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Abstract

We explore the 2019 M,, 7.1 Ridgecrest earthquake dynamic rupture on the nonplanar
fault with homogeneous dynamic parameters using a layered media model. Our model
shows that this event produced an average of 1.9 m of right-lateral slip with a maximum
slip of ~4.2 m at the place near the epicenter, and the variation of fault-plane strike

angles from the middle to the southeastern segment appears to have behaved as a
“stress barrier,” which postponed the rupture. We also compare the synthetics based
on our dynamic rupture with the field records and find good agreement with the
static Global Positioning System (GPS) coseismic offsets and strong ground motion
waveforms. Our work provides a dynamic-rupture interpretation of the M,, 7.1

Ridgecrest earthquake.

Introduction
On 4 July 2019, an earthquake sequence involving two shocks
with magnitudes of M,, 6.4 and M,, 7.1, respectively, occurred
near Ridgecrest, California, on an orthogonal fault system
(Ross et al., 2019). As the most significant event in southern
California over the past decades, the two earthquakes generate
intensive interests among public and academic communities.
Luckily, only relatively minor damages were caused by the
Ridgecrest earthquake sequence. This event was recorded by
different instruments, including Interferometric Synthetic
Aperture Radar, Global Positioning System (GPS), and strong
ground motion network (Hough et al., 2020; Xu et al., 2020).
More equipment was deployed to record strong ground
motions after this earthquake sequence (Cochran et al,
2020; Hauksson et al., 2020). The dense and high-quality
instruments provide us with a valuable opportunity to inves-
tigate the earthquakes’ rupture and propagation process.
Using regional seismic data, Yang et al. (2020) backpro-
jected the ground motion to derive the coseismic rupture
for the 2019 Ridgecrest earthquakes. Much work focused on
the kinematic rupture of the earthquake sequence by inversion
of only geodetic data or joint inversion of geodetic and seis-
mological observations (Barnhart et al., 2019; Liu et al., 2019;
Chen et al., 2020; Goldberg et al., 2020; Li et al., 2020). This
derived kinematics provided us with insights into the rupture
processes of the earthquake. Another view of studying the
earthquake source is a dynamic-rupture simulation under the
physical assumption (Harris et al., 2018). Lozos and Harris
(2020) modeled the M,, 6.4 and M,, 7.1 earthquakes with
dynamic-rupture simulations and discussed the foreshock’s
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influences on the mainshock. However, this work needs to
be extended to do further dynamic-rupture simulations.

In this work, we investigate the dynamic-rupture process of
the 2019 M,, 7.1 Ridgecrest earthquake to consider hetero-
geneous stress distribution on the fault plane with irregular
geometry. The fault geometry is determined by surface-rupture
observations and kinematic inversion works. We compare our
dynamic simulations with the field observations, including the
GPS static displacement and strong-motion velocity wave-
forms. Our preferred dynamic-rupture model shows good
agreement between the observational and synthetic data.
Furthermore, we discuss the role of stress orientation on the
dynamic rupture. The dynamic-rupture simulations in this
work help us better understand the M, 7.1 Ridgecrest
earthquake.

Methods and Parameters

The U.S. Geological Survey reports distinguished surface rup-
tures related to the mainshock (see red line in Fig. 1), and we
follow that to constrain our fault trace. The irregular fault is
further divided into three segments: the southeastern, the
middle, and the northwestern segments. The earthquake rup-
ture is triggered at the epicenter, which locates between the
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Figure 1. Map view of the 2019 Ridgecrest earthquake. Red and yellow curved lines represent the
surface rupture of the M,, 6.4 and M,, 7.1 earthquakes mapped by the U.S. Geological Survey.
Light-gray lines are regional faults. Black circles indicate aftershocks with a magnitude larger than
3. Red triangles and solid circles illustrate the Global Positioning System (GPS) and strong ground
motion stations used in the static displacement comparisons, respectively. We only model the
dynamic rupture and propagation of the M,, 7.1 mainshock, which is highlighted by the red curved
line. The black focal mechanism plot represents the mainshock’s hypocenter location and source
mechanism. The maximum and minimum horizontal stresses are depicted by red and blue arrows,
respectively, the lengths and directions of which indicate the relative magnitudes and azimuths of
stresses, respectively. The inset map on the top-right shows the location of the study area.

