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[1] We developed an inversion method to estimate the spatial variation of scattering
coefficient from observed envelopes of S coda waves. Synthetic envelopes are calculated
on the basis of the single scattering theory, assuming double-couple sources and a one-
dimensional depth-dependent velocity structure. In our algorithm, we evaluated scattering
attenuation taking spatial variation of scattering coefficient into consideration in order to
model energy attenuation by passing through the localized anomalous zones with high
scattering coefficients. The inversion method was applied to the seismograms in and
around the focal area of the 2000 western Tottori earthquake with M 7.3. Obtained results
show that there exist several zones with large scattering coefficient zones (LSZs). One of
the most predominant LSZ is located along and around the fault zone of the M 7.3
earthquake in the upper crust. This LSZ suggests the existence of damaged zones in the
main shock fault. Within this LSZ, an exceptionally small scattering coefficient area
was detected. This area corresponds to an asperity with a large amount of coseismic slip of
the main shock. Other prominent LSZs are detected in the mid to lower crust below

the northwestern part of the main shock fault. In addition, LSZs are distributed in a seismic

low-velocity zone, near Quaternary volcanoes, and near hypocenters of deep low-
frequency microearthquakes. Some of the imaged LSZs are probably related to local
concentration of fluid in the crust.  INDEX TERMS: 7260 Seismology: Theory and modeling; 7205
Seismology: Continental crust (1242); 7209 Seismology: Earthquake dynamics and mechanics; 8180
Tectonophysics: Tomography; KEYWORDS: fault zone, crustal heterogeneity, coda envelope
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1. Introduction

[2] Seismic coda, which is observed following the arrivals
of direct P and S waves, is considered to be a superposition of
incoherent scattered waves caused by inhomogencous
structures of the Earth [Aki, 1969; Aki and Chouet,
1975]. The radiative transfer theory is one possible
approach to evaluate the energy density of the coda in
time and space domains. Approximating random phases
for the scattered waves, the theory evaluates the transport
energy of the waves through a medium. Sato [1977]
proposed a formulation to evaluate coda energy density
on the basis of a single scattering model, which is a
special case of the radiative transfer theory. He applied
the formulation to the case of separated locations of
source and receiver, and showed that synthetic seismo-
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gram envelopes calculated by his model explain observed
seismogram envelopes of S coda. An integral equation of
the radiative transfer theory, including multiple scattering
processes for the case of an impulsive energy radiation at
a source was presented by Zeng et al. [1991]. It is known
that the analytical solution of energy density can be
derived from the integral equation in a uniformly random
media with a constant seismic velocity [e.g., Sato and
Fehler, 1998]. These previous studies have dealt with
scattered energy in uniformly random media, while there
are also studies which addressed with scattering problem
in nonuniformly random media. Coda modeling using
Monte Carlo simulation for the multiple scattering process
is one of such examples [Abubakirov and Gusev, 1990;
Hoshiba, 1991]. Inhomogeneous structures with nonuni-
form randomness were also suggested in order to explain
the features of the observed S coda [e.g., Nishigami,
1991, 1997, 2000; Obara, 1997, Chen and Long, 2000].

[3] Obara [1997] developed a method for estimating
energy density of S coda in nonuniformly random media.
In the method, the energy density is expressed as a
summation of scattered energy contributions from many
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small cubic blocks, which compose the crust and upper
mantle of the target area. He presented a model which
explains observed S coda envelopes including reflected
waves from the upper boundary of the Pacific plate.

[4] Nishigami [1991] dealt with the energy perturbation
in the general decay of the S coda. He developed an
inversion method to estimate spatial perturbation of scat-
tering coefficient from the energy perturbation. Nishigami
[2000] applied this method to the observed envelopes, in
the local seismic network around the San Andreas fault
system, and discussed a relationship between the spatial
variation of the scattering coefficient and the locations of
fault segments. These studies have shown the effectiveness
of the coda envelope data in estimating inhomogeneous
structures of the Earth. Although the method presented by
Nishigami [1991] has an advantage that we can ignore the
effects of both scattering attenuation and intrinsic absorp-
tion due to the procedure of removing general coda decay,
the energy perturbation of the S coda after the procedure
will cause the loss of information about absolute values
and spatially gentle variations of the scattering coefficient.
Another problem of the method is that the general coda
decay should be calculated analytically. In the calculation
of such decay, Nishigami [1991] assumed isotropic source
radiation in a constant velocity structure according to Sato
[1977]; however we prefer to use a depth-dependent
velocity structure and double-couple source models for
imaging localized scatterers with high resolution. Such
complicate models cannot be used in the method by
Nishigami [1991] because of the problem on the analytical
calculation of coda decay. In order to prevent the problem,
we developed a new inversion method without the proce-
dure of removing general coda decay. In our method, we
can easily take into consideration depth-dependent velocity
structures, double-couple sources, and scattering attenua-
tion caused by three-dimensional (3-D) distribution of
scattering coefficients. Absolute values of the scattering
coefficient can be also obtained, although intrinsic absorp-
tion parameter has to be assumed. The absolute values
may provide important information to compare and discuss
the extent of the heterogeneity among different studies in
various tectonic fields.

2. Methods
2.1. Synthetic and Observed Energy Density

[5] In this section, we explain a method for synthetic
seismogram envelopes. We divided a three-dimensional
target region into many cubic blocks, each having their
respective scattering coefficient. Coda energy density can be
estimated from the summation of contributions of each
block according to Obara [1997], and the contributions
are evaluated on the basis of the single scattering model
[e.g., Sato, 1977]. Coda energy density Eyy (1) from the
mth hypocenter, at the nth station, and in the ith lapse time
window with a starting time # and a length of /" is
expressed as

Nblock

§ hyp hyp sca p
W R le‘lj m"]( )
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where AV and gl are the volume and scattering
coefﬁment of the jth block whye, R%p, and R, are the
source radiation energy, the effect of source radiation
pattern, and the effect of angular dependency of scattering
coefficient, respectively (see also Figures la and 1b).
Although nonisotropic scattering model can be easily
introduced in the calculation of the energy density, we
adopted isotropic scattering model and set Ry, to be 1 as
follows. The summation is accomplished over Nyjoq small
blocks set in the subsurface, and reflections on the free
surface are neglected.

