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Spatio-temporal distribution of fault slip and high-frequency
radiation of the 2010 El Mayor-Cucapah, Mexico earthquake
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[1] Earthquake slip history and moment release are best resolved using long period
seismic waves, but details in the rupture process, such as sharp changes in rupture
velocity or direction, can be imaged more clearly using higher frequency waves.

Here, we investigate the slip and the high-frequency radiation histories of the 2010

El Mayor-Cucapah, Baja California, Mexico earthquake (M, 7.2). The slip distribution
inferred from inversion of strong motion data between 0.02 and 0.25 Hz indicates
northwest propagating rupture, followed by bilateral rupture for 40 s. The sources of
high-frequency radiation between 0.3 and 2 Hz inferred from back-projection analysis
using teleseismic data are adjacent to, but not within, the high-slip patches from the
finite slip model in time and space. This implies relatively smooth rupture during the
times and regions of maximum moment release. As theoretical models have predicted,
high-frequency radiation seems mostly associated with changes in rupture velocity or
slip magnitude. Strong high-frequency radiation is also found where the rupture propagated
to a branch fault 50-km northwest of the hypocenter. Complementary constraints on both
fault slip and high-frequency radiation provide increased understanding of earthquake
rupture mechanics and may help improve strong motion evaluation at high frequencies.

Citation: Uchide, T., H. Yao, and P. M. Shearer (2013), Spatio-temporal distribution of fault slip and high-frequency
radiation of the 2010 El Mayor-Cucapah, Mexico earthquake, J. Geophys. Res. Solid Earth, 118, doi:10.1002/jgrb.50144.

1. Introduction

[2] Seismic data in different frequency bands often yields
different images of the seismic rupture process. The location
of high-frequency radiation sources relative to the fault slip
inferred from the low-frequency seismograms and geodetic
data has been studied using analyses of the envelope
functions [Zeng et al., 1993; Kakehi and Irikura, 1996; Kakehi
et al., 1996; Kakehi and Irikura, 1997; Nakahara et al., 1998,
1999, 2002], wavelets [Suzuki and Iwata, 2009], and wave-
form back projection [Allmann and Shearer, 2007].
These studies have detected high-frequency radiation around
the edge of large slip patches and the step over of faults, while
high-frequency radiation has also been found around rupture
initiation points, surface ruptures, and sometimes within
large slip areas [Nakahara, 2008; H. Nakahara, personal
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communication, 2012]. Note that the term “high-frequency”
radiation is not strictly defined, and different studies often de-
fine the high-frequency band differently, particularly
when they involve different magnitude earthquakes. For
studies of M 6-8 earthquakes, the high-frequency band is
typically around 1 Hz or higher, a band in which earthquake
engineering is also interested.

[3] The 2011 Tohoku earthquake exhibited frequency-
dependent rupture behavior: the fault slip was greatest
in the shallower part near the Japan Trench, whereas the
radiation at higher frequencies was mainly from the deeper
part of the fault [Koper et al., 2011; Meng et al., 2011b;
Simons et al., 2011; Wang and Mori, 2011; Yao et al., 2011,
2012; Kiser and Ishii, 2012; Roten et al., 2012]. Lay et al.
[2012] pointed out that variations of rupture properties with
depth are also found in other recent megathrust earthquakes.

