
Earth Planets Space, 54, 1045–1048, 2002

Fault low velocity zones deduced by trapped waves and their relation to
earthquake rupture processes

Yasuto Kuwahara and Hisao Ito

Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology,

AIST Tsukuba Central 7, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan

(Received December 28, 2001; Revised June 19, 2002; Accepted June 26, 2002)

Detailed structures of fault low velocity zones (LVZ) have been studied by analyzing fault-zone trapped waves
at various active faults. These studies demonstrate that widths of the fault LVZ are ranging from an order of 10 m
to a few hundred meters. In order to evaluate the effect of fault LVZ on the earthquake rupture process, a model of
the LVZ related to the plastic deformation around an edge of propagating earthquake rupture is proposed. In this
study, earthquake rupture processes are regarded as Mode III crack propagation. The LVZ is identical to the fault
damaged zone which is related to plastic deformation in the vicinity of the crack tip. The Mode III crack analysis
gives a simple relationship between the width of the low velocity zone, the breakdown stress drop at the crack tip,
and characteristic slip distance d0 in friction laws. The parameters applicable to the Nojima fault producing the
1995 Hyogo-ken Nanbu earthquake show that the breakdown stress drop is 10 times larger than the static stress
drop and d0 is about 10 cm. These values are consistent with the value obtained by the other study for the Nojima
fault so the present model is applicable for considering earthquake rupture within the damaged zone.

1. Introduction
Recent studies have shown that seismic waves from small

earthquakes are trapped in low velocity zones (LVZ) of major
crustal faults (e.g. Li et al., 1990, 1994; Ito and Kuwahara,
1996). They showed that the LVZ exists at seismogenic
depths and extends to the earth surface for active faults gen-
erating large earthquakes with magnitudes larger than about
7. The existence of an LVZ in the Nojima faults associated
with the 1995 Hyogo-ken Nanbu earthquake (MJMA = 7.2),
at a depth of about 700 m, was demonstrated by fault drilling
(Ito et al., 1996). The authors reported that the LVZ of the
Nojima fault has a width of about 50 m and reductions in
P- and S-wave velocities of 30% and 40% respectively on
average, and that the LVZ is characterized by altered and de-
formed rocks. Mooney and Ginzburg (1986) also showed
that LVZ’s reflect mineralogic alteration and intense frac-
turing associated with faulting. These studies indicate the
presence of a zone of altered rock generated from past earth-
quake ruptures. It is noted that such zones have also been
characterized by electro-magnetic methods suggesting high
porosity with fluid in the zone (e.g. Unsworth et al., 1999;
Fujita and Ikuta, 2000). Since the LVZ is the earthquake rup-
ture zone, it appears plausible that the presence of the LVZ
has significant effects on earthquake rupture. However, stud-
ies for understanding these effects have only recently begun
(Harris and Day, 1997).

To date, earthquake rupture processes have usually been
considered to be on the fault, which is a smooth, planar sur-
face embedded in a uniform elastic medium. Slip-weakening
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and/or rate and state dependent friction laws have been intro-
duced on such planar surfaces to evaluate fracture energies
of earthquake faulting (Ida, 1972; Aki, 1979), the accelera-
tion of fault rupture propagation (Andrew, 1976a, b; Ohnaka,
1993; Shibazaki and Matsu’ura, 1998), and relatively long
term earthquake cycles (Stuart et al., 1985; Tse and Rice,
1986). In these studies, a characteristic slip distance d0, or a
cohesive zone size w0, is a key parameter for the above eval-
uations of the slip-weakening and/or rate and state dependent
friction laws.

The basic idea of these friction laws follows Barenblatt
(1959) who introduced the concept of a cohesive zone around
the tip of a crack so that all stresses are finite at the crack tip.
In this concept, the crack tip is never perfectly sharp and
inelastic behavior at high stress levels near the crack tip is
the cause of a plastic deformation zone with finite stresses.
It is noted that the plastic deformation zone is distributed not
only in the crack plane but in the volume around the crack
tip. Thus, the cohesive zone size, w0, should be related to
the width of the LVZ depicted by fault zone trapped waves.