[6] B, (#;) means a contribution index and is defined as

£pvin
anj(ti) = / 6(1 _ t’Sr;:;\;tered)dt7 (2)
14

where tsca“md is the travel time of the scattered wave

propagating along the ray path from the mth hypocenter to
the nth station through the center of the jth block. If there is
an arrival of the scattered energy in the ith lapse time
window, B, (t;) is 1, while it is 0 otherwise. G, is the
geometrical spreading factor along the path; t,i,cnj“ered and
Gy were calculated analytically, assuming a 1-D velocity
structure with linear function of depth. It is important to
calculate t,fﬁ,‘;“md and Gm,,, analytically in order to decrease
the amount of calculation in our algorithm, because for each
hypocenter-station pair Nyoec calculations of these two
values are required. V™ in equation (1) is the S wave
velocity at 0-km depth.

[7] A represents the attenuation effect along the same
ray as the case of t,:,c,,‘}“md We divided the ray into Ny,
small segments to express the total attenuation effect along
the path as the product of the effects in each segment with
the length of A/f®. The total attenuation effect along the
path can be described as

Nieg

A = HeXP[ (th W)W/ VSR + f,f,f;k)Az,ieﬂ, 3)

where V5%, and g, are S wave velocity and total
scattering coefficient in the kth segment along the path.
Oin(w)~! and w are the spatially uniform intrinsic absorp-
tion parameter and the characteristic angular frequency
(constant) of monochromatic scattered waves. The primary
and secondary terms in the parenthesis of equation (3) mean
contributions of intrinsic absorption and scattering attenua-
tion, respectively. It is difficult to independently estimate
the intrinsic absorption parameter and the scattering
coefficient in the following inversion. Therefore the
intrinsic absorption parameter is not estimated but assumed
to be a priori value, which may be selected with respect to
the previous results [e.g., Fehler et al., 1992; Mayeda et al.,
1992; Hoshiba, 1993].

[8] Equations (1) and (3) include the scattering coeffi-
cients g’ °“ in the jth block and gmnjk in the segment,
respectively. Although gP'°® and g%, are different
variables, we prefer to have only one variable related to
scattermg coefficient. Therefore we define a new variable
g9 of scattering coefficient in the /th grid set in the same
target region. The grids are structured with a larger grid
separation than the block size and the length segment as
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Figure 1.
and linear interpolation of scattering coefficients
coefficients in adjacent eight grids.

shown in Figures lc and 1d. The scattering coefficients
2?'°* and g%, are expressed by equations (4) and (5),
respectlvely, which mean linear interpolation using values

of g¥ in adjacent eight grids:

Nerid
block __ block _grid
1 = E le 8 (4)
=1
Nerid
seg seg _grid
gmn/k § : Tmnjkl [ (5)

=1
where Ngiq is the number of grids. 7, bl°°k and T, are
welghtmg matrices for the mterpolatlon respectively. By
substituting equation (4) into equation (1) and assuming
1sotr0plc scattering model (R;,,; = 1), the synthetic energy
density is expressed as a function of gg“d.

Nblock

Z Wr}:zpr]rjn}j/'men/(ti) Gmn/AmnjA ijIOCk

< )/Vﬁﬂ Wll"l

We evaluated the observed energy density using three-
component seismograms observed at each station. The
observed energy dens1ty E,;’m; from the mth hypocenter, at
the nth station, and in the ith lapse time window expressed
as

Esyn

mn

rid

Z Tblock grld (6)

win
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where V(f),,,, is a time series of velocity amplitude
(seismograph) for the mth hypocenter, the nth station, and
the gth component; p means the sample number in a lapse
time window for the evaluation of averaged coda energy
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Schematic illustration of (a) synthetic energy density, (b) single scattering on a block scatter,

in (c) a block and (d) a segment using scattering

density; p;", S S 8§54 and N, are medium density at
0-km depth, site factor, sampling interval in seconds, and
length of the lapse time window in samples, respectively.
The time length of the lapse time window /™" in equation (1)
is expressed as

wm = Nuin §¢5amp

(8)

2.2. Observation Equation

[9] In this section, we derive an equation which connects
synthetic and observed energy densities. An equation for
data may be derived from equations (6) and (7), but it is
difficult to simultaneously estimate the source radiation
energy W, " the medium density p5™, and the site factor
S, s’ Therefore we obtain the following observation equa-
tion employmg the conventional coda normalization method
[Aki, 1980]:

Ersrzlr?(tl) ~ E}(;I;s( ) (9)
1 later ~ 1 later . ’
Voo B =D Ew)
ater “ later

where the denominators of both sides of equation (9) show
the synthetic and the observed energy densities of a later
part of the S coda, respectively. Applying equation (9), we
assume that the energy density of the later part of the S coda
is approximately independent of source and station loca-
tions. When the spatial extent of the scattering shells
evaluated for the later coda is grossly sufficiently larger than
that of the distribution of sources and stations, the shells
sample the nearly equivalent volume in the crust and
the upper mantle. In this case, the energy density of the
later coda is insensitive to the spatially nonuniform
randomness of inhomogeneous structures, justifying the
above assumption. An operator 1/Njye,d ;< means aver-
aging over several lapse time windows corresponding to
later portions of the S coda. By substituting equations (6)
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and (7) into equation (9), WP, oS, and S5 are cancelled.
Thereby equation (9) becomes

Nolock

rid
5 7016t
=

later Npiock hyp Nerid h

Z Z an anj 173 G’leAmnj ZTblock ari
3

S g,

p=1 g=1
~ 3 . (10)
> vt +pset™y

Since our observation is v(f) in the right-hand side of
equation (10), we may write it symbolically by

F<g[grid)mm'z dmni' (1 1)

The final formulation, equation (10) or (11), is a nonlinear
equation of gf™®. We solved this nonlinear inversion
problem using a standard least squares technique iteratively.