[4] The frequency dependence of seismic radiation con-
strains the dynamics of the rupture process. An experiment
to observe fracturing of a glass plate found high-frequency
radiation in a dilatational wave associated with the stoppage
[Savage and Hasegawa, 1964]. Seismograms of natural
earthquakes also contain such high-frequency pulses, often
referred as stopping phases [Savage, 1965]. Numerical
studies imply that high-frequency radiation comes from the
end of the crack [Madariaga, 1977] and from rapid changes
in the rupture or slip velocity [Yamashita, 1983; Spudich
and Frazer, 1984; Sato, 1994]. Spatial variations in the
prestress and strength of the fault cause spatial variations
in the rupture velocity [e.g., Day, 1982], which produce
increased high-frequency radiation. Complexities in fault
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Figure 1. Map of the source region of the 2010 El Mayor-
Cucapah earthquake. The gray circles show the aftershock
seismicity within 6 h of the main shock from a relocated cata-
log [Lin et al., 2007; Hauksson et al., 2012]. The beach balls
show the CMT solution by the Global CMT project and the
first-motion focal mechanism obtained by this study. The
closed and open circles on the beach ball for the first motion
solution indicate positive and negative polarities, respectively,
at individual stations. The black lines are the surface trace of
faults from Fletcher and Spelz [2009] and U.S. Geological
Survey and California Geological Survey (Quaternary fault
and fold database for the United States, 2012, http://earth-
quakes.usgs.gov/regional/qfaults/). The red lines indicate the
surface rupture of the 2010 El Mayor-Cucapah earthquake
from Rymer et al. [2010] and Fletcher et al. [2010]). The num-
bered blue boxes show the projection of the fault segments
used in this study for the seismic slip inversion analysis
(Table 2) onto the ground surface, and the thick lines show
the shallowest portion of the fault segments. Note the geom-
etry of segments #2 and #3, and #5 and #6 are same, respec-
tively, but that different model expansion speeds are given to
capture the rupture process efficiently (see Table 2). The
dashed gray line indicates the international border between
Mexico and the United States. The inset map shows Baja
California and Southern California, and the box in the map
indicates the area of the main map. CF and SCF denote
Centinela fault and Sierra Cucapah fault, respectively.

geometry, such as a fault kink or a coalescence of multiple
cracks, also cause high-frequency radiation [Adda-Bedia
and Madariaga, 2008; Kame and Uchida, 2008; Dunham
et al., 2011]. To understand the dynamic rupture process,
it is important to understand the relationship between
fault slip and high-frequency radiation, not only in space
but also in time.

[s] This paper studies the 2010 El Mayor-Cucapah,
Baja California, Mexico earthquake (M 7.2) that occurred
at 22:40 on 4 April 2010 (UTC). Figure 1 shows the source
region of this earthquake. The fault system has been investi-
gated in detail [e.g., Fletcher and Spelz, 2009]. On the
western side of the Sierra Cucapah and Sierra El Mayor,
the fault is well developed. Seismic data are available

from both strong-motion stations in Southern California,
the United States, and Baja California, Mexico, and from
teleseismic stations of the Global Seismic Network (GSN).
The centroid moment tensor (CMT) solutions from the
Global CMT Project indicate mostly right-lateral strike-slip
but with substantial Compensated Linear Vector Dipole
components. A focal mechanism solution from high-rate
GPS data also indicates a right-lateral strike-slip faulting
[Zheng et al., 2012]. According to slip inversion results
[Wei et al., 2011], aftershock distributions [Castro et al.,
2011; Hauksson et al., 2011; Hauksson et al., 2012], field
observations of surface rupture [Fletcher et al., 2010], and
remote sensing using SAR [Fialko et al., 2010; Wei et al.,
2011; Okamoto, 2012] and light detection and ranging
(LiDAR) [Oskin et al., 2012], the earthquake started east
of Sierra El Mayor, Mexico, ruptured along the Sierra
Cucapah fault, jumped to the Centinela fault with a differ-
ent strike angle from that of the Sierra Cucapah fault, and
eventually reached the U.S.-Mexico border.

[6] This paper studies when and where the high-frequency
seismic energy is radiated with respect to main slip patches,
as constrained by both a finite slip inversion of long-period
data and back-projection analysis of high-frequency waves.
Based on these results, we discuss the implications of the
high-frequency radiation pattern on earthquake physics.

