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1. Introduction 

The major crustal faults are not a single fault but form fault zones. The fault zone consists of 
several fault segments (e.g., Tchalenko, 1970; Tchalenko & Berberian, 1975). Each fault 
segment contains many cracks on a small scale. It is revealed from analyses of shear-wave 
splitting and P-wave polarization anomalies that parallel cracks are densely distributed in a 
fault zone (Leary et al., 1987; Li et al., 1987). Televiewer observations in boreholes also reveal 
the presence of a distribution of parallel cracks within a fault zone (Malin et al., 1988; Leary 
et al., 1987). Moreover it is revealed from seismic observations that a fault zone is 
characterized as a lower velocity zone than the surrounding intact rocks (Mooney & 
Ginzburg, 1986) and low-Q area (Kurita, 1975; Li et al., 1994). When an earthquake occurs in 
the fault zone, the following seismic waveforms are observed in the fault zone: the P and S 
headwaves refracted along the cross-fault material contrast (Ben-Zion & Malin, 1991; Hough 
et al., 1994) and seismic waves trapped in a low-velocity zone (e.g., Li & Leary, 1990; Li et 
al., 1994). It is important to determine the fault zone structure for the purposes of 
earthquake prediction and strong motion prediction. It is necessary to achieve it that the 
observational data should be simulated by means of theoretical studies. 

In this study, we compute synthetic seismograms of the displacement field radiated from a 
seismic source embedded in a fault zone in order to simulate fault zone trapped waves. We 
assume a low-velocity zone and/or a zonal distribution of parallel cracks as a fault zone and 
investigate SH wave propagation in a 2-D elastic medium. We use the method introduced 
by Murai & Yamashita (1998) for the zonal distribution of parallel cracks. This method of 
analysis has advantages that multiple elastic wave scattering due to a large number of 
densely distributed cracks is easily treated and that the velocity contrast can be easily 
introduced. Finally, we try to simulate the fault zone trapped waves observed by Li et al. 
(1994) and estimate the crack size and the density of crack distribution. 

2. Models of a fault zone 

We assume following five models as a fault zone as shown in Fig. 1. 

1. A zone of densely distributed parallel cracks (Fig. 1a). All the cracks are assumed to 
have the same length 2a and the same strike direction, which coincides with the X-axis. 
All the crack surfaces are assumed to be stress-free. Cracks are distributed periodically 
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with the spacings of dX and dY in the X and Y directions, respectively. The number 
density of cracks ǎ is given by ǎ=1/dXdY. The cracks are distributed along the line Y=(j-
1)dY (j=1, " , N), where N is the number of crack arrays in the Y direction. We 
determine the X-coordinate of the centre of cracks in each array pj+ldX (0≤pj<dX, j=1," , 
N, l=0, ±1, ±2," ) by generating N uniform random numbers between 0 and 1, which 
are multiplied by dX. 

 

Fig. 1. Five models of a fault zone. A star denotes an isotropic line source located at the 

centre of the fault zone at X=0. The row of triangles represents observation stations. The 

spacing in the Y direction between the stations and the centre of the fault zone is 0.425a, 

where a is half the crack length for fault zone models with distributed cracks and 

normalization length for those without cracks. (a) An example of Model (1). Cracks are 

distributed periodically with the density of ǎa2=0.1. The crack spacings are dX=5.88a and 

dY=1.7a in the X and Y directions, respectively. (b) Examples of fault zone Models (2), (3) and 

(4). The grey-shaded zone is an anisotropic zone, a low-velocity zone and an anisotropic 

low-velocity zone in Models (2), (3) and (4), respectively. The width of the grey-shaded zone 

is h=13.6a. The elastic constant of the anisotropic zone is c2323=0.711Ǎ for Model (2), where Ǎ 

is the rigidity. The shear wave velocity β and density ǒ of the low-velocity zone for Model 

(3) are β/β0=0.8 and ǒ/ǒ0=0.93, where β0 and ǒ0 are shear wave velocity and density of the 

surrounding rocks, respectively. The elastic constant, density and rigidity of the anisotropic 

low-velocity zone for Model (4) are c2323=0.711Ǎ, ǒ/ǒ0=0.93 and Ǎ/Ǎ0=0.6, respectively, where 

Ǎ0 is the rigidity of the surrounding rocks. (c) An example of Model (5). The grey-shaded 

zone is a low-velocity zone. The width, shear wave velocity and density of the low-velocity 

zone are h=13.6a, β/β0=0.8 and ǒ/ǒ0=0.93, respectively. The same crack distribution is 

assumed as Model (1) in (a) 
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2. A single anisotropic zone whose elastic constant is equivalent to that of the crack 

distribution Model (1) at the long-wavelength limit (Fig. 1b). The elastic constant c2323 is 

derived for the case of normal incidence to the crack surfaces by Murai (2007) as 

 
2 2

2323 (2 )
,

4

c aπν
μ

−
=  (1) 

where Ǎ is the rigidity and the coordinate system (X, Y) is redefined as (x1, x3) for 

notation of the anisotropic media. The width of the cracked zone h is defined as h=NdY. 