2.3. Nonlinear Inversion Method

[10] In this section, we shall explain the linearization of the
nonlinear inversion problem and the estimation of model
parameters. The nonlinear inversion problem (equation (11))
is expressed as

F(g) ~d, (12)
where
grid grid grid T
g= (gl y 8 a'“?gNgnd) (13)
id id d T
d= (df, et L) (14)

We call g and d model parameter vector and data vector,
respectively. Typically, the nonlinear inversion problem of
equation (12) can be inverted by a linearized iterative
approach given by [e.g., Menke, 1984]

VF] 0 bg" ~ 6a") (15)

gt =g +6g" (16)
where g is the estimated model parameter vector, dg" ~

g — g™ is the model correction vector, and d™ = d —
F(g(”)) is the residual vector after the nth iteration. VF |, is
the partial derlvatlve matrix for g If we have a reasonable
initial model g, equation (15) can be solved for 6g'® using
standard least squares techniques, and a new guess g can
be computed from equation (16). This process can be
iterated until the Euclidian length of the vector &g
becomes sufficiently small.
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[11] We introduced a weight matrix C to the estimation of
6g", and minimized the total error E given by

E = ||c8d™ — CVF|y 58", (17)

The weight matrix C is ordinarily selected, on the basis of
the covariance matrix of the observed data or a priori
observation accuracy. In this study, we set

Wil 0
Winni

0 Wy NoiaNoin

where if /7" < 7, < % then w,,,; = l/F(g("))mm, and if ¢; <
(oin - max <t then Wy, = 0. While w,,,; is the weighting
factor for the individual data set, 2" and /2% are the start
and end times of the permitted lapse time range for this
analysis, respectively. We selected w,,,,; = l/F(g("))mm in
order to prevent strong dependency of the estimated model
parameter on the relatively early coda with large energy
density. The start time 7, was selected so that the earliest
portion of the S coda could be avoided. If our approxima-
tion of isotropic scattering is not applicable to the real
structure, it is difficult to consistently model both early
coda, composed mainly by forward scattered waves, and
later coda, composed by back scattered waves. Even in such
a case, we can stably estimate back scattering coefficient by
omitting the earliest portion of the S coda from our data set,
and then we adopted 1.5 times the travel time of the direct S
wave as the start time /7", The end time /2% was set to
reduce the effect of multiple scattering. Hoshiba [1991]
showed that the effect of multiple scattering was reasonably
small before the 0.65 time’s mean free time. Following his
results, we adopted 30 s as the end time £,5".

[12] As we have a large amount of available data, the
present inversion can be an overdetermined least squares
problem to estimate 5g”. Even in such a case, the least
squares equation may be ill-conditioned because of the
nonuniform coverage of the scattering shells related to the
data, and some model parameters cannot be stably estimated.
Therefore we prefer to introduce the constraints as a priori
information of the model parameters to minimize the follow-
ing value:

o0 0|+ 07 [ 15g ™ ||+ 62| Dog™ ||°, (19)

o = ||céd™ — CVF

where matrices I and D are the unit matrix and the matrix of
spatial Laplacian operator, which produces a vector Dég™
of the second differences between scattering coefficient
perturbations in adjacent grids, respectively; 02 and 02, are
nonnegative influence parameters for the constraint. The
second term is a constraint to minimize the Euclidian length
of the correction vector in each iteration. The third term is a
constraint to smooth the spatial variation of the model
parameters. According to the standard least squares
problem, the condition to minimize ¢ is described as

VF|yo WeVF |y VF| g Webd®
02 Wy, dg\) ~ 0 . (20)
01 0
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36°

Figure 2. Regional map of southwestern Japan. Rectangle denotes the study area for which the results
of the scattering inversion are shown in Figures 8, 9, 11, and 12. Hypocenters of recent shallow
earthquakes are shown by gray circles. Dashed lines denote locations of Quaternary volcanoes
[Committee for Catalog of Quaternary Volcanoes in Japan, 1999]. The hypocenters of the 2000 western
Tottori earthquake and Daisen volcano are shown by a star and a triangle, respectively.

where

W, =C'C (21)

W, =D'D. (22)
Equation (20) can be solved more stably than equation (15)
in each iteration in order to estimate the model correction
vector g,

3. Application to Real Data
3.1. The 2000 Western Tottori Earthquake

[13] At first, we tested presently developed the inversion
method by inverting synthetic data, and we then applied it to
the real data acquired in and around the focal area of the
western Tottori earthquake. The 2000 western Tottori earth-
quake with M 7.3 occurred on 6 October 2000 in Tottori
prefecture, southwestern Japan (Figure 2). In this region,
many shallow earthquakes occur constantly along the sea
shore of the Japan Sea with a band-shaped distribution in
the ENE-WSW direction. The 2000 western Tottori earth-
quake occurred in this seismic band (Figure 2). In and
around the focal area, an active fault named Kamakura-
Yama Nanpo fault with a low-activity level had been
identified [Active Fault Research Group, 1991]. However,
the strike of this active fault is not consistent with the fault
plane of the 2000 western Tottori earthquake. The active
fault seems not to be related to the main shock. It is very
important to know how such a large earthquake occurred in
this area where a causative active fault has not been
detected. Assuming that there are inhomogeneous structures
related to the main shock fault in the crust, we try to image
the inhomogeneous structures in and around the focal area.

3.2. Data and Analysis

[14] The Joint Group for Dense Aftershock Observation
of the 2000 Tottori-ken Seibu Earthquake deployed 60 tem-
porary seismic stations in and around the focal area of the
earthquake, and the observation was carried out for about 2
months. Twelve permanent stations are also located in and

around the area, which have been operated by Kyoto
University, the Japan Meteorological Agency and the
National Research Institute for Earth Science and Disaster
Prevention [Joint Group for Dense Aftershock Observation
of the 2000 Tottori-ken Seibu Earthquake, 2001]. We used
waveform data acquired at these temporary and permanent
stations, and arrival time data picked by the Joint Group for
Aftershock Observation.

