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Abstract Uninhabited aerial vehicle synthetic aperture radar (UAVSAR) observations 2009-2017 of the
Yuha Desert area and Global Positioning System (GPS) time series encompassing the region reveal a
northward migrating pattern of deformation following the 4 April 2010 M,,7.2 El Mayor-Cucapah (EMC)
earthquake. The north end of the EMC rupture exhibits an asymmetric pattern of deformation that is
substantial and smooth northeast of the rupture and limited but with surface fracturing slip northwest. The
earthquake triggered ~1 ¢cm of surface coseismic slip at the Yuha fault, which continued to slip
postseismically. 2.5 cm of Yuha fault slip occurred by the time of the 15 June 2010 M,,5.7 Ocotillo aftershock
and 5 ¢cm of slip occurred by 2017 following a logarithmic afterslip decay 16-day timescale. The Ocotillo
aftershock triggered 1.4 cm of slip on a northwest trend extending to the Elsinore fault and by 7 years after
the EMC earthquake 2.4 cm of slip had accumulated with a distribution following an afterslip function with a
16-day timescale consistent with other earthquakes and a rate strengthening upper crustal sedimentary
layer. GPS data show broad coseismic uplift of the Salton Trough and delayed postseismic motion that may
be indicative of fluid migration there and subsidence west of the rupture extension, which continues
following the earthquake. The data indicate that the Elsinore, Laguna Salada, and EMC ruptures are part of the
same fault system. The results also suggest that north-south shortening and east-west extension across the
region drove fracture advancing step tectonics north of the EMC earthquake rupture.

Plain Language Summary Airborne radar and Global Positioning System observations of the
Yuha Desert and Salton Trough suggest that the 2010 M7.2 El Mayor - Cucapah earthquake rupture, the
Laguna Salada fault in Baja California, Mexico, and the Elsinore fault in California are part of the same
fault system. The M5.7 Ocotillo aftershock links these faults and is a result of stress propagation from
afterslip on the El Mayor - Cucapah rupture. Further east in the Salton Trough fluid migration also
contributes to the observed results.

1. Introduction

The M,,7.2 El Mayor-Cucapah (EMC) earthquake occurred 4 April 2010 in Baja California, Mexico (Hauksson
etal, 2011). The fault ruptured northward to southernmost California just across the California/Mexico border
(Figure 1). Two main fault segments connected by a smaller extensional fault ruptured away from the epicen-
ter with dominantly right-lateral strike-slip motion (J. M. Fletcher et al., 2014; Huang et al.,, 2017; Kyriakopoulos
etal, 2017; Wei et al,, 2011) and with an additional smaller segment striking slightly more northerly terminat-
ing the north end of the rupture. The segments dip northwest south of the epicenter and northeast north of
the epicenter. At the north end of the rupture 10-30 cm of slip also occurred on the west dipping Laguna
Salada fault (J. M. Fletcher et al.,, 2014). The earthquake triggered slip on numerous faults in the Yuha
Desert and Salton Trough to the northeast of the rupture up to and including slip on the Southern San
Andreas fault (Donnellan et al,, 2014; Rymer et al., 2011; Treiman, 2012). Slip in the Yuha Desert occurred
on a network of orthogonal fault segments typically about 3-5 km long extending about 6 km north of
the United States-Mexican border and 9 km southeast of the community of Ocotillo. These fault segments
remain distinct structures at depth and are seismically active individually for a few days to weeks with seis-
micity migrating along adjacent fault segments (Kroll et al., 2013). EMC postseismic deformation can be
explained by fault afterslip with a short timescale on the order of 10 days and fluid diffusion from an
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Figure 1. Study location. Left: The M,, 7. 2 El Mayor-Cucapah mainshock and the M,,5.7 Ocotillo aftershock epicenters shown at red stars. The surface rupture up to
the Mexico/California border is shown in red. Ocotillo aftershock section identified in this study is shown as a red line. The Elders et al. (1972) mapped Ocotillo section
connecting the Laguna Salada and Elsinore faults is shown underneath. The 1892 Laguna Salada earthquake and approximate rupture are shown by blue star
and line along with other past ruptures discussed in the text. State boundaries are outlined in gray. Faults are black with the major faults labeled. Global Positioning
System coseismic displacement vectors are shown as black vectors with error ellipses, and vertical displacements by red (uplift) or blue (subsidence) circles. Stations
shown in Figure 6 are labeled. The 26501 uninhabited aerial vehicle synthetic aperture radar interferogram that includes a pair of images collected 21 October
2009 and 13 April 2010 is shown as the swath ranging from light green (displacement northwest) to purple (displacement southeast). The aircraft was flying to
the west and looking south. Purple denotes motion away from the airborne instrument and yellow toward the instrument. Right: Similar plot but shown with Figure 7
from Elders et al. (1972; reprinted with permission from American Association for the Advancement of Science) superimposed. Additional spreading center
identified in this study is noted.

origin just north of the main surface rupture based on seismicity and Global Positioning System (GPS) data
(Ross et al.,, 2017). The east section of the Laguna Salada fault became active ~35 days after the EMC event
(Kroll et al., 2013). In this paper we address how the gap between the Laguna Salada and Elsinore faults is
connected and better define where the crust is affected by simple afterslip and stress propagation or with
additional possible fluid migration.

On 15 June 2010, 71 days after the mainshock, a M,,5.7 aftershock occurred 9 km southeast of the community
of Ocotillo at the northern end of the EMC rupture and aftershock zone (Hauksson et al., 2011; Kroll et al.,
2013, 2017; Ross et al., 2017). The aftershock sequence extended 6 km northwestward from the epicenter
of the Ocotillo aftershock (Kroll et al., 2017). The main Ocotillo aftershock sequence continued for about
20 days following the event (Kroll et al., 2017).

