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Figure 1. A location map of Coachella Valley shows the dense seismic nodal array as the yellow pins, fault strands 
as the white lines, highway I-10 and railway as black-white dashed lines, and a local road as the black curve. The 
inset on the top-left provides a regional view of California with the San Andreas Fault denoted by a black curve. The 
red square marks the Study area. Los Angeles (LA) and San Diego (SD) are marked by red circles. (a, b) The zoom-
in views of two 2-D sub-arrays centered on the Mission Crack Fault (MCF) and Banning Fault (BF), respectively. 
Example stations R1020 and R1021 are denoted by red dots.

Figure 5. (a) Vertical waveforms of a vehicle event E1 on March 7th, 2020, around 
17:34:40 recorded by example stations R1020 and R1021 (Fig. 1b). The seismic 
records are band-pass filtered at 3-5 Hz with a 4th-order Butterworth filter. The vertical 
solid line and the red transparent area denote an example time window centered at -
90s with a window length of 60s. (b) The Cross-Correlation Coefficient (CC) of 
waveforms recorded by R1020 and R1021 during the example 60s-time window shown 
in (a). The CC reaches a maximum (0.86) with a lag time of 0.026s. (c) The lag time 
estimated from different moving windows increases as the train approaches the 
intersection of the railway and the straight line connecting the two example stations, 
and then decreases as the vehicle moves away.
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Figure 6. Tracking the moving vehicle source in event E1 using 2-D arrays by 
resolving the propagation direction of the Rayleigh wave. (a, b) Lag time distribution 
and wave propagation directions for the example time window in Fig.4a on the 2-D 
subarrays centered on MCF and BF, respectively. Lag times are computed using 
waveform cross-correlations of a reference station and its neighbors. The Rayleigh 
wave propagation direction is determined by the opposite direction to the gradient of 
the lag times at the neighbors of all reference stations at the center.  (c) The 
location of the vehicle, denoted by the red star, is determined by the intersection of 
the railway and the wave propagation direction. The corresponding timing is 
determined by subtracting from the reference time the wave propagation time from 
source to station. The reference center of the railway denoted by the red dot is the 
closest point to the center of subarray on BF. (d) Azimuth from the vehicle to the two 
subarrays on MCF and BF, and the distance from the vehicle to the center of the 
railway. The estimated speed of the traffic is 27.8 m/s.
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• Traffic events recorded by a dense array can be utilized to image the internal structure of fault zones. 
• Analyses of train events robustly indicate a low-velocity zone around BF and a strong S-velocity reduction of about 45% across 

MCF towards the northeast.
• The median amplitudes of the waveforms present strong variations across the array, including anomalies near the BF and  MCF 

strands. The derived Q-values show strong attenuation around the two fault strands as well as in the sediments of a local riverbed.
• We resolve about 10% mass density and 60% shear modulus reduction across MCF towards the northeast using the amplitude 

ratio as well as incident and refracted.

Figure 7. The resolved Rayleigh wave velocity and the Root Mean Square (RMS) amplitude of the Rayleigh wave along the linear array (starts from R1001). Each dot 
represents the velocity estimated using the waveform in an arbitrary time window, colored by the cross-correlation between the waveform of the station and its neighbor 
station in this time window. We take the average of dots with CC > 0.6 as the velocity along the linear array (bold black curve with the uncertainty of one standard error). The 
RMS of vehicle signals for all nodes in the linear array is shown by the red curve, normalized by its maximum. The location of BF and MCF are presented by the black solid 
and dash lines, respectively.

Figure 8. The resolved Q-value along the linear array for 
Rayleigh wave in 3-5 Hz. Dash lines marked the location of BF 
(left) and MCF (right). The subsurface structure presents a 
relatively low Q value (average 20) and varies from 10 to 40. 
The Q value decreases near two fault strands, revealing 
possible damage zones.
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Methodology

Figure 2. The vertical layered model employed this study. We divide the space from the railway I-10 to 𝑙 stations 
into 𝑙 + 1 vertical layers. Each layer has homogeneous Rayleigh wave velocity and Q-value. The interfaces are 
parallel to the rupture plane of MCF (the gray parallelogram). The first and the last layers have infinite width, while 
the other 𝑗-th layers have a width of 𝑑!. We use 𝑑" to denote the distance from the southernmost station to the 
railway and the freeway (dashed straight line). The blue arrow shows an example of wave propagation from the 
vehicle (red star) to the 𝑗-th station at the 𝑖-th time window.

• We employ traffic events with high SNR and obtain the time delay of neighboring stations 
using cross-correlations of band-pass filtered vertical waveforms in a 60-sec-long moving 
window.

• We evaluate the Rayleigh wave propagation in the two 2D subarrays to track the 
positions of the moving vehicle on I-10 or railway . 

• We then measure Rayleigh wave velocities for each neighboring station pair in the dense 
linear array based on the delay time and wave propagation direction.

• We estimate the Q-value by modeling the attenuation of vertical amplitude along the 
linear array.

• We model the refraction of the Rayleigh wave propagation in the 2D array centered on 
MCF and resolve the mass density change of the bi-material interface.

Figure 3. A sketch map showing the propagation of Rayleigh wave (black arrows) across the MCF (the black 
straight line). The incident wave propagates towards the northeast with an incidence angle 𝑗".It is then reflected with 
an angle of 𝑗" and refracted with an angle of 𝑗# by MCF. The inset along the 2-D subarray shows the amplitude of 
the vertical amplitude of Rayleigh wave across the MCF. Each black dot represents the vertical amplitude recorded 
by a node in the 2D array and the red curve shows the mean absolute amplitude on stations in a same row which is 
parallel to the MCF.

We derive detailed properties of the shallow seismic structure across the southern San 
Andreas fault zone (SoSAFZ) in the Coachella Valley, using signals generated by vehicles 
and recorded by a dense nodal array near the Thousand Palms Oasis Preserve. The array 
consisted of a 4-km-long linear section and two 2-D subarrays each centered on the 
Banning Fault (BF) and Mission Creek Fault (MCF) strands of the SoSAFZ. The results 
indicate a low-velocity zone around BF and a velocity reduction of over 45% across MCF 
towards the northeast. We further resolve about 10% mass density reduction using the 
amplitude ratio as well as incident and refracted angles across the bi-material interface at 
MCF. We further model the amplitude decay and estimate the attenuation structure across 
the linear array. The derived Q-values show strong attenuation around the two fault strands 
as well as in the sediments of a local riverbed.
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Conclusions

Figure 4. Particle motion analysis using the waveforms recorded by the 2-D subarray. 
The waveforms are aligned by cross-correlation and then stacked to improve stability. 
The upper left panel shows the stacked waveforms in Z, N, and E directions, bandpass 
filtered between 3 and 5 Hz. The upper right panel shows the waveforms in vertical, 
radial, and tangential directions, also bandpass filtered between 3 and 5 Hz. The lower 
panel presents the particle motion, color-coded by time.