[15] At first, we determined aftershock hypocenter loca-
tions with the software HYPOMH [Hirata and Matsu ura,
1987], and estimated the focal mechanisms of events with
M 2.0 to 3.0 from polarity data using the method of Abers
and Gephart [2001]. In both hypocenter and focal mecha-
nism estimations, we used a one dimensional velocity
structure similar to that used routinely by Tottori Observa-
tory, Kyoto University. The velocity structure is shown in
Figure 3. We selected 82 events with M 2.0 to 3.0 of
hypocenter locations and focal mechanisms estimated with
good accuracy, as shown in Figure 4. In this event selection,
we also took into consideration the spatial distribution of the
hypocenters, because we prefer a good coverage of scatter-
ing shells made from a spatially uniform distribution of
stations and hypocenters to resolve the spatial variation of
scattering coefficient. Figure 5 shows the estimated focal
mechanisms of the events. Most of the events have focal
mechanisms of left-lateral strike-slip type, similar to the
main shock with M 7.3. We selected and used 3567 three-
component seismograms observed at 59 stations in Figure 5,
taking the quality of the waveform data into consideration.

[16] We set 2459 grids with a 5-km spacing in and around
the focal area and with a 10-km spacing in the surroundings,
as shown in Figure 6. Circles denote locations of the grids,
and gray scale indicates the hit counts defined as the number
of envelopes in the estimation of the scattering coefficient in
each grid. The hit counts were greater than 2000 in most of
the grids in and around the focal area, although much less in
peripherals of model space.

3.3. Checkerboard Resolution Test

[17] We checked how well the present inversion method
could resolve the spatial distribution of scattering coeffi-
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structure is recovered. In the present study, synthetic envel-
ope data were generated for a medium having a checkerboard
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Figure 3. Velocity structures of (a) P and (b) S waves.
Solid lines show one-dimensional depth-dependent velocity
structures for hypocenter determination, estimation of focal
mechanism, and inversion analysis. Dashed lines denote the
velocity structure routinely used for the hypocenter
determination in Tottori Observatory of the Disaster
Prevention Research Institute, Kyoto University.

cient by the following checkerboard resolution test (CRT).
The CRT is often used to evaluate the spatial resolution of
inversion problems for seismic wave velocity structures
[e.g., Zhao et al., 1992]. In those studies, synthetic travel
time data are generated for a medium having a checkerboard
pattern of velocity structure, and the employed inversion
procedure is used to check how the initial assumed velocity

pattern of scattering coefficient structure. We assumed
the presences of 10-km size anomaly zones with large
scattering coefficient (go = 0.02 km ') in the background
inhomogeneous media (g = 0.001 km ™). The total of 3567
noise-free synthetic envelope seismograms with a length of
30 s from the origin time, which was the same length as the
available waveform data in the following analysis, was
generated according to equation (1). In this generating the
envelope data, the length of time windows " for the
evaluation of average energy density was 1 s, and we selected
the intrinsic absorption parameter Qi (w) ' to be 0.0017 in
the case of w = 6 Hz, in reference to the results of multiple
lapse time window analysis in this region by Hoshiba [1993].
Then we estimated the scattering coefficient in each grid from
these synthetic data. We used an initial model with the
scattering coefficient of all the grids to be 0.005 km ™', and
assumed the same intrinsic absorption parameter as in the
generation of the synthetic data. The influence parameters
62,=0.01 and 62 = 0.01 were selected by trial and error, and
time windows for coda normalization were 20—28 s from the
origin time.
[18] We defined the misfit at the nth iteration as

2

misfit® = Hca _CF (g<">) 7 (23)

which is the weighted sum of the squared residual. Figure 7a
shows that the misfit is sufficiently reduced after the fifth
iteration, and we selected the model after the fifth iteration
to be the final result. The results at 8 depth levels in and

40 " 1 " 1 " 1 1 1 " 1 1
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~ |
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w23 y Wt22
+ + w08 o wes widg \
04 Q 47 P +wt56 + A
o - RN H w26 wizo  Wie
= NOH o 00wms3 FR R sy S +
+ ¢ WSAWIZAD 4+ W3
000 '~ V&gs wi34, @ -[09 + WE;W
+ w3 T "0
-104 0 wio T st 8 i
Qs Wy \ w38 Twiag
1<) wis +
/o o P
} | QTRT -
\ -~ W50
- -1 7/ —_ 7 -
20 ~ - = \ ~SGoH +
. + w1
SAl S
-30 / B
¢
T T T T T T T T T T T
-30 -20 -10 0 10 20 30 40 50

Easting (km)

Figure 4. Hypocenters used in the inversion and stations used in the hypocenter determination are
shown by open circles and crosses, respectively. The main shock hypocenter is shown by a star.
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Figure 5. Estimated focal mechanisms plotted by lower
hemisphere projection and stations used in the inversion by
crosses. The main shock hypocenter is shown by a star.
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around the focal area are shown in Figure 8. The
checkerboard pattern and the absolute value of scattering
coefficient were well recovered near sources and stations at
depths of 0, 5, 10, 15, and 20 km, but not recovered well at
depths of 25 km and deeper. These features indicate that the
spatial variation is resolved very well near the sources and
stations, but not well in deep regions and far from the
sources and stations, in spite of significant numbers of
the hit counts in Figure 6. In the regions of low resolution,
the scattering shells which depend on geometries of the
sources and stations have similar shapes to each other. In
such a case, the coda energy density corresponding to the
scattered wave from the regions is not sensitive to the
geometries and spatial variation of the scattering coefficient.