In this paper we first review the analyses of fault-zone
trapped waves to evaluate the widths of the LVZ of natu-
ral earthquake faults. A model of earthquake rupture with
the LVZ related to the plastic deformation zone is introduced
from a fracture mechanics view point. We analyze the model
to obtain quantitative relationships between the width of the
LVZ and the fracture mechanics parameters such as a break-
down stress drop, the characteristic slip distance and static
stress drop.
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Table 1. Results for the trapped wave analysis for various faults.

Active fault or earthquake fault Magnitude width of LVZ reduction of V s Q

the 1992 Landers earthquake1 7.4 100–250 m 35–45% 20–60

the 1995 Hyogo-ken Nanbu earthquake2 7.2 50 m 50% 10

the 2000 Tottori-ken Seibu earthquake3 7.3 >50 m 30% —

San Jacinto fault4 — 120 m 25% —

Mozumi-Sukenobu fault5 — 30–200 m 40% —
1Li et al. (1994) 2Ito and Kuwahara (1996) 3Kuwahara et al. (2001) 4Li et al. (1997) 5Ito et al. (2002).

2. LVZ’s from Trapped Waves
Fault-zone trapped waves have, so far, been reported for

the aftershock regions immediately after large earthquakes,
such as the 1992 Landers earthquake (Li et al., 1994),
the 1995 Hyogo-ken Nanbu earthquake (Ito and Kuwahara,
1996), and the 2000 Tottori-ken Seibu earthquake (Kuwahara
et al., 2001). The trapped waves are also observed not just af-
ter the large earthquake, but for more than 100 years after the
large earthquake. Li et al. (1997) reported that the fault zone
trapped waves are observed in a region of a seismic gap of the
San Jacinto fault. Ito et al. (2002) show that the trapped wave
is found at the Mozumi-Sukenobu fault which has not been
activated for at least 140 years (Takeuchi et al., 2002). This
evidence suggests that the LVZ exists from the surface to the
seismogenic depth for about 100 years with large S-wave ve-
locity reductions compared with the surrounding rock. The
properties such as a width, velocity reduction and Q of the
LVZ obtained by the trapped wave analysis are compiled in
Table 1.

Fault-zone trapped waves have, thus, been observed above
several major faults. The widths range from a few tens of
meters to a few hundred meters. It is also suggested that the
LVZ’s are stable for a period of at least 100 years.

3. A Model of Rupture Process within a Fault LVZ
A plastic deformation occurs at the vicinity of a crack tip

because stress concentrated at the crack tip exceeds the yield-
ing stress of rock material. Supposing that the fault rupture
propagation can be treated as the shear crack propagation, a
fault damaged zone is, thus, related to the plastic deforma-
tion at the vicinity of the tip of propagating fault fracture.
The width of the damaged zone, i.e. fault LVZ, can be re-
garded as approximately the size of the plastic deformation
zone at the crack tip, considering that the damaged zone of
the Nojima fault shows the plastic deformation (Tanaka et
al., 2001).

Based on this model, the earthquake fault is treated as a
propagating Mode III (anti-plane shear) crack because the
Mode III crack model is simple to analyze and sufficient
to understand the basic process of the crack propagation.
The singular stress field at the crack tip in the Cartesian
coordinate system in Fig. 1 can be written as

τxz = KIII/(2πr)1/2(− sin(θ/2)) (1a)

τyz = KIII/(2πr)1/2(cos(θ/2)) (1b)

where KIII, r and θ are stress intensity factor for Mode III
crack, distance from the crack tip and an angle from the
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Fig. 1. The coordinate system at the crack tip.

x-axis, respectively. For a crack with edges at x = ±a
and with a static stress drop �τ , KIII = �τ(πa)1/2. The
complete stress fields in the vicinity of the crack tip consists
of this singular field plus a uniform stress field τ f , where
τ f is a sliding friction level (Rice, 1980). Given that the
uniform stress field of the sliding friction level does not affect
the following discussion, only the singular stress field will
hereafter be considered.