2. Data

[7] Local strong-motion seismograms are recorded by the
Southern California Seismic Network (SCSN) in the United
States and by El Centro de Investigacion Cientifica y de
Educacion Superior de Ensenada (CICESE) in Mexico. It
should be noted that the two horizontal components of the
original data at stations TRH, RSL, and CIC of CICESE
strong-motion network are swapped, and the polarity of the
vertical components of VIR, HDI, and GEO is flipped [L. Orozco,
personal communication, 2010]. Figure 2 shows S waves
recorded on the transverse components at selected stations
(Table 1). The stations northwest of the epicenter recorded
single sharp pulses (Figure 2a), while those in other directions
recorded more dispersed waves. This implies strong directivity
toward the northwest. However, such sharp pulses are ob-
served 10—15s after the initial S arrivals, suggesting a delay
in the main moment release, a slow initial rupture velocity,
or initial southeastward rupture propagation and then rerupture
to the northwest (more about this later).

[8] The teleseismic data give a rough estimate of the source
duration. A borehole seismic network in Japan, Hi-net [Okada
et al., 2004], recorded this earthquake very well. To make the
signals clear, we align the P arrivals and stack the vertical
components of the velocity seismograms from 781 stations,
following corrections for instrument response. Figure 3a
shows the stack of the Hi-net seismograms. The squared
velocity envelope (Figure 3b) approximates the seismic
energy radiated at the source. A strong peak is found around
25s and substantial amplitudes are observed for 40s.
Since northwestward directivity is implied by the local
strong-motion data and Hi-net stations are in that direction,
this 40-s duration probably gives a minimum value.

[¢] The polarity of the first P arrival of local and global
data constrains the first motion focal mechanism, which
reflects the mechanism of the first part of the rupture. We
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Figure 2.

(a,b,d,e) Transverse components of displacement seismograms at selected stations. The

displacement is obtained by integrating the acceleration records twice and high-pass filtering
at 0.025Hz to avoid low-frequency noise. (c) Map of the region around the fault, which spans the
U.S.-Mexico border. The red and blue triangles indicate selected stations of the SCSN and CICESE
strong-motion networks, respectively. The red star shows the epicenter of this earthquake. The black lines
show the surface trace of faults from Fletcher and Spelz [2009] and U.S. Geological Survey and California
Geological Survey (Quaternary fault and fold database for the United States, 2012, http://earthquakes.
usgs.gov/regional/qfaults/), and the red lines indicate the surface rupture of the 2010 El Mayor-Cucapah
earthquake from Rymer et al. [2010] and Fletcher et al. [2010] The blue boxes indicate the source model
used by this study for the seismic slip inversion analysis.

manually picked the polarities and then computed a focal
mechanism using the HASH code [Hardebeck and Shearer,
2002], assuming a pure double-couple focal mechanism. The
estimated first motion focal mechanism shown in Figure 1 is
between normal faulting and strike-slip, while the long-period
Global CMT Project solution is mainly strike-slip. This implies
rupture complexity with a different geometry for the initial
slip compared to that of the dominant moment release.

3. Seismic Slip Inversion Analysis

3.1. Method and Data

[10] We apply the multi-time window slip inversion
method [Hartzell and Heaton, 1983] to reveal the rupture

Table 1. Stations for the Seismic Slip Inversion Analysis®

process of this earthquake. We use a fault model with
six segments (Figure 1 and Table 2). We take the x axis
toward the northwest along each segment and assign the
range of x for each segment as shown in Table 2. The y axis
is taken along dip. The origin corresponds to the rupture
initiation point, which is at the SCSN epicenter (32.259°N,
115.287°W) at a depth of 9 km. The geometry of the initial
rupture, segment #4, is one of the nodal planes of the

(a) Stacked Velocity Waveform

T
(b) Square Ve|ocity Envelope

Name Latitude (N) Longitude (W) Structure

SCSN

PDM 34.303 114.142 C
BLY 33.750 114.524 D
GLA 33.051 114.827 D
IRM 34.157 115.145 B
BAR 32.680 116.672 G
SDR 32.736 116.942 F
EML 32.891 116.846 E
JEM 33.081 116.598 E
CICESE

GEO 32.400 115.240 A
RIT 32.166 114.961 A
HDI 31.615 115.882 C
TRH 31.690 116.190 C
CIC 31.868 116.664 C
RSL 32.116 115.841 C

? The structure used for each station is shown in Table 3.
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Figure 3. (a) Velocity waveform obtained by stacking
vertical components of Hi-net waveforms, and (b) its
squared envelope, indicating the seismic energy rate history.
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Table 2. Properties of Fault Segments®

