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The 2010 Mw 7.2 El Mayor-Cucapah Earthquake Sequence, Baja California, Mexico
and Southernmost California, USA: Active Seismotectonics along the Mexican Pacific Margin
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and HIROO KANAMORI1
Abstract—The El Mayor-Cucapah earthquake sequence started
with a few foreshocks in March 2010, and a second sequence of 15
foreshocks of M [ 2 (up to M4.4) that occurred during the 24 h
preceding the mainshock. The foreshocks occurred along a north–
south trend near the mainshock epicenter. The Mw 7.2 mainshock
on April 4 exhibited complex faulting, possibly starting with a
*M6 normal faulting event, followed *15 s later by the main
event, which included simultaneous normal and right-lateral strikeslip faulting. The aftershock zone extends for 120 km from the
south end of the Elsinore fault zone north of the US–Mexico border
almost to the northern tip of the Gulf of California. The waveformrelocated aftershocks form two abutting clusters, each about 50 km
long, as well as a 10 km north–south aftershock zone just north of
the epicenter of the mainshock. Even though the Baja California
data are included, the magnitude of completeness and the hypocentral errors increase gradually with distance south of the
international border. The spatial distribution of large aftershocks is
asymmetric with five M5? aftershocks located to the south of the
mainshock, and only one M5.7 aftershock, but numerous smaller
aftershocks to the north. Further, the northwest aftershock cluster
exhibits complex faulting on both northwest and northeast planes.
Thus, the aftershocks also express a complex pattern of stress
release along strike. The overall rate of decay of the aftershocks is
similar to the rate of decay of a generic California aftershock
sequence. In addition, some triggered seismicity was recorded
along the Elsinore and San Jacinto faults to the north, but significant northward migration of aftershocks has not occurred. The
synthesis of the El Mayor-Cucapah sequence reveals transtensional
regional tectonics, including the westward growth of the Mexicali
Valley and the transfer of Pacific–North America plate motion
from the Gulf of California in the south into the southernmost San
Andreas fault system to the north. We propose that the location of
the 2010 El Mayor-Cucapah, as well as the 1992 Landers and 1999
Hector Mine earthquakes, may have been controlled by the bends
in the plate boundary.
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1. Introduction
The 2010 Mw 7.2 El Mayor-Cucapah earthquake
sequence occurred within the Mexican Pacific margin
in northern Baja California (BC), a region of high
seismicity straddling the complex Pacific–North
America plate boundary. The seismically active parts
of the northeast Baja California region follow the
Pacific–North America plate boundary from the
northern shores of the Gulf of California, crossing
major sedimentary basins and connecting up to the
faults of the plate boundary zone in southern California, including the Elsinore and San Jacinto faults,
and the southernmost San Andreas fault in the Salton
sea to the north (Fig. 1). Because sediments cover
many of the faults, mapping their exact locations and
estimating slip rates is difficult (PACHECO et al.,
2006). Nonetheless, this earthquake sequence has
released some of the right-lateral shear that had
accumulated adjacent to the plate boundary for more
than a century. This earthquake sequence also sheds
light on the structural connections between the principal plate boundary fault zone in the northern Gulf
of California/Salton trough region and the active fault
systems found farther west on both sides of the US–
Mexico border.
The El Mayor mainshock rupture can be divided
into two rupture zones. The northern zone extends
from the mainshock epicenter to the northwest, terminating near the US–Mexico international border.
The southern zone extends from the epicenter to the
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Figure 1
Tectonic overview of Southern California and Baja California, including the Pacific–North America plate boundary (red) and global moment
tensor solutions from the www.gcmt.org catalog. Earthquakes in the ANSS catalog from 1970 to 2010 of M C 5.0 are shown as open circles.
Fault traces from JENNINGS (1994), GONZÁLEZ-ESCOBAR et al. (2010), FENBY and GASTIL (1991), and FLETCHER and SPELZ (2009). Approximate
plate boundary trace from BIRD (2003). CDD Cañada David detachment, CF Consag fault, CM Coyote mountains, LA Los Angeles, LSF
Laguna Salada fault, WB Wagner basin, WF Wagner fault, WHF Whittier fault, YB Yuha basin

southeast, apparently terminating at the shoreline of
the Gulf of California, although the detection capability of the joint network is limited in this latter
region. It was surprising that the northwestern half of
the El Mayor sequence occurred within the Sierra
Cucapah mountain range as opposed to along its
western side, which is controlled by a major active
steeply west-dipping dextral fault with a small normal component, the Laguna Salada fault (MUELLER
and ROCKWELL, 1995). The faults that ruptured in the
northwestern zone during the mainshock had been
mapped by BARNARD (1968) and FLETCHER and SPELZ
(2009). In contrast, the region of the southeastern half
of the rupture consists of deep basins, including the
Mexicali Valley, the Colorado River delta, and the
Altar basin (PACHECO et al., 2006). In addition to

dextral motion, the east-side-down displacement in
the El Mayor sequence also contributed to the collapse of the range, and thus to widening of the
adjacent sedimentary basin. Because the southeastern
half of the rupture zone occurred beneath the Colorado River delta basin sediments, surface rupture was,
in part, masked by disturbance of the surficial sedimentary layers, possibly caused by liquefaction at
depth. Furthermore, there are no nearby seismic stations and the hypocenters are of progressively poor
quality to the southeast of the mainshock epicenter,
making the mapping of the mainshock rupture surface
difficult at best.
The El Mayor-Cucapah sequence is the largest
sequence recorded in the plate boundary zone since
the 1992 Mw 7.3 Landers and 1999 Mw 7.1 Hector
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Mine sequences in the eastern Mojave Desert to the
north in California. The El Mayor-Cucapah sequence
shares some of the same seismotectonic characteristics (Fig. 1). First, none of these sequences occurred
on the main plate boundary faults, such as the San
Andreas, Imperial or the Cerro Prieto faults. Second,
they all ruptured multiple fault strands with oblique
normal-dextral sense of shear, causing similar aftershock sequences. Third, the Landers sequence
occurred on a series of faults adjacent to the San
Andreas fault. The El Major-Cucapah sequence
occurred on a series of faults that are also adjacent to
the Cerro Prieto plate-boundary fault. The occurrence
of the El Mayor-Cucapah earthquake to the west of
the Cerro Prieto fault is consistent with the westward
shifting of strain localization in the Gulf area
(PACHECO et al., 2006). The mainshock also caused
minor slip on the Laguna Salada fault near the
international border and the Cañada David detachment, a low-angle normal fault mapped for 60 km
distance along the western side of the Sierra El
Mayor (FLETCHER and SPELZ, 2009). A previous large
earthquake in the region occurred in 1892 (e.g.,
HOUGH and ELLIOTT, 2004), and may have ruptured
the northwestern part of the Laguna Salada fault and
parts of the Cañada David detachment (FLETCHER and
SPELZ, 2009; MUNGUÍA et al., 2010). The Laguna
Salada fault, with a slip rate of *2–3 mm/yr, is the
southeast extension of the Elsinore fault (MUELLER
and ROCKWELL, 1995). These authors showed that at
least 22 km of the fault ruptured in the 1892
earthquake.
The mainshock on April 4, 2010 was felt across
Baja California, the southwestern US, and northwestern Mexico. After the mainshock, SUÁREZ-VIDAL
et al. (2010) searched for damage in Mexicali Valley.
Small villages and agricultural areas had significant
structural damage caused by soil liquefaction and
ground fracturing. The damage consisted of flooded
areas, subsurface zones of liquefaction, fissures
across paved roads, cracking of water canals, tilting
of power line towers, and damage or collapse of
residential houses. A total of 25,000–35,000 people
were evacuated from the earthquake zone. Geotechnical instruments and visual inspection reports
identified up to 30 cm of triggered slip on the faults
around the Cerro Prieto pull-apart (GlOWACKA et al.,

