
Figure 5 (Above): Bimaterial fault segments and associated P-wave velocity
contrasts identified for the deep SJFZ using on-fault event ∆t values. Colors
denote %P contrast and orientation, the direction in which this contrast exists.
These short line segments illuminate
the location/geometry of the primary
bimaterial SJFZ at depth. Note how the
estimated contrasts change from the
Sagebrush Flat (left) to Ramona sites
(right). This may suggest the observed
contrasts are a function of direction, i.e.,
velocity contrast anisotropy.
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Many large earthquake faults are 
complex and non-planar

• Ridgecrest, Kaikoura and El-Mayor Cucapah (Fig. 1)
are all exemplary cases of recent multi-fault earthquake
ruptures with complex kinematics and geometries.
• In these cases, damage is usually distributed and
seismicity patterns can be broad1,2 and diffuse (Fig. 1).
• Quantifying these complexities is key for advances in
rupture physics3,4 and understanding radiated energy5,6.
• New tools are required to better inform the structural
properties of complex earthquake prone faults and
nullify the need for common simplifying assumptions.
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Figure 2 (Left): Basic features of fault zone head waves
(FZHWs) and other key seismic phases around a bimaterial
fault with stations (triangles) and local earthquakes
(circles) scattered across the fault. The colors of the
symbols depict differential times (∆t) between FZHWs and
trailing direct waves (yellow = large & blue = small). In this
scenario, the station with maximum ∆t pinpoints the fault
location at the surface and the event with maximum ∆t
does the same at depth. A FZHW propagating from this
event to that surface station illuminates a continuous
bimaterial fault segment between the two.
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Large faults are often bimaterial
• In many instances9,10,11, large offset faults juxtapose
two crustal blocks of different material properties.
• Faults initiating along existing boundaries do the same.
• These bimaterial faults generate critically refracted
fault zone head waves (FZHW) that can be used to
pinpoint complex bimaterial fault locations at depth
and reveal the variable velocity contrasts across them.

Figure 1: The complex El-Mayor Cucapah rupture7 and all relocated post-2010 seismicity8.

A novel method to illuminate 
deep complex bimaterial faults

1. Identify12,13,14 and confirm15,16 FZHWs preferably first in large-N
array data that cross target fault zones.

2. Use confirmed events as templates for FZHW detection in other
spatiotemporally correlated events and arrays along the same fault.

3. Quantify differential times (∆t) for all events and arrays.
4. Find ∆t maxima (fault locations) for different across-fault transects.
5. Calculate velocity contrasts from neighboring on-fault event ∆t.

Results for the complex SJFZ
• >14,000 FZHW generating events identified with
>1,000 large-N and dense seismic array stations.
• Estimated contrast for the SJFZ is variable along-
strike and in depth: 0 to >15% for P and an
average of 2% for S (not shown).
• Estimated contrast is also a function of array
location, implying velocity contrast anisotropy.
• Clear northeast dipping bimaterial segments at
depth, e.g., northwestern SJFZ.
• Total length of the bimaterial interface (>70 km)
is larger than the total SJFZ dextral offset (25 km),
suggesting it initiated along an existing boundary.
• All these features have important implications for
rupture physics along the SJFZ and other faults.

Figure 3 (Above): The cascading manner in which P FZHWs are first detected and
confirmed in large-N arrays, and then those detections and events are used as
templates to detect S FZHW in the same arrays and P and S FZHWs in collocated dense
arrays and for other events. The differential time (∆t) per event and array between
FZHW (red) and direct wave (blue) arrivals is calculated using phase-weighted stack17
(red and blue profiles) and energy18 differences between the two. These examples are
for waveforms recorded by arrays at the Sagebrush Flat site (see Fig. 4 left).

Figure 4 (Left): Differential times (∆t) calculated as in Fig. 3 for all FZHW generating
events recorded at the Sagebrush Flat (left) and Ramona Reservation (right) sites.
>14,000 events are confirmed using >1,000 large-N and dense array stations. Both sites
are located along the San Jacinto fault zone (SJFZ) but about 10 km apart (red
triangles). Empty black circles denote reference events that do not generate FZHWs but
also locate near the bimaterial SJFZ at depth (slightly on the fast velocity side).
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