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Abstract

Analyzing fault-zone trapped waves is an effective approach to imaging the deep structure of
fault zones.
structure of the Nojima and the Mozumi-Sukenobu faults in Japan. We observed fault-zone trapped
waves at subsurface seismic stations. We obtained typical candidates of fault-zone trapped waves
at subsurface stations. The duration of fault-zone trapped waves becomes larger with hypocenter
distance. This result indicates that trapped waves were generated at the hypocenter and traveled
along the fault zone. We then estimated the averaged fault zone structure from hypocenter to
The thickness and the shear wave velocity of the fault zone were estimated by fitting
synthetic dispersion curves and waveforms to the observed ones. The thickness of the fault zone is
estimated to be 150-290 m for the Nojima fault and 130-400 m for the Mozumi-Sukenobu Fault. For
both of these fault-zones, the shear-wave velocity is reduced by 10 to 20% of the surrounding
velocity. The low-velocity fault zones of the Nojima and the Mozumi-Sukenobu faults continue to
a depth of about 10 km from the locations of the earthquakes showing trapped waves. For the
Nojima fault, the thickness and the shear-wave velocity of the fault zone are not comparable with
those estimated from previous surface observations. This discrepancy might be due to distortions

In this paper, we apply a fault-zone trapped wave analysis to investigate the deep

receiver.

of the seismograms caused by surface observations and lateral variations of fault-zone structure.
The trapped waves tend to be degraded by thick sediments near the surface. Borehole observations
will be required to detect typical fault-zone trapped waves, and enable us to analyze fault-zone
property with high accuracy.

Key words: deep structure of fault zone, trapped wave, subsurface observation

The nature of the fault zone structure is a key
factor in investigating the dynamics of faulting.
During the faulting processes, stored elastic energy
is released as radiated elastic waves and heat, and
also is consumed in the formation of the fault zone
structure. Geological (e.g., Chesteretal.,1993; Tanaka
et al., 2001) and rock mechanical (e.g., Scholz et al.,
1993; Vermilye and Scholz, 1998) studies have re-
vealed that the fault zone comprises many kinds of
fault rocks formed over history by the faulting.
Some studies have found relations between fault

zone thicknesss and cumulative displacements (e.g.,
Blenkinshop, 1989; Evans, 1990; Shipton and Cowie,
2001). They found that the total thickness of the fault
zone increases as the displacement is accumulated.
Zhang et al. (2000) studied a zone of distributed mi-
crocracks (process zone) surrounding the tip of a
They pointed out that the

damage zone acts as an inelastic deformation zone at

propagating fracture.

the propagation of the crack tip. Additionally, nu-
merical modeling of damaged-zone formation has
been performed using the discrete element method (e.

g., Astrom et al., 2000). However, there is a lack of
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information on the large-scale fault-zone structures
of active faults, so the evolution mechanism of faults
on a scale of tens to hundreds of kilometers is not
well understood.

The other motivation is to discuss whether the
fault zone can act as a conduit for fluid. Rock me-
chanics and seismological studies argue for the im-
portance of fluids supplied from the lower crust in
the faulting process (e.g., Sibson, 1992; Byerlee, 1990;
Byerlee, 1993; Yamashita, 1998; Maillot et al., 1999;
Zhao and Mizuno, 1999; Mizuno et al., 2001). These
studies commonly suggest that fluids control the
pore pressure and the effective stress applied to the
fault plane. The diversity of seismic activity may be
controlled by the heterogeneous distribution of fl-
uids within the crust. However, the distribution of
crack density and saturation rate is not well known
for actual fault zones. To quantify crack density and
saturation rate within fault zones, the seismic struc-
ture of fault zone is important.