2010). MUNGUÍA et al. (2010) showed that recorded
peak accelerations were up to ten times larger at
sediment sites as compared with rock sites, with
peak acceleration of 0.81 g at a sediment site located
12 km away from the epicenter.
We provide synthesis of the seismicity following
the El Mayor-Cucapah mainshock and the decade
preceding it. We also provide insight into the regional
seismotectonics along the plate boundary, as well as a
Coulomb failure model to explain the occurrence of
large earthquakes adjacent to the plate boundary. The
El Mayor-Cucapah earthquake sequence probably
added tectonic stress to the Elsinore and San Jacinto
faults to the north. It caused some minor triggered
seismicity within hours of the mainshock, an M5.0
aftershock at Ocotillo, California, with its own
aftershock sequence on June 15, and a M5.4 mainshock aftershock sequence along the San Jacinto fault
on July 7.

2. Data and Methods
The Caltech/USGS Southern California Seismic
Network (SCSN) and the CICESE Baja California,
Mexico Seismic Network (RESNOM [Red Sı́smica
del Noroeste de México]) have recorded more than
10,000 earthquakes in the El Mayor-Cucapah earthquake sequence. We relocated the foreshocks,
mainshock and aftershocks using a 3-D velocity
model determined with SIMULPS (THURBER, 1993).
We made differential travel times from the picks and
applied HypoDD (WALDHAUSER and ELLSWORTH,
2000) to refine the hypocenters. Using the same
approach, we also relocated the preceding decade of
seismicity. The event relocations benefited from
arrival time picks determined from real-time waveform data streams of several stations exchanged
between the two networks. In addition, arrival time
picks from several other stations were provided on
the CICESE Baja California, Mexico Seismic Network web site (Fig. 2).
Real-time SCSN moment tensor solutions (CLINTON
et al., 2006) were derived for the mainshock and
M C 4 aftershocks using an automated analysis of
waveforms from up to six broadband stations and the
inversion method of DREGER and HELMBERGER (1993).
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Figure 2
Seismic stations that recorded data from the El Mayor-Cucapah earthquake sequence. Stations located in Mexico are part of the RESNOM
network. Stations in the US are part of the Southern California Seismic Network (SCSN) or contributed stations from partner networks

Because of the large azimuthal gap, with almost all of
the broadband stations located to the north, the large
non-double-couple components shown for the M4.4
foreshock and some of the aftershocks are considered
to be artifacts.
Using the available arrival time data, we determined a refined 3-D Vp velocity model. The starting
model was based on a 1-D model from HAUKSSON
(2000). This new 3-D model has somewhat limited
resolution south of the US–Mexico international
border, but is essential for constraining the focal
depths of events in this sequence.

3. Results
The 2010 Mw 7.2 El Mayor-Cucapah earthquake
sequence occurred in northern Baja California, along

the Mexican Pacific margin. The sequence ruptured
along a number of fault segments trending from the
northernmost tip of the Gulf of California, in the
southeast, to Ocotillo in the northwest, just north of
the US Mexico international border, for a distance of
more than 120 km. The crustal deformation caused by
the sequence reflects the tectonics of the region, which
is characterized by complex interactions of strike-slip
faults and normal faults leading to right-lateral transtensional deformation, including basin extension.
3.1. Background Seismicity
The rate of background seismicity in the Baja
California region during the previous decade (2001–
2010) has remained high and has exhibited complex
temporal and spatial evolution (Fig. 3). Numerous
swarms and mainshock-aftershock sequences have
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Figure 3
The seismicity in the study area from 2000 to April 3, 2010. The seismicity surrounds the rupture zone of the M7.2 El Mayor-Cucapah
mainshock but only the north-northeast trend near the mainshock epicenter is within the rupture zone. Seismicity was recorded by the SCSN
and RESNOM seismic networks. The approximate plate boundary trace from BIRD (2003) is also shown. CDF Centinela Detachment fault,
CDD Cañada David detachment

occurred, with nine earthquakes of M C 5.0 culminating in the El Mayor-Cucapah earthquake
sequence. The swarms lasted for weeks to months,
and were sometimes associated with geothermal areas
(SUÁREZ-VIDAL et al., 2007, 2008).
The background seismicity shows prominent
geographical trends in the northeast and northwest
directions. The longest bands of seismicity ([20 km
long) trend northwest and include bands along the
Cerro Prieto and Imperial faults, regarded as the
Pacific–North America plate boundary (PACHECO