3.4. Spatial Variation in and Around the Focal Area
of the 2000 Western Tottori Earthquake

[19] We first produced normalized envelope seismograms
from three-component seismograms after processing the
signals with a band-pass filter (4.5-9.0 Hz), according to
the right-hand side of equation (10). All the parameters
for the analysis had the same values as those in the CRT.
The scattering coefficient of all the grids in the initial model
was selected to be 0.005 km™' in reference to Hoshiba
[1993]. As in the case of the CRT, The misfit of defined by
equation (23) was also sufficiently decreased after five
iterations (Figure 7b), reducing from 3.79 x 10* to 1.91 x
10*. The estimated distributions of scattering coefficient at
eight depth levels in and around the focal area are shown in

) Depn < 100km _(6) Depin < 15,0k
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$ oo e e e e ee e oo
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Figure 6. Grids for estimated scattering coefficients shown by circles at depth levels of (a) 0 km, (b) 5 km,
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scale denotes hit counts in each grid.
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Figure 7. Misfits in each iteration of the inversion defined
by equation (23) for (a) checkerboard resolution test and
(b) inversion applying to real data.

Figure 9. Some of the large scattering coefficient zones
(LSZs) are distributed along and around the main shock
fault at depths of 0 to 10 km (Figures 9a—9c). These LSZs
extend to a deeper portion of both edges of the main shock
fault (Figure 9d). LSZs are also detected in the mid and
lower crust. They are localized below the northwestern part
of the main shock fault at depths of 15 and 20 km
(Figures 9d and 9¢). Remarkable LSZs near Mount Daisen,
a Quaternary volcano, are distributed at all depth levels,
although spatial resolution is poor at depths of 25 km and
deeper. Moho discontinuity was also detected as an LSZ at
depths of 20, 25 and 30 km (Figures 9f, 9¢g, and 9h). These

(@) Depth =0.0 km

(b) Depth =5.0 km
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LSZs at depths of 20 km and shallower are considered to be
sufficiently large to be resolved by the present inversion,
considering their size and the results of the CRT. Inhomo-
geneous structures related to the LSZs are discussed in
section 4. Remarkable energy arrivals from the LSZs below
the northern part of the main shock fault and Moho
discontinuity can be seen in the observed and the model-
predicted envelopes shown in Figure 10. Model-predicted
envelopes agree well with the general features of observed
envelopes, although the model-predicted envelopes seem to
be smoother than the observed envelopes and show vague
energy arrivals from the LSZs. Remarkable energy arrivals
corresponding to the LSZs along the main shock fault could
not be recognized in both model-predicted and observed
envelopes in Figure 10. The reason for this can be inter-
preted that the energy from these LSZs arrives in the
relatively early portion of coda following the direct S waves.
Although the very early portion of coda was not used in our
inversion, the existence of these LSZs along the main shock
fault is needed to explain the observed different decay
gradients among many coda envelopes in the relatively
early portion.

[20] The obtained LSZs were also checked for resolution
and robustness against noise contamination using the
restoring resolution test (RRT) [e.g., Zhao et al., 1992],
which is effective to check how well the LSZs with various

(C) Depth =10.0 km

(d) Depth =15.0 km

(g)Checkerboard Pattern (h) Checkerboard Pattern
Depth = 10, 15, 30, 35 km

30 20 10 0 10 20 30 -30 -20 -10 0 10 20
Easting (km) Easting (km)

0.0006 0.0013 0.0025 0.0035 0.0050 0.0071 0.0100 0.0200 0.0400

30 -30 -20 -10 0 10 20 30 -30 -20 10 O 10 20 30

Easting (km) Easting (km)

Scattering Corf. [km™]

Figure 8. Results of checkerboard resolution test at depth levels of (a) 0 km, (b) 5 km, (c) 10 km,
(d) 15 km, (e) 20 km, and (f) 25 km. Gray scale denotes values of estimated scattering coefficient.
Hypocenters and stations are shown by circles and crosses, respectively. The main shock hypocenter and
Daisen volcano are shown by a star and a triangle, respectively. Assumed checkerboard pattern at depths
of (g) 0, 5, 20, and 25 km and (h) 10, 15, 30, and 35 km.
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Figure 9. Distribution of scattering coefficient in and around the focal area of the 2000 western Tottori
carthquake at depth levels of (a) 0 km, (b) 5 km, (¢) 10 km, (d) 15 km, (e) 20 km, (f) 25 km, (g) 30 km,
and (h) 35 km. Color scale denotes values of scattering coefficient. The epicenter of the main shock and
Daisen volcano are shown by a star and a triangle, respectively. Small circles denote aftershocks
occurring within 2.5 km from each depth revel during the period 15 to 25 October 2000 [Joint Group of
Dense Aftershock Observation of the 2000 Tottori-ken Seibu Earthquake, 2001].

sizes could be resolved. Synthetic data for the test were
generated from the obtained results (Figure 9) by adding
Gaussian noise of 20% to the synthetic energy density,
which is nearly equal to the level of energy perturbation in
the envelopes observed at each station. Since the level is

much larger than that of ground and electric noise, such an
energy perturbation is caused by the complexity of wave
propagation, which cannot be expressed in our simplified
model. The synthetic data with the noise were inverted
using the same parameters as in the inversion of the real
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Figure 10. Examples of observed and model-predicted envelopes. Solid lines and dashed lines denote
model-predicted and observed envelopes at station wt08. The station wt08 and hypocenters are indicated

in the inset map by a cross and circles.
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Figure 11. Test with data reselection for scattering coefficient at the depth of 5 km by removing events

(a) in the northern part, (b) in the central part, and (c) in the southern part of the aftershock area. All the

symbols are the same as Figure 8.

data. Obtained patterns of the RRT well recovered and are
very similar to the original ones. These results indicate that
the obtained distribution of LSZs and its resolution are
robust to random noise contamination for the data.

[21] The results of the CRT and RRT show the feasibility
of the inversion method and good spatial resolution in and
around the focal area of interest. Further, we made an
additional test to check reliability for the existence of the
LSZs along the main shock fault. At first, we classified the
82 events into four groups according to their hypocenter
locations, northern, central, southern, and surrounding
groups. Next, we made three data sets which were removed
one group from the original data set. Then we inverted these
data sets to estimate the distribution of the scattering
coefficient. The obtained distribution images of scattering
coefficient at a depth of 5 km for the three data sets are
shown in Figure 11. They are similar to that obtained from
the original data set (Figure 9b). We obtained almost
identical results also at other depth levels. These indicate
that three different distributions of hypocenters used do not
strongly affect estimated distribution of scattering coeffi-
cient, which shows that the LSZs along the main shock fault
are not artifact.