1.1. Geologic Setting

The pattern of deformation associated with the Ocotillo aftershock is consistent with the broader tectonic
deformation within the Salton Trough. Elders et al. (1972) describe the Salton Trough as the landward exten-
sion of the Gulf of California spreading center, which is dilating as right-lateral shear separates the Pacific and
North American plates. Extensional and transform tectonic regimes are manifest in the Imperial Valley and
Salton Trough by high heat flow, Quaternary volcanism, and hydrothermal activity associated with magma
intrusion at shallow depth (Hill et al., 1990; Irwin, 1990) as well as abundant seismicity along northwest
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trending right-lateral strike-slip faults and northeast trending left-lateral conjugate faults, and shallow
swarms of earthquakes (Irwin, 1990; Nicholson et al., 1986). The crust thins as tensional zones form between
the Cerro Prieto, Imperial, and San Andreas faults over a mantle upwelling. A broad pattern of uplift occurred
in the Salton Trough associated with the EMC earthquake (Figure 1), consistent with the presence of a mantle
upwelling. The geodetic imaging data and high heat flow provide evidence that a spreading center is present
between the northern Cerro Prieto fault and southern Superstition Hills fault in addition to those identified by
Elders et al. (1972).

Paleoseismic and historic records show that the Salton Trough is capable of producing large earthquakes in the
transition zone between the extensional and transform regimes, such as the southern San Andreas fault rupture
in ~1700 CE (Sieh & Williams, 1990; Working Group on California Earthquake Probabilities (WGCEP), 2008), and
the 1892 Laguna Salada earthquake, which Hough and Elliot (2004) describe as one of the largest earthquakes
in California and Baja California in historic times (Figure 1). Other important historic earthquakes include the
1940 M,,7.0 El Centro and 1979 M,,6.5 Imperial Valley earthquakes, which ruptured overlapping sections of
the Imperial fault (Toppozada et al., 2002) and conjugate pairs of ruptures such as the 1968 M,,6.6 Borrego
Mountain earthquake that triggered slip on the Superstition Hills fault (Nicholson et al.,, 1986). In 1987, the
M,y 6.2 Elmore Ranch earthquake occurred on the northeast trending Elmore Ranch fault and triggered M,,
6.6 earthquake on the conjugate northwest trending Superstition Hills fault, in the southernmost San Jacinto
fault zone (Hill et al., 1990; Hudnut et al., 1989). The southern Elsinore fault zone has not ruptured historically.

The southern Elsinore fault is slipping at a long-term rate of approximately 1-2 mm/year, which is slower than
the northern Elsinore fault (Dorsey et al., 2012), suggesting that some deformation might be transferring
to conjugate cross faults in the region. The paleoseismic slip estimate for the northern Elsinore fault is
4-5 mm/year (Magistrale & Rockwell, 1996; Millman & Rockwell, 1986; Rockwell et al., 1990; Vaughan &
Rockwell, 1986). As currently mapped, the southern Coyote Mountains segment of the Elsinore fault zone
is separated from the northern Laguna Salada fault zone, which ruptured in 1892, by a releasing stepover
with several northeast trending cross faults (Isaac, 1987). Slip rate on the Laguna Salada fault is 2-3 mm/year
(Mueller & Rockwell, 1995). Of note, Elders et al. (1972) show an Elsinore fault that extends to the Mexican
border and that, in effect, continues as the Laguna Salada fault in Mexico. Isaac (1987) defined the area
between the two faults, separated by a left step, as a seismic gap. Total slip from the Ocotillo aftershock
and postseismic motion correlated with Elders et al. (1972) southernmost mapped section of the Elsinore
fault, suggesting that these two fault systems are part of one fault system.

2. Methods

For this study we combined uninhabited aerial vehicle synthetic aperture radar (UAVSAR) and Global
Positioning System (GPS) measurement of crustal deformation encompassing the Yuha Desert to character-
ize fault slip and broader deformation. We used GeoGateway (http://geo-gateway.org) to carry out the ana-
lysis. GeoGateway is a web-based science gateway that allows analysis of UAVSAR interferometric synthetic
aperture radar (InSAR) data to be analyzed in the context of other geophysical, geologic, and geodetic data
sources. Such sources include seismicity from the U.S. Geological Survey (USGS) catalog, fault data from
Uniform California earthquake rupture forecast (Field et al., 2013), and GPS position time series (Zumberge
et al, 1997). We estimated coseismic and postseismic fault slip on the Yuha fault and what we refer to as
the Ocotillo section of the Elsinore fault, different from the Ocotillo section identified as a northeasterly seis-
mic trend by Treiman (2012) that crosses the Ocotillo section discussed here.

2.1. UAVSAR

UAVSAR is National Aeronautics and Space Administration’s airborne L-band InSAR platform. INSAR measure-
ments provide line-of-sight changes at an oblique angle from a point on the ground to the instrument for
pairs of images. UAVSAR flies on a Gulfstream-Ill aircraft at 12.5-km altitude. The instrument looks left, cover-
ing an elevation angle from about 27° to 67°, which results in a 15-km-wide swath that is typically about
90 km long. The phase of the reflected radar signal at the airborne instrument is recorded. Repeated flight
path images are compared, and any ground motion between observation epochs results in a phase offset.
The UAVSAR product is an array of line-of-sight ground range changes in phase that correspond to distance
offsets. A radar pixel in an unwrapped image has a surface extent of ~7 m, providing correspondingly high-
resolution images of ground deformation.