et al., 2006). The coexisting conjugate northwest
and north to northeast faulting produces both rightlateral strike-slip and normal focal mechanisms. In
addition, there is a long band that extends northwest
from the northwest end of the Cerro Prieto fault to the
international border, on the northeast side of the
Sierra Cucapah. There is a more poorly defined
northwest-trending band along the northern part
of the Laguna Salada fault, on the west side of
Sierra Cucapah, on either side of the international
border. Numerous shorter bands (*20 km long)
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trend north-northeast to northeast, including prominent bands east and southeast of the El MayorCucapah mainshock and also through Ocotillo,
straddling the international border.
A sequence of earthquakes in May 2006 culminated with a Mw 5.4 mainshock causing extensional
ground failure, with surface rupture for a distance of
more than 5 km, ground acceleration up to 0.5 g (4.9
m/s2), and water level changes up to 6 m (SUÁREZVIDAL et al., 2007; MUNGUIA et al.,2009; SARYCHIKHINA
et al., 2009). The finite fault modeled determined by
SARYCHIKHINA et al. (2009), has a strike, rake, and dip of
(48°, 89°, 45°) and a length of 5.2 km, width of 6.7 km,
and 34 cm of uniform slip.
The
latest
foreshock–mainshock–aftershock
sequence to occur prior to the El Mayor-Cucapah
earthquake had a Mw 5.8 mainshock on December 30,
2009, near Ejido Jalapa in the Municipality of
Mexicali, Baja California. This sequence had a
strike-slip faulting mainshock that caused some
ground failure in the immediate vicinity of the
epicenter. Both the northwest-striking focal plane of
the mainshock and the north–northwest alignment of
the aftershocks were consistent with faulting along
the Imperial fault. Subsequently, about three months
later, the El Mayor-Cucapah mainshock occurred
*30 km to the southwest.
Although the background seismicity had been
high during the last decade in the general region of
Baja California, it did not coincide geographically
with the future rupture zone of the El Mayor-Cucapah
mainshock, but formed a halo surrounding the Sierra
Cucapah. This geographical separation between the
mainshock and the background seismicity illustrates
the complexities of earthquake processes and the
tectonics in the region.
3.2. Foreshocks
Foreshocks with magnitudes ranging from M1.5
to M4.4 occurred mostly in two temporal clusters
(Fig. 4). The foreshocks were located within 2–3 km
distance of the mainshock, and formed an approximate north–south trend. The first occurred on March
21 and 22 and the second occurred on April 3 and 4,
during the 24 h preceding the mainshock. The largest
foreshock had a magnitude of ML 4.4 or Mw 4.2, and
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exhibited left-lateral strike-slip faulting on a vertical
nodal plane striking almost north–south (N3°E). The
non-double-couple component of the foreshock
moment tensor is not considered to be real because
of the lack of azimuthal coverage. This mechanism
has a P-axis trending N38°W, in contrast to most of
the other aftershock focal mechanisms, whose P-axes
trend more northerly. The fault orientation is also
rotated *35°–45° clockwise away from the strike of
other faults in the region. A similar orientation of the
foreshock faults and the seismicity trends is also seen
in some of the background seismicity recorded during
the past decade (Fig. 3). As discussed below, the
mainshock may have started with similar fault strike,
but different dip as the ML 4.4 foreshock, and quickly
evolved into an extended northwest-striking rupture.
3.3. Mainshock Moment Tensor
The El Mayor-Cucapah mainshock epicenter was
located at the southeast corner of the Sierra Cucapah.
The global moment tensor solution (GCMT www.
gcmt.org) exhibited a large non-double-couple (N-DC)
component as shown in Fig. 5a(1). Frequently, an
N-DC component is considered to be an artifact of an
inappropriate modeling procedure (e.g., ADAMOVA and
SILENY, 2010). However, as the quality and quantity
of teleseismic data and modeling methods have
improved significantly, it has been shown that for
some earthquakes the N-DC mechanisms reflect the
complexity of the source mechanism (e.g., the 2000
Sumatra earthquake (ABERCROMBIE et al., 2003); the
2010 Samoa Islands Earthquake (LAY et al., 2010)).
Since the source region of the El Mayor earthquake has very complex tectonic structures, the
GCMT N-DC source mechanism most likely reflects
a real feature rather than an artifact of modeling. To
explore this possibility further, we examined the
mechanism of this earthquake at even longer periods
using the W phase recorded at the Global Seismographic Network stations (KANAMORI and RIVERA,
2008). At longer periods, the assumption of a point
source is more justified. We calculated moment
tensor solutions using various initial locations and
frequency bands. Although, the solutions vary with
the chosen initial location and frequency bands, the
solutions always have a significant N-DC component
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Figure 4
a Map view, the El Mayor-Cucapah foreshocks (red open circles) and aftershocks (black open circles). b Waveform fits with data shown as
solid curves and modeled waveforms shown as dashed, and moment tensor of the ML 4.3 foreshock (origin time: 23 h, 3 min, 47 s, 3 April,
2010). Station and network codes are shown next to waveforms and the lower hemisphere mechanism. CLVD compensated linear vector
dipole, DC double couple, ISO isotropic component, Mo moment magnitude, Mw moment magnitude, Var. Red. variance reduction. The nondouble-couple component of the moment tensor is not considered to be real because of the limited azimuthal coverage. c Magnitude versus
time stick plot. The M C 4.3 events are designated by a star
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Figure 5
a Mechanism diagrams from the Global Centroid Moment Tensor Project (1), and those from W phase inversions with various initial locations
and frequency bands. (2) 0.002–0.01 Hz (d = 10 km), (3) 0.002–0.01 Hz (d = 15 km), (4) 0.00167–0.01 Hz (d = 15 km), (5)
0.00167–0.005 Hz (d = 15 km), (6) 0.00167–0.01 Hz (location fixed at the CISN location, d = 10 km). b One decomposition of GCMT
non-double-couple mechanism: vertical strike-slip mechanism (left) and the residual moment tensor

as shown in Fig. 5a, HAYES et al. (2009) showed that
for events in this magnitude range, a frequency band
from 0.00167 Hz (600 s) to 0.01 Hz (100 s) yields
the most stable solutions. Shown in Fig. 5a, solutions
(4) and (6) obtained with this frequency band are
almost identical to the GCMT solution. This modeling of the waveforms suggests that the N-DC
component is a real feature for this event, and the