3. A low-velocity zone with β/β0 and ǒ/ǒ0, where β is the shear wave velocity and ǒ is the 

density, and the subscript 0 denotes the surrounding rocks (Fig. 1b). The rigidity Ǎ is 

obtained by Ǎ=ǒβ2. 

4. An anisotropic low-velocity zone (Fig. 1b). We assume the same elastic constant of 

c2323/Ǎ as Model (2) and the same β/β0, ǒ/ǒ0 and Ǎ/Ǎ0 as Model (3). 

5. A low-velocity zone with densely distributed parallel cracks (Fig. 1c). We assume the 

same crack distribution as Model (1) and the same β/β0, ǒ/ǒ0 and Ǎ/Ǎ0 as Model (3). 

3. Formulation 

The seismic source displacement field is represented as a superposition of homogeneous 

and inhomogeneous plane waves propagating at discrete angles. This discretization results 

from a periodicity assumption in the description of the source (Bouchon & Aki, 1977). 

The harmonic waves radiated from a line source in an infinite homogeneous medium can be 

represented as a continuous superposition of homogeneous and inhomogeneous plane 

waves. Therefore, the displacement us in wavenumber domain from the seismic source 

located at the origin of the coordinate system (x, y) can be written in the form, 

 ( , ) ( , ) ,isx
su x y f s y e ds

∞

−∞
= ∫  (2) 

where i is the imaginary unit and s is the x-component of the wavenumber. The time factor 

exp(-iωt) is omitted for brevity, where ω=kβ, k is the wavenumber. When such sources 

distribute along the x-axis at equal interval Δxs, eq.(2) is reduced to 

 
2

( , ) ( , ) ,lis x
ss l

s l

u x y f s y e
x

π
Δ

∞

=−∞
= ∑  (3) 

according to Bouchon & Aki (1977), where uss is the displacement from periodically 

distributed sources and sl=2Ǒl/Δxs. If the series converges, eq.(3) can be approximated by 

the finite sum equation 

 
2

( , ) ( , ) .
d

l

d
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π
Δ =−

= ∑  (4) 

Thus the seismic source displacement field is represented as a superposition of the discrete 

plane waves. 
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Now we give the wavenumber a small imaginary part to remove the singularities of f(k, y) as 

 .R Ik k ik= +  (5) 

The resulting attenuation is used to minimize the influence of the neighboring fictitious 
sources. The effect of the imaginary part of the wavenumber can be removed from the final 
time domain solution. When the solution in wavenumber domain by using the complex 
wavenumber is denoted by U(k), the solution in time domain u(t) is obtained through the 
relation 

 ( ) ( ) .
2

I Rk t i k tu t e U k e dkβ ββ
π

∞ −
−∞

= ∫  (6) 

We consider an isotropic line source. The displacement field radiated from a source is 
written as 

 (1)
0( , ) ( ),

4
s

i
u x y H kR=  (7) 

where R2=x2+y2, and (1)
0H (···) is the Hankel function. We employ the relation by Morse & 

Feshbach (1953) 
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Then eq.(7) can be written as 
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2 2
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Therefore, f(k, y) in eq.(2) can be determined to be 
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For the anisotropic media of Models (2) and (4), eq.(10) is modified as 
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4

i k s y
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c k s

μ
μ

π

⎡ ⎤
−⎢ ⎥

⎢ ⎥⎣ ⎦=
−

 (11) 

The velocity contrast can be introduced easily because we have only to treat plane waves. 
The wave field in a fault zone can be calculated by the wave propagator method (Kennett, 
1983) or the reflection and transmission operator method (Kennett, 1984) by use of the 
discretization results. Moreover we can calculate the displacement field radiated from a 
seismic source embedded in a fault zone for Models (1) and (5) on the basis of this expansion 
because the seismic wave propagation in a zone of densely distributed parallel cracks for 
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incident plane waves can be calculated by the method introduced by Murai & Yamashita 
(1998). 

