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Abstract: In July 2019, a series of seismic events, including a magnitude (Mw) 7.1 mainshock and
Mw 6.4 foreshock, occurred in Eastern California. Studying these seismic events can significantly
improve our understanding of the Eastern California tectonic environment. Sentinel-1A and ALOS-2
PALSAR images were utilized to obtain co-seismic deformation fields, including mainshock and
foreshock deformation. The Okada elastic dislocation model and ascending and descending orbit
results were used to invert the co-seismic slip distribution and obtain a co-seismic focal mechanism
solution. Using ascending Sentinel-1A images, a time-series deformation was obtained for 402 d
after the earthquake, and the deformation evolution mechanism was analyzed. The maximum uplift
caused by the co-seismic mechanism reached 1.5 m in the line of sight (LOS), and the maximum
subsidence reached 1 m in the LOS. For 402 d after the earthquake, the area remained active, and its
deformation was dominated by after-slip. The co-seismic inversion results illustrated that California
earthquakes were mainly strike-slip. The co-seismic inversion magnitude was approximately Mw
7.08. The Coulomb stress change illustrated that the seismic moment caused by the co-seismic
slip was 4.24 x 10%
co-seismic slip distribution inversion results.

N x m, which is approximately Mw 7.06. This finding is consistent with the

Keywords: California earthquake; co-seismic deformation; post-seismic deformation; slip distribution;
Coulomb stress

1. Introduction

On 4 July 2019, and 6 July 2019, a series of earthquakes occurred successively in Cali-
fornia, United States, including a magnitude (Mw) 6.4 (foreshock), Mw 7.1 (mainshock),
and many aftershocks. Until 16 August 2019, over 26,000 aftershocks occurred. The epi-
center was located at the intersection of many of the secondary faults, and this earthquake
was a new fault rupture event, which is significant in helping us further understand the
geological structure of Southern California. After the earthquake, many researchers began
to use interferometric synthetic aperture radar (InSAR) technology to study the co-seismic
deformation field and Coulomb failure stress (CFS) in the area. Li et al. (2019) obtained
the co-seismic deformation field using Sentinel-1A, Advanced Land Observing Satellite-2
(ALOS-2), and Global Positioning System (GPS) data, inverted the source parameters of
the mainshock and foreshock, and calculated the Coulomb stress changes caused by the
two earthquakes [1]. Chen et al. obtained a foreshock and mainshock asperity model
using Sentinel-2 images, GPS, and seismic waveform datasets [2]. Barnhart et al. acquired
co-seismic deformation fields from the ascending and descending of Sentinel-1A, and
they calculated the optimal slip model and Coulomb stress for both the mainshock and
foreshock [3]. Liu et al. selected strong-motion recordings from GPS stations near the
epicenter. They conducted a series of preliminary finite fault inversions to explore the
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fault geometry and slip distribution constraints. Finally, they inversed the source rupture
process using seismic waveform datasets [4].

In recent years, with the increase of SAR satellite and the development of SAR technol-
ogy, InSAR technology has been widely used in co-seismic deformation and fault mechanism
interpretation [5-7], such as the Ms 7.4 earthquake in Tajikistan in 2015 [8] and the Mw 6.1
Ludian earthquake in 2014 [9], etc. Various scholars have also provided focal mechanism so-
lutions for the 2019 California earthquakes, as displayed in Table 1. Although they obtained
the co-seismic deformation and inversed the slip distribution, their results were inconsistent.
In addition, there have been few studies on post-earthquake deformation.

Table 1. Focal mechanism solutions for 2019 California earthquakes.

Longitude Latitude Np1 (Strike, Np2 (Strike,

Date

(°E) (°N) Dip, and Rake)  Dip, and Rake)
2019.7.4 —117.504 35.705 228/66/4 137/86/156
USGS ?
2019.7.6 —117.599 35.770 322/81/-173 231/83/-9
2019.7.4 —117.54 35.69 227/86/3 137/87/176
GCMT P
2019.7.6 —117.58 35.780 321/81/180 51/90/9
William D. 74 - - 228/66/4
Barnhart et al. 7.6 - - 322/81/—173
Fault 1 - - 320/83/—-171
Li et al.
teta Fault 2 - - 205/81/—
Fault 1 - - 322/83/—172
This study
Fault 2 - - 225/81/4

2_USGS: United States Geological Survey (https:/ /earthquake.usgs.gov/); >—GCMT: Global Centroid Moment
Tensor Catalogue (https://www.globalcmt.org/ (accessed on 3 February 2021)). For Fault 1 and Fault 2 refer to
the tectonic faults divided by the authors.