GCMT solution is a good representation of the
overall mechanism.
A long-period teleseismic solution cannot constrain the details of the mainshock source. However,
it represents the overall source deformation pattern
and provides an important constraint for the source
mechanism. Any coseismic source model, either from
field studies, local data, high-frequency teleseismic
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body wave data or static (GPS and InSAR) data, must
satisfy this constraint.
The decomposition of a N-DC event to multiple
mechanism events (e.g., double-couple, and compensated linear vector dipole (CLVD), etc.) is nonunique. We show one example of decomposition of
the GCMT mechanism in Fig. 5b. As a representative
big tectonic picture of the region, we assume a simple
vertical strike-slip fault with a strike of 317° (i.e.,
approximate trend of the aftershock zone) is the
principal mechanism of the mainshock. Then, we
subtract the moment tensor of an earthquake with this
mechanism having a magnitude Mw from the GCMT
moment tensor such that the residual moment tensor
measured with a chosen norm is minimized. Here the
norm is the sum of the square of all the elements of
the residual moment tensor. This process determines
the Mw of the principal source (i.e., strike-slip) and
the residual source. More specifically, let bij be the
moment tensor elements of the observed moment
tensor shown in Fig. 5a(1), and let aij be the moment
tensor of the assumed strike-slip event with a unit
moment. Then, the moment tensor of the residual
event is given by cij  bij  M0 aij where M0 is the
scalar moment of the principal event. We determine
P
M0 by minimizing S ¼
ðbij  M0 aij Þ2 .
Figure 5b shows the mechanisms of the principal
event and the residual event thus determined. As
mentioned earlier, the decomposition is not unique,
and this figure is not meant to show that the El MayorCucapah mainshock consists of the two events shown.
What we intend to show is that if the principal fault
pattern of the El Mayor-Cucapah mainshock is given
by the right-lateral vertical strike-slip earthquake with
Mw = 7.17 (M0 = 7.2 9 1019 N m) (left figure on
Fig. 5b), then the sum of all the secondary deformations, taken together, can be represented by a normal
fault earthquake with Mw = 6.88 (M0 = 2.6 9
1019 N m). In other words, the mechanism diagram
shown on the right of Fig. 5b represents the residual
deformation distributed near the fault zone, in the
sense as discussed by KOSTROV (1974).
3.4. Finite Source of the Mainshock
The mainshock occurred along the western edge
of the plate boundary deformation zone and ruptured

through both the Sierra Cucapah to the northwest and
the Colorado River delta region to the southeast,
extending to the northern shorelines of the Gulf of
California. Ground ruptures were identified both from
satellite images and field mapping by various investigative teams (e.g., FLETCHER et al., 2010).
FIELDING et al. (2010) applied interferometric
analysis of synthetic aperture radar images (InSAR)
and pixel correlation to map the surface rupture and
ground deformation. They identified a system of
mapped faults through the Sierra Cucapah up to the
international border and a set of unmapped faults
extending 60 km to the southeast beneath the Colorado River delta. Similarly, SANDWELL et al. (2010)
used InSAR data to identify the same major zones of
faulting with right-lateral and east-side down normal
faulting. To the southeast of the mainshock epicenter
they identified a deformation zone that was 18 km
wide and 60 km long, with extensive liquefaction
superimposed on a zone of deep slip. This zone,
bracketed to the east by the Cerro Prieto fault,
includes the sub-surface fault that may have accommodated slip in the mainshock and was named the
Indiviso fault (J. GONZALEZ, written communication,
2010).
On the ground and using aerial flights, FLETCHER
et al. (2010) mapped a *60 km long complex
rupture along multiple fault strands from the mainshock epicenter to the international border, just south
of Ocotillo, California. Some scarps associated with
the 1892 Laguna Salada earthquake were re-ruptured.
The rupture southeast of the epicenter consisted of
distributed fracturing superimposed on liquefaction.
The rupture to the northwest extended along the
Laguna Salada and Pescadores faults. Their field
mapping showed that the rupture was discontinuous
in the high Sierra Cucapah and jumped *10 km to
the north, forming a left step to resume on the
Borrego fault with slip up to 4 m. The rupture finally
terminated 30 km to the north on the Paso Superior
fault. The results of FIELDING et al. (2010), SANDWELL
et al. (2010), and FLETCHER et al. (2010) showed that
faulting was very complex, with slip partitioning
between dip–slip faults, including detachment faults,
and right-lateral strike-slip motion.
To determine a finite source model, WEI et al.
(2010) used teleseismic waveforms and the sub-pixel
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correlation of optical SPOT 2.5 m panchromatic
images from FIELDING et al. (2010) to determine that
the mainshock rupture extended 55 km to the northwest. The average right-lateral slip was 2.5 m. The data
are less clear to the southeast but suggest a meter of
offset over a distance of more than 60 km. They found
a total seismic moment of M0 = 7.9 9 1019 N m
during the initial 40 s of rupture. They interpreted the
first 15 s of mainshock waveforms as a Mw6.3 subevent
with a focal mechanism with strike of N5°W and dip of
45° towards east. They also inferred that, following a
few seconds of rupture hiatus, the rupture resumed with
a N50°W strike exhibiting transtensional bilateral
rupture. The slip to the northwest was coseismic, but
the slip to the southeast is still being investigated as
possibly having been aseismic (WEI et al., 2010).
Similarly, XU et al. (2010) inverted high sample
rate GPS waveforms, teleseismic body waves, and
surface waves from the mainshock. They determined
a total seismic moment of M0 = 5 9 1019 N m. In
their model, the rupture to the northwest started as
pure strike-slip with peak slip of 5 m and evolved
into oblique motion as it traveled farther north. The
southeastern rupture extended N133°E with, possibly,
two large asperities, one at the epicenter and the other
located about 45 km to the southeast with maximum
slip of 4 m. The results of the inversion by XU et al.
(2010) also required a large subevent with normal
faulting motion on a 65° dipping plane. Adding both
the strike-slip and normal faulting subevents, they
obtained a total seismic moment of 1.2 9 1020 N m
(Mw 7.3). Their model showed gradual onset of slip,
with the slip reaching high levels from 18 to 40 s
after the origin time.
3.5. Aftershocks
The ability to detect and determine accurate
hypocenters decreases with distance from the international border to the south, because the majority of
the seismic stations are located in the US, with only a
few stations recording south of the border (Fig. 2). As
an example, two measures of quality, the calculated
horizontal and vertical errors, become larger with
distance from the border (Fig. 6a, b). Similarly, the
distance to the nearest station influences the quality
of the depth determination (Fig. 6c). If the distance to
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the nearest station is greater than twice the focal
depth, the depth is poorly determined. The accuracy
of focal depths progressively decreases as distance to
the nearest station increases. Similarly, magnitude
M [ 1.0 events are well recorded at the border while,
at the northern tip of the Gulf of California, the
combined networks are detecting only M C 3.0
events (Fig. 6d).
The foreshock, mainshock, and aftershock magnitude versus time diagram shows the temporal
evolution of the sequence (Fig. 7). Most of the
M C 4.4 aftershocks occurred within days of the
mainshock, with a late M5.7 aftershock on June 14.
The lack of seismic stations south of the border also
leads to heterogeneity in the earthquake statistics and
requires more stringent assumptions about magnitude
of completeness (Mc) for the whole sequence (Fig. 7).
We used the approach of WIEMER (2001) to determine
a p-value for Omori’s law (decay of the sequence
with time), assuming Mc = 3.0 for the whole
sequence and a c-value of 0.5 days, which is the
duration of the most incomplete part of the catalog
following the mainshock. The p-value of 1.0 ± 0.03
is similar to what has been observed for other
aftershock sequences in California (REASENBERG and
JONES, 1989). The b-value of 0.96 ± 0.03 is also
similar to what is observed for the Southern California catalog (HUTTON et al., 2010).
Most of the aftershocks occurred within the
latitude box of 31.5° to 32.75° and longitude
-116.20° to -114.7°. The joint seismic networks
have recorded and processed data for the following
aftershocks from April 4 to June 15, 2010 (Table 1).
We estimate that the SCSN has unprocessed data
for about 30% more aftershocks during this time
interval. This would give a total number of *14,000
aftershocks. If this sequence had occurred within the
more densely instrumented Southern California Seismic Network, as did the Landers and Northridge
earthquakes, the number of located aftershocks would
likely have been in the range of 20,000–30,000.
The aftershocks extended from the northern tip of
Gulf of California, across the US–Mexico international border, to Ocotillo, California (Fig. 8). The
aftershocks formed three separate spatial clusters, as
indicated in Fig. 8. The first extended from Ocotillo
to the step-over in slip (mapped by FLETCHER et al.,
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Figure 6
a Horizontal, and b vertical one-sigma errors calculated with Simulps (THURBER, 1993). The northwest and southeast end points coincide with
the A–A’ cross-section shown in Fig. 8. c The distance to the closest station versus distance along the rupture. Note that, this distance
increases southward. d Distance along the rupture versus magnitude, showing that fewer small earthquakes are detected to the south