4. Synthetic seismograms 

We consider the fault zone Model (1) as shown in Fig. 1(a). We assume 8 crack arrays which 
are 1.7a apart each other in the Y direction. A seismic source is located at (0, 5.95a) and is 
assumed to be isotropic. Observation stations are located along the line Y=6.375a. Thus both 
the source and the stations are located near the centre of the fault zone. The synthetic 
seismograms for 15 stations in the range 10a≤X≤150a are shown in Fig. 2. The seismograms 
in the time domain are obtained by the Fourier transform of the wavenumber domain 
solutions for 134 wavenumbers in the range from ka=0.025 to ka=3.35. We use the Ricker 
wavelet as the source time function; the characteristic nondimensional wavenumber of the 
wavelet, kca, is assumed to be 1.0. Fig. 2 shows the wave trains scattered by cracks following 
the direct wave at only the stations neighboring the source. Moreover the wave trains 
contain the dominant high wavenumber components. Thus we cannot simulate the 
relatively long-period fault zone trapped waves for the events with various focal distances. 
Because the cracked zone of Model (1) is equivalent to a single anisotropic zone at the low 
wavenumber limit, we consider the fault zone Model (2) as shown in Fig. 1(b). The elastic 
constant c2323 is obtained as c2323=0.711Ǎ for ǎa2=0.1 by eq.(1). The width of the cracked zone 
h is defined as h=NdY. The synthetic seismograms for 15 stations in the range 10a≤X≤150a are 
shown in Fig. 3. We can see neither scattered waves nor fault zone trapped waves. 

 

Fig. 2. The synthetic seismograms calculated for the fault zone Model (1) of crack 
distribution shown in Fig. 1(a). The characteristic nondimensional wavenumber of Ricker 
wavelet, kca, is 1.0 
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Fig. 3. The synthetic seismograms calculated for the fault zone Model (2) of the single 

anisotropic zone shown in Fig. 1(b). kca is assumed to be 1.0 

The results of Models (1) and (2) suggest that a low-velocity fault zone is necessary to excite 

trapped waves. Actually a fault zone is characterized as a low-velocity zone as stated in 

section 1. It is certainly the case that the phase velocity decreases remarkably in the fault 

zone for the waves propagating normal to the cracks, but the velocity is almost the same as 

the shear wave velocity of the matrix for the waves propagating parallel to the cracks in the 

assumed Models (1) and (2) because we consider only SH waves. The low-velocity zone is, 

however, considered to be attributed to fault gouge (Mooney & Ginzburg, 1986), which 

might include not only the parallel cracks but also randomly oriented microcracks; a 

velocity reduction is observed for the waves propagating to any direction. 

We now consider the low-velocity fault zone Model (3) as shown in Fig. 1(b). The width of 

the low-velocity fault zone is the same as that of the anisotropic fault zone Model (2). The 

shear wave velocity and density of the low-velocity zone are assumed to be β/β0=0.8 and 

ǒ/ǒ0=0.93, respectively, which correspond to the rigidity of Ǎ/Ǎ0=0.6. The synthetic 

seismograms are shown in Fig. 4. This figure shows the relatively long-period wave trains 

with relatively large amplitude closely following the direct waves with small amplitude at 

all the stations. These long-period wave trains are understood as trapped waves in the low-

velocity zone because they are observed only in the low-velocity fault zone. Thus we can 

simulate the relatively long-period fault zone trapped waves. Therefore, an actual fault zone 

is considered to be low-velocity. In addition, Fig. 4 shows the headwaves refracted along the 

cross-fault material contrast, which are observed in actual fault zones as stated in section 1 

(Ben-Zion & Malin, 1991; Hough et al., 1994). We cannot see scattered waves because there is 

no crack in the fault zone. 
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Fig. 4. The synthetic seismograms calculated for the fault zone Model (3) of the single low-
velocity zone shown in Fig. 1(b). kca is assumed to be 1.0. The bracket denotes a spectral time 
window of 50β/a including the direct wave and the trapped wave trains for the seismogram 
of the station at X=150a. The amplitude spectra are shown in Fig. 7(a) 

 

