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Abstract Crustal faults usually have a fault core and sur-

rounding regions of brittle damage, forming a low-velocity

zone (LVZ) in the immediate vicinity of the main slip inter-

face. The LVZ may amplify ground motion, influence rupture

propagation, and hold important information of earthquake

physics. A number of geophysical and geodetic methods have

been developed to derive high-resolution structure of the

LVZ. Here, I review a few recent approaches, including am-

bient noise cross-correlation on dense across-fault arrays and

GPS recordings of fault-zone trapped waves. Despite the past

efforts, many questions concerning the LVZ structure remain

unclear, such as the depth extent of the LVZ. High-quality data

from larger and denser arrays and new seismic imaging

technique using larger portion of recorded waveforms, which

are currently under active development, may be able to better

resolve the LVZ structure. In addition, effects of the along-

strike segmentation and gradational velocity changes across

the boundaries between the LVZ and the host rock on rupture

propagation should be investigated by conducting compre-

hensive numerical experiments. Furthermore, high-quality

active sources such as recently developed large-volume air-

gun arrays provide a powerful tool to continuously monitor

temporal changes of fault-zone properties, and thus can ad-

vance our understanding of fault zone evolution.

Keywords Fault zone structure � Fault zone waves �
Earthquake rupture � Temporal changes

1 Introduction

A crustal fault is a fracture or a zone of fractures that

separates different blocks of crust and accumulates aseismic

strain subjected to large stress concentrations (e.g., Yang

2010). When the energy associated with the accumulated

strain is suddenly released, an earthquake occurs on the fault

and may cause severe ground shaking. Geological studies of

faults exposed on the ground indicate that a fault is char-

acterized as a narrow zone, termed ‘‘fault zone (FZ)’’ (e.g.,

Chester and Logan 1986; Chester et al. 1993). Since it is

composed of highly fractured materials (e.g., Chester and

Logan 1986; Schulz and Evans 1998, 2000; Sammis et al.

2009), the FZ is seismically recognized as a low-velocity

zone (LVZ) with reduction in seismic velocities and elastic

moduli relative to the host rocks. It has been suggested that

the FZ structure holds critical keys of earthquake generation

and physics (e.g., Scholz 1990; Kanamori 1994; Kanamori

and Brodsky 2004). Furthermore, material properties of the

FZ may also influence the migration of hydrocarbons and

fluids, as well as the morphology of the land surface (e.g.,

Wibberley et al. 2008; Faulkner et al. 2010). High-resolution

imaging of the FZ structure not only advances our under-

standing of earthquake physics and thus of better seismic

hazard preparation and mitigation, but is also critical to

evaluate the long-term deformation of crust.

Tremendous efforts have been made to obtain high-

resolution images of FZ structure, including geological,

geodetic, and geophysical approaches. However, many

fundamental questions concerning the mechanics, struc-

ture, and evolution of FZ remain unclear. Recently, there

have been a number of new approaches to infer the LVZ

structure, e.g., ambient noise cross-correlation using a

dense seismic array (Zhang and Gerstoft 2014; Hillers et al.

2014), modeling FZ trapped waves from high-rate GPS

H. Yang (&)

Earth System Science Programme, The Chinese University of

Hong Kong, Shatin, NT, Hong Kong

e-mail: hyang@cuhk.edu.hk

123

Earthq Sci

DOI 10.1007/s11589-015-0114-3



data (Avallone et al. 2014), analysis of interseismic strain

localization (Lindsey et al. 2014), and so on. In this paper, I

review the results from a number of geophysical and geo-

detic techniques that were developed to image high-resolu-

tion fault zone structure. These techniques include gravity

inversions, modeling Interferometric Synthetic Aperture

Radar (InSAR) and GPS data, regional seismic tomography,

FZ trapped waves, FZ head waves, FZ body waves, and

ambient noise cross-correlation. Following these methods, I

discuss the questions that remain open for debate and suggest

a few research directions that may lead to a better under-

standing of the FZ structure and evolutions of crustal faults.

2 FZ properties and their effects

Direct measurements of the FZ properties are conducted on

exhumed faults and by drilling active faults into seismo-

genic depths (e.g., Chester et al. 1993; Sieh et al. 1993;

Johnson et al. 1994; Oshiman et al. 2001; Ma et al. 2006;

Li et al. 2013b; Ujiie et al. 2013). The results have shown

that the FZ includes a fault core that is usually a few

centimeters to several meters in thickness (Fig. 1). Most of

the tectonic deformation including coseismic slip is ac-

commodated in the clay-rich fault core (e.g., Chester et al.