DONNELLAN ET AL.
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Figure 2. UAVSAR products for a 174-day pair spanning the El Mayor-Cucapah earthquake (top left), a 79-day pair from
1 week after the earthquake and spanning the Ocotillo aftershock (middle left), and 7-year total cumulative postseismic
motion starting 1 week after the mainshock (bottom left). GPS vectors for the time frame corresponding to the image pair
are shown in black with error ellipses. Red and blue circles show uplift and subsidence as red or blue circles. Right plots
show the line-of-sight change for the profile A-B marked on the map. Red and yellow vectors illustrate where the slip occurs
in each time frame.

UAVSAR became operational in 2009, 6 months before the April 2010 M,,7.2 EMC earthquake. At the time, the
observations extended south to the Mexican border in nearly east-west swaths. The earthquake rupture
extended northward just past the United States-Mexico border, making it possible to study northward effects
from the earthquake such as triggered slip (Donnellan et al., 2014; Rymer et al., 2011) and cosiesmic deforma-
tion and postseismic motion for the EMC earthquake and the Ocotillo aftershock (this study).

We here examine swath SanAnd_26501 (Figure 1) that was flown approximately every 6-12 months since
UAVSAR became operational with repeats planned into 2019. Data were collected about 1 week after the
April 2010 EMC earthquake, about 2 weeks after the 15 June 2010 M,,5.7 Ocotillo aftershock, and in
September and December 2010. For this line 26501 the airplane flies west at a heading of 265° and looks left,
so the results provide deformation to/from the direction of the aircraft at elevation angles ranging from 27° to
67°. There is not an opposite looking swath due to the political boundary and lack of authorization to fly
UAVSAR over Mexico at that time.

DONNELLAN ET AL.



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Earth and Space Science 10.1029/2017EA000351

InSAR crustal deformation results, such as from UAVSAR, are typically represented in the form of fringe
maps with each color cycle corresponding to a phase cycle of the radar wavelength. UAVSAR data are dis-
tributed as prerendered high-resolution images with InSAR fringe patterns. The mapping between pixel
color and pixel value is not a one-to-one mapping from the InSAR fringe phase offset and presents inter-
pretation challenges, particularly due to ambiguity in the trend of the color cycles relative to the sign of the
observed range change. In general, we find the observations to be more easily interpretable by using a
single color range to represent the full range of values of motion to/from the instrument, rather than
wrapping cycles of repeating color (Figures 1 and 2). The GeoGateway interface allows users to display
the original images or to convert to a color range. The color is user tunable, and users can stretch the color
map for the displayed color or specify the color range. We developed a histogram-based, nonlinear color
template generation algorithm to generate color maps that directly reflect the pixel values of displacement
as an addition to the prerendered images (Wang et al., 2015). A web service implemented through the
GeoGateway interface enables on-the-fly coloring of UAVSAR images for users to define the range of dis-
placement and color scheme. Our default color scheme also provides a more accessible shading palette
for color-vision impaired users.

We plotted the UAVSAR results for three time frames associated with the EMC earthquake (Figure 2). The
coseismic time frame spans from 6 months before the earthquake to 1 week after the earthquake. The sec-
ond time frame spans from 1 week after the mainshock to 2 weeks after the Ocotillo aftershock. The last
time frame shows the cumulative postseismic motion from 1 week after the earthquake to 7 years after
the event. Line-of-sight profiles extracted from the three lines show that the bulk of the coseismic deforma-
tion in the image occurred northeast of the rupture. Far less surface deformation occurred to the northeast
of the rupture, but clear discontinuities from surface fractures are apparent. The profile A-B in Figure 2
crosses the Yuha fault, which is noted on the line-of-sight plots, showing how slip on that fracture increases
over time.

2.2. GPS

GPS measurements provide north, east, and up motions of stations, complementing the UAVSAR measure-
ments and enabling a better assessment of the three-dimensional deformation field. GPS solutions for
this paper were generated with the GIPSY-OASIS Il software package in Precise Point Positioning mode
(Zumberge et al., 1997), with final precise orbits reprocessed in the IGb08 reference frame (Desai et al.,
2011). We downloaded the products for continuous GPS stations in the Salton Trough area from http://
sideshow.jpl.nasa.gov/post/series.html. The continuous GPS stations are part of the Plate Boundary
Observatory, and daily solutions are produced from data sampled every 5 min over a 24-hr period.
Results are automatically updated every week. We used time series (Jet Propulsion Laboratory, 2018) that
have been postprocessed with GipsyX (Bar-Sever, 2016) software tools to detect breaks, remove outliers, and
perform a fit for each site. Fit parameters include a position, a velocity, breaks in the time series, and annual
and semiannual terms.

GeoGateway (http://geo-gateway.org/main.html) software tools were used to compute interseismic, coseis-
mic (Figure 1), postseismic (Figure 2), and total displacements based on GPS time series and fit parameters
from the Jet Propulsion Laboratory. Each site has a single long-term velocity estimate. Nonlinear motion is
accommodated by breaks and seasonal terms. Interseismic displacements were estimated using the long-
term velocity estimate for each site. Coseismic displacements were estimated by integrating breaks in a nar-
row time window around an event. Postseismic displacements were estimated by integrating breaks in a
wider time window following an event. Total displacements between two times were computed directly from
the time series. GeoGateway software tools download information from Jet Propulsion Laboratory and then
compute east, north, and vertical displacements with error bars for all GPS sites inside a user specified time
window and region of interest and can be relative to a specified site.