Strike Dip Vexp (km/s) Length (km) Width (km) x (km)
#1 337 75 3.0 20 20 50-70
#2 311 65 3.0 25 20 25-50
#3 311 65 1.2 20 20 5-25
#4 353 56 3.0 15 20 —10to 5
(hypocenter)
#5 311 115 3.0 20 20 —30to —10
#6 311 115 1.0 30 20 —60 to —30

# Vexp denotes the model expansion speed.

first motion focal mechanism. The other parts follow the
fault geometry inferred from the InSAR data [Fialko et al.,
2010]. Segment #1 corresponds to the Centinela fault with
a different strike than the other segments. The total length
and width of the fault model are 130km and 20km,
respectively. The spatio-temporal slip-rate distribution is
represented by a finite number of 1-D spline (“triangle”) basis
functions [see Uchide and Ide, 2007] with nodes spaced every
5km in space and 2 s in time. Therefore, the basis functions
span 10km in space and 4 s in time and overlap for 5km in
space and 2 s in time with the adjacent basis functions. We
set two model parameters for each node to represent rake
angles of —45° and —135° allow slip directions between these
limits. To reduce the number of free parameters, we specify
the starting time of the first time window at each grid point.
The first time window starts when a hypothetical rupture front
expanding at a specified velocity (hereafter referred to as the
“model expanding speed”) arrives. The maximum duration
of the slip model at each point is 30 s. Consequently, we have
25 nodes along strike, 4 along dip, and 14 in time. The total
number of model parameters is 2800. In seismic slip inversion
analysis, it is important to set the model expanding velocity to
capture all slip patches in time and space. Note that the model
expanding speed does not give the actual rupture velocity;
instead, it represents the maximum permitted rupture velocity
from the hypocenter. We determine the model expanding
speed (Table 2) by trial and error to capture all rupture patches
in time and space.

[11] We use 80-s displacement seismograms of 14 stations
from SCSN and CICESE (Figure 2 and Table 1), integrate

twice the original acceleration records, resample every
0.5s, and bandpass-filter between 0.02 and 0.25Hz. To
compensate for poor coverage on the southeast of the source
region, the data from station RII of the CICESE strong-
motion network is weighed twice that of the other stations.

[12] Green’s functions are calculated using a 1-D seismic
velocity model using the reflection-transmission matrix
[Kennett and Kerry, 1979] and the wavenumber integral
[Bouchon, 1981] method. The effect of anelastic attenuation
is modeled by using a complex seismic velocity [7akeo,
1985]. The 1-D seismic velocity structure for each station
(Tables 1 and 3) is tuned to fit the seismograms of nearby
M5 earthquakes. Note that these 1-D seismic velocity
structures represent the velocity structure between the source
region and the stations. Stations in the Salton Trough are
not used, because it is difficult to reproduce the large surface
waves and basin resonances with a 1-D model.

[13] We use a temporal smoothing constraint to stabilize
the analysis [Uchide and Ide, 2007]. The strength of the
smoothing constraint is set using Bayesian modeling in
order to minimize the Akaike’s Bayesian Information
Criterion [Akaike, 1980; Yabuki and Matsu’ura, 1992]. In
addition, the seismic moment is constrained to be equivalent
to M, 7.2, to match the Global CMT solution.

3.2. Result

[14] Figure 4 shows the estimated rupture process. The
moment magnitude is 7.6 x 10' Nm, equivalent to M,, 7.2,
as constrained. Our inversion gives the moment rate distribu-
tion history, and we convert the moment rate to the slip rate,

Table 3. Seismic Velocity Structure for the Calculation of Green’s Functions

A B C E F G
(Depth [km]) (Depth [km]) (Depth [km]) (Depth [km]) (Depth [km]) (Depth [km]) (Depth [km])
Vi, Vs [km/s] Vs Vs [km/s] Vi, Vs [km/s] Vi, Vs [km/s] Vs Vs [km/s] Vs Vs [km/s] Vi, Vs [km/s]
(0.0-2.0) (0.0-1.5) (0.0-1.0) (0.0-1.0) (0.0-0.5)