Fig. 5. The synthetic seismograms calculated for the fault zone Model (4) of the single 
anisotropic low-velocity zone shown in Fig. 1(b). kca is assumed to be 1.0. The bracket 
denotes a spectral time window of 50β/a including the direct wave and the trapped wave 
trains for the seismogram of the station at X=150a. The amplitude spectra are shown in Fig. 
7(b) 
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Next, we consider the anisotropic low-velocity fault zone Model (4) as shown in Fig. 1(b) in 
order to consider the effect of parallel crack distribution. The width of the anisotropic low-
velocity fault zone is the same as those of Models (2) and (3). The elastic constant c2323, 
density and rigidity of the anisotropic low-velocity zone are assumed to be c2323=0.711Ǎ, 
ǒ/ǒ0=0.93 and Ǎ/Ǎ0=0.6, respectively as the same for Models (2) and (3), which correspond 
to the crack density of ǎa2=0.1 and shear wave velocity of β/β0=0.8. The synthetic 
seismograms are shown in Fig. 5. This figure shows the same characteristics as Fig. 4: we can 
observe the refracted headwaves, the direct waves with relatively small amplitude and the 
trapped wave trains and cannot see scattered waves. This is because the crack length is 
assumed to be much smaller than the incident wavelength in the anisotropic zone. 

Finally, we consider a low-velocity zone with densely distributed parallel cracks (Fig. 1c) in 
order to consider the effect of a wavenumber dependence of the crack interactions in a fault 
zone. The width of the low-velocity fault zone is the same as those of Models (2), (3) and (4). 
We assume the same crack distribution as Model (1) and the same shear wave velocity and 
density of the low-velocity zone as Model (3): ǎa2=0.1, β/β0=0.8 and ǒ/ǒ0=0.93 are assumed. 

The synthetic seismograms are shown in Fig. 6. This figure shows the same characteristics as 
Figs. 4 and 5 of the wave propagation in a low-velocity fault zone. In addition, we can 
observe the wave trains scattered by cracks following the fault zone trapped waves. 

 

Fig. 6. The synthetic seismograms calculated for the fault zone Model (5) of the low-velocity 

zone with densely distributed parallel cracks shown in Fig. 1(c). We assume the same crack 

distribution as for Fig. 2. kca is assumed to be 1.0. The brackets denote spectral time 

windows of 50β/a for the seismogram of the station at X=150a. The time window (a) is 

including the direct wave, the wave trains trapped in the low-velocity zone and the waves 

scattered by cracks whereas the time window (b) is including only the scattered wave trains. 

The amplitude spectra for the time windows (a) and (b) are shown in Figs. 7(c) and (d), 

respectively 
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5. Spectral analyses 

In this section, we make a short analysis on the amplitude spectra for the fault zone trapped 
waves calculated in the previous section. Figs. 7(a) and (b) show the amplitude spectra 
calculated for the fault zone Models (3) and (4) illustrated in Fig. 1(b), respectively, and Figs. 
7 (c) and (d) show those for Model (5) illustrated in Fig. 1(c). The amplitude spectra U are 
calculated by the following procedure. First, we compute the synthetic seismograms with 
the Ricker wavelet as the source time function; we assume the 4 Ricker wavelets whose kca 
are 0.25, 0.5, 1.0 and 2.0. Next, we calculate the amplitude spectrum for each Ricker wavelet 
source time function in a time window of 50β/a using a cosine type window with 5β/a edge 
length. The spectral windows are shown in Figs. 4, 5 and 6 for the seismograms of the 
station at X=150a with kca=1.0 as an example. Finally, the amplitude spectrum for each 
Ricker wavelet is normalized by that of each source time function to eliminate the 
contribution of source spectra. The amplitude spectra U(k) are calculated for the 
wavenumber range 2kc/3≤k≤4kc/3 from each Ricker wavelet with the characteristic 
wavenumber of kc. Because 4 Ricker wavelets with kca=0.25, 0.5, 1.0 and 2.0 are assumed, the 
amplitude spectra are discontinuous at ka=1/3, 2/3 and 4/3. 

 