In this paper, we investigate the deep fault zone
structure by analyzing fault-zone trapped waves.
Geological and geophysical studies suggest that the
thickness of the fault-zone of an active fault has a
length scale of hundreds of meters (e.g., Chester et
al., 1993; Tanaka et al; 2001; Ohtani et al. 2001). Con-
ventional methods of reflection and refraction seis-
mology have tried to image the seismic velocity
structure in and around the fault zone (e.g., Thurber
et al., 1997; Hole et al., 2000; Zhao and Negishi, 1998;
Park et al., 2000). However, to image deep fault zone
structures on the scale of tens to hundreds of meters,
unrealistic station and source densities are required.
Therefore, the tomographical study could not infer
the fault-zone structure. In reflection seismology, the
reflected energy is too weak to image the fault zone
structure of steeply dipping faults.

An analysis of the trapped waves has been ap-
plied to investigations of low-velocity layered struc-
tures such as coal seams (e.g., Rader et al., 1985;
Reguiero, 1990; Dresen and Ruter, 1994) and sub-
ducted slabs (e.g., Hori et al., 1985). The analysis of
trapped waves uses the waveform of the shear wave
and its following part. Therefore, seismic waveforms
with a good signal-to-noise ratio are required to im-
age fault zone structures from an analysis of the
fault-zone trapped wave. The fault-zone structure

may be obtained more precisely by subsurface obser-

vations than by conventional surface observations.
In this paper, we use high-quality waveform data
recorded at subsurface stations at the Nojima and
the Mozumi-Sukenobu faults, Japan, to estimate the

fine seismic structure of these fault zones.

2. Theoretical background, observation and ana-
lysis of the fault-zone trapped waves

Cracks and joints are distributed around the
fault plane with a high density (Scholz et al., 1993). In
the case of wavelengths of the seismic wave are
much longer than the scale of each crack, the total
elastic property of the medium can be treated as a
homogeneous low-velocity zone (e.g., O'Conell and
Budiansky, 1974; Hudson 1980). In this case, channel
waves that travel within the fault-zone can be ex-
pected. Such waves are known as fault-zone trapped
waves (e.g., Li et al., 1998; Ben-Zion, 1998) and show
the characteristics listed below:

(1) large amplitude within a fault zone;

(2) particle motion polarized into the fault-

parallel direction;

(3) propagating along the fault zone;

(4) normal dispersion;

(5) dominant frequency that almost corre-
sponds to the frequency showing the mini-
mum phase velocity.

We identify trapped waves from observed seis-
mograms based on the characteristics listed above.
Trapped waves can be modeled using several diffe-
rent procedures. The simplest method is to model
the dispersion curve of the group velocity. Rader et
al. (1985) introduced a calculation algorithm for the
dispersion and the amplitude of the trapped wave by
introducing the complex phase shift of the plane
wave reflected at the boundaries of the fault zone.
Ben-Zion and AKki (1990) and Ben-Zion (1998) derived
an analytical expression of trapped waves in a 2-D
medium within a frequency-wavenumber domain.
These techniques are only applicable to a 2-D uni-
form structure, low-velocity layer sandwiched be-
tween two half spaces. A finite difference method
has also been applied to calculations of fault-zone
trapped waves (e.g., Li et al., 2000; Mamada et al.,
2002). However, the finite-difference method con-
sumes more time than that of the analytical method.
For simplicity, we modeled the fault zone to be a 2-D

uniform structure. We then obtained an averaged
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fault zone structure from source to receiver using the
analytical solution of the group-velocity dispersion
curve of Rader (1985) and the synthetic waveform
calculation algorithm of Ben-Zion and Aki (1990).