1993; Evans and Chester 1995). For example, the primary

slip zone of the Flowers Pit Fault, a young normal fault

located southwest of Klamath Falls, Oregon, has been

found to be no more than 20 mm in width (Sagy and

Brodsky 2009). Drilling across the Alpine fault, New

Zealand, reveals a *0.5-m-thick principal slip zone

bounded by a 2-m-thick fault gouge (Sutherland et al.

2012). Furthermore, core samples recovered from the Japan

Trench Fast Drilling Project (JFAST) that were conducted

by the Integrated Ocean Drilling Program (IODP) follow-

ing the 2011 MW 9.0 Tohoku-Oki earthquake reveal a

several-meter-thick pelagic clay layer where the plate-

boundary faulting is suggested to occur (Ujiie et al. 2013).

In general, the size of the fault core is below the resolution

of geophysical and geodetic imaging, and thus has to be

analyzed by direct samples.

Surrounding the fault core is a damage zone that is

usually composed of highly fractured materials, breccia,

and pulverized rocks (e.g., Chester et al. 1993; Evans and

Chester 1995). The damage zone, or the LVZ, often has a

width of hundreds of meters to several kilometers (Fig. 1).

For instance, analysis of core samples from the Yingxiu-

Beichuan fault that ruptured in the devastating 2008 MW

8.0 Wenchuan earthquake reveals a damage zone of ap-

proximate 100–200 m in width (Li et al. 2013b). Further-

more, fracture density has been found to drop drastically

out of the central damage zones (100-m thick) along the

Gole-Larghe Fault Zone in the Italian Alps (Smith et al.

2013) and the Flowers Pit Fault, Oregon (Sagy and Brod-

sky 2009).

The LVZ is often interpreted as a result of accumulative

damages induced by past earthquakes. Therefore, the LVZ

structure may reflect the behavior of past ruptures (e.g., Dor

et al. 2006; Ben-Zion and Ampuero 2009; Xu et al. 2012).

Furthermore, the LVZ can exert significant influence on

properties of future ruptures based on results of numerical

experiments (e.g., Harris and Day 1997; Huang and Ampuero

2011; Huang et al. 2014). For example, waves reflected from

and propagated along the interfaces between the LVZ and

intact rocks may strongly modulate the rupture propagation,

including oscillations of rupture speed and generation of

multiple slip pulses (Huang et al. 2014). In addition, the LVZ

may result in amplification of ground motion near faults (e.g.,

Wu et al. 2009; Avallone et al. 2014; Kurzon et al. 2014) and

may influence long-term deformation processes in the crust

(e.g., Finzi et al. 2009; Kaneko et al. 2011). Moreover, cracks

in the damage zone may store and transport fluids that play an

important role on fault zone strength (Eberhart-Phillips et al.

1995). Due to closure of cracks and/or dry over wet cracks,

seismic velocities in the LVZ may be elevated over time after

a large earthquake. Such increase in seismic velocities of the

LVZ indicates a healing process of the damage zone that is

important to understand earthquake cycle and evolution of

fault systems (Li et al. 1998; Vidale and Li 2003). Unfortu-

nately, it is extremely difficult to determine FZ properties at

seismogenic depths (McGuire and Ben-Zion 2005; Ben-Zion

and Sammis 2009).

3 Techniques to image fault zones

A number of geophysical and geodetic techniques have

been conducted to probe the FZ properties in depth. For

example, using displacements captured by the InSAR data

before and after an earthquake, low-velocity compliant

zones have been discovered along the Calico, Rodman, and

damaged zones fault gouge (core)

large
 subsidiary

 fault
host
rock

Fig. 1 A schematic plot of a typical fault zone, after Chester and

Logan (1986)
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Pinto Mountain faults, Southern California (Fialko et al.

2002). In addition, many geophysical methods have been

applied in deriving FZ properties such as gravity and

electromagnetic surveys, seismic reflection and refraction,

travel-time tomography, earthquake location, waveform

modeling of FZ-reflected body waves, FZ head waves, and

FZ trapped waves (e.g., Mooney and Ginzburg 1986; Ben-

Zion and Malin 1991; Ben-Zion et al. 1992; Hole et al.

