheological contrast. Fixing SIERRA and North America in the north decreases the motion of SIERRA in the BAJA driven models. This velocity decrease leads to lower
shear strain rates. For the SIERRA driven model the velocity decreases only away from the applied velocity boundary conditions, causing higher shear strain rates within SIERRA.
However, in all models shear strain still localizes at the rheological contrast, within the Basin and Range.
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latitude 32 N, with the shear pattern resembling the model results for
the region along proﬁle A–A′ of the homogenous SIERRA driven
model. East of the SIERRA block a pre-existing fault is still activated
and accommodates shear strain from BAJA–NAM collision (15–
20 mm/year). At the southern termination of this fault a shearpropagation-zone develops (Du and Aydin, 1993), of which the
location corresponds to the sECSZ. In a model with rheological
weakness, the location of the rheology contrast plays a stronger role
for the shear strain pattern in the sECSZ, than in models, in which the
Protogulf model fault and the SAF restraining bend model fault exist.
Vicinity of the rheological contrast of the sECSZ enhances the shear
strain in this region. In the SIERRA driven models, we have seen that
the Protogulf model fault, and the SAF restraining bend model fault do
not accommodate almost any deformation. This explains why the
model results are not sensitive to the presence or abundance of these
faults.
The model geometry of the pre-existing weakness is also
representative for additional weak structures around the SIERRA
such as Pliocene normal faults at the eastern margin of the Sierra
Nevada mountain front (Jones et al., 2004). While the fault length, and
vicinity to the velocity boundary conditions and regional stress
sources such as the SAF restraining bend increase the shear strain
accommodation at these structures and shear strain in the sECSZ,
multiple parallel faults reduce the shear strain intensity in the sECSZ.
Similarly, the vicinity of the rheological contrast to boundary
conditions and regional stress sources, as well as the magnitude of
the rheological contrast enhances the shear strain accommodated in
the weak region.
5. Discussion
McQuarrie and Wernicke (2005) proposed that strike-slip faulting
in the nECSZ occurred 12–10 Ma. We tested two end-member models
for shear strain in western NAM from motion of the SIERRA,
respectively, BAJA mircoplate. The results from our models show
that the nECSZ can have evolved at 12–6 Ma by either earlier
northward motion of BAJA motion (Fletcher et al., 2007), or driving
forces for SIERRA motion, given the pre-existing at the western
margin of the Basin and Range.
In all BAJA driven models shear strain is localized at the sECSZ;
similar to the results from Li and Liu (2006) we ﬁnd that the
geometrical complexity of the SAF is a key component of this shear
zone formation. However, also the accommodation of shear strain
from BAJA–NAM collision at a pre-existing weakness (weak Basin and
Range or pre-existing faults) in western NAM can have led to localized
shear strain in the sECSZ. These results suggest that there is no need
for a pre-existing local weakness at the sECSZ, or an intrinsically
stronger Mojave block in order to localize strain and initiate the sECSZ.
The timing of strike-slip motion at the two parts of the ECSZ depends
on the presence of pre-existing weakness. Without any strength
heterogeneities in western NAM the nECSZ would form primarily by
northward propagation of the sECSZ (Fig. 5A), and thus the nECSZ
would be younger than the sECSZ. Conversely, pre-existing weakness
in western NAM can be activated to accommodate strain from BAJA–
western NAM collision prior to the formation of the sECSZ, beginning
with the northward motion of BAJA. It is likely, that between 12 and
6 Ma, BAJA motion occurred at lower rates than today. Thus, BAJA
motion became an important driving force for shear strain in western
NAM only after 6 Ma, accelerating strike-slip faulting in the nECSZ and
driving the shear zone formation at the sECSZ.
In SIERRA driven models, shear strain is only localized at the ECSZ
when strength heterogeneities associated with a thermally weakened
lithosphere or normal faults in the Basin and Range province preexist. These strength heterogeneities allow the SIERRA block to
translate without major internal deformation, while shear strain
is accommodated adjacent to SIERRA, starting with the beginning

Fig. 5. Schematic illustration of expected location of shear zone development and strain
propagation (red color intensity). A) BAJA microplate motion and homogenous
strength of western NAM explain the nECSZ by northward migration of shear strain
from the sECSZ. B) BAJA microplate motion and strength heterogeneities between
SIERRA and Basin and Range allow accommodation of shear strain in nECSZ prior to
sECSZ formation. C) Driving forces west of present-day SIERRA cannot explain localized
shear strain for a homogenously strong western NAM. Instead of a SIERRA microplate a
diffuse deformation zone develops over western NAM. D) Driving forces west of
present-day SIERRA microplate lead to high shear strain along nECSZ if strength
heterogeneities between SIERRA and Basin and Range are present. The shear zone could
even propagate south into sECSZ.

northward motion of this microplate. Thus, northward propagation of
the plate boundary in the Gulf of California is not needed to produce
the nECSZ (Fig. 5D). Once the shear strain is localized along the nECSZ,
the shear zone propagation can even affect the sECSZ (Fig. 5D), High
friction along the SAF early after its formation may be an explanation
for SIERRA driving forces prior to the beginning of northward motion
of BAJA.
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