4. Discussion

4.1. Inhomogeneous Structure Along the
Main Shock Fault in the Upper Crust

[22] Reflected and scattered waves from nearly vertical
faults have been detected along the San Andreas fault
system [e.g., Hole et al., 1996; Parsons, 1998; Nishigami,
2000]. Hole et al. [1996] and Parsons [1998] detected
reflected waves from the faults by seismic reflection sur-
veys. Parsons [1998] concluded that the Hayward fault
extends down to the Moho discontinuity and cuts the entire
crust considering the shape of reflection surface. Nishigami
[2000] estimated the spatial distribution of relative scatter-
ing strength from coda envelopes of local earthquakes, and
detected strongly inhomogeneous structures along the
faults. In the present study, we also detected distinct LSZs
distributed exactly along the main shock fault at a depth of

10 km. This suggests that the LSZs are related to the main
shock fault of the 2000 western Tottori earthquake. These
fault structures have also been investigated using fault
trapped waves. Nishigami et al. [2002] investigated fault
trapped waves at stations along the main shock fault. The
results show the existence of fault-damaged zones below the
stations, and the estimated width of the fault-damaged zone
along the main shock fault is about 20 m. Even in the most
developed fault-damaged zone, such as that of the Landers
earthquake in 1994, the estimated width of the damaged
zone was about 200 m [Li et al., 1994]. In the present study
we used seismograms with a band-pass filter (4.5-9.0 Hz)
whose wavelength is about several hundred meters, assum-
ing the S wave velocity to be 3—4 km/s. Although this is
larger than the typical width of fault-damaged zones, strands
of the fault-damaged zones can effectively scatter seismic
waves with larger wavelength and can be imaged as the
LSZs along the main shock fault.

[23] The distinct LSZs at a depth of 5 km are distributed
widely along the main shock fault. Figure 12 shows the
distribution of lineaments detected from aerial photograph
interpretations of active structures by Inoue et al. [2002].
They also found faults, fault gouges, horizontal striations on
the faults, and intrusions near the faults along the linea-
ments. The distribution of lineaments has a good spatial
correlation with the distribution of the LSZs at a depth of
5 km (Figure 12). These results suggest that the 2000
western Tottori earthquake occurred in a strongly inhomo-
geneous zone, although no causative active faults had been
detected [Active Fault Research Group, 1991]. We may be
able to detect subsurface inhomogeneous structures that
cause large earthquakes by using the present inversion
method.

[24] Next we discuss the spatial distribution of scattering
coefficient along the fault plane. The depth distribution is
shown in Figure 13, together with aftershock hypocenters
[Joint Group for Dense Aftershock Observation of the 2000
Tottori-ken Seibu Earthquake, 2001] and coseismic slip of
the main shock [Iwata and Sekiguchi, 2002]. We can see a
good spatial correlation between the LSZs and the aftershock
activity. An asperity with large coseismic slip is located in a
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Figure 12. Lineaments in an area of aerial photographic
interpretation performed by /noue et al. [2002] as a polygon
drawn by a gray solid line. Lineaments are shown by solid
lines. Estimated distribution of scattering coefficient at a
depth of 5 km is shown in gray scale. Circles denote
aftershocks occurring at a depth range of 2.5—7.5 km during
the same period as Figure 9 [Joint Group of Dense
Aftershock Observation of the 2000 Tottori-ken Seibu
Earthquake, 2001].

zone with relatively low scattering coefficient between the
two prominent LSZs (Figure 13). Revenaugh [1995] imaged
scattering structures of the focal area of the Landers earth-
quake in 1994 using teleseismic events. They detected the
good correlation among scattering intensity, aftershock ac-
tivity, and coseismic slip. Nishigami [2000] also showed that
focal areas of large earthquakes along the San Andreas fault
system in California were bounded by strongly inhomoge-
neous zones with large scattering strength, which he inter-
preted as heavily damaged zones. The detected relationship

4

m
3Mom
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among scattering coefficient, aftershock activity and asperity
along the main shock fault of the 2000 western Tottori
earthquake (Figure 13) is consistent with these previous
results. Relatively homogenecous zones among heavily
inhomogeneous zones can store stress and cause a relatively
large amount of slip at the time of large earthquakes. On the
contrary, coseismic slip in LSZs is presently small. This
suggests that heavily damaged areas with large scattering
strength can not store stress because such damaged regions
seem to release stress by small earthquakes, aseismic slip,
and volumetric creep deformation.