2010) between the Borrego and Pescadores faults,
about mid-way between the mainshock epicenter and
the international border. The second extended from
10 km northwest of the mainshock epicenter southeastward, to the northern tip of Gulf of California
where it is much less well-defined. The third cluster
formed a 10 km north-trending aftershock zone just
north of the epicenter of the mainshock. It defined a
trend similar to the foreshock sequence discussed
above.
The first and largest cluster of aftershocks exhibited unusually high activity straddling the
international border in the Yuha basin desert area.
TREIMAN et al. (2010) mapped triggered slip and
found up to 10–20 mm of triggered slip along the
Laguna Salada and other faults in the Yuha Desert

area. They also identified a previously unknown fault
in the Yuha basin striking northeast with 45 mm of
left-lateral slip. Similarly, SANDWELL et al. (2010)
used ENVISAT and field mapping to identify
triggered slip on the northeast striking faults as well
as the Superstition Hills, Imperial, Coyote Creek, and
San Andreas faults. Thus, both the overlapping
northwest and northeast trends of aftershocks and
the mapped triggered slip confirm the complex
crustal deformation at the north end of the aftershock
zone.
The M5.7 aftershock to the El Mayor-Cucapah
mainshock occurred on June 14 in the Yuha basin,
about 8 km southeast of Ocotillo, CA. This aftershock was the largest so far of the M7.2 El MayorCucapah sequence. It was located within the large
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a Magnitude versus time plot of foreshocks, mainshock, and aftershocks for the events shown in Fig. 8. Foreshocks and mainshock are shown
with a vertical bar and a symbol. Aftershocks of M C 4.3 are shown as stars, and smaller events are shown as red circles (the vertical bars are
excluded for clarity). b The decay of El Mayor-Cucapah aftershocks showing number of events per day versus time, and including only
M C 3.0 events. The values of the parameters of Omori’s law are also shown; and c A b-value plot. The curve formed by triangles is the
number of earthquakes per magnitude bin of 0.1, and the curve formed by the squares is the cumulative number of earthquakes. The red line is
the maximum likelihood fit with the b-value as the slope and the a-value as the y-axis intercept. The inverted triangle labeled Mc indicates the
selected magnitude of completeness of 3.0

cluster of aftershocks at the northwest end of the
aftershock sequence and exhibited a strike-slip focal
mechanism. The M5.7 event was followed by its own
vigorous aftershock sequence, with four M4? and 35
M3 to M4 events, during the first 12 h. Rupture
associated with this event was identified on a 1 km

long NNW-striking break, with up to 5 cm motion
down to the west (M. Rymer, written communication,
August 2010).
The second aftershock cluster to the southeast,
which straddles the mainshock epicenter along the
Indiviso fault, increased in depth to the south and was
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Table 1
Number of mainshock and aftershocks recorded in the 2010 El
Mayor-Cucapah sequence
Minimum
magnitude

Maximum
magnitude

Number of
events

Mainshock
5.00
4.00
3.00
2.0
1.0
0.00
Total

7.2
5.70
4.99
3.99
2.99
1.99
0.99

1
6
91
865
4,153
4,935
207
10,293

scattered over a broad region (Fig. 8). This depth
increase could be an artifact or it could indicate a real
change in the tectonic style. On one hand, the
availability of arrival time data decreases to the
south, thus providing almost no depth constraints. On
the other hand, the deeper focal depths may be an
artifact of the slower crustal velocities. However, the
finite source modeling of the mainshock suggests that
some of the slip was deeper to the southeast than to
the northwest (WEI et al., 2010; and XU et al., 2010).
3.6. 3-D Vp Velocity Model
Many factors, including starting model, parameterization, data errors, and uneven ray coverage,
contribute to errors in the final 3-D velocity model.
We use values of the derivative weighted sum
(DWS), which is a measure of the ray density next
to each node in the 3-D velocity model, to evaluate
the quality of the model (THURBER, 1993; HAUKSSON,
2000). The model is mostly well resolved except for
the near surface, where nodes are progressively more
poorly resolved to the south. In Fig. 8 the crosssectional areas of the model with DWS values of less
than 1,000 are crossed out with white lines.
The 3-D Vp model of the region images series of
en-echelon rift basin structures such as the Laguna
Salada, Mexicali Valley, and the Altar basin, at
shallow depth (Vp \ 4.5 km/s at depths of less than
5 km). These basins flank both sides of the mainshock
rupture. At greater crustal depths, the 3-D Vp model
images a high velocity zone (Vp [ 6.7 km/s) in the
depth range of 15–25 km, which is located mostly to

the east of the aftershocks and decreases in width to
the southeast (see cross-sections b, c, and d in Fig. 8).
The high Vp lower crust, which presumably is the high
Vp lid below the basins, extends north–south from the
Salton Sea to the Gulf of California. The rift zone is
oriented more northerly than the aftershock zone, and
thus the cross-sections slice into the high Vp lid more
to the southeast than near the international border. In
cross-section a, the 3-D model shows a strong change
in the Vp structure about 15 km north of the
mainshock epicenter, with lower crustal velocities
and deeper aftershock focal depths to the south
(Fig. 8). This simultaneous change in focal depths
and decrease in the crustal velocities may be affected
by lack of seismic stations in the area.