So, in order to understand the focal mechanism of the California earthquake and to
analyze post-seismic deformation characteristics, we used InSAR technology to obtain
the co-seismic deformation field of the 2019 Mw 7.1 California earthquake using Sentinel-
1A images from the European Space Agency (ESA) and ALOS-2 images from the Japan
Aerospace Exploration Agency (JAXA). The slip distribution caused by co-seismic events
was inverted using the Okada elastic dislocation model. Then, we calculated the CFS
on the optimally oriented strike faults using the optimal slip distribution model. Finally,
the post-seismic deformation 402 d after the earthquake was analyzed using Sentinel-
1A data in ascending mode (T064A). The research presented in this study provides an
important reference for understanding the seismic mechanism and Southern California
tectonic environment.

2. Geological Background

California, located in the western United States, is an earthquake-prone region with
complex regional geology and active faults (Figure 1). The studied earthquakes occurred in
the eastern California shear zone (ECSZ), which is part of the Pacific-North American plate
boundary [10]. ECSZ was formed by a stress concentration resulting from a restraining
bend in the San Andreas fault [11]. The regional geological structure is primarily strike-slip,
and the primary faults in the area are the San Andreas fault, Garlock fault (GF), and Owens
Valley fault. In addition, there are certain secondary faults, such as the Little Lake fault
(LLF), Airport Lake fault, and Wilson Canyon fault (WCF), which overlap with each other
to form complex geological settings. The San Andreas fault is located at the junction of the
Pacific Plate and North American Plate. The Pacific Plate is one of the most seismically
active faults in the world, and it is moving toward the North American Plate at a speed
of 49 mm/yr [2]. The epicenter of the two earthquakes was located 10-20 km north of
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the Garlock fault, which is the boundary between the southern Mojave Desert and the
Sierra Nevada and northern Nevada basin [12]. The Garlock Fault is one of the Holocene
active faults in California, and it is 257 km long. According to report [13], the July 2019
seismic events included the strongest earthquake in this area for the past 20 years. This
earthquake caused strong vibrations within 40 km of the epicenter, including in the city
of Ridgecrest. It also caused several small-scale fires. Therefore, studying the earthquake
geological structure and analyzing its post-seismic deformation is vital to understanding
earthquake risks.

North America Plate

Mw?7.1(20190706)

N Mw6.4(20190704)
36° 5 A R ¢ 5

34° TN — - -

)
0km 75 km 150
T

km |

32° T
-122° -120° -118° -116°

-114°
Figure 1. Study area tectonic setting. Red star represents mainshock epicenter, yellow star represents
foreshock epicenter, and red and white circles represent the mainshock and foreshock focal mecha-

nism solutions (from www.globalemt.org (accessed on 3 February 2021)). The white rectangles mark
the coverage of the synthetic aperture radar (SAR) images.

3. Materials and Methods
3.1. SAR Datasets

In this study, Sentinel-1A SAR images from the ESA and ALOS-2 PALSAR SAR images
from JAXA were used. The coverage of the images is displayed in the white rectangles in
Figure 1. To accurately obtain the co-seismic deformation of the two earthquakes, we used
interferometric pairs from three tracks for the earthquake area. The detailed parameters of
the interferometric pairs are listed in Table 2. Because the T064A and T071D master images
were acquired on 4 July 2019, the interferograms of the two tracks include both the foreshock
and mainshock deformations. We collected 27 SAR images from the ascending track (T064A)
to study the post-seismic deformation mechanism. The timespan of the images was from
16 July 2019, to 15 August 2020. The detailed parameters are displayed in Table 3.
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Table 2. Co-seismic interference pair parameters.