propagating. The more infor-
mation we know about the
background stress field of an
earthquake, the better the
simulation result we can get
by dynamic modeling. The
heterogeneous tectonic stress
field composed of three princi-
pal compressional axes, namely
the maximum (Sy) and mini-
mum (S;,) horizontal stresses
and the vertical stress (S,), is
used in this work. Inversion
works (e.g., Hardebeck and
Hauksson, 2001; Yang and
Hauksson, 2013) show that
the mean azimuth of the maxi-
mum horizontal stress in the
southern California area is
N7°E, although there are some
perturbations  and
within the area. Moreover,
according to the investigation
of the relative magnitude of
the three principal stress axes
(Hardebeck and Hauksson,
2001), the parameter value of
Ay (Simpson, 1997) is set as
Ay = L5, which is within the
parameter domain of the
strike-slip fault. Then, we have
Sy =S/ (S —Sy) = 0.5 ac-
cording to the definition of
Hardebeck and Hauksson
(2001). After trial-and-error
tests, the maximum horizontal
stress Sy value is set as 60 MPa.

€rrors

The values of other principal
stresses are listed in Table 1.
The other parameters, such as
the friction coefficients g, and
Y, and the critical slip-weaken-
ing distance D,, are chosen to
be within ranges that are

northwestern and middle segments, and then propagates to
other segments. We assume that the rupture is fixed within
the rupture plane with a width of 15 km (Chen et al,
2020), although some other researchers have assumed different
widths (Lozos and Harris, 2020). Moreover, according to the
kinematic inversion work (Chen et al., 2020), the dip angle is
set as 85°.

The tectonic stress acting on the fault plane is the driving
force for triggering an earthquake and keeping its rupture
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widely used in dynamic-rupture simulations (Harris et al.,
2018). The following steps are how we set the initial stress con-
ditions on the fault planes. First, the homogeneous stress is
resolved onto the nonplanar fault plane. The changing of
the strike direction along the fault leads to the heterogeneous
distributions of the initial shear and normal stresses in
Figure 2. Then, to couple the stress reduction near the free sur-
face, the stress values are linearly tapered to zero at the free
surface from the background values at a depth of 5 km. To
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have an initial judgment on the synthetic earthquake’s rupture
behavior, we show the distribution of y,, which is the ratio
between shear stress and normal stress, in Figure 2d. The rel-
ative relationships of y, to the dynamic and static frictional
coefficients (¢; and y,, respectively) reveal the fault’s potential
rupture ability.

As shown by the initial stress distributions on the fault
plane in Figure 2, the connecting part between the southeast
and middle segments experiences high normal stress but low
shear stress, suggesting that it is hard to host the rupture at this
connecting part. By contrast, at the connecting part between
the northwest and middle segments, the stress condition is dif-
ferent and favorable to rupture. This may be the reason that the
earthquake is nucleated at this segment. The initial stress on
the fault plane (Fig. 2) is dominant along the strike direction,
indicating that the earthquake is a dominant right-lateral
strike-slip type, which is consistent with the kinematic source
investigations (Liu et al., 2019).

With the previous parameters defined for the earthquake,
we model the dynamic-rupture process with the curved grid
finite-difference method (Zhang et al, 2014). The slip-weak-
ening law (Ida, 1972) with the critic slip-weakening distance
of 0.3 m is implemented to model the dynamic rupture.
Details of the dynamic parameters implemented in this work
are listed in Table 1. Moreover, we use a layered media model,
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Figure 2. Stress setting on the fault plane of the 2019 Ridgecrest
earthquake. Shear stress of (a) strike-slip component with a
positive value indicating right-lateral strike-slipping movement,
(b) dip-slip component with a positive value indicating reverse-
slipping movement, and (c) the normal stress together are
resolved on the nonplanar fault by the background stress field
illustrated in Figure 1 and listed in Table 1. (d) Distribution of the
ratio (ug) between the initial stress and the normal stress.

which is from Chen et al. (2020) and is shown in Table S1
(available in the supplemental material to this article), to depict
the media property around the fault plane. The dynamic rup-
ture is triggered at the hypocenter within a circle-shaped nucle-
ation patch with a radius of 2.0 km, in which the initial shear
stress is slightly (0.1%) larger than the fault strength, as shown
in Figure 2. Then, the rupture is allowed to spontaneously propa-
gate until it is forced to stop by artificial boundaries around the
fault except at the free surface. The artificial boundaries are set
with high enough strength that cannot be ruptured.