2001; Prejean et al. 2002; Waldhauser and Ellsworth 2002;

Li et al. 2002; McGuire and Ben-Zion 2005; Bleibinhaus

et al. 2007; Li et al. 2007; Yang et al. 2009; Roland et al.

2012). In the following, I briefly review a few seismo-

logical and geodetic methods that have been used to derive

FZ structure.

3.1 FZ waves

The most frequently used seismological technique to image

FZ structure is to model the FZ trapped waves (FZTW),

which are low frequency wave trains with relatively large

amplitude following the S wave (e.g., Li et al. 1990). This

method has been applied on different faults around the

world, such as the North Anatolian fault zone in Turkey

(Ben-Zion et al. 2003), the Nocera Umbra and San

Demetrio faults in central Italy (Rovelli et al. 2002; Cal-

deroni et al. 2012), the San Andreas fault (SAF) near

Parkfield (Korneev et al. 2003; Li et al. 2004; Li and Malin

2008; Wu et al. 2010), the Lavic Lake fault zone (Li et al.

2003b), the Calico fault zone (Cochran et al. 2009), the

Landers fault zone (Li et al. 1994, 1999, 2000; Peng et al.

2003), and the San Jacinto fault zone (SJFZ) in California

(Li et al. 1997; Li and Vernon 2001; Lewis et al. 2005).

Most FZTW studies have revealed a LVZ ranged from

*75 m to *350 m in width with the shear wave velocity

reduced by 20 %–50 % compared to the host rock. How-

ever, considerable uncertainties of FZTW modeling results

due to the non-uniqueness and trade-off among FZ pa-

rameters have been noted (Peng et al. 2003; Lewis et al.

2005). Furthermore, it is still open for debate whether the

trapping structure is shallow or deep (Li et al. 1997; Li and

Vernon 2001; Ben-Zion and Sammis 2003; Lewis et al.

2005). For instance, a 15–20-km-deep LVZ of the SJFZ

was reported by Li and Vernon (2001) while another group

argued that it was only 3–5 km deep (Lewis et al. 2005).

Recent FZTW studies using newly deployed dense linear

arrays also reveal shallow damaged zones near the Jackass

Flat across the SJFZ (Qiu et al. 2014).

In addition to the waves trapped within the LVZ, an-

other type of wave that travels mostly along the fault in-

terface, the so-called FZ head wave (FZHW), is also used

to derive the FZ structure at depth. FZHWs are identified as

low-amplitude and long-period precursory signals with

polarities opposite to the direct P waves. The differential

times between the FZHWs and direct P waves provide

high-resolution information on the velocity contrast across

the fault interface. For instance, measurements of such

differential times and waveform modeling of head waves

document 20 %–50 % of velocity contrast in the Bear

Valley region of the SAF (McGuire and Ben-Zion 2005).

Similarly, along-strike variation of velocity contrast along

the Calaveras fault has also been suggested by modeling

FZHW (Zhao and Peng 2008). In addition to inspecting

waveforms directly, polarization analysis has been applied

in automatically identifying FZHW (Allam et al. 2014b).

By applying such automatic detection of FZHW and ana-

lysis of the differential times between the FZHW and direct

P waves, average velocity contrasts of 3 %–8 % have been

found along the Hayward fault, Northern California (Allam

et al. 2014b). More recently, the FZHW has been observed

along the Garzê-Yushu fault ruptured during the 2010 MW

6.9 Yushu earthquake (Yang et al. 2015). This is by far the

first observation of FZHWs along a non-major plate-

boundary fault. Analysis of the time delays between the

direct P waves and FZHWs suggests 5 %–8 % velocity

contrast across the fault.