No. Satellite Orbit Pass Direction = Master Image  Slave Image Interval Incidence Perpend} cular
Angle Baseline
1 Sentinel-1A Ascending 20190704 20190716 12 39.2582 —-27.4
2 Sentinel-1A Descending 20190704 20190728 24 39.2026 —40.5
3 ALOS-2 Descending 20190402 20190723 112 39.0301 —496.9
Table 3. Details of selected aftershock interference pairs.
Number of
Orbit Pass Direction Incidence Angle Heading Number of Images Interferograms Involved
in Calculation
T064A Ascending 39.2582 ~12.99 27 39

(Sentinel-1A)

3.2. Data Processing

Based on GAMMA software [14], we used differential INSAR (D-InSAR) technology
to obtain the co-seismic deformation fields. To improve the signal-to-noise ratio (SNR),
interferograms were multi-looked by factors of eight in range and two in azimuth; the
ground distance resolution of each pixel was approximately 29.48 x 27.88 m. The inter-
ferogram from ALOS-2 was multi-looked by factors of six in range and twenty-eight in
azimuth, which was equal to a resolution of approximately 81.83 x 80.21 m. We used a
shuttle radar topography mission digital elevation model with a 30 m resolution from
the National Aeronautics and Space Administration to remove the topographic phase.
All interferograms were filtered using an adaptive filter function based on the weighted
power spectrum [15]. Phase unwrapping was performed using the minimum cost flow al-
gorithm based on the Delaunay triangulation [16]. Observed phase nonlinear least-squares
adjustments over stable areas were used to refine the nonlinear residual orbit error [17].
We also used the following model (Equation (1)), which was based on the correlation
between the atmospheric delay phase and topography, to correct the atmospheric delay
error [18]. Finally, the co-seismic deformation fields in the geographical coordinate system
were obtained through geocoding.

Patmo = by + by * hgt(x,y) 1)

where Qa0 is the atmospheric delay phase, b; and by are the undetermined coefficients,
and hgt(x,y) is the point elevation.

To further analyze the post-seismic deformation characteristics, 27 Sentinel-1A images
from the ascending track were processed using a small baseline subset (SBAS) [19,20]. The
SAR images were divided into different subsets according to certain spatial and temporal
baseline settings. Singular value decomposition was used to connect various differential
interferogram subsets and to solve the time-series deformation at each coherent point. This
method can weaken the DEM error and atmospheric phase delay of the deformation signals.
The image data was from 28 July 2019, to 15 August 2020. The time and spatial baselines
were no more than 100 d and 80 m, respectively. All interferograms were multi-looked by
factors of six in range and one in azimuth. Interferogram filtering and unwrapping were
performed using the same method as that of D-InSAR processing. The unwrapping was
performed at points with a coherent value greater than 0.2. Interferograms with sufficient
coherence, a continuous unwrapping phase, and a negligible atmospheric phase delay error
were selected for the time-series deformation calculation. Figure 2 shows the flowchart of
our research.
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Figure 2. The research process of our manuscript.

4. Results
4.1. Co-Seismic Deformation Field

According to the processing settings described in Section 2, the co-seismic deformation
fields were obtained from the Sentinel-1 and ALOS-2 SAR images (Figure 3). A positive
value indicates that the deformation approached the satellite along the line of sight (LOS)
(uplifting), and a negative value indicates that the deformation was moving away from
the satellite along the LOS (subsiding). It can be seen from the co-seismic deformation
field (Figure 3) that the ascending and descending interferograms covered the earthquake
epicenter. The maximum uplift and subsidence deformations along the LOS were 1 and
0.71 m from the ascending track, respectively (Figure 3a). The co-seismic deformation fields
from the descending tracks exhibited maximum uplift deformations of 1.3 and 1.4 m, which
may be due to the difference of two master images. And the maximum subsidence ones
were both 1 m (Figure 3b,c). The deformation fields from the ascending and descending
tracks exhibited the opposite deformation trend, demonstrating that the co-seismic dis-
placement was caused by significant horizontal displacement, which is consistent with the
characteristics of a strike-slip fault structure [21,22]. The maximum uplift and subsidence of
the co-seismic deformation monitored by Li et al. were 0.71 and 0.64 m, respectively, which
are consistent with our results, indicating that our monitoring results are reliable.