Fig. 7. The normalized amplitude spectra |U(ka)|/a calculated for the seismograms of the 
observation station at X=150a. |U(ka)|/a are calculated for the wavenumber ranges of 
0.150≤ka≤0.325, 0.325≤ka≤0.650, 0.650≤ka≤1.325 and 1.325≤ka≤2.650 from Ricker wavelet 
source time functions with kca=0.25, 0.5, 1.0 and 2.0, respectively. (a) The amplitude spectra 
calculated for the fault zone Models (3) illustrated in Fig. 1(b). (b) The amplitude spectra 
calculated for the fault zone Models (4) illustrated in Fig. 1(b). (c) The amplitude spectra 
calculated for the fault zone Models (5) illustrated in Fig. 1(c). The amplitude spectra in (a), 
(b) and (c) correspond to the direct wave and the trapped wave trains of the seismogram in 
Figs. 4, 5 and 6, respectively. (d) The same as in (c) except for corresponding to the wave 
trains scattered by cracks 
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Fig. 7(a) shows the normalized amplitude spectra for the low-velocity fault zone Model (3). 
This figure corresponds to the seismogram of the station at X=150a in Fig. 4. The amplitude 
spectra show the prominent peak at ka=0.45, which is understood to be formed by the waves 
trapped in the low-velocity zone. Fig. 7(b) shows the normalized amplitude spectra for the 
anisotropic low-velocity fault zone Model (4), which correspond to the seismogram of the 
station at X=150a in Fig. 5. This figure also shows the prominent peaks at ka=0.375 and 0.95 
formed by the fault zone trapped waves. The spectral peak split into two peaks because the 
interference of resonated waves in the layer occurs at the wavenumbers different from that 
for the isotropic medium due to the wave speed depending on the propagation direction. 
Fig. 7(c) shows the normalized amplitude spectra for the fault zone Model (5) of the low-
velocity zone with densely distributed parallel cracks, which correspond to the seismogram 
in the time window (a) of the station at X=150a in Fig. 6. The amplitude spectra show the 
prominent peaks at ka=0.325 in relatively low wavenumber range and at around ka=1.0 in 
relatively high wavenumber range. The low-wavenumber spectral peak is considered to be 
formed by the waves trapped in the low-velocity zone because it is seen in Figs. 7(a) and (b). 
The peak amplitude in the low wavenumber range is higher in Fig. 7(c) than that in Fig. 7(a).  
Moreover the existence of the cracks lowers the peak wavenumber at which the amplitude 
spectra take the peak value in the low wavenumber range. These phenomena occur because 
the crack distribution lowers the overall rigidity and velocity in the fault zone. The high-
wavenumber spectral peak is caused only for the fault zone Model (5). Now we calculate the 
amplitude spectra for the wave trains scattered by cracks in order to investigate the high-
wavenumber peak. The spectral time window (b) is denoted by the bracket in Fig. 6 for 
kca=1.0 as an example. Fig. 7(d) shows the normalized amplitude spectra for the scattered 
waves. This figure shows the most prominent peak at around ka=1.0 in relatively high   

 

Fig. 8. The normalized amplitude spectra calculated from the direct wave and the trapped 
and scattered wave trains of the synthetic seismograms for the fault zone Model (5) 
illustrated in Fig. 1(c). Solid curve and grey-shaded range represent the mean values and the 
standard deviations of 201 stations in the range 100a≤X≤150a along the line Y=6.375a 
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wavenumber range, therefore it is understood to be formed by scattered waves. This means 

that we can estimate the crack length in a fault zone from the peak frequency in the high 

frequency range if the spectral peak caused by the waves scattered by cracks is observable. 

We calculate synthetic seismograms and amplitude spectra from the direct wave and the 

trapped wave trains of 201 stations in the range 100a≤X≤150a along the line Y=6.375a of the 

fault zone Models (5) illustrated in Fig. 1(c) in order to investigate the spatial variation of the 

spectral peaks in relatively low and high wavenumber ranges. Fig. 8 shows the mean values 

and the standard deviations of the normalized amplitude spectra for the 201 stations. The 

amplitude of the low-wavenumber spectral peak is not attenuated among these observation 

stations because the long-period wave trains are trapped and propagating without 

geometrical spreading in the low-velocity zone. On the other hand, the amplitudes of the 

high-wavenumber spectral peak fluctuate greatly among stations although it is seen at most 

of the stations. The mean values of the amplitude spectra show the low-wavenumber peak is 

caused at ka=0.375 and the amplitude is |U|/a=0.143, and the high-wavenumber peak is at 

ka=0.975 with the amplitude of |U|/a=0.077. 

6. Wave propagation in a fault zone containing densely distributed parallel 
cracks 

In the previous section, the amplitude spectra show the prominent peaks in relatively low 

and high wavenumber ranges for the fault zone Model (5) of the low-velocity zone with 

densely distributed parallel cracks when both the source and stations are located near the 

centre of the fault zone. In this section, we investigate the amplitude spectra for the fault 

zone Model (5) with crack distributions different from that illustrated in Fig. 1(c). We 

assume the same width, shear wave velocity and density of the low-velocity zone as shown 

in Fig. 1(c). First, we consider 10 crack distributions with the same crack spacings of dX and 

dY, which correspond to the same crack density of ǎa2=0.1 as shown in Fig. 1(c). Each of the 

above 10 crack distributions is determined by generating an independent sequence of 

random numbers in order to determine the X-coordinates of the centre of cracks. For each 

model, the mean values of the amplitude spectra are obtained by averaging over 201 

stations by the same procedure as stated in the previous section. Each of 10 curves in Fig. 