Results

In our dynamic-rupture simulations, the grid interval of 50 m
is used to discretize the curved surface along the earthquake
plane. The timestep for dynamic simulation is 0.0034 s, with
the total running duration of 20 s.

Seismological Research Letters 3

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200258/5201406/srl-2020258.1.pdf
bv Southern lniversitvy of Science and Technoloav of China vser



®
N

Depth (km)

40

-10 30 .
20 N8 E)
030'6“’
-2, 10 e d'\sta-“
270 pons® T I
-04 0 04 0.8

(c)
7 87
£
=z
2 67
o
)
g 4
<
£
§ 27
=

O 1 I 1 I 1 I 1 I

0 5 10 15 20

Time (s)

Figure 3. Dynamic simulation results of the Ridgecrest earth-
quake. (a) Strike-slip and (b) dip-slip distributions on the fault
plane. The right-lateral and reverse dislocations for the strike-slip
and dip-slip components are indicated by positive values.

(c) Moment releasing rate of the dynamic model.

As shown by our dynamic modeling, the earthquake
releases the moment of 4.334 x 10" N-m, equivalent to
M,, 7.09, which is close to the kinematic inversion results.
The strike-slip and dip-slip components of the rupture slips
are illustrated in Figure 3a,b. The dynamic simulation shows
that this event produces an average of 1.9 m right-lateral slip.
The largest right-lateral coseismic dislocation occurs near the

4 Seismological Research Letters

TABLE 1
Parameter Values Used in the Dynamic-Rupture
Simulations

Parameter Value
Modeling parameters
Element size 50.0 m
Nucleation patch radius 2.0 km
Frictional parameters
Static friction coefficient, y, 0.60
Dynamic coefficient, py 0.25
Critical slip distance, D 0.3 m
Principal stress
Maximum horizontal, Sy 60.0 MPa
Minimum horizontal, Sy, 25.0 MPa
Vertical, Sy 42.5 MPa
Azimuth of Sy N7°E

hypocenter, with a value of ~4.2 m. The moment releasing rate
of the dynamic model, as shown in Figure 3c, suggests that the
earthquake releases its main energy in the first 10 s of the rup-
ture on the northwest and middle segments. The last pulse
comes from the slipping of the southeast segment, which is
connected by a part with low initial stress, as shown in
Figure 2. There are discrepancies for moment rate functions
between our dynamic-rupture modeling as shown in Figure 2
and the kinematic inversions (Liu et al., 2019; Chen et al.,
2020). This may be caused by the dynamic model used in this
work. Our dynamic simulation shows that the Ridgecrest
earthquake ruptures at sub-Rayleigh speed. More detailed
information can be found in the video of the rupture process
in the supplemental material (Video S1).

Although our forward dynamic-rupture modeling gives
time series of ground motion and static displacements at
the receivers, it takes too much time, especially when the epi-
central distances of the receivers are large. To save time, we
choose other methods with more efficiency to calculate the
ground motions caused by the dynamic rupture.

We approximate the static displacements with the method
proposed by Okada (1992) at stations as illustrated in Figure 1
and compare the synthetic displacements with the observational
values in Figure 4. Considering that there are different records
that can derive the coseismic static displacements, the observa-
tional data recorded at the GPS and ground-motion stations,
which are indicated by the triangles and the solid circles, respec-
tively, in Figure 4, are chosen to validate our synthetic displace-
ments. The GPS static displacement data are from UNAVCO
Bulletin Board (see Data and Resources), and the coseismic
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horizontal component. Thus,
we do not compare the vertical
static displacements between
the records and synthetic data.