7,’:7 Foreshock
— Fault Line

-0.6

-117.00° -117.60° -117.00° -117.60° =-117.00°

Figure 3. Co-seismic deformation fields obtained from ascending and descending tracks. (a) for Sentinel-1A T064A, (b) for
Sentinel-1A T071D, (c) for ALOS-2 T166D. Black lines indicate faults. Red and yellow stars indicate the mainshock and
foreshock, respectively. Dotted line indicates inversion fault model.
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20190728 — 20190809

4.2. Post-Seismic Time-Series Deformation

Monitoring post-earthquake deformation can provide a critical basis for judging
post-seismic deformation trend. To study the post-seismic deformation of the 2019 Califor-
nia earthquake, we investigated Sentinel-1A images covering the study area. Therefore,
Sentinel-1A images in the ascending mode were used to calculate the post-earthquake
deformation 402 d after the mainshock.

Previous studies [23,24] have illustrated that post-seismic deformations can be divided
into three types: after-slip, poroelastic rebound, and viscoelastic relaxation. After-slip
deformation occurs shortly after the earthquake. Poroelastic rebound primarily refers
to the process where the pore water pressure gradient is generated by an earthquake,
and the pore water is redistributed and balanced after the earthquake, causing crustal
shrinkage or expansion. The earthquake altered the stress state of the viscous lower crust
and upper mantle, which was subsequently released in a viscoelastic manner, acting on
the upper crust to form significant surface deformation. Based on the observed surface
deformation after the earthquake, a model can be constructed to invert the rheological
structure of the lower crust and upper mantle, providing a basis for studying other dynamic
processes. Viscoelastic relaxation, a large-scale deformation, often lasts several years after
an earthquake.

We obtained the time-series deformation along the LOS from 28 July 2019, to 15 August
2020. Figure 4 displays a portion of the post-seismic deformation field. Conjoint analysis of
co- and post-seismic deformation field demonstrated that the post-seismic deformation was
smaller than the co-seismic deformation and that the post-seismic deformation primarily
occurred near the epicenter. The movement direction of the post-seismic deformation was
the same as that of the mainshock. Therefore, it was preliminarily determined that the
post-seismic deformation mechanism was predominately after-slip.

20190728 — 20190926°

Figure 4. Partial post-seismic time-series deformation in line of sight (LOS). Red and yellow stars represent mainshock and

foreshock, respectively.

The post-earthquake deformation is primarily concentrated at the junction of the co-
seismic northwest-west (NWW) and southeast—east (SE-E) disks. —Therefore, we extracted
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the time-series deformation of point A at the junction to analyze the deformation trend
402 d after the mainshock. We used the following equation to fit the time-series deformation
of point A [25,26]:

y=D+axlogy(l+t) 2)

where D is the initial main shock deformation (mm), a is the amplitude of the log function,
t is the time interval after the mainshock (d), and y is the cumulative deformation (mm).
The post-seismic deformation was set as the initial D value in Equation (3); D was set to
3.179, and a was set to 33.96. The fitting curve is illustrated by the red line in Figure 5.

120 ; T ' T ' T ' T
4 600
g 1004 mom L
E 4500 o
= -z
S 80+ e
8 {400 7
g ]
% 60 -
= 4300 3
2 40 b
£ ( =
E 4200 E
£ 20+
o 4 100
0- I—I—”—"_H_I
. . T . d T . . T ’ ' T 0
2019/7/28 2019/10/28 2020/1/28 2020/4/28 2020/7/28

Date

Figure 5. Time series of the cumulative deformation. Red points represent the cumulative deforma-
tion time series of the post-seismic. Red line represents fitting line of the post-seismic deformation.
X-axis represents date, left Y-axis represents cumulative deformation in LOS, right Y-axis represents
number of aftershocks.

From 28 July 2019, to 26 September 2019, and the cumulative deformation gradu-
ally increased. Over time, the deformation rate began to slow down. The post-seismic
cumulative deformation of point A was 98 mm in the LOS.

According to previous research [23,27], we found that the after-slip typically occurs in
the middle and upper 4 km of the fault. After the earthquake, the after-slip occurred quickly,
and the deformation gradually shifted to a slow creep 100-300 d after the earthquake.
Therefore, our observations support the hypothesis that after-slip can explain this post-
seismic deformation mechanism more than poroelastic rebound or viscoelastic relaxation.
We found that the number of aftershocks gradually decreased over time, indicating that
the after-slip temporal evolution is consistent with that of the aftershocks of the California
earthquake. With the decrease in the number of aftershocks, the after-slip also gradually
weakened. The correlation coefficient between the frequency of aftershocks and the increase
in post-earthquake deformation reached 0.91.