9(a) shows the mean values of the normalized amplitude spectra from the 201 stations for 

each of 10 models. The spectral peaks in relatively low and high wavenumber ranges are 

detected from each of the 10 curves in Fig. 9(a). The mean values and the standard 

deviations of both the wavenumbers and amplitudes of the spectral peaks for all the 10 

models are computed. The low-wavenumber peak is caused at ka=0.38±0.01 and the 

amplitude is |U|/a=0.142±0.001, and the high-wavenumber peak is at ka=0.94±0.16 with the 

amplitude of |U|/a=0.077±0.016. 

Next, we assume the crack densities of ǎa2=0.075 and 0.05 lower than above for the fault 

zone Model (5) although the same width, shear wave velocity and density of the low-

velocity zone are assumed. We assume 2 sets of dX and dY for each crack density: dX=5.88a 

and dY=2.38a (Fig. 10a), and dX=7.84a and dY=1.7a (Fig. 10b) for ǎa2=0.075, and dX=5.88a and 

dY=3.97a (Fig. 11a), and dX=11.76a and dY=1.7a (Fig. 11b) for ǎa2=0.05. We consider 10 crack 

distributions for each model with the different crack spacings, i.e., 20 distributions for each 

crack density in total. 
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Each of 20 curves in Fig. 9(b) shows the mean values of the normalized amplitude spectra 

from the 201 stations for each of 20 models for the crack density of ǎa2=0.075. The spectral 

peaks in relatively low and high wavenumber ranges are detected from each of the 20 

curves in Fig. 9(b) and the mean values and the standard deviations of both the 

wavenumbers and amplitudes of the spectral peaks for all the 20 models are computed. The 

low-wavenumber peak is caused at ka=0.38±0.02 and the amplitude is |U|/a=0.137±0.001, 

and the high-wavenumber peak is at ka=0.98±0.14 with the amplitude of 

|U|/a=0.071±0.012. Each of 20 curves in Fig. 9(c) shows the mean values of the normalized 

amplitude spectra from the 201 stations for each of 20 models for the crack density of 

ǎa2=0.05. The low-wavenumber peak is caused at ka=0.39±0.01 and the amplitude is 

|U|/a=0.131±0.002, and the high-wavenumber peak is at ka=0.92±0.13 with the amplitude 

of |U|/a=0.074±0.011. 

 

Fig. 9. The mean values of the normalized amplitude spectra obtained by averaging over 201 

stations for each fault zone Model (5). The high-wavenumber spectral peak detected from 

each curve is denoted by a dot. The standard deviations of both the wavenumber and 

amplitude of the high-wavenumber spectral peaks for all the models are denoted by bars. 

The intersecting point of the bars represents the mean values. (a) Each of 10 curves shows 

the mean values of the amplitude spectra for each of 10 models with dX=5.88a and dY=1.7a 

(ǎa2=0.1). (b) Each of 20 curves shows the mean values of the amplitude spectra for each of 

20 models with ǎa2=0.075. Ten of 20 curves show the models with dX=5.88a and dY=2.38a and 

other 10 of 20 show the models with dX=7.84a and dY=1.7a. (c) Each of 20 curves shows the 

mean values of the amplitude spectra for each of 20 models with ǎa2=0.05. Ten of 20 curves 

show the models with dX=5.88a and dY=3.97a and other 10 of 20 show the models with 

dX=11.76a and dY=1.7a 
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Fig. 10. The same as Fig. 1(c) except for ǎa2=0.075. (a) An example of fault zone Model (5) 

with dX=5.88a and dY=2.38a. (b) An example of fault zone Model (5) with dX=7.84a and dY=1.7a 

 

Fig. 11. The same as Fig. 10 except for ǎa2=0.05. (a) An example of fault zone Model (5) with 

dX=5.88a and dY=3.97a. (b) An example of fault zone Model (5) with dX=11.76a and dY=1.7a 

We summarize the crack density dependence of the amplitudes of the spectral peaks in the 
relatively low and high wavenumber ranges (Fig. 9) in Figs. 12(a) and (b), respectively. Fig. 
12(a) shows the larger amplitude for the higher crack density as for the spectral peaks at 
around ka=0.4 in the relatively low wavenumber range. On the other hand, the amplitudes 
of the spectral peaks at around ka=1.0 in the relatively high wavenumber range fluctuate 
greatly among models of crack distribution and show no clear dependency on the crack 
density (Fig. 12b). Thus the spectral peak amplitude in the low-wavenumber range becomes 
larger relative to that in the high-wavenumber range for higher crack density. The spectral 
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peak amplitude in the low-wavenumber range does not depend only on the crack density 
but also depends on the shear wave velocity, density and the width of the low-velocity zone 
because it is formed by the waves trapped in the low-velocity zone. Therefore, the crack 
density cannot be estimated from it alone. However, it will be possible to estimate the crack 
density by modelling a fault zone to satisfy the observed spectral peak amplitudes in both 
the low and high wavenumber ranges because the spectral peak amplitude in the high-
wavenumber range can be used as the reference to that in the low-wavenumber range. 