Here we utilized the postseismic option from the GeoGateway GPS analysis tools and integrated the breaks
from the long-term trend (Figure 2). This removes the long-term tectonic motion, and long-term vertical
trends that may be due to inflation or subsidence. The method allows for the results to be independent of
a reference station, which could otherwise propagate its local movements or instabilities into the network
results. The GPS results were necessary to understand the broader coseismic and postseismic motions from
the EMC earthquake.
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Figure 3. GPS vertical time series for stations west and east of the rupture (top and bottom) and north of the extension of
the EI Mayor-Cucapah rupture (middle). Stations are noted in Figure 1. Time of first and last uninhabited aerial vehicle
synthetic aperture radar observations are marked by vertical dashed lines. Vertical green lines mark locations of breaks
detected in the time series.

We plotted the long-term vertical time series for GPS stations surrounding the north end of the EMC rupture
(Figure 3). The results show that stations to the west of the rupture extension moved downward for about
1 year associated with the EMC earthquake. Although a break with downward motion was detected at the
time of the earthquake it is possible that the downward trend started prior to the event. Two stations along
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Figure 4. GPS vertical time series for the stations marked on Figure 1. A 45-day moving average trendline is plotted to show
the general trend of each time series while preserving seasonal variations. Solid vertical line marks the time of the EMC
earthquake. Vertical dashed line shows the time of the Ocotillo aftershock. Dotted vertical lines show the times of
UAVSAR observations. EMC = EI Mayor-Cucapah; GPS = Global Positioning System; UAVSAR = uninhabited aerial vehicle
synthetic aperture radar.
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Table 1

Parameters for the Two Four-fault Model Inversions Based on Wei et al. (2011) and Separate Inversion for the M,,G5.7 Ocotillo Aftershock

Parameter Fault 1 Fault 2 Fault 3 Fault 4 M5.7
Latitude (°) 32.1576 32.3005 32.1971 32.6205 32.7234
Longitude (°) —115.1728 —115.3035 —115.4147 —115.6341 —115.5288 + 0.01 —115.9488
Strike (°) =5 —48 132 —38+0.2 —51+03 132 £ 0.01
Dip (°) 45 75 60 50 82 +0.03
Depth (km) 14 15 14 12 44 +0.02
Width (km) 14 15 14 12 4.6 +0.22
Length (km) 33 51 60 18 8.5+0.22
Strike slip (cm) 32+.0.1 —15+0.1 —154+4 =177 +8 16 +12 —24+19 —5+3 0£5 —321+6
Dip slip (cm) —113+£0.1 —85+0.1 =73+ 11 29 £ 111 103 +£17 —31+24 —61+4 —-97+9 —5=+1
Sense of slip LLN RLN RLN RLT LLT RLN RLN N RLN
Dip direction E E NE NE SwW SwW NE NE SW

Note. Location of the fault is at the lower left corner and the fault dips upward at the given dip angle and strikes clockwise from the left side of the rectangular fault.
Sense of slip is of the upper block relative to the lower block (LL = left lateral; RL = right lateral; N = normal; T = thrust). Downdip direction is also given. Faults
correspond to those in Wei et al. (2011): Fault 1 is the connecting normal fault where the rupture initiated; Fault 2 is the northern main section of the
fault; Fault 3 is the southern main section of the fault; Fault 4 is the northernmost small section that ruptured into California. Parameters without errors were held
fixed in the inversion. Free parameters show solved for 1o errors. X*/DOF is 7.9 for the first inversion and 4.7 for the second inversion. Cells that are split show
results for the first and second inversion, respectively. X?/DOF for the M5.7 aftershock is 1.2.

the northern extension of the rupture show little motion associated with the event, while station P494 north-
northeast of the rupture shows a delayed uplift and station P496 further east of P494 shows uplift at the time
of the earthquake with a long-term upward trend. We also plotted the time series for the time frame of the
UAVSAR observations on a single plot, highlighting the delayed uplift of station P494 (Figure 4).

2.3. Geodetic Inversions

We used the four-fault model of Wei et al. (2011) to invert the coseismic GPS results for a single average slip vector
on each fault segment (Table 1 and Figure 5). The fit is quite good with a resulting goodness-of-fit figure of chi-
square per degree of freedom (X*/DOF) = 7.8. A forward model of the fault slip matches the coseismic pattern
of deformation observed with UAVSAR. The northernmost segment has a best fitting value of 5.1 + 3.2-cm
right-lateral slip and 60.8 + 3.8 cm of normal displacement. The fit is slightly better with a X*/DOF = 4.7 if the east
position and strike are allowed to vary from the Wei et al. (2011) values. In this case the best fit of this segment
translates east 10 km and the strike rotates from N37°E to N51°E. For this geometry the slip is dominantly normal
with 97 £+ 9-cm normal slip and 0 + 4-cm left-lateral strike slip. The resulting normal fault lies at the north end of the
Cerro Prieto fault with a parallel strike. This model yields a more consistent southwest dipping right-lateral normal
slip for the southernmost segment of the Wei et al. (2011) model than either the Wei et al. (2011) model or our
inversion using the original location and geometry of the northernmost segment of the four-fault model.