2.0, 1.0 2.0, 1.0 2.0, 1.0 3.0, 1.5 3.0, 1.5
(2.04.0) (1.5-3.0) (1.0-2.0) (0.0-1.0) (1.0-2.0)
4.0, 2.0 4.0, 2.0 4.0,2.0 4.0,2.0 4.0, 2.0
(4.0-5.5) (3.0-4.0) (2.0-3.0) (1.0-1.5) (1.0-2.0)
5.0,2.5 5.0,2.5 5.0,2.5 5.0,2.5 5.0,2.5
(5.5-16.0) (4.0-8.0) (3.0-7.0) (1.5-6.0) (2.0-7.0) (2.0-8.0) (0.0-5.5)
6.0, 3.5 6.0, 3.5 6.0, 3.5 6.0, 3.5 6.0, 3.5 6.0, 3.5 5.5,3.18
(8.0-16.0) (7.0-16.0) (6.0-16.0) (7.0-16.0) (8.0-16.0) (5.5-16.0)
6.3, 3.64 6.3,3.64 6.3,3.64 6.3, 3.64 6.3, 3.64 6.3,3.64
(16.0-32.0)
6.7,3.87
(32.0-)

7.8, 4.50
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Figure 4. (a) Slip history and (b) final slip inferred from the seismic slip inversion analysis. Figure 4a
shows the slip in consecutive 4-s time windows. In the first window, numbers such as #1 denote the names
of the segments (Table 2). In Figure 4b, the black contours and pink numbers show the rupture time when
cumulative slip reaches 5% of the final slip at specific point. The contour interval is 2 s.

assuming a uniform rigidity of 30 GPa, which is that in the
lower crust in the Mojave Desert [Pollitz, 2003]. A reduction
of rigidity may increase the slip amount. The maximum final
slip is about 5m (Figure 4b). This model explains the main
features in the observed strong-motion waveforms quite well
(Figure 5). The least-squares variance reduction is 72.8%.

[15] Most of the slip area is confined above 9 km, the depth
of the hypocenter. Large slip patches are identified at and
around the hypocenter, near x=—40, —20, 20, and 35 km.
Wei et al. [2011] also identified large slip patches at similar
locations. Note that the x axes of the slip model of Wei et al.
[2011] and Figure 4 are in different configurations.

[16] Our model indicates that the rupture started near
the hypocenter (segment #4) and propagated southeastward
in the first 16 s. After that, the rupture propagated somewhat
toward the northwest and at 20s, the rupture began

propagating bilaterally. This time delay of the bilateral rupture
reflects the delay of the sharp strong pulse observed in San
Diego area to the northwest of the hypocenter area (Figure 2).

4. Back Projection Analysis

4.1. Method and Data

[17] The Green’s functions for high-frequency seismic
waves are not predicted well enough by current Earth
models for these data to be useful in finite slip inversions.
However, beam forming [e.g., Kriiger and Ohrnberger,
2005] or back-projection methods [e.g., Ishii et al., 2005]
can be used to identify sources of high-frequency radiation
during rupture. Here, we apply the back-projection method
[Ishii et al., 2005; Yao et al., 2012] to teleseismic P waves
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Figure 5. Waveform fit from the slip inversion. Black and red traces show the observed and synthetic
waveforms, respectively. Numbers on the top left of the waveforms indicate the maximum amplitude of
the observed waveforms. Vertical short lines indicate the S arrival.
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Figure 6. (a) Station distribution (blue triangles) for the iterative back projection. The red star gives the
hypocenter location. (b) The aligned waveforms used for the back projection analysis. The two black lines
show the first 8 s of the P waves for the initial waveform alignment using a cross-correlation method.
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Figure 7. High-frequency (0.3-2 Hz) seismic radiation (map view) at five representative times as indi-
cated and the total radiated power (lower right) from waveform back projection. The black dashed lines
indicate the direction of N49W, the strike of the main part of the slip model (Table 2).
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recorded by the global seismic network at epicentral
distances between 30 and 95° to the hypocenter (Figure 6a).

