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Summary of the Proposal:
During the Hector Mine and Landers earthquakes the Calico fault experienced anomalous
millimeter- to centimeter-scale strain as observed by InSAR [Fialko et al., 2002]. Models of the
InSAR strain field indicate that the Calico fault zone is twice as compliant as the surrounding
undamaged crust and has a width of approximately 1 km. To study the compliant zone in greater
detail we deployed a grid of 70 seismometers across the Calico fault (Fig. 1). The seismometers were
deployed to record three shots in and outside of the fault zone and passively recorded seismicity for
six months from June - November 2006. The goal was to collect a large dataset of travel times from
local, regional, and teleseismic earthquakes with which to probe the fault zone properties. Through
this proposal we modeled both the width and depth extent of the Calico fault as well as the overall
character of the damage zone.
Completed Tasks:
• Picked P-wave arrivals for the 6-month dataset of local and regional earthquakes.
• Cross-correlated traces to determine teleseismic P-wave arrivals.
• Used the SCEC 1D velocity model for Southern California and added a zone of lower velocity
material along the Calico fault to describe the damage zone. The initial fault zone width and
velocity reductions were inferred from the InSAR results.
• Using ray tracing, forward modeled the travel times for local earthquakes and shots and
iteratively adjust the 3D velocity model to determine the fault structure.
• Compared the results to models of the fault zone trapped waves and InSAR images.

Figure 1. (A)Location map showing the Calico Fault, seismic array (black triangles and dots), local
earthquakes (blue circles) and shots (red stars). (B) Location of the seismic array on the InSAR strain
anomaly observed around the time of the Hector Mine earthquake. InSAR data provided by Y. Fialko.
Background:
It is well known that slip is often localized on existing faults during earthquakes, but less
understood is how the structure of crustal faults may contribute to slip localization. Growing evidence
suggests that the crust along active faults is highly susceptible to strain and damage from nearby large
earthquakes [Fialko et al., 2002; Vidale and Li, 2003]. Seismic studies along the 1992 Mw7.3 Landers
earthquake, the 1999 Mw7.1 Hector Mine earthquake, and the 1999 Mw7.4 Izmit earthquake characterized
the fault damage zone as a narrow zone roughly 100 – 200 m wide with seismic velocity reductions