More recently, waveforms of body waves transmitted

through the FZ and reflected from its boundaries have been

used to derive the degree of damage, width, and depth

extent of the LVZ (Fig. 2) (Li et al. 2007; Yang and Zhu

2010a; Yang et al. 2011, 2014). This technique not only

uses measurements of travel-time delays of direct P and S

waves, but also takes into account of the differential times

between the direct and FZ-reflected P and S waves. Thus,

the trade-off between the FZ width and the velocity re-

duction is largely removed (Li et al. 2007). Since the body

waves are of higher frequencies than the FZTW, the body

waves sampling the FZ may resolve the FZ structure in

higher resolution. Another advantage of this method is that

it allows us to trace individual seismic rays that travel

through and bounce back multiple times from the FZ

boundaries, as the synthetic travel times and waveforms are

computed using the Generalized Ray Theory (GRT)

(Helmberger 1983). In addition, this technique can well

constrain the depth extent of the LVZ if it is combined with

the waves that are diffracted from the base of the LVZ

(Fig. 2b), and/or the cross-fault travel-time delays of first

arrivals (Yang et al. 2011). For instance, the Buck Ridge

branch of the SJFZ was suggested to host a 2-km deep LVZ

based on waveform modeling of the FZ-diffracted waves

(Yang and Zhu 2010a).

3.2 Ambient noise cross-correlation

In the past decade, ambient noise cross-correlation

(ANCC) has been extensively used in imaging subsurface

structures of regional and continental scales (Campillo and
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Paul 2003; Shapiro et al. 2005; Yao et al. 2006). As recent

data recordings from dense arrays become available, the

ANCC technique has also been applied in higher frequency

band to derive high-resolution crustal structure. For in-

stance, by performing noise cross-correlation at a fre-

quency band larger than 0.5 Hz, Zhang and Gerstoft (2014)

have retrieved reliable Green’s functions from long

recordings (6 months) of ambient noise at a dense array

across the Calico fault. The temporary array consists of 40

intermediate-period and 60 short-period (L22 2-Hz corner

frequency) seismometers in a 1.5 km 9 5.5 km grid adja-

cent to the Calico fault with minimum spacing of *50 m

(Fig. 3). Similarly, FZ trapped waves were constructed

from the scattered seismic wavefield recorded by the same

array (Hillers et al. 2014). They also find the critical fre-

quency of *0.5 Hz, a threshold above which the in-fault

scattered wavefield has increased isotropy and coherency

compared to the ambient noise (Hillers et al. 2014). The

advantage of this approach is that the resolved structure is

nearly independent on the background velocity model. The

limitation of this technique, however, is that it can provide

little constraint on the depth extent of the LVZ.

In addition to the Calico array, the ANCC technique has

also been used on larger dense arrays. Between January and

June 2011, a very dense seismic array was deployed in the

Long Beach area as part of an active-source survey in

petroleum industry (Lin et al. 2013; Schmandt and Clayton

2013). This array consists of more than 5200 high-fre-

quency (10-Hz corner frequency) seismic velocity sensors

within an area of 7–10 km, having a mean spacing of

120 m (Fig. 4a). As a by-product of the industry survey,

the continuous recordings on the dense array provide un-

precedented opportunities to image the subsurface structure

at depths greater than petroleum reservoir. For instance,

clear fundamental-mode Rayleigh waves were observed

from ambient noise tomography between 0.5 and 4 Hz,

roughly corresponding to 1-km depth and above (Lin et al.

2013). A fast velocity anomaly was found beneath the

active northwest–southeast trending Newport-Inglewood

fault system that is covered by the Long Beach array.

Whether this velocity anomaly is associated with the

damage fault zone needs further investigations. In addition

to deriving shallow crustal structures, data recorded at such

a dense array can be used in illuminating deep crustal

properties. For example, a sharp change in Moho depth was

inferred from coherent lateral variations of travel times and

amplitudes of P waves at frequencies near 1 Hz (Schmandt

and Clayton 2013).

3.3 Gravity

Owing to a large number of fractures and possible fluid

interaction and chemical alteration within the FZ, densities

of the LVZs are significantly smaller than those of host

rocks. Thus, the LVZ is usually associated with a negative

Bouguer gravity anomaly so that its structure can be in-

ferred from gravity data. From modeling Bouguer gravity

data along the SJFZ, a 2–5 km wide damaged zone on both

sides of the surface trace of the fault was proposed in the

region (Stierman 1984). Similar results were reported along

the Bear Valley section of the SAF (Wang et al. 1986). In

addition, analysis of horizontal components of the Bouguer

anomaly can clearly delineate a major plate-boundary fault,

e.g., the Red River Fault in the South China Sea (Li et al.