3. Application to active faults in Japan: the No-

jima and the Mozumi-Sukenobu faults

3.1 The Nojima fault

The Nojima fault was ruptured at the Kobe
earthquake, 1995. The length of the fault is estimated
to be 13km from geographical studies (e.g., The re-
search group for active faults in Japan, 1991, Fig. 1 a
and Table 1). We used seismograms recorded at the
DPRI 1800-m borehole (TOS2), operated by the Disas-
ter Prevention Research Institute, Kyoto University.
This station is at the southern end of the Nojima
fault. TOS2 is equipped with a three-component seis-
mometer with a natural frequency of 4.5 Hz (Nishi-
gami et al., 2001). From geophysical loggings, TOS2
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Fig. 1. (a) Map showing station location of TOS2 ().
TOS2 was located at the southern part of the
Nojima fault. Ezaki array ([]) operated by Li et al.
(1998) is also shown. Solid line denotes the surface
trace of the Nojima fault.

was considered to be located near the boundary of
the fault zone (Nishigami et al., 2001, Fig. 1b). At the
Nojima fault, we did not deploy an array observation
in the borehole; therefore, we could not diagnose the
characteristics of (1) and (3) listed on section 2. We
selected a few specific events using characters of (2),
(4) and (5) on section 2. We identified 6 records of

Density P-wave Velocity
500 J\ | 71 | l_¢/
600 3
700 - z
800 -
3
900 - -
%
1000 - E
¥
é 1100 - i
£ }
"5_ 1200 - b
O =
0O 1300 - 3
1800 | 1 I T i
01 2 3 4 5 6
Velocity(km/sz
Density(g/cm)
Fig. 1. (b) Geophysical logging in the DPRI 1800 m

borehole. Black circle denotes the location of the
seismometer.

Table 1. The features and physical properties of two active faults.
Nojima Fault Mozumi-Sukenobu Fault
Length (km) 13 23
Displacement (km) 0.5-1.1 0.2-0.5
Slip type Strike slip Strike slip
Latest large event Kobe Eq. In 1995 (M7.2)  Hietsu Eq. In 1858 (M6.9)
Width of the FZ (m) 150 -290 130 - 400
S-wave velocity of FZ (km/s) 2.6-3.0 2.8-3.1
Qs of FZ 40 - 90 60 -90
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fault-zone trapped waves from the seismograms of
465 natural earthquakes occurring in and around the
Nojima and Rokko fault system (Fig.2a). Fig.3
shows the record section of the trapped waves. We
observed that the duration of trapped waves in-
creases with distance. Therefore, we expect that the
trapped waves were generated at the source, and
traveled along the fault zone. Based on the hypocen-
ter locations of earthquakes showing trapped waves,
the Nojima fault appears to dip southeastward at 75
degrees and down to a depth of 10 km (Fig. 2 b).

We modeled the dispersion curve and the wave-
form of trapped waves. As shown in Fig. 3, we can
expect that the trapped waves travelled along the
fault zone, however, the apparent velocity of trapped
waves changes slightly. We observed that the aver-
age apparent velocities of trapped waves were 2.6
km/s for shallower events and 3.0km/s for deeper
events (Fig. 3). This result implies that the fault-zone
structure has a spatial variation, especially for the
velocity structure. Figs 4 and 5 show the observed
and synthetic dispersion curve and waveforms, re-
spectively. We sought thickness and shear wave
velocity of the fault zone estimated in this study to
best explain the observations for each the six events.
Details of the analysis are documented in Mizuno
and Nishigami (2003). The thickness, shear-wave
velocity and Qs of the fault zone were estimated to be
150m to 290m, 2.6km/s to 3.0km/s, and 40 to 60,
respectively.

Fig. 2b shows an earthquake cluster occurring
near the shallow part of the fault zone. The error at
the hypocenter location is about 0.5 km in this study
(Nagai et al., 2001). Therefore, we could not infer the
location of each event with respect to the fault zone
only from hypocenter information. In this study, we
identified typical trapped waves for one event.
Therefore, we can explain that most of the clustering
earthquakes did not occur within the fault zone.
Observations of trapped waves enable us to locate
them with respect to the fault zone with high accu-
racy.