4.2. Inhomogeneous Structure in the Mid and
Lower Crust

[25] Clear LSZs at the depth of 15 to 20 km are
distributed below the northern part of the main shock fault
(Figures 9 and 13). LSZs in the mid and lower crust were
also detected beneath the northeastern Japan arc. Ogawa et
al. [2001] carried out MT observations to estimate resist-
ibility structure in the Ou backbone range of the north-
eastern Japan arc. They found that the low-resistibility
zones were distributed in the downward extension of the
Senya fault near the volcanic front, and that there was a
good spatial correlation among the low-resistibility zones,
seismic scatterers [Asano et al., 1999], and seismic low-
velocity zones [Nakajima et al., 2001]. In that study, it was
interpreted that the low-resistibility zones showed the
existence of fluids in the mid and lower crust. Localized
fluid-filled cracks distributed in the area can scatter seis-
mic waves effectively as LSZs. Nakajima and Hasegawa
[2003] showed a clear seismic low-velocity anomaly,
which exhibited low V), low V;, and high V,/V; values,
extending from the uppermost mantle to active volcanoes
and to the focal area of the 1962 Northern Miyagi
earthquake of M 6.5, in northeastern Japan. The low-
velocity zone below the main shock fault of the 1962
Northern Miyagi earthquake also has a good correlation
with the low-resistibility zone [Mitsuhata et al., 2001].
They concluded that the low-velocity zone indicates the
existence of partial melt and/or H,O supplied to the upper
crust from the partial melting zone in the lower crust. The
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Figure 13. Depth distribution of scattering coefficient along the main shock fault plane. A star and
contours denote the rupture initiation point and coseismic slip of the main shock [/wata and Sekiguchi,
2002], respectively, with circles for the same aftershocks as Figures 9 and 12. A red ellipse denotes the
exceptional area with relatively small scattering coefficient in the main shock fault. Inset map indicates
the line along which the distribution of scattering coefficient is shown.
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focal area of the 2000 western Tottori earthquake was also
located near Quaternary volcanoes [Committee for Catalog
of Quaternary Volcanoes in Japan, 1999] (Figure 2) and
near a low-velocity zone in the crust, which also exhibited
low V,, low Vi, and high V,/V; [Shibutani and Maeda,
2002]. The LSZs below the northern part of the focal area
in the mid and lower crust were located in the low-velocity
zone, although spatial resolution of their results was not
enough to be compared with our results. The low-velocity
zone shows a band-shaped distribution, parallel to the
Quaternary volcanic front. The low-velocity band at the
depth of 30 km was located about 30 km south of
the surface distribution of the Quaternary volcanoes, and
the low-velocity band in the upper crust was located
near the coast of the Japan Sea. This type of distributions
is similar to that found in northeastern Japan by Nakajima
and Hasegawa [2003]. The interpretation of the existence
of fluid there is consistent with the occurrence of low-
frequency microearthquakes [Ohmi et al., 2002] near the
Moho discontinuity in this area.

5. Conclusions

[26] We developed a new inversion method to estimate 3-D
spatial distribution of scattering coefficient, using envelope
seismograms of S coda. The method can take into consider-
ation realistic models in velocity structure, source radiation,
and scattering attenuation, which enables to image the
distribution of scattering coefficient with high resolution.

[27] The presently developed inversion method was
applied to the real data acquired in and around the focal
area of the 2000 western Tottori earthquake with M 7.3.
The inverted image shows that most prominent LSZs are
distributed along and around the main shock fault. These
LSZs suggest the existence of fault-damaged zones. An
exceptionally small scattering coefficient zone in the LSZs
along the main shock fault perhaps corresponds to the
asperity with large coseismic slip. LSZs were also detected
in the mid to lower crust below the northern part of the main
shock fault. Other LSZ was detected near Daisen volcano,
which suggests that the LSZs are related to the deep
structure of Quaternary volcanoes.

[28] The present inversion showed that the 2000 western
Tottori earthquake occurred in a strongly inhomogeneous
area with large scattering coefficients, where causative
active faults have not been detected in the focal area. The
present inversion method may be effective for detecting
such buried structure that causes large earthquakes.

[29] Acknowledgments. We appreciate the Joint Group for Dense
Aftershock Observation of the 2000 Tottori-ken Seibu earthquake for
allowing us to use their waveform data and arrival time data. Seismograph
stations used in this study include permanent stations operated by the Japan
Meteorological Agency (JMA), the National Research Institute for Earth
Science and Disaster Prevention (NIED), Earthquake Research Institute,
University of Tokyo (ERI), and the Disaster Prevention Research Institute,
Kyoto University (DPRI). J. Revenaugh and K. Nishigami provided
thoughtful reviews, which improved the manuscript. All the figures were
drawn with the software GMT [Wessel and Smith, 1991].

References

Abers, G. A., and J. W. Gephart (2001), Direct inversion of earthquake first
motions for both the stress tensor and focal mechanisms and application
to southern California, J. Geophys. Res., 106, 26,523 —26,540.

ASANO AND HASEGAWA: FAULT ZONES IMAGED BY ENVELOPE INVERSION

B06306

Abubakirov, I. R., and A. A. Gusev (1990), Estimation of scattering proper-
ties of lithosphere of Kamchatka based on Monte-Carlo simulation of
record envelope of a near earthquake, Phys. Earth Planet. Inter., 64,
52-67.

Active Fault Research Group (1991), Active Faults in Japan, new ed., 437
pp-, Univ. of Tokyo Press.

Aki, K. (1969), Analysis of the seismic coda of local earthquakes as scat-
tered waves, J. Geophys. Res., 74, 613—631.

Aki, K. (1980), Attenuation of shear-waves in the lithosphere for frequen-
cies from 0.05 to 25 Hz, Phys. Earth Planet. Inter., 21, 50—60.

Aki, K., and B. Chouet (1975), Origin of coda waves: Source, attenuation
and scattering effect, J. Geophys. Res., 80, 3322—3342.

Asano, Y., et al. (1999), Spatial distribution of seismic scatterers beneath
the Ou backbone range, northeastern Japan (in Japanese with English
abstract), J. Seismol. Soc. Jpn., 52, 379—-394.

Chen, X., and L. T. Long (2000), Spatial distribution of relative scattering
coefficients determined from microearthquake coda, Bull. Seismol. Soc.
Am., 90, 512—-524.

Committee for Catalog of Quaternary Volcanoes in Japan (1999), Catalog of
Quaternary volcanoes in Japan, Bull. Volcanol. Soc. Jpn., 44, 285-289.

Fehler, M., M. Hoshiba, H. Sato, and K. Obara (1992), Separation of
scattering and attenuation for the Kanto-Tokai region, Japan, using mea-
surements of S-wave energy versus hypocentral distance, Geophys. J. Int.,
108, 787-800.

Hirata, N., and M. Matsu’ura (1987), Maximum-likelihood estimation of
hypocenter with origin time eliminated using nonlinear inversion tech-
nique, Phys. Earth Planet. Inter., 47, 50—61.

Hole, J. A., H. Thybo, and S. L. Klemperer (1996), Seismic reflections from
the near-vertical San Andreas Fault, Geophys. Res. Lett., 23, 237—240.