 

Fig. 12. Crack density dependence of the spectral peak amplitudes. (a) and (b) show the 

spectral peak amplitudes in the relatively low (ka~0.4) and high (ka~1.0) wavenumber 

ranges, respectively 

7. Interpretation of the amplitude spectra observed in the fault zone of the 
1992 Landers earthquake 

In this section, we compare the amplitude spectra observed by Li et al. (1994) in the fault 

zone of the 1992 Landers earthquake with the synthesis calculated for the fault zone Model 

(5) of the low-velocity zone with densely distributed parallel cracks. Li et al. (1994) deployed 

a seismic array across the fault trace of the M7.4 Landers earthquake of June 28, 1992. They 

found the distinct wave train with a relatively long period following the direct S waves that 

shows up only when both the stations and the events are close to the fault trace. The coda-

normalized amplitude spectra show a spectral peak at 3-4Hz (Fig. 13). They interpreted the 

long-period wave trains as a seismic guided wave trapped in a low-velocity fault zone and 

estimated a waveguide width of about 180m and a shear wave velocity of 2.0-2.2 km/s. The 

amplitude spectra show also a spectral peak of the high frequency at 8-15Hz (Fig. 13). The 

observed amplitude spectra can be simulated by modelling the fault zone as Model (5) of the 

low-velocity zone with densely distributed parallel cracks in this study (e.g., Fig. 7c). 

Although Li et al. (1994) did not infer the origin of the high frequency spectral components, 

each of the peaks in the low and high wavenumber range is interpreted from our simulation 

to be formed by the waves trapped in the low-velocity zone and the waves scattered by the 

cracks, respectively. 

First, we try to estimate the dominant crack length in the fault zone. Because the 

amplitude spectra show the prominent peak at around ka=1.0 in relatively high 

wavenumber range, we can estimate the crack length by using the estimated shear wave 

velocity of 2.0 km/s and the observed frequency of 10Hz of the spectral peak at the high 

frequency by Li et al. (1994). 
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Fig. 13. The amplitude spectra observed in the fault zone of the 1992 Landers earthquake by 
Li et al. (1994) (thin curves) [reproduced by permission of American Geophysical Union.] 
and those calculated from the direct wave and the trapped and scattered wave trains of the 
synthetic seismograms for the fault zone Model (5) with β/β0=0.7, ǒ/ǒ0=0.895, h=8.4a, 
dX=3.97a, dY=2.1a and ǎa2=0.12 (bold curves). Thin curves represent the coda-normalized 
amplitude spectra of horizontal components (parallel to the mainshock fault trace) of 
seismograms recorded at stations (G2 and G3) located close to the mainshock fault trace for 
an event occurred within the fault zone. Bold curves and grey-shaded ranges represent the 
mean values and the standard deviations of 201 stations in the range 100a≤X≤150a along the 
line Y=3.5a for an isotropic line source located at the centre of the fault zone (0, 3.15a), 
respectively. The low-velocity zone is bounded by lines of Y=7.35a and Y=-1.05a 

The dominant crack length is estimated as 

 
2 2 2000(m/s)

2 60m,
10(Hz)

a
k f

β β
ω π π

= = = =∼  (12) 
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where ω is the angular frequency and f is the frequency of the spectral peak at the high 
frequency. Next, we try to estimate the crack density in the fault zone by simulating the 
observed amplitude spectra. Because Li et al. (1994) estimated the shear wave velocities of 
the low-velocity fault zone and the surrounding rock as 2.0-2.2 km/s and 3.0 km/s, 
respectively, we assume the shear wave velocity and density of the low-velocity zone as 
β/β0=0.7 and ǒ/ǒ0=0.895 in our simulation. The peak wavenumber of the relatively low-
wavenumber range becomes lower for a low-velocity zone with the larger width. The 
amplitude spectra also depend on the crack density. The spectral peak amplitudes in the 
low-wavenumber range become larger for the higher crack density and its dependency is 
heavier for a fault zone with the smaller width. On the other hand, the spectral peak 
amplitudes at around ka=1.0 show considerable variation among the spatial distributions of 
cracks and the observation stations even if the same crack density is assumed and do not 
obviously depend on the crack density. We find an example of the fault zone model which 
satisfies both of the spectral peak amplitudes in the low and high wavenumber ranges as the 
width of the low-velocity zone of h=8.4a and the crack spacings in the X and Y directions of 
dX=3.97a and dY=2.1a, respectively (Fig. 13). Thus the width of the low-velocity zone is 
estimated as 252m by eq.(12), which is a little larger than 180m estimated by Li et al. (1994), 
and the crack density is ǎa2=0.12, which represents dense distribution of parallel cracks in 
the fault zone. 