[18] We apply a bandpass filter to the data between
0.3 and 2Hz. Waveform cross-correlation for the initial
few seconds of the P waves is used to align the waveforms
to remove the effect of 3-D heterogeneity along the ray
paths from the hypocenter to stations. We only use 130 traces
with cross-correlation coefficients above 0.8 with respect to
the first 8 s of the P wave stack for further back-projection
analysis (Figure 6b). To suppress the effect of the uneven
distribution of stations in the back-projection waveform
stacking, we apply a station-weighting scheme [Walker
et al., 2005; Walker and Shearer, 2009], in which the wave-
form for a given station is weighted by the inverse of the
number of other stations within 400 km.

[19] We back project the recorded waveforms to a regular
2-D lateral grid in the source region (2km spacing). The
time-dependent radiated power is estimated from the wave-
form stack power using a running-average windowing ap-
proach [Yao et al., 2012].

4.2. Result

[20] Figure 7 summarizes the back projection results at a
few representative times. The high-frequency seismic radi-
ation clearly shows the bilateral rupture of this earthquake,
with a total rupture extent about 100km along strike.
Strong high-frequency radiation between 0.3 and 2 Hz is
observed near the hypocenter at the beginning of the
rupture, 50 km northwest of the hypocenter at about 28,
and also about 30 km southeast of the hypocenter at about
32s. From the total back projection power, we can clearly
identify five strong high-frequency sources, four of which
are found along or very close to the fault. The high-
frequency source at location (25, —40) km is about 20 km
off the fault and occurred at a similar time as the subevent
near (20, —20) km. This high-frequency source may repre-
sent an early aftershock that is not part of the primary
rupture.

5. Discussion

[21] Figure 8 shows the spatiotemporal distribution of the
high-frequency radiation inferred from the back projection
analysis, relative to the moment release rate history inferred
from the seismic slip inversion analysis. Since this fault is
narrow, we focus on the variation along N49W, ignoring
that along dip. Most of the high-frequency radiation is
found near the beginning and end of the major moment
release patches indicated by the red contours. The high-
frequency radiation near the peaks in moment release
rate is relatively minor. A strong pulse of high-frequency
radiation around 50km and 28s is correlated to the
step over from the Sierra Cucapah to the Centinela faults
with different strike directions, or from segment #1 to #2,
as expected from theoretical studies [Adda-Bedia and
Madariaga, 2008].

[22] A repeated rupture between 5 and 40 km northwest of
the hypocenter is inferred from the slip inversion result
(dashed rectangles in Figure 8). Another rupture is seen 6's
after the main rupture passed, with some high-frequency
radiation between the rupture pulses. How reliably is this
repeated rupture patch resolved?
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0% 50 % 100 %

Intensity of High—Frequency Radiation

Figure 8. (a) Map of the source region rotated to align with
N49°W. The blue boxes indicate the segments of the fault
models for the slip inversion analysis. The red star shows
the epicenter. The black lines are the surface trace of faults
by Fletcher and Spelz [2009]. The red lines indicate the sur-
face rupture of the 2010 ElI Mayor-Cucapah earthquake
[Fletcher et al., 2010]. (b) A comparison between the
high-frequency radiation sources from the back projection
analysis and the rupture process from the finite slip inver-
sion. The blue image shows the spatio-temporal distribution
of the high-frequency radiation intensity relative to the max-
imum value. The red contours show the moment rate per
fault length, i.e., moment rate density integrated along dip.
The contour interval is 5 x 10'®N/s (=(Nm/s)/m). The hori-
zontal scale corresponds to the scale of the map (Figure 8a).
The dashed rectangle indicates the repeated rupture in time
and space that is discussed in Figure 9.

