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Abstract 
This study is a continuation of the study “Tomography of Southern California via 

Bayesian Joint Inversion of Rayleigh Wave Ellipticity and Phase Velocity from Ambient 
Noise Cross-Correlations” published in Berg et al. (2018). The goal of this study is to 
construct a lithospheric velocity model with good resolution from the uppermost crust to 
the uppermost mantle across all of southern California using broadband Rayleigh wave 
ellipticity and phase dispersion measurements and receiver functions. Using over 300 
stations throughout southern California, we have now measured Rayleigh wave phase 
maps between 20 and 80 second period with signals from earthquakes that are most 
sensitive to the lower crust/uppermost mantle structure. Moreoever, we have also updated 
the receiver function database and constructed a set of receiver functions unbiased by 
out-of-plane conversions (which significantly distort Moho estimates) to use in the 
inversion with surface waves. These new measurements complement the existing short 
period surface measurements made through ambient noise analysis and will be used to 
refine the SCEC CVMS model. 

In additional to studying lithospheric structure on the regional scale, we have also 
studied detailed fault zone damage structure of the San Jacinto Fault near Anza. More 
specifically, we applied double beamforming tomography to a month long linear dense 
seismic array to construct a 2D shear velocity profile across the fault zone. Within 300 
meters in depth, we observed a ~200m wide low velocity zone that narrows with depth, 
which we interpret as the main damage zone, in addition to two other ~100m wide 
subsidiary zones corresponding to secondary damaged structures, agreeing with the 
distribution of fault zone trapped waves produced by local earthquakes. The primary 
damage zone asymmetry indicates that materials on the northeast side of the fault are 
stiffer at seismogenic depth and suggests that large San Jacinto earthquakes tend to 
nucleate to the southeast and propagate to the northwest. 

 
1. Rayleigh wave phase velocity maps from earthquakes 

In order to explore deeper crust and upper mantle structure, we perform 
eikonal/Helmholtz tomography (Lin et al., 2009; Lin & Ritzwoller, 2011) across the 315 
regional stations over periods of 20 to 80 seconds. We begin this processing by exploring 
Rayleigh waves recorded from events across the globe with Mw≥6, and events within 
3000km of the array with 5≤Mw<6, a total of 180 events.  
Figure 1 shows phase velocity maps constructed with eikonal tomography at periods from 
24s to 60s. We note that the result shows lower phase velocities at 24s and 30s between 
the San Jacinto and San Andreas faults, near the San Bernardino basin, down to near the 
Salton Trough, as well as north of the Garlock fault. The effect is more subdued at longer 
periods, but does persist on the eastern side of the map. The Mojave Desert appears to 
switch from lower phase velocities at 24s to faster phase velocities at 30s and longer 



periods. At 40s, a fast anomaly is observed beneath the Transverse Ranges. These general 
observations are consistent with earlier Rayleigh wave tomography studies (Yang & 
Forsyth, 2006; Moschetti et al., 2010). We note that while the results of eikonal and 
Helmholz tomography (Figure 1 and 2) are similar overall, the latter are considerably 
more heterogeneous/rough at the longer periods suggesting that the amplitude 
measurements are not consistent between different stations across the array. Future 
analysis will be needed to detect and remove erroneous amplitude measurements before 
more accurate phase velocities can be obtained with Helmholtz tomography. 

 
Figure 1. Phase velocity maps from Eikonal tomography at periods of (a) 24s, (b) 30s, 
(c) 40s, (d) 50s, and (e) 60s. Each sub-figure is labeled with the number of contributing 
earthquake events (Berg et al., in preparation).  

 
Figure 2. Same as Figure 1 but for Helmholtz tomography. 



2.Receiver Function 
We analyzed receiver functions from all stations available at the SCSN and IRIS data 
centers. After standard processing using iterative time-domain deconvolution, most 
stations show a strong backazimuthal dependence of the arrivals as shown in Fig. 2. 
Inverting the raw station average receiver function with surface waves would lead to 
significant bias due to a combination of lateral variations, anisotropy, and uneven 
sampling by seismicity at teleseismic range. Fig. 2 shows an example of an apparent low-
velocity midcrustal layer that is in fact due to biased azimuthal sampling of a converter 
with strike and/or foliation parallel to the neighboring San Andreas Fault. By averaging 
out the azimuthal variations, we construct traces that better represent the 1-dimensional 
isotropic structure under each station to pass on to the joint inversion. 