Hoshiba, M. (1991), Simulation of multiple-scattered coda wave excitation
based on the energy conservation law, Phys. Earth Planet. Inter., 67,
123-136.

Hoshiba, M. (1993), Separation of scattering attenuation and intrinsic ab-
sorption in Japan using the multiple lapse time window analysis of full
seismogram envelope, J. Geophys. Res., 98, 15,809—15,824.

Inoue, D., K. Miyakoshi, K. Ueta, A. Miyawaki, and K. Matuura (2002),
Active fault study in the 2000 Tottori-ken Seibu earthquake area (in
Japanese with English abstract), J. Seismol. Soc. Jpn., 54, 557—573.

Iwata, T., and H. Sekiguchi (2002), Source process and near-source ground
motion during the 2000 Tottori-ken Seibu earthquake (in Japanese), Mon.
Earth, special issue, 38, 182—188.

Joint Group for Dense Aftershock Observation of the 2000 Tottori-ken
Seibu Earthquake (2001), Aftershock distribution of the 2000 Tottori-
ken Seibu earthquake determined by dense aftershock observation, paper
presented at Japan Earth and Planetary Sciences Joint Meeting, Tokyo.

Li, Y. G., K. Aki, D. Adams, A. Hasemi, and W. H. K. Lee (1994), Seismic
guided waves trapped in the fault zone of the Landers, California, earth-
quake of 1992, J. Geophys. Res., 99, 11,705-11,722.

Mayeda, K., S. Koyanagi, M. Hoshiba, K. Aki, and Y. Zeng (1992), A
comparative study of scattering, intrinsic, and coda Q! for Hawaii, Long
Valley, and central California between 1.5 and 15.0 Hz, J. Geophys. Res.,
97, 6643—6659.

Menke, W. (1984), Geophysical Data Analysis: Discrete Inverse Theory,
285 pp, Academic, San Diego, Calif.

Mitsuhata, Y., Y. Ogawa, M. Mishina, T. Kono, T. Yokokura, and T. Uchida
(2001), Electromagnetic heterogeneity of the seismogenic region of 1962
M 6.5 northern Miyagi earthquake, northeastern Japan, Geophys. Res.
Lett., 28, 4371-4374.

Nakajima, J., and A. Hasegawa (2003), Tomographic imaging of seismic
velocity structure in and around the Onikobe volcanic area, northeastern
Japan: Implications for fluid distribution, J. Volcanol. Geotherm. Res.,
127, 1-18.

Nakajima, J., T. Matsuzawa, A. Hasegawa, and D. Zhao (2001), Three-
dimensional structure of V,,, ¥, and V,/V, beneath northeastern Japan:
Implications for arc magmatism and fluids, J. Geophys. Res., 106,
21,843-21,857.

Nishigami, K. (1991), A new inversion method of coda waveforms to
determine spatial distribution of coda scatterers in the crust and upper-
most mantle, Geophys. Res. Lett., 18, 2225-2228.

Nishigami, K. (1997), Spatial distribution of coda scatterers in the crust
around two active volcanoes and one active fault system in central Japan:
Inversion analysis of coda envelope, Phys. Earth Planet. Inter., 104, 75—
89.

Nishigami, K. (2000), Deep crustal heterogeneity along and around the San
Andreas fault system in central California and its relation to the segmen-
tation, J. Geophys. Res., 105, 7983—7998.

Nishigami, K., I. Doi, T. Mizuno, K. Tadokoro, and A. Shimokawa (2002),
Investigation for deep structures of the mainshock fault of the 2000
western Tottori earthquake (in Japanese), Mon. Earth, special issue, 38,
174—181.

12 of 13



B06306

Obara, K. (1997), Simulations of anomalous seismogram envelopes at coda
portions, Phys. Earth Planet. Inter., 104, 109—125.

Ogawa, Y., et al. (2001), Magnetotelluric imaging of fluids in intraplate
earthquake zones, NE Japan back arc, Geophys. Res. Lett., 28, 3741—
3744.

Ohmi, S., K. Watanabe, T. Shibutani, N. Hirano, and S. Nakao (2002), The
2000 western Tottori Earthquake—Seismic activity revealed by the
regional seismic networks, Earth Planets Space, 54, 819—830.

Parsons, T. (1998), Seismic-reflection evidence that the Hayward fault
extends into the lower crust of the San Francisco Bay area, Bull. Seismol.
Soc. Am., 88, 1212—1223.

Revenaugh, J. (1995), Relation of the 1992 Landers, California, earthquake
sequence to seismic scattering, Science, 270, 1344—1347.

Sato, H. (1977), Energy propagation including scattering effects single
isotropic scattering approximation, J. Phys. Earth, 25, 27—41.

Sato, H., and M. C. Fehler (1998), Seismic Wave Propagation and
Scattering in the Heterogeneous Earth, 308 pp., Springer-Verlag,
New York.

ASANO AND HASEGAWA: FAULT ZONES IMAGED BY ENVELOPE INVERSION

B06306

Shibutani, T., and Y. Maeda (2002), Three-dimensional seismic velocity
structure in and around the focal area of the 2000 western Tottori earth-
quake (in Japanese), Mon. Earth, special issue, 38, 203—208.

Wessel, P., and W. H. F. Smith (1991), Free software helps map and display
data, Fos Trans. AGU, 72, 441, 445—446.

Zeng, Y., F. Su, and K. Aki (1991), Scattering wave energy propagation in a
random isotropic scattering medium 1. Theory, J. Geophys. Res., 96,
607-619.

Zhao, D., A. Hasegawa, and S. Horiuchi (1992), Tomographic imaging of
P and S wave velocity structure beneath northeastern Japan, J. Geophys.
Res., 97, 19,909—-19,928.

Y. Asano, National Research Institute for Earth Science and Disaster
Prevention, Tsukuba 305-0006, Japan. (asano@bosai.go.jp)

A. Hasegawa, Research Center for Prediction of Earthquakes and
Volcanic Eruptions, Graduate School of Science, Tohoku University, Sendai
980-8578, Japan.

13 of 13