2013a). Note that the gravity data is very valuable in

deriving FZ structure in the ocean because seismic and

other geodetic data are significantly limited. However, it is

challenging to determine the fine structure and depth extent

LV
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Fig. 2 Schematic plots for the direct and FZ-reflected P and S waves (a) and FZ-diffracted body waves (b). After Yang and Zhu (2010a)
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of the LVZ using gravity data alone due to nonuniqueness

of the solution and relatively low resolution. Thus, appli-

cation of gravity data to deriving FZ structure is consid-

erably limited.

3.4 InSAR data

The aforementioned LVZ of the Calico fault was first

discovered from InSAR data by comparing the ground

Fig. 3 a Map showing the Calico fault and nearby major earthquakes (beach balls), faults (black lines), and seismicity since 1981 (gray crosses).

Triangles are the temporary array (green) deployed in 2006 and permanent stations (black) in the region. Inset figure is a map showing location

of the Calico fault. SAF San Andreas Fault; ECSZ Eastern California Shear Zone. b Red triangles denote a temporary dense seismic array. Two

segments of the Calico fault are shown near the array. Orange indicates Holocene faults and blue is Quaternary. After Yang et al. (2011)

Fig. 4 a Locations of the long beach array (blue dots) and Southern California Seismic Network stations (green triangles). Star denotes a

magnitude 2.4 earthquake whose waveforms are shown in panel (b). b P-wave waveform record section along a linear profile BB0 across the

Newport-Inglewood fault
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deformation before and after the neighboring 1999 MW 7.1

Hector Mine earthquake (Fialko et al. 2002). Following

this discovery, high-resolution satellite image data have

been used to derive FZ structure, e.g., the Pinto Mountain

fault and the Lenwood fault (Fialko 2004). It has also been

pointed out that there might be considerable trade-off

among the width, degree of damage (reduction in elastic

moduli), and depth extent of the damage zone using the

InSAR data (Barbot et al. 2009). Besides the coseismic

deformation, interseismic strain derived from the InSAR

data could also be used to determine the structure of the

damaged FZ. For instance, the observed asymmetric pat-

terns of interseismic deformation along the SAF and the

SJFZ might be associated with kilometer-wide damage

zones (Fialko 2006). However, such observations can be

explained equally well by a model of a dipping fault zone

(Fialko 2006). As such, application of the InSAR data to

modeling FZ structure in depth should consider the

nonuniqueness and trade-off among FZ parameters.

3.5 GPS data

In addition to modeling the InSAR data, deriving FZ

structure from interseismic strain is also available by ana-

lysis of GPS data. Using a dislocation model in a hetero-

geneous elastic half space, Lindsey et al. (2014) have

shown that a reduction in shear modulus within the FZ by a

factor of 2.4 is required to fully explain the observed strain

rate along the SJFZ, assuming a 15-km locking depth. Such

reduction in elastic modulus and thus in seismic velocities

is much higher than as imaged by regional seismic to-

mography (Allam and Ben-Zion 2012; Allam et al. 2014a).

However, a similar magnitude of reduction in elastic

modulus to the seismically determined value will result in a

locking depth of 10 km, much shallower than the observed

14–18 km depth of seismicity along the SJFZ (Lindsey

et al. 2014). Alternative possibility includes reduced yield

strength within the upper FZ leading to the distributed

plastic failure, as suggested by numerical modeling results

(Duan 2010).

In addition to recording interseismic strain, high-rate

GPS data may also record coseismic deformation. For in-

stance, FZ trapped waves have been found, for the first

time, at a 10-Hz sampling frequency GPS station near the

April 6th, 2009, MW 6.1 L’Aquila earthquake (Avallone

et al. 2014). The GPS station was installed near L’Aquila a

few days before the mainshock. The horizontal components

of the mainshock waveforms contain a high-amplitude

(43 cm peak-to-peak), nearly harmonic (1 Hz) wave train.

Absence of this wave train in other nearby instrumental

records indicates a local site effect, which is the wave

energy trapped near the GPS station. The observation can

be well fit by synthetic trapped waves in a model consisting

of two quarter spaces separated by a 650-m wide LVZ that

has 50 % velocity reduction and a Q value of 20 (Avallone

et al. 2014).

4 Discussion

4.1 Depth extent of the LVZ

Despite the past efforts on imaging high-resolution FZ

structure, many fundamental questions concerning the

mechanics, structure, and evolution of FZ remain unclear.