 
Figure 2. Illustration of the separation of the 1-dimensional isotropic signal from the 3-D 
and anisotropic signal at station CAR near the San Andreas Fault. The leftmost panel 
shows radial component receiver functions averaged within 10o backazimuth bins 
(number on the right shows events per bin). Delay time is corrected for incidence angle 
and then converted to depth. The green-yellow trace at the top (Ravg) is the average over 
all events at this station. Note the large negative polarity arrival near ~15 km depth in the 
average receiver function, which would be inverted as a low velocity layer. However, the 
actual negative polarity arrival (blue) is only seen in events from western backazimuths, 
which are dominantly sampled at this station. Events from the East show a positive 
polarity arrival instead. The magenta/cyan trace at the top (R0) is the trace averaged over 
the binned backazimuth traces, which removes the dominance of the western events. Note 
that the large negative polarity arrival seen in Ravg does not appear in R0. R0 represents 
isotropic 1-dimensional structure under the station and is the trace to be used in the joint 



inversion, since Rayleigh waves also sample the isotropic 1-dimensional structure. The 
second to fifth panels moving right show the transverse component T (note the polarity 
change in the ~15 km depth arrival also seen in this component), the radial component 
after subtracting the azimuthal average (R-R0 , isolating the laterally varying/anisotropic 
component), the transverse component after a 90o shift in backazimuth (now matching 
the R-R0 component; Schulte-Pelkum and Mahan, 2014a,b), and the fifth panel that 
shows all traces from the third and fourth panel binned together. The last panel is used in 
a harmonic fit that finds a peak in the first harmonic caused by a structure with a strike 
marked by the green dots. The strike corresponds to that of the San Andreas Fault near 
the station. Results from the analysis of the out-of-plane signal and interpretation as 
reactivation of inherited deformation fabric were submitted for publication (Schulte-
Pelkum et al., 2020). 

 
3. Joint Inversion 

We are currently in the process of updating our current 3D model (Berg et al., 2018) with 
the new Rayleigh wave phase velocity maps (Figure 1) and receiver functions (Figure 2). 
Because of the complementary sensitivity of earthquake based Rayleigh wave phase 
dispersion and receiver functions, augmenting our existing ambient noise based (6-18 sec 
period) surface wave measurements with those measurements will improve the 
constraints on Moho depth and velocity structure of the lowermost crust and uppermost 
mantle (Berg et al., 2020). Similar to our previous study (Berg et al., 2018), we will 
implement the Bayesian inversion method, which determines not only the model 
parameters but also their uncertainties. This allows the direct evaluation of the model 
robustness and identification of areas with poor resolution. 

 
4. Imaging the Fault Damage Zone 

Here we briefly summarize our recent work on fault zone imaging, where details about 
the study can be found in Wang et al. (2019b).  

4.1 Data 
We analyzed data from 94 three‐component 5‐Hz Fairfield geophones near Anza across 
the Clark segment of the San Jacinto fault (Allam, 2015). The array had three parts: (1) a 
~2.2‐km line perpendicular to the fault trace, (2) a ~1‐km line along the fault trace, and 
(3) a circular portion with ~0.5‐km radius. In this study, we use ambient noise data and 
earthquake waveforms from 83 local events with magnitude >1.5 within 50‐km distance. 
We only use the data of the 71 stations along the perpendicular line (Figure 4b), since we 
only aim to image high‐resolution structures along this line in this study. Resolving 
structural variation along the fault using all stations but with lower resolution is beyond 
the scope of this study and will be the subject of future investigation.  
We follow Wang et al. (2019a) to obtain month-long stacked cross correlations from 
ambient noise data in 5‐min windows. Clear fundamental Rayleigh waves are observed 
on both positive and negative time lags at shorter periods (<0.6 s), but only on the 
positive time lag at longer periods (0.8 s), suggesting noise source distributions are period 



dependent. To further suppress the noise level, we stack the positive and negative time 
lags and construct symmetric cross correlations used in the following analysis. 

 

 
Figure 4. The San Jacinto Fault and station map. (a) The regional map of faults (red lines 
and black text; Treiman et al., 1999), geographic units (blue text), the 83 local 
earthquakes used in the trapped wave analysis (gold circles), and the M2.5 example 
earthquake shown in Figure 4a (blue star). (b) A zoomed view of the RR array, showing 
the stations used in this study (white triangles). The dashed line is the projected cross 
section shown in Figure 5, and the red lines show all mapped fault traces, though the 
Clark fault is the only major segment. 
 

4.2 Invert for 2D Shear Velocity Profile 
We adhere closely to the double‐beamforming tomography method described by Wang et 
al. (2019a) to measure Rayleigh wave phase velocities between 0.3‐ and 0.8‐s periods 
across the array. A piecewise 1‐D uncertainty weighted iterative least squares inversion 
(Herrmann, 2013) with a constant velocity starting reference model is then used to obtain 
shear velocities from the phase dispersions. During the inversion process, we fix the 
Vp/Vs ratio as 1.75 and determine density based on the Vp value and the empirical 
relationship of Brocher (2005). To stabilize the inversion, we first impose a monotonicity 
constraint, which rejects models with reverse Vs with depth. We stop the inversion when 
changes in Vs models between iterations are no longer visible. Then we perform a second 
round of inversion without the monotonicity constraint for locations where the reduced χ2 
misfit (Taylor, 1997) is greater than four. In the end, we combine piecewise 1‐D Vs 
models from the first and second rounds of the inversion and accept models with reduced 
χ2 misfit smaller than four to construct the 2‐D Vs cross section (Figure 5c). 