To understand the deformation north and northwest of the rupture, we selected a polygon of the UAVSAR
observations around the Ocotillo aftershock area with a decimation of data to approximately 125-m spacing
in the east-west axis and 200-m spacing in the north-south direction. We then inverted the data for coseis-
mic parameters for the M,,5.7 aftershock (Table 1 and Figure 5). The results agree with the seismic focal
mechanism for the event from the USGS event page (https://earthquake.usgs.gov/earthquakes/event-
page/ci14745580#focal-mechanism), with about 320 mm of right-lateral slip on a plane dipping steeply to
the southwest. The resulting depth of this fault ranges from 4.4 to 9 km. The geodetic moment magnitude
for the aftershock is M5.7, consistent with the seismic moment.

2.4. UAVSAR Slip Estimates

We used the detailed UAVSAR images to estimate slip on the Yuha fault and Ocotillo section for times ranging
from 1 week after the EMC earthquake to 2017. We automatically detected spatial discontinuities in the
UAVSAR images using a Canny (1986) edge detection algorithm and by selecting line-of-sight profiles across
the discontinuities (Parker et al., 2017; Figure 6). Several northwest trending fractures and the Yuha fault are
highlighted on the coseismic image that spans the interval from 21 October 2009 to 13 April 2010. The
Ocotillo section shows a discontinuity following the 15 June 2010 M,,5.7 aftershock. Slip on the Yuha fault
and Ocotillo section continues into 2017. The edge detection algorithm identifies slip as discontinuities in
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Figure 5. Regional model based on the GPS and UAVSAR observations. Blue rectangles show the best fit El Mayor-Cucapah coseismic inversion based on the Wei et al.
(2011) four-fault model. Black arrows show the dip direction. Blue vectors show the displacement of the upper block in the fault model. Red rectangle shows the
location of the northernmost fault in the Wei et al. (2011) model. Red vectors show the results of our inversion when the four-fault model geometry is fixed to the Wei
etal. (2011) model. The fault determined from inverting the interferogram spanning the M5.7 aftershock is also shown, with displacement vector. The interferogram for
the entire time span of this study shows the long-term total deformation. UCERF-3 faults are plotted in black. Tectonic interpretation is shown in outlined text.

interferometric phase that is downsampled from the full resolution ground range data to a coarser 35-m
resolution grid. We plotted the fault-parallel slip estimates and fit a cubic polynomial, a function that best
fits the overall slip distribution, to each time span (Figure 7). Using the peak slip for each time frame we
plotted slip versus time and fit the measurements to a logarithmic afterslip decay model:

t
U:Aln(—+ 1) +B
T
A and B are constants and t is time (Savage and Svarc, 2009). In this model, the timescale 7 represents the

elapsed time for the cumulative slip to reach approximately 69% of the constant value A. The relation of this
model and its parameters to physical friction laws is discussed further in the Results section below.
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nnnnnnnnnnnnn
AN SPACE SCIENCE

Earth and Space Science 10.1029/2017EA000351

174 days Coseismic 21 Oct 2009 - 13 Apr 2010

Cumulative Postseismic
13 Apr 2010 — 1 Jul 2010 232 days

79 days

13 Apr 2010 - 11 Feb 2014

£

Figure 6. Interferograms spanning and following the El Mayor-Cucapah earthquake plotted with the same color range.
Top left shows the coseismic interferogram. Location of the profiles for Figures 5 and 6 is shown in the top left, and the
location of the Yuha fault and Ocotillo section is marked. Top right shows slip estimates at automatically identified
discontinuities in the interferogram. The color scale is for slip estimates in the range direction between the ground and the
airborne instrument. Bottom panels show cumulative postseismic interferograms and automated slip estimates for
different time frames all starting at 13 April 2010, 1 week after the El Mayor-Cucapah earthquake.

Using the edge detection results as a guide, we selected profiles spanning the active discontinuities
and examined the evolution of slip over time in across fault profiles for the Yuha fault (Figure 8) and the
Ocotillo section (Figure 9). These plots display the total slip and evolution of slip over time. Fitting the afterslip
logarithmic decay model described above to the data yields a robust 16-day timescale of deformation.
Finally, we estimated the fault zone width from the spatial slip profiles (Figure 10). While the uncertainty in
these estimates is relatively large, a picture emerges in which the Yuha fault displays narrow EMC coseismic
triggered slip, subsequently broadening to ~300 m over the next 3 years and then narrowing again from
years 4-7 to a width of 40 m. In comparison, the Ocotillo section is wider for the duration of the observations
but there is a suggestion of fault zone narrowing from ~340 m at the time of the aftershock to ~250 m
by 2017.

3. Results

Our results show an asymmetric pattern of EMC coseismic deformation (Figure 2) that is generally consistent
with the Wei et al. (2011) four-fault model with an average uniform slip on each segment (Table 1). Both inver-
sions fit the overall pattern of deformation, including the asymmetric pattern observed on either side of the
rupture for the mainshock (Figure 2). The Wei et al. (2011) shows highly variable rake on its 3-km segments,
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Figure 7. Fault slip estimates from the automated edge detection. A cubic polynomial is fit to each along fault slip distribu-
tion. Peak deformation at each time is plotted and a log afterslip model is fit.

and the model here, solving for average slip on each of the four-fault segments using the Wei et al. (2011)
geometries, results in inconsistent right-lateral and left-lateral fault segments. Relaxing the location and
strike of the northernmost segment (fault 4) results in right-lateral slip on each of the main fault segments
1-3 providing more plausible slip results. The results of the second inversion fit the data better in the
Salton Trough with a normal fault dipping northeast and aligned with the Cerro Prieto fault at its north
end. The results of our second model are more consistent with the sense of slip on the southernmost fault
and a graben structure bounded on the east by a west dipping normal fault in the Laguna Salada basin
(J. M. Fletcher & Spelz, 2009). Neither the Wei et al. (2011) model nor our coseismic inversion addresses the
finer surface fracturing to the north and northwest of the EMC rupture. These inversions suggest that
processes occurred at depth and in the Salton Trough that cannot be inferred from the surface rupture
alone, consistent with the conclusion by Wei et al. (2011).