The area of the plastic deformation is assumed to be
given by the yield criterion of von Mises (e.g. Schmidt and
Rossmanith, 1983). The yield criterion for Mode III is sim-
ply given by

τ 2
xz + τ 2

yz = τ 2
ys (2)

where τys is the yield stress in the case of simple shear. It
is noted that τys in this expression is the breakdown stress
drop defined in the slip-weakening friction law. From the
equations (1) and (2), the shape of the plastic deformation
area is a circle with a radius Wp, where

Wp = (KIII/τys)
2/2π. (3)

The relation between the stress field and plastic deformation
is illustrated in Fig. 2. The fault damaged zone produced
by the past earthquakes should act as the plastic deformation
zone. The fault damaged zone is indicated by cross hatched
area.

Based on this model, we can propose methods to obtain
the values of the slip-weakening friction parameters on nat-
ural faults from the observed width of the fault low veloc-
ity zone. For example, we adopt the model parameters as
Wp = 50 m for the Nojima fault from the trapped wave
observation (Ito and Kuwahara, 1996) and a = 10 km as
a representative value of the fault length measured from
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Fig. 2. A model of breakdown process around the crack tip within the fault
damaged zone. The zone of the plastic deformation is shown by the dark
shaded area. The shape of the zone is a circle for a Mode III crack. The
fault damaged zone is indicated by a cross hatched zone which is also the
plastic deformation zone.

the hypocenter depth of 14.3 km (determined by the Japan
Meteorological Agency). In this case, equation (3) gives
τys = 10�τ . This means that the breakdown stress drop
defined in the slip-weakening friction law is 10 times larger
than the static stress drop. Rice (1980) shows that the char-
acteristic slip distance d0 in the friction law is related to Wp

as

Wp = 9πd0μ/16/τys (4)

where μ and τ f are the shear modulus of a material and the
sliding friction, respectively. For the Nojima fault, d0 is es-
timated from Eq. (4) to be about 10 cm, assuming �τ = 5
MPa from an average value determined from the seismic ob-
servation by Ide and Takeo (1997). Thus, the breakdown
stress drop and the characteristic slip distance can be esti-
mated from the width of the fault LVZ. These estimates will
be compared in the following discussion with estimates from
the seismic waveform data.

Ide and Takeo (1997) estimated d0 to be in the range
from 0.5 m to 1 m for the Nojima fault. However, they
mentioned that these values are only an upper limit because
the results were obtained from a limited frequency band in
the waveform data and inplementing smoothing constraint.
Guatteri et al. (2001) inferred a lower bound of d0 of about
16 mm from rather stable estimate of fracture energy, G =
τysd0/2, and the upper bound of the rock strength. Guatteri et
al. (2001) suppose the upper bound of the rock strength to be
a static coefficient of friction of 0.7, applicable to the intact
host rock. This means that the upper bound of τys is 175
MPa at 10 km depth. Thus, the estimates from the present
model are consistent with the methods using the seismic
waveforms. This indicates that the present model can give a
reasonable value of the slip-weakening parameters. It should
be noted that the width of the fault low velocity zone is a
parameter observable from the trapped wave even before a
large earthquake, as indicated in the previous section.

4. Concluding Remarks
Analyses of the fault-zone trapped waves have shown that

widths for fault LVZ’s range from values of the order of

10 m to a few hundred meters. A model where the fault
LVZ acts as the plastic deformation zone around the crack
tip is proposed to evaluate the earthquake rupture processes
within the fault LVZ. The earthquake rupture process is
regarded as Mode III crack propagation in the model. The
model provides a simple relationship between the width of
the LVZ, the breakdown stress drop at the crack tip and the
characteristic slip distance. The parameters applicable to the
Nojima fault show that the breakdown stress drop is 10 times
larger than the static stress drop and the characteristic slip
distance, d0, is about 10 cm, consistent with previous results
estimated from the seismic waveform data. Thus, the trapped
wave observation has great potential for predicting a process
for large earthquakes.
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