4.3. Co-Seismic Slip Distribution Inversion

Inverting the co-seismic deformation field is vital for understanding the mechanisms
of earthquakes and regional activities. The co-seismic deformation field (Figure 3) demon-
strates that there is an apparent deformation boundary to the SW. We also investigated
1581 earthquake recordings with Mw > 2.0, for the 402 d after the mainshock (Figure 6). The
aftershock distribution also indicated that there was an apparent aftershock distribution
boundary below the left of the deformation area. Therefore, this earthquake was not a
single fault rupture but included at least two fault ruptures. This conclusion is consistent
with the research results of Liu et al.,, Chen et al. and Milliner, Chris et al. [28]. Then,
we outlined a fault model composed of SE-NW (F1) and southwest-northeast (SW-NE)



Remote Sens. 2021, 13, 608

8 of 15

(F2) intersecting faults (Figure 3). In this study, we used F1 and F2 to calculate the slip
distribution on the faults and analyze the earthquake mechanism.

36.0°

35.5°

-118.0° -117.5° -117.0°

Figure 6. Mw 7.1 earthquake aftershock distribution. Red star is mainshock. Yellow star is foreshock.
Blue dots indicate aftershocks of Mw > 2 (from 28 July 2019, to 15 August 2020).

Because the timespans of the three co-seismic deformation fields were 12 d, 24 d,
and 110 d, respectively, the co-seismic deformation fields not only included the foreshock
deformation but also the co-seismic deformation. Because there is no suitable SAR image
data for separating the mainshock and foreshock, the deformation fields of the mainshock
and foreshock were not distinguished in our inversion. The steepest descent method (SDM)
was used to calculate the optimal slip distribution [29,30]. This method was based on
the Okada elastic half-space model, and the fault model was established according to the
relevant parameters as follows:

y = f(x)+ € 3)

where x is the related fault parameter, such as the length along the strike, width along the
dip, location, strike, dip angle, and slip; y is the surface observation value; and € is the
error. After the fault source parameters were determined, the dislocation model inversion
was transformed into a general linear inversion problem:

y=Gb+ € @)

where G is the Green function used to calculate the earth layered medium model, and b
represents the fault slip along the strike and dip directions. To obtain a high-precision
result, a fault is typically discretized into several patches, and the length and width of the
fault are appropriately extended. For an inversion, the algorithm must be smoothed to
avoid instability and other problems, and € is the residual between the INSAR observation
and SDM model.

In this inversion, we combined the ascending and descending observations and
set the weight factor to 1:1:1 to invert the optimal slip distribution. The fault locations
were set according to the co-seismic deformation field (Figure 3). The fault parameters
were set according to the focal mechanism solution from the USGS. The F1 strike and
dip angles were 322° and 83°, respectively. The F2 strike and dip angles were 225° and
81°, respectively. To improve the deformation fit, these parameters can increase to a
certain degree of freedom in the inversion. We subsampled the ascending and descending
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datasets using uniform sampling and the quadtree method before performing the inversion.
Quadtree sampling can alter the sampling point density according to the deformation
gradient [31]. As a result, the quadtree method reduces the number of observation points
while simultaneously guaranteeing the point density in places with substantial deformation
gradients, thereby avoiding the loss of small deformation characteristics. To fully obtain
the fault slip distribution, we expanded the fault along the strike direction and down
the dip direction of F1 by 100 and 40 km, respectively, expanded those of F2 by 60 and
32 km, respectively, and set 4 x 4 km as the patch size. Finally, we divided the faults into
370 patches to calculate the co-seismic slip distribution. According to the focal mechanism
solutions provided by several previous studies, we know that the earthquake was primarily
strike-slip. The slip angle was constrained according to the strike-slip fault. To ensure
stability and reduce the inversion uncertainty, a smoothing factor was introduced. The
optimal smoothing factor was determined using an L-curve, as illustrated by the red star
in Figure 7. Finally, we set the smoothing factor to 0.07. Figure 8 displays the co-seismic
deformation inversion results, and the detailed inversion parameters are listed in Table 4.

x10°
0.8 T T T T

d |

Roughness
f=] [=1 j=}
B w (=)}
1 1 1
/ *

o\. i
0.3 \o\
.
] (R
- i
~e
0.2 1 | 3
B

] °

0.1 T T T T T T
0.37 0.38 0.39 0.40 0.41 0.42 0.43
Misfit

Figure 7. Curve representing tradeoff between model roughness and misfit. Red star indicates
optimal smoothing parameter.