The Salton trough moved southward and up relative to before the earthquake from the mainshock (Figure 1).
The Peninsular Ranges, west of the north end of the rupture, moved west and down relative to before the
earthquake. GPS station P494, near the north end of the rupture, moved down in the mainshock (Figure 3),
which is consistent with it being located on the hanging wall of the normal fault of the northernmost
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Figure 8. Yuha fault slip across profile A-B noted in Figure 4 spanning and following the El Mayor-Cucapah earthquake.
Piecewise linear fits are shown under the observed data. Fault slip versus time is estimated from the line fits on either
side of the fault, and a log afterslip model is fit to the data. EMC = El Mayor-Cucapah.

segment of the four-fault model. The earthquake triggered left-lateral slip at the northeast striking Yuha fault
and on a network of northwest and northeast striking surface fractures in the northwest lobe of coseismic
deformation up to, but not including the location of the Ocotillo aftershock and the Ocotillo fault section
as defined in this paper. Seventy-one days after the EMC mainshock, the M,,5.7 Ocotillo aftershock
occurred on a northwest trending right-lateral strike-slip section. Inversion of the UAVSAR data spanning
the time of the aftershock results in a fault plane of similar geometry and moment release to what can be
inferred from the seismic focal mechanism. Both the Yuha fault and Ocotillo section show continued slip
over 7 years that follows a rapid afterslip decay model with a 16-day timescale (Figures 6-9). This rapid
decay is comparable to results for other earthquakes such as the 1966 Parkfield earthquake, the 1976
Guatamala earthquake, and the 1979 Imperial Valley earthquake (Marone et al., 1991) despite the total slip
values at the surface being an order of magnitude lower than these earthquakes. The Ocotillo aftershock
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Figure 9. Ocotillo section slip across profile B-C noted in Figure 4 spanning and following the El Mayor-Cucapah earth-
quake. Piecewise linear fits are shown under the observed data. Fault slip versus time is estimated from the line fits
on either side of the fault, and a log afterslip model is fit to the data. EMC = El Mayor-Cucapah.

and continued afterslip fits within a pattern of postseismic decay from the EMC earthquake indicating
northward stress transfer following the mainshock.

The significance of this observed timescale in the afterslip decay can be appreciated by considering the rate
and state friction laws that are used to explain both laboratory and field observations of transient fault beha-
vior and afterslip (Marone et al., 1991; Scholz, 1998). Theoretical and laboratory research suggests that the
time dependence of fault afterslip follows a functional form of

U:h—gn(a—b)ln{(%)t—iﬂ}

In this relation, the dimensionless friction parameter (a-b), or A in our above fit for afterslip, is positive in the
case of velocity strengthening conditions relevant here. G is the crustal shear modulus and is the lithostatic
normal stress vertically averaged over the depth h of the velocity strengthening layer. Using commonly
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Figure 10. Fault zone widths for the Yuha fault and Ocotillo section over time. A point at 1.1 years for the Ocotillo after-
shock was an outlier and removed. EMC = El Mayor-Cucapah.

accepted laboratory values for (a-b) in the range 0.001-0.005 (Marone et al., 1990), our afterslip decay results
projected to horizontal motion yield an estimated velocity strengthening layer thickness of ~2.2 km.
Alternatively using the depth of the simplified aftershock inversion of 4.9 km yields an (a-b) of 0.002. This
result is in accord with both earlier work on fault afterslip and with our inference in this work of surface
deformation mediated by a near-surface layer of unconsolidated sediments. The timescale, amplitude
surface motion, and depth of the Ocotillo aftershock are consistent with rate and state friction for a rate-
strengthening layer over the Ocotillo aftershock fault plane.

GPS vertical time series show a broad pattern of uplift to the east in the Salton Trough. A lesser subsidence
occurred to the west of the rupture in the Peninsular Ranges into mid-2011, which could be due to warping.
Station P494, located on the hanging wall of the northernmost EMC coseismic normal fault, subsides on the
downdropped block in the mainshock and then shows delayed uplift that starts in early 2011 with a large
jump to mid-2011 and then continued uplift into 2017 (Figure 3). The vertical time series of P494 matches
the uplift of station P496 located slightly to the northeast by mid-2011, and the two stations then show nearly
identical trends of uplift with annual variations into 2017 (Figure 4). These results suggest crustal spreading
with migration and filling of pore fluids is occurring in the Salton Trough northeast of the origin of fluid migra-
tion identified by Ross et al. (2017).

Delineation of the Ocotillo aftershock section becomes more pronounced in the years following the event.
Postseismic deformation from the aftershock is slightly greater than at the time of the aftershock producing
a well-defined right-lateral zone of shear that can be identified in the UAVSAR data. The width of the Ocotillo
section is about 250 m wide, which would make it difficult to locate with in situ field mapping. The section
trends with a strike of 134.3° and is 19 km long. The fault zone width for both the Yuha and Ocotillo faults
narrow over time suggesting healing of these faults, which should occur for a rate strengthening upper crust.