4. Discussion
The El Mayor-Cucapah sequence represents
deformation in the Pacific plate as the plate boundary
comes ashore in northern Baja California, Mexico.
Early models of such deformation by LOMNITZ et al.
(1970), and ELDERS et al. (1972) explain the Elsinore
and San Jacinto faults as fracture-zone extensions of
the Cerro Prieto and Imperial transform faults,
respectively. These interpreted fracture zones do not
appear to form perfect extensions of the plateboundary transform faults, however, but seem to
merge obliquely with them. The causative faults of
the El Major-Cucapah earthquake and the southern
part of the San Jacinto fault zone (Superstition
Mountain and Superstition Hills faults) trend obliquely towards the Cerro Prieto and Imperial faults,
respectively. We provide a model suggesting why the
El Mayor-Cucapah, as well as the 1992 Landers and
1999 Hector Mine earthquakes, did not occur on the
plate boundary itself but within the broader plate
boundary deformation zone. Eventually, more large
earthquakes will happen to the north along some of
the major fault zones, but it is impossible to tell
which faults will rupture first and how soon.
4.1. Relation to Mexican Pacific Margin
One of the intriguing questions raised by the El
Mayor-Cucapah earthquake is how it is related to the
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Figure 8
Map of the relocated 2010 hypocenters of background seismicity, foreshocks, mainshock, and aftershocks and 2009 background seismicity.
30th Dec. 2009 sequence shown in light blue. The mainshock epicenter is indicated by a star. Foreshocks are shown as blue open circles
beneath the mainshock star. The locations of the Vp cross-sections are indicated by the A–A’ (includes focal mechanism of mainshock, and
IB–US–Mexico international border), B–B’, C–C’, and D–D’ end points. The model areas that are crossed out with white lines are poorly
resolved are poorly resolved; aftershock hypocenters are plotted as black open circles

plate boundary, and whether the southeastern end of
the fault corresponds to a major buried structure that
may have significant cumulative offset from previous
earthquakes. Because this part of the rupture lies
within the Colorado River delta and corresponding
tidal flat, periodic floods have removed any evidence
of past fault slip at the surface. Geophysical potential
field data may shed some light on possible structures

that are buried here. Also, because the zone of
displacement in the El Mayor-Cucapah earthquake
extended nearly to the shoreline of the Gulf of
California, where it was still west of the Cerro Prieto
fault, the configuration of faults offshore in the
northern Gulf of California can be examined to
address the long-term structural importance of this
fault zone.
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In the delta region, there is a Bouguer gravity low
southwest of the Cerro Prieto Fault (PACHECO et al.,
2006) with a curved southeastern boundary along the
southernmost channel of the Colorado River, continuing out under Isla Montague in the delta region.
PEMEX well W-3 within this gravity low contains
4.5 km of sedimentary rock overlying granitic basement (PACHECO et al., 2006). The southwestern
margin of the gravity low may bound this greater
depth of sediments and approximately coincide with
the April 4, 2010 rupture.
Faults and sedimentary strata underwater in the
Gulf of California have been imaged in several
marine multichannel seismic surveys close to the
region (GONZÁLEZ-ESCOBAR et al., 2009, 2010, and
references therein). These studies show that the major
structure along the plate boundary in this zone is the
Cerro Prieto fault, which bounds the NE side of the
Wagner basin (Fig. 1). The Wagner basin is an active
extensional zone characterized by numerous minor
faults and a pronounced accumulation of young
sediments. Its major bounding normal faults, the
Consag fault (on the west) and the Wagner fault (on
the SE) trend N–S to NE ,where they intersect the
Cerro Prieto fault (Fig. 1). No other major faults have
been identified parallel to but southwest of the Cerro
Prieto fault. Nevertheless, a narrow bathymetric
channel extends NW from the WSW margin of the
Wagner Basin, in a zone characterized by faults
striking N25°W–N5°E, dipping eastward 50–60
degrees (HURTADO-ARTUNDAGA, 2002). This channel
has a scarp on the NE side, along which the
bathymetric contours (30–100 m water depth) are
deflected about 10 km dextrally. The origin of this
channel and scarp is not known, but its linearity and
location suggest that it may be fault-controlled and
project along strike to the fault zone of the April 4,
2010 rupture, perhaps serving as the structural
connection between the Sierra Cucapah fault systems
and the southern Wagner basin in the Gulf of
California. This region needs to be studied in more
detail, but it is clear that the April 4, 2010 rupture
projects along strike into the Wagner basin segment
of the Pacific–North America plate boundary, and
does not appear to merge with the Cerro Prieto fault.
The plate boundary in the northern Gulf of
California is generally simplified into a set of