Table 4. California earthquake inversion parameters.

Fault Mean Rake Mean Slip Latitude Longitude Depth
F1 —171.83 0.40 35.77 —117.59 1.99
F; 4.00 0.13 35.67 —117.53 1.98

The observation and prediction correlation was 0.93, and the residuals were predom-
inately near zero. The results of the distributed slip inversion are displayed in Figure 9.
The inversion results demonstrated that the earthquake caused a surface rupture. The
distribution of the F1 co-seismic slip was primarily concentrated along strike between 24
and 76 km and at 0-20 km depth. The average rake was —171.83°, and the average slip
was 0.4 m. The slip of fault F1 primarily exhibited right-lateral slip motion (Figure 9a). For
F2, the co-seismic slip was primarily concentrated along strike between 16 and 34 km and
at 0-14 km depth, with an average rake of 4.00° and an average slip of 0.13 m, indicating
that F2 was predominately a left-lateral strike-slip (Figure 9b). When the shear modulus of
the region was 30 GPa, the seismic moment magnitude obtained by SDM was Mw 7.08,
which is consistent with the focal mechanism solution provided by USGS and GCMT and
was similar to the results of Liu et al. and Barnhart et al.
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36.00°

35.50°

35.50°

-117.60° -117.00° -117.60° -117.00° -117.60° -117.00°

Figure 8. Comparison between co-seismic deformation observations and distributed slip model of 2019 California earth-
quake. Red and yellow stars are mainshock and foreshock, respectively. (a) Observation, (b) prediction, and (c) residual
from Sentinel-1A (T064A). (d) Observation, (e) prediction, and (f) residual from Sentinel-1A (T071D). (g) Observation, (h)
prediction, and (i) residual from ALOS-2 (T166D).
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Figure 9. Two-dimensional optimal slip distributions of (a) F1 and (b) F2. The heading of the black arrows indicates the slip

vectors of each patches.

5. Discussion
5.1. Coulomb Stress Change

The occurrence of a large earthquake causes a stress change on the regional faults
around the focal area, affecting the seismicity [32,33]. Previous research has indicated that
the mainshock can trigger strong aftershocks [34,35]. According to triggering theory, if
the CFS is positive after an earthquake, it promotes fault rupture, and the corresponding
seismic risk increases. In contrast, if the CFS is negative, it suppresses fault rupture and
reduces seismic risk. The negative CFS area is called the “stress shadow area”. The slip
distribution of the fault was obtained using SDM inversion. As a result, Coulomb stress
can be calculated using the following formula:

ACFS = Aty + pAoy, (5)

where AT, is the static shear stress change in the fault and the sliding direction. AT,
can be obtained based on the stress change tensor. u/ is the effective fault friction coefficient
on the receiving fault, which includes the pore fluid and medium characteristics of the
fault. Aoy, is normal stress change.

Based on the co-seismic slip distribution results, the fault rupture influence on the
surrounding area was calculated using Coulomb3.3 software [36,37]. The relationship
between the CFS and aftershock distribution was analyzed. We set the shear modulus to
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36.30° —