For example, a central debate of imaging FZ structure is to

what depth the LVZ extends (Yang and Zhu 2010b). A

number of studies suggest that the LVZ may extend to the

base of seismogenic depth, such as the SJFZ (Li et al. 1997;

Li and Vernon 2001), the SAF near Parkfield (Wu et al.

2010), and the San Demetrio Fault in central Italy (Cal-

deroni et al. 2012). In stark contrast, a group of studies

propose that the LVZ only extends to shallow depths, e.g.,

a few km below the surface. For example, it has been

suggested that the SJFZ hosts LVZs extending to 2–5 km

in depth according to modeling of LVZ trapped and

diffracted waves (e.g., Lewis et al. 2005; Yang and Zhu

2010a). The LVZ of the Calico fault is also suggested to be

no more than 3 km in depth (Yang et al. 2011).

Using a newly deployed dense seismic network, recent

results of seismic imaging in regional scale have shown

significant improvements in the resolution of crustal

structure (e.g., Allam et al. 2014b; Zigone et al. 2014).

Although the 100-m-wide LVZ is still below the current

resolution of seismic images in regional scale, the newly

obtained tomographic images of crustal velocity structure

clearly show several-km-wide LVZs along the SJFZ, with

strong velocity contrasts with host rocks (Allam et al.

2014b; Zigone et al. 2014). Furthermore, such LVZs are

mostly prominent in the top 5 km, suggesting a shallow

LVZ extent (Allam et al. 2014b; Zigone et al. 2014). The

observed shallow LVZ structures are consistent with nu-

merical simulation results on decreasing damage with

depth (Ben-Zion and Shi 2005; Finzi et al. 2009; Kaneko

and Fialko 2011).

Such shallow LVZ structure is also implied from

laboratory experimental measurements on rock samples

from an exhumed fault, the Gole-Larghe Fault Zone

(GLFZ) in the Italian Southern Alps (Mitchell et al. 2013).

The GLFZ is hosted in jointed crystalline basement and

exposed across glacier-polished outcrops in the Italian Alps

(Smith et al. 2013). Widespread occurrence of cataclasites

associated with pseudotachylytes (solidified frictional

melts) indicates ancient large earthquakes. Geochemical

dating and analysis of the pseudotachylytes suggest that

they were formed at 9–11 km depth, with ambient
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temperatures of 250–300 �C. Using a combination of

structural line transects and image analysis of samples

collected across-fault strike, Smith et al. (2013) document a

broadly symmetric across-strike damage structure of the

GLFZ. The damage zone is distinguished by large varia-

tions in fracture density, distribution of pseudotachylytes,

and microfracture sealing characteristics compared to the

host rocks. The central damage zone is 100 m in width and

is associated with highest fracture density. In addition to

measuring the fracture density, Mitchell et al. (2013) have

also measured acoustic P-wave velocities of the samples in

laboratory. The results, however, show a higher P-wave

velocity within the central damage zone than the sur-

rounding alteration zones that have smaller fracture den-

sity. Why isn’t the central damage zone a LVZ? The

interpretation is that a large number of cracks within the

central damage zone were associated with pervasive seal-

ing of fractures at depth, which is consistent with low

permeability as measured in samples (Mitchell et al. 2013).

Therefore, the seismic wave velocities in the FZ may not

be lower than those in the host rocks. Considering that the

samples were exhumed from *10 km in depth, the results

imply that the FZ damage may have been generated at

greater depth following large earthquakes but may have

healed rapidly due to fluid-rock interaction.

4.2 FZ healing

Healing process is an important component in under-

standing earthquake cycle and long-term evolution of fault

systems (e.g., Li et al. 1998; Vidale and Li 2003). It has

been pointed out that a FZ, at least the shallow portion,

may experience an increase in seismic velocity with time,

indicating the healing of the damage zone after a large

earthquake (Li et al. 1998, 2003a). By conducting a pair of

seismic explosions and analysis of travel-time changes of

identical shot-receiver pairs across the Johnson Valley fault

ruptured in the 1992 Landers earthquake, Li et al. (1998)

have found a *1 % increase in both P-wave and S-wave

velocities from 1994 to 1996. Such velocity increase is

consistent with the prevalence of dry over wet cracks and/

or the closure of dry cracks (Li et al. 1998). Similar to the

observations along the Landers rupture zone, the fault

zones ruptured during the 1999 Hector Mine MW 7.1

earthquake have experienced a strengthening process dur-

ing which the P-wave and S-wave velocities of FZ rocks

increased by *0.7 %–1.4 % and *0.5 %–1.0 % between

2000 and 2001, respectively (Li et al. 2003a).