between 20 – 40 percent [Vidale and Li, 2003; Li et al., 1998; and Ben-Zion et al., 2003]. A study that
captured the 2004 Mw6.0 Parkfield earthquake showed shear wave velocities in the previously observed
200 m wide damage zone were reduced a further 1.0 – 1.5% in this single moderate earthquake with
observable recovery of seismic velocities in months after the mainshock [Li et al., 2006]. Fault damage
zone healing or seismic velocity recovery is reported to take years, if not decades, following a mainshock
(Vidale and Li, 2003; Li et al., 1998). However, it is not currently known if fault zone damage persists
over a full earthquake cycle, perhaps hundreds to thousands of years. Understanding the fault zone
structure and degree of damage along a fault unbroken in historical times has implications for localization
of strain, triggering of earthquakes, and the mechanics of earthquake rupture. Here we combine seismic
and geodetic data from the Calico fault, in the Eastern California Shear Zone (ECSZ), to probe the
structure and long-term properties of fault damage zones.
Co-seismic interferograms showed strain localized on the Calico fault and other nearby faults due
to both the Landers and Hector Mine earthquakes [Fialko et al., 2002]. Line of sight (LOS) displacements
on the Calico were as large as +/-3 centimeters across a relatively wide zone (Fig. 1B). Initial modeling of
InSAR observations indicated a 1 - 2 km wide zone of reduced shear modulus compared to the
surrounding rock [Fialko el al., 2002]. Finite element modeling indicated the shear modulus was reduced
by a factor of two and this zone extended to depths that likely exceeded 10 km. The fault zone width (2
km) determined geodetically is much greater than previously reported fault zone widths determined using
seismic data (200 m) (Vidale and Li, 2003; Li et al., 1998; and Ben-Zion et al., 2003; Li et al., 2006).
This discrepancy between the seismically and geodetically derived fault zone widths prompted a
large-scale seismic investigation of the Calico fault. In June 2006, we installed a dense array of 100
seismometers, comprised of 40 intermediate period stations and an additional 60 short-period stations.
The seismometers were deployed in a 1.5 km by 5.5 km grid adjacent to the Calico fault, (Fig. 1B). Three
shots exploded in and out of the fault zone constrain the seismic velocities in the very shallow crust. The
seismic array was in place until December 2006 and recorded background seismicity. We report here the
results from travel time forward modeling.
Data Analysis:
Travel time analysis allows us to map the seismic velocities across the grid of seismic stations.
The velocity reduction within the Calico fault LVZ is substantial as indicated by a clear perturbation in
the body wave arrivals in a zone roughly 2 km wide along the fault (Fig. 2). We forward model the Pwave arrivals to determine the velocity structure of the Calico fault using 8 teleseismic earthquakes, 20
local earthquakes, and 3 shots (Fig. 1) recorded on the seismic array. These events were chosen because
they were well recorded by the array, had a good signal-to-noise ratio, and covered a range of back
azimuths to best image the entire LVZ. We compute travel times based on the graph theory technique of
Moser [1991], modified as described in Nolet et al. [2005] to get more accurate ray paths than traditional
ray tracing methods.
We find that the fault zone is roughly 1.5 km wide with a velocity reduction of approximately
50%, with similar misfits seen in a range between 40-60% (Fig. 3). The velocity reduction is greatest in
the core of the fault zone and grades to background values away from the fault and with depth using a
Hanning taper. The fault is assumed to be 12 km depth, but with very small relative velocity reductions
below 4-6 km (Fig. 4). Modeled and actual travel time plots show similar width and amplitude of the
velocity anomaly along the Calico fault (Fig. 2). The best depth constraints are from fault zone trapped
wave data and InSAR data not shown here. The travel time data can only constrain the upper 3-4 km of
the fault zone damage.

Figure 2: (A) Travel time data. Example of the fit of
several models of different velocity reductions (VR)
(lines) to the travel time data (points) across Line B.
Models shown are 10% VR (dark blue), 30% VR
(medium blue), 50% VR (light blue-green), 70% VR
(medium green), 90% VR (dark green). The heavy
line denotes the preferred model as described in the
text. Data are shown for events: (A) Shot 1571550,
(B) Shot 1571735, (C) Local earthquake1551655,
(D) Local earthquake 1631743, (E) Teleseismic
earthquake 2710622, (F) Teleseismic earthquake
3170126. (B) P-wave Velocity Model.
Summary and Implications:
In summary, we observe a 1.5 km wide zone with velocities reduced up to 50% and shear
modulus reduced by a factor of 2 along the Calico fault. The LVZ likely represents a zone of
mechanically weakened, or damaged, rocks related to the cumulative effect of past ruptures (Fig. 3). The
LVZ imaged here is much wider than previous seismic observations reported, 1.5 km versus 200 m. This
apparent discrepancy might result because most LVZ studies were initiated following a large mainshock
[Li et al., 1998; Ben-Zion et al., 2003; Vidale and Li, 2003; Li et al., 2006] rather than late in the
interseismic period, perhaps suggesting a narrow zone along the fault is more highly damaged
immediately following larger earthquakes. However, most of the previous studies did not deploy seismic
arrays at great enough distances from the fault to see a wide LVZ, so perhaps these studies contrasted the
weakly damaged portion of the fault zone with the more highly damaged fault core. Recently, an
aftershock study concluded that the Landers rupture has a 300 m wide LVZ that extends to at least 7 km
depth [Li et al., 2007], where previous studies indicated only a 180 m wide zone [Li et al., 1998].
Geologic studies have also indicated that fault deformation zones can extend up to a few kilometers from
the fault. Oskin et al. [2007] reported deformation distributed across a zone approximately 1.5 km wide
on the Silver Bell fault, which is adjacent to the Calico fault. These results indicate that faults can affect
rock properties at significant distances from the primary fault slip surfaces, a result with implications for
the portion of energy expended during rupture to drive the cracking and yielding of rock.
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