[23] The full model explains 72.8% of the root mean
square (RMS) in the waveforms; the model without the
repeated rupture patch explains 61.0% of the RMS. The fit
is improved by more than 10% for PDM, BLY, and IRM
of SCSN, and HDI, TRH, and RSL of CICESE strong-
motion network (Figure 9). Thus, the repeated rupture patch
contributes significantly to fitting the observed waveforms in
our preferred model. However, we cannot rule out the
possible existence of alternative models without the repeated
rupture patch that could provide comparable fits to our
full model. Thus, we consider this feature to be suggested
by the data, but not yet definitively resolved. From the view-
point of earthquake source physics, repeated ruptures are
possible [e.g., Gabriel et al., 2012], and a repeated rupture
has been found during the 2011 Tohoku earthquake [e.g.,
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Figure 9. Waveforms at selected stations from the model
without the repeated rupture inferred from the slip inversion.
Black, red, and blue traces show the observed waveforms,
the synthetic waveforms from the full model, and the model
without the repeated rupture, respectively. Numbers on the
top left of the waveforms indicate the maximum amplitude
of the observed waveforms. Vertical short lines indicate
the S arrival. Notice that the model with the repeated rupture
(red curve) provides a better fit than when this feature is left
out (blue curve).

Lee et al., 2011]. In the case of the 2010 El Mayor-Cucapah
earthquake, repeated rupture was suggested from a back
projection study using regional data from USArray and the
Seismic Investigation of Edge Driven Convection Associ-
ated with the Rio Grande Rift Array in and around
New Mexico [Meng et al., 2011a].

[24] Prior studies have investigated the anti-correlation
between the fault slip and the high-frequency radiation
distributions in space. High-frequency radiation has been
observed near the edge of high-slip areas in earthquakes
between M6 and M8: the 1993 Loma Prieta (M 7.1) [Zeng
et al., 1993], the 1993 Kushiro-oki (M, 7.6) [Kakehi and
Irikura, 1996], the 1993 southwest off Hokkaido (M,, 7.5)
[Kakehi and Irikura, 1997], the 1994 far-off Sanriku
[Nakahara et al., 1998], the 1995 Kobe (M, 6.9) [Kakehi
et al., 1996; Nakahara et al., 1999], the 1998 Iwate
(M; 6.1) [Nakahara et al., 2002], the 2000 Tottori
(M, 6.6) [Suzuki and Iwata, 2009], and the 2004 Parkfield
(M, 6.0) [Allmann and Shearer, 2007] earthquakes. Our
result reveals the same features in the 2010 El Mayor-
Cucapah earthquake (M, 7.2), not only in space but also
in time. It is expected from theoretical studies that rapid
changes in rupture velocity or slip velocity will cause stron-
ger high-frequency radiation [ Yamashita, 1983; Spudich and
Frazer, 1984; Sato, 1994]. Our comparison between the slip
model and the high-frequency radiation distribution history
in space and time reveals that the high-frequency seismic

waves are radiated both from the beginning and the end of
ruptures.

[25] The anti-correlation between the moment release and
the high-frequency radiation implies that the rupture velocity
during the periods of maximum moment release is stable
[Spudich and Frazer, 1984]. Thus, the effects of fault details
(such as fault roughness [Adda-Bedia and Madariaga, 2008;
Kame and Uchida, 2008; Dunham et al., 2011] and hetero-
geneities of the initial stress on the fault [Day, 1982]) on
rupture velocity are apparently weak or effectively averaged
out during the main moment release period. This may help in
understanding large-slip events, even when we do not image
the small-scale details of the rupture process.

6. Conclusions

[26] We examine the fault slip and the high-frequency
radiation distribution history of the 2010 El Mayor-
Cucapah earthquake by comparing a slip inversion from
strong-motion data and high-frequency back projection of
teleseismic data, not only in space but also in time. Peaks
in high-frequency radiation are seen adjacent to, rather than
within, the regions of highest slip. This fact implies that the
rupture velocity during the major rupture episodes is stable.
Substantial high-frequency radiation is also observed near
a change in fault direction. These results should help
constrain dynamic rupture simulations for this earthquake,
and complementary studies of this type eventually may help
to improve strong ground motion predictions at the high fre-
quencies that often lead to the greatest damage to buildings.
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