In general, velocities presented in Figure 5c increase with distance from the fault trace, 
though the most prominent low‐velocity zone is offset to the northeast of the Clark fault. 
There are two distinct smaller‐scale low‐velocity zones potentially associated with 
smaller‐scale damaged structures. All of the low‐velocity zones narrow with depth, 



featuring both minimum width and velocity reduction in the deepest portions imaged. In 
contrast to the low‐velocity zones, the highest velocities are observed to the northeast 
within the intact Thomas Mountain Granite (Rockwell et al., 2015; Sharp, 1967), which 
has Vs > 1.5 km/s within the top 300 m.  
4.3. Trapped Wave Analysis  

Coherent fault damage zones can produce trapped waves resulting from constructive 
interference of critically refracted seismic waves in a low‐velocity layer (Ben‐Zion, 
1998; Ben‐Zion & Aki, 1990). In this study, we analyze trapped waves from 83 local 
earthquakes occurred at different epicentral distances and with different magnitudes 
(Figure 4a) to validate the tomography results. Figure 5a shows the vertical‐component 
3‐ Hz low‐passed waveforms from a M2.5 event (blue star in Figure 4a) as an example. 
We calculate the energy of the 3‐Hz low‐passed trapped waves as the integral of the 
squared envelope of the waveforms within 90 s of the event origin time. Although other 
phases are present in the earthquake wavefield (e.g., P and S), their contribution to the 
energy calculation is minimal. We then normalize the energy by the median energy 
across the array for each event and calculate the mean energy and the STD of the 83 
events, after removing outliers beyond two STD. To eliminate significant contamination 
to trapped wave energy from human activity in this area (e.g., hiking and horse‐riding), 
we remove stations with energy higher than 10 times the mean energy across the array for 
each event. Figure 5b presents the mean and the STD of the energy, as well as the energy 
of the example M2.5 event.  

The waveforms for a single M2.5 event (Fig. 5a) represent a clear example of fault zone 
trapped waves; the longest‐duration and highest‐amplitude arrivals are present in the 
central portion of the array and weaken with fault‐normal distance in either direction. 
This pattern has been repeatedly observed both in real fault zones (e.g., Eccles et al., 
2015; Ellsworth & Malin, 2011; Li & Vernon, 2001; Peng et al., 2003; Rovelli et al., 
2002) and numerical simulations (e.g., Allam et al., 2015; Jahnke et al., 2002). The 
overall trapped wave energy pattern of 83 local events (Fig. 5b) is extremely similar to 
that of a single event, with the highest energy present in the central portion of the array to 
the northeast of the surface trace of the Clark fault. In addition, there are two zones of 
elevated seismic energy (at −0.65 and 0.6 km), which spatially correspond to the 
subsidiary low‐velocity zones that are presented in the Vs model (Fig. 5c). 



 
Figure 4. Shear wave velocities and trapped wave analysis. (a) Vertical component of the 
trapped waves from the example earthquake (Figure 4a) low‐pass filtered at 3 Hz. (b) 
Energy of the trapped waves from the example M2.5 earthquake (red curve); averaged 
energy (blue dots) and STD (gray) of 83 local events. (c) Shear wave velocities along 
cross‐section A‐A′. 
4.4 Results  
We have demonstrated that short‐period (0.3–0.8 s) double‐beamforming tomography 
from ambient noise can revealing complex shallow velocity structures (<300 m). The Vs 
profile reveals the damage structure of the Clark fault, including a ~200‐m‐wide 
asymmetric low‐velocity zone. Compared to previous results at Blackburn Saddle (Li et 
al., 2019) to the northwest, we find the damage zone width increases to the northwest 
from Anza, reflecting the increase in fault geometrical complexity in this direction. 
Combined with previous geophysical, geological, and numerical results, our findings 
reinforce the idea that large San Jacinto earthquakes nucleate to the southeast and 
propagate to the northwest. This rupture direction results in amplified coseismic ground 
motion to the northwest due to the directivity effect, which leads to increased shaking in 
the highly populous Hemet, Riverside, and San Bernardino communities compared to a 
southeast propagating earthquake. Our results contribute to the understanding of 



earthquake properties and significant seismic hazard associated with the San Jacinto fault 
zone and encourage additional shallow seismic imaging studies of fault zones using dense 
seismometer arrays. 
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