To accurately document the degree of FZ healing in the

field, repeatable seismic sources such as repeating earth-

quakes and explosions are often used. However, even re-

peating earthquakes identified from waveform correlations

and man-made explosions may not provide perfect

repeatable sources, which may lead to considerable

uncertainties in estimating the relatively small changes in

velocity over time. Moreover, the episodic behavior of

such natural and anthropogenic seismic sources prevents

continuous monitoring of the temporal changes of subsur-

face structures. The ANCC method, in comparison, is in-

dependent of seismic sources and can provide continuous

measurement of temporal changes of medium properties

(e.g., Brenguier et al. 2008). For example, more than

5 years of ambient noise data have been used to derive the

velocity changes over time at the SAF near Parkfield. The

results illustrate the coseismic damages due to the M 6.5

San Simeon and the M 6.0 Parkfield earthquakes and the

consequent healing, i.e., increase in velocity (Brenguier

et al. 2008).

Many observations have been reported on temporal ve-

locity changes in fault zones and volcanic areas from the

ANCC results (e.g., Chen et al. 2014; Liu et al. 2014).

However, the resolution of the ANCC results is often

limited by the frequency of extracted signals. Recently, a

new artificial seismic source has been implemented in

probing high-resolution temporal changes of crustal ve-

locities, termed transmitting seismic station (TSS) (Wang

et al. 2012). The TSS is heavy-duty, easily controllable,

and environmentally friendly. Its core part is an air-gun

array that can suddenly release large-volume compressed

air in a short-time interval, making highly repeatable (if not

completely identical) seismic signals with cross-correlation

coefficients larger than 0.99. The signals can be clearly

observed at seismic stations over distances of *300 km

after stacking, showing clear crustal phases (Fig. 5).

Therefore, the TSS can not only be used to investigate FZ

healing but also can provide valuable information of tem-

poral structural changes over a larger scale. The TSS is

currently under active development in China. After it was

first launched in Binchuan, Yunnan, in April 2011 (Wang

et al. 2012), another three test sites have been constructed

in Xinjiang, Fujian, and Gansu provinces. Figure 5 shows

the location of the TSS in Xinjiang and an example of the

stacked waveforms excited from the air-gun source.

4.3 LVZ boundaries

It has been documented that the FZ damage may remain

throughout (and beyond) earthquake cycles (Cochran et al.

2009; Yang et al. 2014). For instance, a 1.5-km-wide LVZ

of the Calico fault has been suggested to be the long-lived

damage zone given that there were no significant earth-

quakes along the Calico fault in the past thousands of years

(Cochran et al. 2009; Yang et al. 2011). A more recent

study also points out that the prominent LVZ near the Anza

seismic gap along the SJFZ indicates slow healing process

at least at shallow depths (Yang et al. 2014), as the Anza
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seismic gap has not experienced any surface-rupturing

earthquakes for at least 200 years (Salisbury et al. 2012).

Such healing process may be due to the closure of open

cracks and fluid-sealing of fractures, which may in turn

lead to less sharp boundaries between the LVZ and the host

rock. Whether the velocity contrast occurs in a gradual

transition zone or along a sharp interface may strongly

affect the rupture properties of earthquakes on the fault and

the FZ-related waveforms, e.g., the FZ-reflected waves.

Prominent FZ-reflected P and S waves were first ob-

served at a linear array across the Landers fault that was

deployed shortly after the 1992 MW 7.3 Landers earthquake

(Li et al. 2007). In contrast, such clear FZ-reflected phases

are not identified coherently on the cross-fault arrays along

the SJFZ and the Calico fault (Yang and Zhu 2010a; Yang

et al. 2011, 2014). The difference may reflect the boundary

properties between the FZ and the host rock. Since the

array across the Landers fault was deployed shortly after

the 1992 MW 7.3 earthquake, the earthquake-induced

damage may have generated strong velocity contrast be-

tween the damage zone and the host rock, forming sharp

boundaries that can generate clear FZ-reflected waves. In

contrast, the SJFZ and the Calico fault have not experi-

enced major ruptures in over 100 and 1000 years, respec-

tively. Therefore, the LVZ boundaries might be gradual,

resulting in less prominent reflected phases. Such gradual

changes in FZ materials are observed by drilling into

seismogenic faults. For example, a *50-m-thick alteration

zone was found to obscure the boundary between the

damage zone and fault core across the Alpine fault, New

Zealand (Sutherland et al. 2012).