3.2 The Mozumi-Sukenobu fault

The Mozumi-Sukenobu fault belongs to the
Atotsugawa fault system of central Japan (Fig 6).
The Mozumi-Sukenobu fault has a strike of N40°E to
N60°E and length of 23km (The research group for
active faults in Japan, 1991, Fig. 6 and Table 1). The

cumulative displacement is estimated to be 0.5km
(The research group for active faults in Japan, 1991).
The latest earthquake that occurred at the Mozumi-
Sukenobu fault is estimated to be the Hietsu earth-
quake, M=6.9 in 1858 (Takeuchi et al., 1999). In addi-
tion, the Atotsugawa fault system is located along
the Niigata-Kobe tectonic zone, which is recognized
as having a high strain rate (Hashimoto and Jackson,
1993; Sagiya et al., 2000). The Atotsugawa fault sys-
tem is one of the most energetic active faults in
Japan.

A 300-m-deep survey galley penetrates the west-
ern part of the Mozumi-Sukenobu fault (Ando, 1999).
We used seismograms recorded at the seismic array
operated at the survey gallery (Fig. 7). Two fault
zones have been recognized by the geological survey
in the survey gallery (Fig. 7). The seismic array is
equipped with 32 three-component seismometers
with a natural frequency of 2 Hz, spaced about 15m
apart (Fig.7), and arranged perpendicularly to the
strike of the Mozumi-Sukenobu fault.

We observed nine events showing typical trap-
ped waves for 154 earthquakes that occurred from
May 28, 1997 to June 1, 2001 around the Mozumi-
Sukenobu fault (Fig 9). Fig.8 shows examples of
candidates of trapped waves. The top of Fig. 8 shows
an example of the fault-parallel component of the
trapped wave recorded at mz08. The bottom of Fig.
8 shows the waveform of the fault-parallel compo-
nent at all stations. A dispersive wavetrain was
observed following the direct shear-wave arrival, es-
pecially within the fracture zones A and B. From the
locations of earthquakes showing trapped waves, the
Mozumi-Sukenobu fault continues down to a depth
of at least 11 km, and dips to the south at an angle of
about 75 to 85 degrees (Fig. 9). Figs 10 and 11 show
the observed and synthetic dispersion curves and
waveforms, respectively. Details of the analysis are
documented by Mizuno et al. (2003). Thickness,
shear-wave velocity, and Qs of the fault zone were
estimated to be 160m to 400m, 29km/s to 3.1km/s,
and 60 to 90, respectively (Table 1). The width of the
fault zone was comparable to the extent of the distri-

bution of fracture zones within the survey gallery.

4. Discussions
4.1 Discrepancy between our results and previ-
ous results
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Fig. 2. (a) Hypocenter distribution used in this study (January 1, 1999-May 18, 2000).

(b) The distribution of the hypocenters of events used in this study (small open circle) and with typical
trapped waves (solid symbols) are shown. The thickness and the shear wave velocity of the fault zone
are expressed by the radius and gray-scale of the circles. (Left) Map showing hypocenter distribution.

(Right) Vertical cross-sections of hypocenter distribution along AA’ in the left figure. The dotted line
indicates the fault plane of the Nojima fault suggested by this study.
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Fig. 3 Paste-up of the fault parallel component of
the trapped-waves. The time of shear wave arrival
of each waveform was synchronized. The dashed
line indicates the arrival time for shear
velocities of 3.0 (left) and 2.6 km/s (right).

wave

The fault-zone width and shear-wave velocity
we obtained were larger than those of previous stud-
ies; the width was 20 to 40m and the shear-wave
velocity was 1.0 to 1.8km/s (e.g., Li et al. 1998; Ito
and Kuwahara, 2000; Nishigami and Okuma, 1996).
Fig. 12 a shows examples of trapped waves recorded
at the Ezaki array (Fig. 1a) by Li et al. (1998). The
hypocentral distance is about 8 km, which almost
corresponds to observations (except for
000119.051459). Two arrows in Fig. 12 a indicate the

arrival time of the direct shear wave and the tail of

our

the trapped wave. From the surface observation, the
duration of the trapped waves was about 1 second.
However, the duration of trapped waves recorded at
The dura-
tions of trapped waves recorded at TOS2 were

the borehole did not exceed 0.5 seconds.