36.00°

35.70°

35.40°

30 GPa, the effective friction coefficient to 0.4. We selected the optimal strike-slip fault as the
receiving fault. Using the co-seismic slip distribution results, we calculated the Coulomb
stress changes at various projection depths. The Coulomb stress changes at depths of 5,
10, and 15 km are displayed in Figure 10. The released co-seismic moment was 4.3 x 10%,
which is equivalent to Mw 7.06. According to a previous study [37], we know that the
Coulomb stress field of a strike-slip earthquake is petal-shaped, which is consistent with
our calculation results (Figure 10). If the Coulomb stress is greater than 0.1 bar, it can trigger
subsequent aftershocks. Based on the calculation results, we found that the positive stress
area was distributed along F1 and F2, and the stress shadow areas were roughly distributed
in the NW-W, SE-E, and N-NW region. The maximum Coulomb stress was 3 bar and
was located near F1. We found that aftershocks of Mw >3.0 were primarily distributed in
the positive Coulomb stress area (Figure 10). However, certain aftershocks were located
in negative Coulomb stress areas, such as the aftershocks on the WCF. This phenomenon
demonstrated that the failure process of this earthquake was complex, and one stress
triggering mechanism cannot fully explain the process. The aftershocks were distributed
within the stress shadow area, which was related to many factors, such as fault failure
geometry, dynamic stress triggering mechanism, and regional tectonic environment [38,39].
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Figure 10. CFS changes on optimally oriented strike-slip faults at depths of 5, 10, and 15 km. Red and yellow stars are

mainshock and foreshock, respectively. Black circles represent aftershocks (Mw > 3) for 402 d after mainshock.

5.2. Co-Seismic and Post-Earthquake Activity Mechanism

We analyzed the co-seismic deformation field from three perspectives and found
that the ascending and descending deformation trends were opposite of each other. This
phenomenon demonstrates that the deformation caused by co-seismic deformation was
primarily horizontal deformation that conformed to the characteristics of strike-slip earth-
quakes. Our inversion results presented as 2 conjugate faults system, which was consistent
with the co-seismic deformation fields. Therefore, our results are reasonable.

The post-earthquake monitoring results illustrated that the surface deformation con-
tinued for 402 d after the earthquake. The post-earthquake surface deformation decreased
over time. After fitting the post-seismic deformation, we found that it was consistent
with the after-slip mechanism. And the number of aftershocks decreased. Therefore, we
concluded that post-seismic deformation mechanism was mainly after-slip acting follow-
ing investigated the aftershocks. Moreover, aftershocks were primarily distributed at the
junction of the two deformation regions, and the post-seismic deformation was primarily
distributed SW of the mainshock, which indicated that the accumulated energy between
the earthquakes did not completely release during the mainshock but was gradually re-
leased in the aftershocks. All of the signs indicate that seismic activity is intense near the
mainshock, and so closer attention should be paid to this region.
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6. Conclusions

In this study, Sentinel-1A and ALOS-2 SAR images were used to obtain the co-seismic
and post-seismic deformation fields of California earthquakes in July 2019. The co-seismic
deformation was inverted using the Okada elastic half-space model. The surface deforma-
tion 402 d after the earthquake was assessed. The study conclusions are as follows.

1. The maximum uplift co-seismic deformation was 1.4 m in the LOS. The maximum
subsidence co-seismic deformation was 1 m in the LOS. The deformation fields from
the ascending and descending tracks exhibited the opposite deformation trend, which
is consistent with the characteristics of a strike-slip fault. The co-seismic deformation
fields demonstrated that this earthquake event was caused by the ruptures of at least
two faults. Multi-faults model was used in the inversion.

2. The co-seismic slip distribution inversion illustrates that F1 was dominated by a
right-lateral strike-slip, the average rake was —171.83°, and the average slip was
0.4 m. F2 was dominated by a left-lateral strike-slip, the average rake was 4°, and
the average slip was 0.13 m. The magnitude of this earthquake was approximately
Mw 7.08. This California earthquake was a strike-slip fault event.

3.  The post-seismic deformation typically occurs near the epicenter. After 402 d, the
post-earthquake deformation gradually tends to be stable. The post-seismic defor-
mation mechanism of this earthquake was primarily after-slip. The calculation of the
Coulomb stress change exhibits that the co-seismic moment released by the earth-
quake was approximately 4.24 x 10%® N x m, which is equivalent to a moment
magnitude of 7.06. This finding is consistent with the co-seismic slip distribution
inversion results. The maximum Coulomb stress was located near F1. However,
certain aftershocks were located in negative Coulomb stress areas. Therefore, the
failure process of this earthquake was complex.

In a nutshell, this earthquake event was a strike-slip fault event, and caused by the
ruptures of at least two faults, with different strike-slip directions. The post-earthquake defor-
mation showed after-slip and gradually becomes stable in the 400 days after the earthquake.
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