extensional basins connected by transform faults
parallel to plate motion (e.g., LOMNITZ et al., 1970).
Under this paradigm, one can divide the plate
boundary zone into segments usually named after
the major extensional basin within the segment
(ARAGÓN-ARREOLA and MARTÍN-BARAJAS, 2007). This
simplification breaks down in the northernmost Gulf
of California, where multiple active basins are found
within the same basin segment (ARAGÓN-ARREOLA and
MARTÍN-BARAJAS, 2007). In the Wagner basin segment, southwest of the Cerro Prieto fault, two
extensional basins were known to be active: the
Wagner basin and the Laguna Salada basin. From the
April 4, 2010 earthquake we also see the clear
involvement of normal faults in a third area: the basin
east of the southern segment of the April 4 fault
rupture, just east of the Sierra El Mayor/Sierra
Cucapah.
Simultaneous activity in three basins within a
single plate boundary segment of the Mexican Pacific
margin highlights the fact that fault systems here
have not yet localized into a single, well-defined plate
boundary fault system, as in the simple model of
LOMNITZ et al. (1970); rather, multiple processes in
different locations are accommodating crustal separation. Although one process in the Wagner basin is
thought to be magmatism, involving intrusion into a
thick pile of sedimentary rocks, akin to that documented on land in the Imperial Valley (SCHMITT and
VAZQUEZ, 2006), tectonic extension is still playing an
important role. In addition to the extension seen on
high-angle normal faults during the April 4, 2010
earthquake, low-angle detachment faults (AXEN et al.,
1999; FLETCHER and SPELZ, 2009) are also important
within this plate boundary segment.
4.2. Seismotectonics
The main Pacific–North America plate boundary
in southernmost California and Baja California
includes the major plate boundary faults, the southern
San Andreas, Imperial and Cerro Prieto faults. These
faults connect in a complex geometrical pattern
that sometimes does not follow the optimum angle
of plate motion, on either large or small scales
(LUNDGREN et al., 2009). The San Andreas fault
accommodates nearly pure strike-slip motion. South
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of the Salton Sea, the boundary contains a number of
extensional step-overs that accommodate crustal
thinning. The El Mayor-Cucapah mainshock consisted of simultaneous strike-slip and normal faulting,
accommodating both plate motion and basin
formation.
The El Mayor-Cucapah earthquake sequence
differed from past sequences in Southern California
with a style of faulting more complex than had been
previously observed. The El Mayor-Cucapah, Landers, and Hector Mine earthquakes all ruptured
multiple fault strands with varying degrees of overlap. Both the Landers and Hector Mine mainshocks
ruptured, successively, four major fault segments
each, which previously were thought to be unlikely to
rupture in one earthquake. Similarly, the El MayorCucapah earthquake ruptured at least four segments,
with two different styles of faulting, accommodating
complementary seismotectonic processes. Prior to the
occurrence of the earthquake, FLETCHER and SPELZ
(2009) had mapped these two styles of faulting in the
field but it was unclear if they happened simultaneously. Further, the El Mayor-Cucapah mainshock
did not rupture along seismicity trends that had
developed over the last decade. Rather, it ruptured
along the length of the Sierra Cucapah causing partial
down-dropping of the eastern side of the mountain
range. Thus, the mainshock contributed, also, to the
westward widening of the Mexicali Valley through
the extensional part of its focal mechanism. Such an
extension, that contributes to East–West widening of
basins in the northern Gulf extensional province, has
not been documented in detail previously in the Baja
California region.
The focal mechanisms of the mainshock and M4?
aftershocks exhibit mostly northwest to west-northwest-striking dextral strike-slip faulting (red
mechanisms in Fig. 9). The prominent cluster of
strike-slip mechanisms in the Yuha basin coincides
with the region of mixed northwest and northeast
striking faults. A few mechanisms show normal
faulting on mostly north-northwest to north striking
planes (green mechanisms in Fig. 9). Three events
exhibit predominantly thrust faulting, probably indicating geometrical complexities along the fault
rupture (blue mechanisms in Fig. 9). One possible
interpretation of the normal faulting events near the
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mainshock is an accommodation zone coincident
with a change in dip, as suggested by the finite source
models for the mainshock. The dips to the northwest
of the mainshock are steep, while the dips to the
southeast are shallower (WEI et al., 2010).
4.3. Migration of Seismicity to the Northwest
Within hours following the El Mayor-Cucapah
mainshock, triggered earthquakes occurred farther
north along the Elsinore and San Jacinto faults
(Fig. 10). Each of these faults is capable of a major
earthquake, which would significantly affect the large
metropolitan areas of southern California.
The triggered seismicity along the Elsinore fault
extended about 60 km to the north. Many of the
aftershocks near Ocotillo occurred on northweststriking faults that trend subparallel to the Elsinore
fault in this region. The Elsinore fault is more than
170 km long, and extends into the Los Angeles area
as the Whittier fault. MAGISTRALE and ROCKWELL
(1996) used seismicity to map the double strands of
the Elsinore fault with a second set of right-lateral
faults located 7–12 km east of the main strand. They
argued that the Elsinore fault ends in the Yuha basin,
which is a stepover basin to the Laguna Salada fault.
The presence of the basin with different strain release
mechanisms may have contributed to the termination
of the mainshock rupture and the abundant aftershock
activity.
The triggered seismicity along the San Jacinto
fault extended 80 km to the north (Fig. 10). In this
paper, we discuss the seismicity that occurred
through the end of June, 2010; however, we note
that as of mid-July 2010, the largest triggered
earthquake on the San Jacinto fault was Mw 5.4 on
July 7, 2010. During the twentieth century, the San
Jacinto fault has been the most active fault in
Southern California with more than a dozen earthquakes of M [ 6 (SANDERS and KANAMORI, 1984). In
particular, the southern San Jacinto fault has accommodated major earthquakes in the past (GURROLA and
ROCKWELL, 1996). These authors showed evidence for
at least three events during the past 1,200 years, and
argued that the most recent major earthquake on the
Superstition Mountain fault occurred more than
400 years ago.

The 2010 El Mayor-Cucapah Earthquake Sequence

Figure 9
Map showing the locations of the El Mayor-Cucapah foreshock, mainshock, and aftershocks. The aftershock hypocenters plotted in black
illustrate how the El Mayor-Cucapah sequence cuts across the Sierra Cucapah range. Moment tensors for selected M4? aftershocks are
shown; red strike-slip, blue thrust, and green normal faulting. The Pacific–North America plate boundary is shown in red, and marked as
Imperial and Cerro Prieto faults. Topography is from: http://www.gdem.aster.ersdac.or.jp/. CDF Centinela Detachment fault, CDD Cañada
David detachment

Both geodetic and geological slip rates for the
southern San Andreas, San Jacinto, and Elsinore faults
decrease from east to west (LUNDGREN et al., 2009). To
explain the sharp velocity gradient across the faults
and the elapsed time since the last major earthquake,
their model required a high-viscosity lower crust and a
low-viscosity upper mantle. They argued that the
Borrego Mountain and Superstition Hills segments of
the San Jacinto fault had completed only about a third
of their earthquake cycle since the last large earthquake. This may explain why the southernmost part of
the San Jacinto fault has less triggered seismicity than
the segments farther to the north.
No triggered seismicity was associated with the
southern San Andreas fault, although the fault is close

to reaching the end of its interseismic loading phase
(FIALKO, 2006). However, surficial triggered slip was
documented along the fault (SANDWELL et al., 2010;
TREIMAN et al., 2010).
There are only a few previously documented
cases of aftershock migration and subsequent triggering of a major earthquake. In one case, HAUKSSON
et al. (1993) reported that the 1992 M6.1 Joshua
Tree aftershocks migrated over a time period of two
months for a distance of *10 km to the northnorthwest, towards the future epicenter of the 1992
Mw 7.3 Landers earthquake. However, HELMSTETTER
et al. (2003), who used data from 20 California
earthquake sequences, argued that aftershock diffusion is very limited and in most cases does not
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Figure 10
a Map view of triggered seismicity along the Elsinore fault. C-EF Coyote segment of the Elsinore fault. b Distance measured from north along
the Elsinore fault (approx. by the red line in (a)) from northwest to southeast versus date showing seismicity of M C 1.8 that has occurred in
2010. c Histogram of number of events. d Map view of triggered seismicity along the San Jacinto fault. Segments of the San Jacinto fault:
BMF Borrego Mountain fault, CF Clark fault, CCF Coyote Creek fault, SHF Superstition Hill fault, SMF Superstition Mountain fault, IF
Imperial fault. e Distance measured from north along the San Jacinto fault (approx. by the red line in (d)) from northwest to southeast versus
date showing seismicity of M C 1.8 that has occurred in 2010. f Histogram of number of events

occur. Thus, when future earthquakes happen
along the Elsinore and San Jacinto faults, their
causative relation to the El Mayor-Cucapah earthquake will probably be stated in terms of triggered
seismicity.