shorter than the trapped waves recorded at the Ezaki
array. Fig. 12b represents comparisons between our
observation and the synthetic waveform of Li et al
(1998) and Nishigami and Okuma (1996). The fit be-
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(thick line) of the group velocity dispersion curve
(fundamental model) of typical trapped waves.
Best fitting model parameters are also shown; W:
thickness of the fault zone, Vs: shear-wave velocity
of the fault zone.

tween the observation and synthetic waveforms is
poor, especially for duration of the trapped waves.
Therefore, we consider the wider fault-zone model
estimated in this study to be preferable for explain-
ing our observations. There are two possible reasons
for the discrepancy. TOS2 is about 7km from the
Ezaki array used by Li et al (1998) (Fig. 1a). There-
fore, it is possible that the fault-zone structure has
lateral variations. The other reason is the heteroge-
neous structure near the surface. Murata et al (2001)
reported that there is a sedimentary layer about 100
-400 m thick on Awaji Island. A wavetrain with a
long duration observed at the surface might be com-
posed of trapped waves and other phases such as
We

cannot conclude the reason for the discrepancy only

scattering waves generated near the surface.
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from this study, however, we can further study the
mechanism of the discrepancy between the borehole
and the surface observations through dense surface
and borehole observations of trapped waves.

There are some reports of temporal changes of
properties of seismic structures associated with large
earthquakes (e. g., Matsumoto et al., 2000; Baisch and
Bokelmann, 2001; Tadokoro et al., 2002). To infer
temporal variations of fault zone properties, stable
and high accurate observations are preferable. Bore-
hole observations also enable us to infer temporal
variations of fault-zone properties without the
effects of the shallow structure around the observa-
tory. However, borehole observations are expensive.
For the most of the studies on temporal variations of
seismic structure, temporal changes were observed

from surface observations. Therefore, a combination

of the surface and subsurface observations is realis-
tic.

4.2 Fault zone structure and its evolutionary

process

The evolution of a fault progresses over millions or
billions of years, so it is not easy to infer the evolu-
tion process of an active fault. Vermilye and Scholz
(1998) suggested, using observational and theoretical
methods, that faults has evolved in association with
the repetition of slips. They predict that the width
and the length of a fault should be extended in
association with evolution. The Mozumi-Sukenobu
fault is twice as long as the Nojima fault. Therefore,
we assume that the Mozumi-Sukenobu fault has
evolved over a longer period than the Nojima fault.
We speculate on the process of fault-zone evolution
by comparing the fault-zone structures of these two
faults, which have different ages.

We estimated the width of the Nojima fault to be
about 210m. The average width of the Mozumi-
Sukenobu fault was estimated to be about 280 m,
with its fault zone being 1.3 times wider than that of
the Nojima fault. The length of each fault was
estimated from geographical studies (Research
Group for Active Faults in Japan, 1991). Fig. 13 is a
diagram of the widths and the lengths of the faults.
The widths of the fault zones of the two faults are
widely scattered; however, we may suggest that the
width of a fault zone might be proportional to the
length of a fault. In addition, The widths of the fault
zones of the two faults are well explained by the
model of Vermilye and Scholz (1998), based on obser-
vational studies of the faults using one-to-hundreds
meter scales. The fault evolution process may be
length-scale invariant. This result may indicate that
the evolutionary process of a fault found by the
study for the small scale faults is applicable to a
discussion of the evolutionary process of a large
active fault. To discuss the scaling of the fault zone
quantitatively, we should carry out more observa-
tional studies of the fault zone in the future.