The M, 7.1 Ridgecrest
earthquake was well recorded
by waveform instruments dur-
ing its occurrence. Here, we cal-
culate the particle shaking
velocity based on our dynamic-
rupture results at selected sta-
tions and compare the synthetic
seismogram with the instru-
mental records, as shown in
Figure 5. The generalized reflec-
tion-transmission matrices
(GRTMs) method (Chen, 1990,
1996) is implemented to com-
pute the synthetic seismogram
in the layered media as defined
in Table S1. The GRTM, an
extension of the generalized
W R/T coefficients method that
incorporates the T matrix
SR method, solves the elastody-
\ namic equations in the dis-

crete—wavenumber domain and
. is suitable for layered media
_:—:|

- . with irregular interfaces due to
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Figure 4. Comparisons of the horizontal static displacements between the observational data (black
arrows) and the dynamic rupture simulation results (red arrows). Black triangles and solid circles
indicate the GPS and strong ground motion stations, respectively, with the names marked nearby.
Note that the absolute values of static displacements are illustrated on a logarithmic scale. The

other symbols are the same as in Figure 1.

quake from the Center for
Engineering Strong Motion
Data (see Data and Resources)
are used directly in this work.
All of the observational and
synthetic data are low-pass fil-
tered with a maximum fre-

displacement data at the strong ground motion stations are from
Liu et al. (2019). We present the observational and synthetic dis-
placements greater than 1.0 cm for the horizontal movements on
the logarithmic scale for better visualization. As shown in
Figure 4, the observational and synthetic displacements of the
M,, 7.1 Ridgecrest earthquake are a good match. Because the
M, 7.1 earthquake is mainly characterized by a right-lateral rup-
ture with slight normal and reverse components according to
observations and kinematic source inversions, the vertical parts
of the GPS data are small compared with the horizontal compo-
nents. Moreover, the GPS measurement of the vertical move-
ment has relatively larger uncertainties than those of the
Volume XX« Number XX
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quency of 0.2 Hz. The strong

ground motion is sensitive to
local media under the station and the model we used in the seis-
mogram calculation. The agreements at some stations are not as
good as at others. Therefore, in Figure 5, the match between the
observational and synthetic seismogram varies across stations.
The locations of stations used in Figure 5 are marked in
Figure S1. Comparisons at other stations can be found in
Figure S2. The waveform comparisons in Figure 5 and
Figure S2 between our dynamic forward modeling and the
observations show a good match in the main phases, although
differences between them still exist in detail. This work focuses
on the earthquake source’s dynamic rupture with homogeneous
parameters, leaving the others relatively simple. Heterogeneities
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Figure 5. Comparisons of strong ground motions between observations (black) and the dynamic
rupture simulations (red). The results of (a) north—south, (b) east-west, and (c) up—down com-
ponents at selected stations. Station names are marked at the left of the seismogram. Azimuth
(degree) and epicentral distance (kilometers) for each station are indicated above and below the
north—south-component waveform leader, respectively. The maximum absolute values of each
component of the observations (cm/s) are listed at the end of each seismogram.

| | |
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1(')0 ges/surface-ruptures-july-4-and-

Time (s) 5-ridgecrest-ca-earthquakes).
The Global Positioning System
(GPS) coseismic displacement data
are obtained from the UNAVCO
Bulletin Board (https://www.una
veco.org/highlights/2019/ridgecrest
html). The strong ground motion
data are downloaded from the

Center for Engineering Strong

given by inversions in dynamic rupture and the media proper-
ties may improve the agreements between the synthetic and
observational ground motions.

Discussion and Conclusion
In this work, we modeled the dynamic-rupture process of the
2019 M,, 7.1 Ridgecrest earthquake and compared our simu-
lation results with observational data recorded at GPS and
ground-motion stations. The homogeneous background stress
described by three compressional principal stresses and their
azimuths was resolved on the nonplanar fault geometry. The
comparison between the dynamic rupture model and observa-
tions revealed a good match between observational results and
modeled results in general, despite some misfits for the strong
ground motion data.

Various sources of uncertainties from the media model,
fault geometry, stress status, and friction properties of rock

6 Seismological Research Letters

Motion Data (https://www.strong
All
websites were last accessed in November 2020. The supplemental

motioncenter.org/index.html).

material for this article includes a table of the layer media model
that we implemented in the dynamic-rupture simulation and seismo-
gram calculations, a figure showing the stations used for seismogram
comparison, a figure showing the comparison between the dynamic
modeling and observations at other stations, and a video
showing the snapshots of the dynamic-rupture process of the

earthquake.
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