4, Discussion

A stronger lithosphere and crust in the Peninsular Ranges bounding the west side of the EMC rupture is most
likely responsible for the asymmetric pattern of deformation at the north end of the mainshock (Molnar &
Dayem, 2010; Pollitz et al., 2012). Our results show a northwestward propagation of postseismic deformation
along this lithospheric barrier that steps left at the Yuha fault to the Ocotillo aftershock fault, which extends to
the southern Elsinore fault. We term this fracture advancing step tectonics (FAST) and attribute it in part to a
tectonic setting that is closer to a pure shear environment. Lab experiments show that pure shear results in a
propagating pattern of fracture and slip along conjugate fault segments (Cooke, personal communication,
October 9, 2017; Healy et al., 2015; Oertel, 1965). The FAST of the Yuha Desert and EMC earthquake contrasts
with the simple shear environment of the North Anatolian fault in Turkey that has displayed fracture advan-
cing tectonics as earthquakes have propagated along the fault (Stein et al., 1997; Toksoz et al., 1979). East of
the lithospheric barrier in the Salton Trough fluid migration likely also contributes to ongoing deformation.
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The signature of delayed and evolving shear across the conjugate Yuha fault provides further clues to the
mechanics of stress and deformation in the postseismic period. The time evolution of the observed surface
width of the Yuha fault starts out at 120 m at the time of the EMC earthquake, grows to 290 m over 3 years
with an apparently logarithmic time dependence, and then narrows to 40 m by 7 years after the earthquake
(Figure 10). Taking these width measurements as a proxy for the approximate dislocation depth, it may be
possible to infer trends of vertical as well as horizontal migration in slip. The Yuha example suggests trigger-
ing of shallow surface slip in the mainshock, followed by a downward migration of slip with a pulse that then
propagates to the surface. In the case of the Ocotillo section, there is no clear trend evident in the postseismic
fault zone width, with the top depth of slip apparently steady at a few hundred meters. At the Ocotillo section
a small amount of slip might have migrated up the fault (Figure 10). In both cases slip along the entire fault
section increases with time.

In contrast to the relatively consistent width of the Ocaotillo section, the left-lateral Yuha fault slip zone shows
a fairly strong narrowing trend in the 3- to 7-year postseismic period. A reasonable interpretation of this result
is that prompt Yuha slip at a depth of several hundred meters propagated toward the surface in the
sediments east of the Ocotillo aftershock. The inference follows that the relatively unconsolidated shallow
material under low confining pressure does not retain elastic strength over this time period. The ultimate
fault zone width of only tens of meters is suggestive of near-surface deformation that remains confined to
a narrow zone as it propagates upward. This would be in contrast to the right-lateral slip on the Ocotillo
section, for which it may be inferred that the more extensively damaged near-surface layers ultimately
accommodate the plastic deformation over a zone several times wider. Alternatively, this may suggest that
a decrease in fault normal stress, such as by NW-SE spreading and extension, facilitated the shallow slip epi-
sode seen on the Yuha fault as suggested by the delayed and rapid uplift of GPS station P494 nearby.

Elders et al. (1972) described a series of right-lateral faults joined by spreading centers from the Gulf of
California to the Salton Sea. Evidence here points to an additional spreading center at the north end of the
Cerro Prieto, which could provide a connection to the Superstition Hills fault. Gravity and heat flow measure-
ments reported in Elders et al. (1972) are consistent with the presence of this spreading center. Our four-fault
coseismic slip model based on Wei et al. (2011) supports this conclusion, and our inversion fits the coseismic
GPS data better with a normal fault at the northern tip of the Cerro Prieto fault, where a spreading center may
be located. Initial subsidence at the north end of the EMC rupture, due to the presence of normal faulting is
followed by rapid uplift that transpires over 2 years and continues for 7 years following the earthquake. This
uplift is likely due to emplacement of fluids following extension. As suggested by Elders et al. (1972) and
Dorsey et al. (2012) a transtensional right-lateral transform fault system extends northward from the Gulf
of California and a less mature right-lateral fault system connects the Gulf of California with the western
big bend of the San Andreas fault. Our results show that postseismic deformation northwest of the EMC rup-
ture can be fit by simple fault afterslip rate and state friction, while the Salton Trough to the northeast likely
has multiple processes occurring triggered by the EMC earthquake.

The Ocotillo aftershock provides the connection between the Laguna Salada and EMC fault system in Mexico,
to the Elsinore fault in California. The short 8- to 13-km rupture length, embedded within an Elsinore/Laguna
Salada discontinuous fault system that is over 350 km long, is consistent with evolution of an immature fault
zone. The smaller M,,5.7 Ocotillo aftershock event and the lower slip rate in this area of 1.6 mm/year com-
pared to sections of the Elsinore fault to the north and Laguna Salada fault to the south of the aftershock raise
the question of whether a larger earthquake will eventually fill in this area creating a better defined through-
going structure. The segment drawn by Elders et al. (1972) and shown on Figure 1 is 34 km long and overlaps
with the Ocotillo aftershock rupture. Perhaps, the Ocotillo aftershock initiated an incomplete rupture on this
fault section. One meter of slip on the 34-km-long section would produce a M,,6.8 earthquake. A slip rate of
1.6 mm/year results in a 625-year recurrence interval. Three meters of offset would produce a M,,7.1 event
(Hanks & Kanamori, 1979) and at a rate of 1.6 mm/year a recurrence interval of 1,875 years. Could a large
earthquake that creates a throughgoing structure unlock the southern section of the Elsinore fault allowing
for the slip rate to catch up either seismically or with additional postseismic slip?