8. Conclusion 

We compute the synthetic seismograms of the displacement field radiated from a seismic 
source embedded in a fault zone. We assume following five models as a fault zone and 
investigate SH wave propagation in a 2-D elastic medium. 

1. A zone of densely distributed parallel cracks. 
2. An anisotropic zone whose elastic constants are equivalent to those of the crack 

distribution model (1) at the long-wavelength limit. 
3. A low-velocity zone. 
4. An anisotropic low-velocity zone. 
5. A low-velocity zone with densely distributed parallel cracks. 

For Models (1) and (2), we cannot simulate the fault zone trapped waves. We therefore have 
to consider a low-velocity fault zone to excite trapped waves. For Models (3), (4) and (5), the 
seismograms show fault zone trapped waves and headwave refracted along the cross-fault 
material contrast. For Model (5), the seismograms show the waves scattered by cracks in 
addition to the fault zone trapped waves. Next, we investigate the amplitude spectra. We 
calculate the amplitude spectrum for each Ricker wavelet source time function in a time 
window including the direct wave and the trapped and scattered wave trains. For Models 
(3), (4) and (5), the amplitude spectra show the prominent peak in relatively low-
wavenumber range corresponding to the fault zone trapped waves. For Model (4), the low-
wavenumber spectral peak splits into two peaks because the interference of resonated 
waves in the layer occur at the wavenumbers different from that for the isotropic medium 
due to the wave speed depending on the propagation direction. For Model (5), the 
amplitude spectra show the prominent peak at ka~1.0 in relatively high-wavenumber range 
corresponding to the scattered waves in addition to the low-wavenumber spectral peak 
corresponding to the fault zone trapped waves. 
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Finally, we investigate the amplitude spectra for Model (5) of the low-velocity zone with 
densely distributed parallel cracks. The amplitude spectra depend on the width and velocity 
of the low-velocity zone and the crack density. We compare the amplitude spectra observed 
by Li et al. (1994) in the fault zone of the 1992 Landers earthquake with the synthesis 
calculated for the fault zone Model (5). We find an example of the fault zone model which 
satisfies both of the spectral peak amplitudes in the low and high wavenumber ranges. Thus 
we can estimate the dominant crack length as about 60m and the crack density as ǎa2=0.12, 
which represents dense distribution of parallel cracks in the fault zone. Such an estimated 
model might be ambiguous because the spectral peak amplitudes in the high-wavenumber 
range show considerable variation among the spatial distributions of cracks and the 
observation stations even if the same crack density is assumed. Therefore, a statistical 
analysis will be required for results calculated for many crack distributions and observation 
stations. 

We assumed cracks distributed periodically with the same spacings in a fault zone but such 
distribution is not realistic. We have to consider randomly distributed cracks in a fault zone 
for example. If the crack length has some distribution, the broader spectral peak will be 
observed. The dominant crack length can, however, be estimated in this case as well. 
Actually the frequency band of the seismic observation is limited. The length of the cracks 
can not be estimated by the proposed method when the crack length is shorter than the 
observable seismic wavelengths. Therefore, the crack length estimated in this study should 
be regarded as the dominant length in the range of the observable wavelengths and might 
reflect the distribution of relatively long cracks. Because the distribution of the relatively 
long cracks is considered to be effective to the large earthquake occurrence, the estimation 
stated here is significant to the monitoring of the preparation process of large earthquakes. It 
is a future work that the present computations will include the effects of microcrack 
distribution as the macroscopic parameters such as Q value. Although we investigate SH 
wave propagation in a 2-D elastic medium, this is the first theoretical study of elastic wave 
propagation in a low-velocity zone with densely distributed cracks without the assumption 
of low wavenumber approximation. The results obtained here will be the basis to estimate 
crack distribution in a fault zone. Further study is required to extend the present 
computations to 3-D simulations. 
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