4.4. Coulomb Stress Transfer from Deep Slip
Although the plate boundary zone is broad, the
1992 Landers, 1999 Hector Mine, and the 2010 El
Mayor-Cucapah sequences occurred on faults that are
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not considered to be part of the Pacific–North
America plate boundary (Fig. 1). Their locations
suggest some tectonic relationship to the plate
boundary itself. We speculate that the aseismic deep
slip below the seismogenic zone along the plate
boundary and nearby faults may cause stress concentrations adjacent to the plate boundary which are
sufficient to cause these types of events on secondary
faults. Such stress concentrations may occur preferentially at bends in the plate boundary faults.
To illustrate this model we use the computer
program Coulomb 3 (http://earthquake.usgs.gov/
research/software/) developed by TODA et al. (2005)
and LIN and STEIN (2004) to determine the Coulomb
stress change associated with continuous slip below
12 km depth along the plate boundary (Fig. 11). We
use a friction coefficient of 0.4. We model, as source
faults, three fault segments, one along the southernmost segment of the San Andreas fault, a second
along the Brawley seismic zone, and a third along the
Imperial fault, as being the main high-slip-rate plate
boundary at depth below the seismogenic zone. Our
schematic representation of the Imperial fault follows
the seismicity in the region and ignores small ridgetype step-overs in the region. Adding such local
features to the model does not affect the large-scale
distribution of Coulomb stress. We also included the
San Jacinto and Elsinore faults, as well as the rupture
segments of the Landers, Hector Mine and El MayorCucapah mainshocks to represent the earthquakes
themselves. Assuming a 40 year period (1970–2010),
with slip rates of 35 mm/yr for southern San Andreas
and Imperial Valley faults, 15 mm/yr for San Jacinto
fault, 2.7 mm/yr for Elsinore fault, we calculate
cumulative slip on the San Andreas to be 1.4 m, on
the San Jacinto to be 0.6 m, and Elsinore to be 0.1 m
below 12 km depth or below the seismogenic zone.
This model is similar to the model published by
Wdowinski (2009). He proposed a mechanism of
continuous deep creep in the depth range of
10–17 km along the San Jacinto fault to explain the
apparent relatively high rate of seismicity as compared to the low rate of seismicity along the southern
San Andreas fault. We treat other faults in the region
as receiver faults with zero cumulative slip. Receiver
faults are defined as planes with specified strike, dip,
and rake, on which the stress changes caused by the

source faults are resolved. As the representative
receiver fault, we use the average of the Landers and
the El Mayor focal mechanisms (335° strike, 90° dip,
-170° rake).
Using these parameters, the Coulomb stress
change calculation shows primary loading of the
seismogenic parts of the San Andreas, Imperial, and
San Jacinto faults, which is consistent with the
analysis of geodetic data by FIALKO (2006). The
loading is somewhat less along the Elsinore fault and
in the Landers and Hector Mine and El MayorCucapah epicentral areas (Fig. 11). Some of the
M C 4.0 background seismicity also occurs within
the region of increased stress. Stress decreases across
a broader region, mostly in between the San Andreas
and San Jacinto faults. The El Mayor-Cucapah and
Landers earthquakes occurred near geometrical bends
in the plate boundary, and thus could be interpreted as
secondary crustal deformation. In contrast, the continuous slip below the seismogenic zone of the plate
boundary faults (FIALKO, 2006) loads the seismogenic
part of the plate boundary faults themselves and
brings them close to failure, although providing
timing of possible future major earthquakes or
pinpointing the most likely segment for future rupture
is not possible.

5. Conclusions
The Mw 7.2 El Mayor-Cucapah earthquake
sequence ruptured bilaterally for a distance of
*120 km, from the northern tip of the Gulf of California to the US–Mexico international border. The
mainshock was preceded by a high seismicity rate
during the previous decade occurring on adjacent
faults, and two temporally separated clusters of
foreshocks. The overall earthquake statistics of the
sequence, such as productivity and rate of decay, are
similar to previous earthquake sequences in the
region. The mainshock rupture involved complex
transtensional rupture on several subparallel fault
strands, with a duration twice as long as expected for
this size earthquake. The overall effects of this
sequence were to accommodate right-lateral Pacific–
North America plate motion, as well as collapse and
associated crustal extension in the Sierra Cucapah.
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Figure 11
a Faults that are assumed to have steady state slip-rate below the seismogenic zone are shown in colors, red, yellow, and light yellow. The
color shows the accumulated slip over a 40-year time period on each fault segment, assuming an average slip rate appropriate for each fault.
b The Coulomb stress change mapped at 7.5 km depth from deep slip along the faults shown in (a), and as green lines in (b). Fault friction is
assumed to be 0.40. The black circles are M C 4.0 from SCSN catalog between 1970 and 2010. The geographical boundaries are bold blue
curves, and the plate boundary, San Andreas and Imperial faults, is a thin blue curve. The three major earthquakes with magnitude above 7.0:
the Landers, the Hector Mine and the El Mayor-Cucapah earthquakes, are marked by blue and red star symbols at epicenters, respectively.
Receiver faults are selected to have strike 335°, dip 90°, and rake -170°
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Thus, the sequence contributes to the westward
migration of the plate boundary zone. The very active
aftershock cluster in the Yuha basin near Ocotillo
suggests a change in deformation style to a mixed
northwest and northeast strike-slip faulting, which
may transfer slip to the more westerly trending
Coyote segment of the Elsinore fault to the north. The
deep slip, below the seismogenic zone, along the
plate boundary faults and stress concentrations associated with geometrical bends, could be the driving
force causing off-plate-boundary earthquakes, such as
El Mayor-Cucapah and Landers and Hector Mine.
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