There is little paleoseismic evidence for recent rupture on the southern Elsinore fault. The Temecula segment
of the fault may have ruptured as recently as 185-340 years ago. This section has an average recurrence inter-
val of 550 years, with a maximum recurrence interval of 1,100 years, and an average 2.5-m slip per event
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Figure 11. Nowcast for 25- and 100-km regions surrounding Ocotillo in southern California as shown in the inset map. The
green vertical bars represent a histogram for the number of small earthquakes between each pair of large earthquakes. The
red stair-step curve is the cumulative distribution function computed from the small earthquake histogram. Left:
Nowecast for the 25-km region surrounding Ocotillo. Right: Nowcast for the 100-km region surrounding Ocotillo. Map: Large
region from which statistics are drawn for the small 25- and 100-km regions shown as yellow circles. Large earthquakes are
shown as red circles.

(Vaughan et al., 1999). However, it is not likely to rupture concurrently with the Julian segment adjacent and
to the south, which has a recurrence interval of 3,000-3,500 years with the most recent earthquake 1,500-
2,000 years ago (Thorup, 1997; Thorup et al, 1997). Overall, geodetic rate of slip for the Elsinore fault is
2.7 + 0.6 mm/year (Meade & Hager, 2005).

K. E. Fletcher et al. (2011) find a long-term, 40,000-year, slip rate of 1.6 mm/year on the southernmost part of
the Coyote Mountains segment of the Elsinore fault, just north of the Ocotillo section of the Elsinore fault
identified in this study. The Elsinore fault is young, having initiated 1.2 Ma, and as a result is more complex
than mature faults (Dorsey et al., 2012). The Laguna Salada fault to the south is about 97 km long and
produced a M,,7.1-7.2 earthquake in 1892, rupturing 22 km with up to 5 m of oblique dextral and normal
slip (Hough & Elliot, 2004; Mueller & Rockwell, 1995). The rupture parallels the EMC rupture less than 2 km
away, suggesting that the two faults are part of the same fault system. Slip rate on the Laguna Salada fault
is 2-3 mm/year (Mueller & Rockwell, 1995).

To better understand the earthquake potential, we compute nowcasts for the area around the Ocotillo site
within circles of radius 25 and 100 km (Figure 11). Nowcasting is a method for evaluating the current state
of the fault system in a seismically active area, which is reset following a moderate to large earthquake
(Rundle et al.,, 2016; Rundle et al., 2018). The method uses counts of small earthquakes to evaluate the poten-
tial for a large earthquake. Nowcasting is not a prediction, but it can be applied to estimate seismic risk in a
region (Rundle et al,, 2018). In the present calculation, which provides a snapshot of the fault system in
October 2017, a small earthquake is an event having magnitude 3.99 < = M,, < 5, whereas a large earthquake
is an event having magnitude M,, > 5. The statistics for the number of small earthquakes between large
earthquakes are collected in the large region shown in the maps. The statistics from the large region are then
applied to the small region within the blue circle. There are 274 earthquakes M,, > = 5.0 in the large region
since 9 February 1971 (the catalog begins at 1 January 1970). Currently, there have been 13 events
3.99 < = M,, < 5 earthquakes since the M,,5.72 aftershock that occurred on 15 June 2010 within the circle
of radius 25 km around the Ocotillo site using the USGS Advanced National Seismic System catalog. From this
count, we determine that 73.4% of the intervals in the large region would have had five or fewer such small
earthquakes between the large earthquakes. Thus, our nowcast value, or earthquake potential score (EPS), for
a large earthquake in the region was 73% at time of paper submission in December 2017 and is 77% at the
time of paper revision in July 2018. There have been five events 3.99 < = M,, < 5 earthquakes since the
M,,5.19 earthquake that occurred on 10 June 2016 within the circle of radius 100 km around the Ocaotillo site.
From this count, we determine that 44.2% of the intervals in the large region would have had five or fewer
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such small earthquakes between the large earthquakes. Thus, our nowcast value, or EPS, for a large earth-
quake was 44.2% at the time of paper submission in December 2017 and 48.5% at the time of paper revision
in July 2018. The EPS or nowcast value in both cases is larger for the smaller 25-km Elsinore fault area because
fewer large earthquakes have occurred there than for the larger 100-km area. This raises the question
whether a large earthquake on the Elsinore fault is more likely to occur now that the Ocotillo aftershock
and its coseismic and postseismic slip may have unlocked a 13-km-long section at its southernmost end or
whether the Ocotillo aftershock is part of the afterslip decay process for the EMC earthquake. The EPS is valid
at the time it was computed; updates for future times can be found at http://geo-gateway.org.

5. Conclusions

The Ocotillo aftershock followed the 2010 M,, 7.2 EMC earthquake by 71 days, continuing a northward pattern
of fault propagation. Left slip on the northeast striking Yuha fault facilitates a left step in the fault zone. The
Ocotillo aftershock connects the Elsinore and Laguna Salada faults, creating a single 350-km-long through-
going but immature fault system. The Ocotillo section of the Elsinore fault was noted in Elders et al. (1972).
It is unclear why this section is not shown in subsequent fault and hazard maps (e.g., UCERF-3, Field et al.,
2013). Postseismic deformation following the EMC earthquake has a typical timescale of decay and can be
matched to rate and state mechanical afterslip models. These FAST processes were enabled by the transten-
sional plate boundary near the Salton Trough, where additional spreading centers and fluid migration is likely
prevalent. A key question is whether the Ocotillo aftershock has transferred stress northward and unlocked
the joining section between the Elsinore and Laguna Salada fault systems. Two large earthquakes have
occurred recently to the south in 1892 and 2010. Do those earthquakes and the EMC aftershock bring the
Elsinore fault closer to failure? Nowcasting using the seismic catalog suggests a high EPS for the southern
Elsinore fault.
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