4.3 Cooperation between trapped wave tech-
nique and seismic tomography

In this section, we compare two models of the
velocity structure near the fault zone -one obtained
by trapped waves and one by seismic tomography.
In this study, we estimated that the fault zone was
150 m to 290 m wide, and its velocity 10 to 20% less
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Fig. 7. Distribution of seismometers (circle) and
fracture zones (A and B) in the observation tunnel
at the Mozumi-Sukenobu fault.

than the surrounding velocity. The Nojima fault
seems to continue down to a depth of 10km. Zhao
and Negishi (1998) studied the P and S wave velocity
structure in and around the Nojima and Rokko fault
system using a seismic tomography technique with a
resolution of 5km. They obtained a low-velocity
anomaly of 3 to 6% at the shallow part (to a depth of
10 km) distributed along the surface trace of the No-
jima fault. Zhao and Negishi (1998) pointed out that
the tomographic method may not infer the fault-zone
structure because of the resolution. For the Nojima
fault, we conclude that the tomographic image could
not clearly resolve the fault-zone structure, espe-
cially for the width and shear-wave velocity of fault
zones. Obviously, the fault-zone trapped waves
could not infer the large-scale velocity structure
around the fault zone. To image the detailed velocity
structure in and around the fault zone, a combination
of trapped waves and tomographic study is required.

The velocity reduction within the fault zone can
be associated with a high dense crack distribution.
The theoretical study of O’Conell and Budiansky
(1974) suggests that velocity reduction is controlled
by crack density defined as e=nXa?®, where n is the
number density of cracks, and «a is the average radius
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Fig. 10. Observation (thin line) and best-fit model (thick line) of the
group velocity dispersion curve of the trapped waves.
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Fig. 12. (top) Examples of the trapped waves at the surface. The fault-parallel components of the seismograms at
the Ezaki array operated by Li et al. (1998) are shown. The hypocentral distance was about 8 km. The
shear-wave arrival is denoted by the first arrow in the plot. The second arrow denotes the duration of the
fault-zone trapped waves. (Bottom) Typical trapped waves observed at borehole station, TOS2, in this study.
(b) Comparisons between observed and synthetic waveforms expected from previous studies.
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Fig. 13. Diagram showing the relation between the thickness of the
fault-zone and the length of the fault (modified from Vermilye and

Scholz, 1998).

of the circular crack. O’Conell and Budiansky (1974)
predicted the relationship between & and velocity
reduction. If we assume that the fault zone was made
by a fractured host rock (assuming no cracks within
the host rock), we obtain a crack density & of 0.5 for
the shallower part (shallower than 4km) and of 0.2
for the deep portion of the fault zone of the Nojima
fault. Some studies infer the crack density and satu-
ration rate in and around the active fault using tomo-
graphic data (e.g., Zhao and Mizuno, 1999). The de-
tailed crack distribution in and around the fault can
also be imaged by a combination of trapped waves

and seismic tomography in the future.

5. Conclusion

Our conclusions are summarized below:

(1) We observed typical fault-zone trapped
waves using subsurface seismic observa-
tions at two active faults in Japan. The
thickness and the shear-wave velocity of the
fault zone was estimated by fitting observed
and synthetic dispersion curves and wave-
forms. The best-fitting structure parameters
are as follows: fault zone thickness is 150 m
to 290 m for the Nojima fault, and 130m to
400 m for the Mozumi-Sukenobu fault, shear-
wave velocity is 10 to 20% less than the

surrounding velocity.

(2) At the Nojima fault, the width and the shear-
wave velocity of the fault zone were larger
than those of previous surface studies. We
did not observe the wavetrain that was ex-
pected from the narrower fault model sug-
gested by surface observations. Therefore,
our model was preferable for explaining our
observations. This discrepancy may be
caused by spatial variations of the fault-zone
structure and/or by observational condi-
tions, such as a thick sedimentary layer near
the surface. Borehole observations are pref-
erable to conventional surface observations
to detect trapped waves.
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