4.4 Effects of the FZ properties on dynamic ruptures

It has been well documented that the LVZ structure may

strongly affect the dynamic rupture process (Harris and

Day 1997; Huang and Ampuero 2011; Huang et al. 2014).

Results of recent numerical simulations have shown the

impacts on the rise time of slip and the transition from

pulse-like to crack-like rupture as the LVZ width increases

(Huang and Ampuero 2011). Considering large variations

in width of damage fault zones (Savage and Brodsky

2011), e.g., the faults in the Eastern California Shear Zone,

rupture propagation pattern for earthquakes occurring on
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the Calico fault (1.5-km-wide LVZ) may be significantly

different compared to the Landers (350-m-wide LVZ) and

Hector Mine (100-m-wide LVZ) earthquakes.

The present numerical simulations of effects of LVZ on

rupture dynamics are mostly conducted in 2-D cases with

simplified LVZ structures. Many features in FZ structures

revealed from observations are reasonably ignored. As

mentioned above, there may be a transition zone between

the damage zone and the host rock. Effects of such gradual

changes in seismic velocity and elastic properties on rup-

ture nucleation, propagation, and arrest are not well un-

derstood yet. Moreover, it has been pointed out that there

are along-strike segmentations of the LVZ, as suggested

along the SJFZ (Yang et al. 2014) and the SAF near

Parkfield (Lewis and Ben-Zion 2010). Whether and how

the segmented LVZs affect future earthquake ruptures

needs to be investigated through numerical experiments.

Furthermore, it has been shown that geometrically complex

and heterogeneous fault properties also play important

roles in dynamic rupture process (e.g., Yang et al. 2012,

2013). When coupled with the complex structure of the

LVZ, which is likely the case in field, factors influencing

rupture nucleation and propagation need to be investigated

by conducting comprehensive numerical simulations.

5 Conclusions and future directions

Tremendous efforts have been conducted in imaging FZ

structure and investigating FZ evolution and effects of FZ

on rupture dynamics. In this paper, I briefly review the

recent advances that have been used in deriving high-

resolution images of the FZ structure, including seismo-

logical and geodetic approaches. The available active

source, dense array deployment, as well as the more ad-

vanced computational resources, lay out the road to obtain

better images of the FZ structure and to advance our un-

derstanding of the FZ evolution, earthquake initiation,

rupture propagation, and termination on the fault.

Based on what are reviewed above, I think much can be

learned by pursuing research in the following directions:

(1) Deployment of large dense arrays. There are numer-

ous examples showing the power of seismic arrays in

deriving better images of the Earth structure. It also

holds true for the relatively small structure such as a

FZ. For example, the Long Beach array provides an

unprecedented opportunity to study high-resolution

FZ structure using a variety of techniques. Figure 4b

shows a waveform record section along a linear

profile of the array in which a number of coherent FZ-

related phases can be identified, and then modeled to

obtain a much-detailed FZ structure. Not only

providing higher-quality data, the dense arrays will

also promote development of new techniques in

seismic imaging.

(2) Development of new imaging techniques. So far

modeling of FZ waves is mostly focused on separated

seismic phases, such as FZ-reflected body waves,

FZHW, and FZTW. By using a larger portion of the

recorded seismic wavefield, we should be able to

better resolve the FZ structure to which the different

waves are sensitive. As more advanced computational

resources are available, wavefield-based seismic

imaging technique such as adjoint tomography can

be applied in deriving high-resolution images of FZ

structure.

(3) Monitoring FZ evolution. As the highly repeatable

seismic sources can be routinely used (Wang et al.

2012), continuously monitoring high-resolution FZ

properties becomes feasible given that a dense

seismic network is deployed across a FZ. With such

a dense array and the high-quality active source, we

can derive the high-resolution temporal variations of

FZ structure and better understand how a FZ evolves

with time.
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