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scattering modes:
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[1] This is the second paper in a two-part series on a newly developed imaging approach
for small-scale heterogeneities (<1 km) in the crust with effects of scattering modes.

In the present paper, we estimated a detail three-dimensional spatial distribution of small-
scale heterogeneities around the Nagamachi-Rifu fault, northeastern Japan, in a frequency

range of 2—16 Hz, using the imaging approach presented in the first paper. We used
seismograms recorded by dense three-component seismic arrays that were deployed in
this region for 15 explosion sources. As one of our important results, there are
concentrations for only P-S but not P-P scatterers near the surface trace of the fault.
P-S scatterers in a frequency range of 8—16 Hz are localized near the surface trace of the
fault, implying the possibility of strong heterogeneities with a size of 0.08 km there. In the
Shirasawa caldera region, the characteristics of seismic scatterers seem to convert from
large P-S to large P-P relative scattering coefficients with its transition depth range of
5—8 km. This feature implies that the materials composed of seismic scatterers may show
a systematic variation with depth. Finally, the strength of scattering coefficients is
rather weak in the coseismic area of the 15 September 1998 earthquake with a magnitude
of 5.2, the largest recent event in this area. This result suggests that this coseismic

area is rather homogeneous and can hold local stress larger than in the surrounding

portions of the fault system.
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1. Introduction

[2] Small-scale heterogeneities in the crust and upper
mantle play an important role in understanding the nucle-
ation process of earthquakes, particularly their scale lengths
less than several kilometers. Analyses of high-frequency
(>1 Hz) P- and S-coda waves have retrieved distributions
and characteristics of small-scale heterogeneities [e.g., Aki,
1973; Capon, 1974; Aki, 1982; Wu and Aki, 1985]. Appro-
priate methods for determining properties of small-scale
heterogeneities are summarized in Figure 13.11 of Aki and
Richards [1980].

[3] The density and scale of regional seismic observations
have been improved significantly for the last decade, so that
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we are currently in the stage that we can obtain the overall
spatial distribution of small-scale heterogeneities in the
crust or upper mantle accurately and stably. Many studies
have recently revealed heterogeneous structures in the crust
[e.g., Nishigami, 2000; Revenaugh, 2000], the subduction
zone [e.g., Revenaugh, 1995; Louie et al., 2002; Taira and
Yomogida, 2004], and the upper mantle [e.g., Frederiksen
and Revenaugh, 2004].

[4] For example, Rondenay et al. [2001] estimated two-
dimensional heterogeneous structures as P and S velocity
perturbations from a reference model across the Cascadia
subduction zone offshore in central Oregon, the United
States, using the Born-approximate inversion of scattered
teleseismic waves. They found a low-velocity layer in both
P and S velocity perturbations with a dip of about 10° to the
east from 20 km to 40 km depth. They suggested that this
layer is associated with the oceanic crust of the subducting
Juan de Fuca plate beneath the Coast Ranges of Oregon,
interpreting a layer due to metamorphic dehydration reac-
tions in the oceanic crust.

[5] Another approach for estimating spatial locations of
seismic scatterers is based on seismic array techniques such
as a frequency-wave number (f-k) [e.g., Capon, 1969],
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Figure 1. Flowchart of the imaging procedure presented
by Taira and Yomogida [2007]. The imaging procedure is
classified into five phases.

semblance analysis [e.g., Neidell and Taner, 1971], and
zero-lag cross-correlation [e.g., Frankel et al., 1991]. These
techniques define scattering points as deterministic second-
ary sources based on coherencies of scattered phases,
parameterizing specific scattering strengths by using f-k
powers, semblance values, and cross-correlation coefficients
as a function of space.

[6] Several enhanced seismic array techniques have been
recently introduced and widely applied for determination of
seismic scatterers locations [e.g., Spudich and Bostwick,
1987; Bannister et al., 1990; Scherbaum et al., 1997,
Kaneshima and Helffrich, 1998; Rietbrock and Scherbaum,
1999; Rothert and Ritter, 2001]. Kriiger et al. [1993]
proposed a new seismic array technique, named double
beamforming, utilizing beamformings from both source and
station arrays. They identified anomalous arrivals as PcP
precursors in the seismograms recorded by the Yellowknife
array, Canada, suggesting that these arrivals are caused by
heterogeneities of the lowermost mantle in Severnaya
Zemlya, Russian arctic.

[7] Taira and Yomogida [2007] (hereafter called Paper I)
developed a newly imaging approach for spatial distribu-
tions of small-scale heterogeneities in the crust as seismic
scatterers with a three-component (3-C) seismic array data.
This imaging approach incorporates both f~k and polariza-
tion analyses, in order to not only enhance weak scattered
phases but also determine their scattering modes (i.e., P-P
or P-S for explosion seismograms). In addition, the imaging
approach applies a polynomial regression model, based on a
stationary autoregressive (AR) model to the temporal decay
of each seismogram, in order to remove various kinds of
constraints of propagation effects (e.g., a representation of
attenuation factor). On the other hand, source and station
effects are removed in each frequency range by the coda-
normalization method. Locations of seismic scatterers are
estimated accurately, by using travel times together with
slowness vectors for a three-dimensional velocity structure.
Figure 1 summarizes the procedure of the imaging approach
proposed by Paper 1.

[8] In this paper, the imaging approach developed in
Paper I is applied to 3-C seismograms recorded by small-
aperture arrays deployed in the Nagamachi-Rifu fault (NRF)
region, running through the middle of Sendai City in north-
eastern Japan. Our images of seismic scatterers turn to have
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the following points superior to the previous results of
imaging small-scale heterogeneities: (1) three-dimensional
distributions with good spatial resolution, (2) images at
various frequencies, that is, distribution of different scale
lengths, and (3) individual images of P-P and P-S scatterings.
Taking these advantages, we shall discuss the nature of
heterogeneous structures as seismic scatterers in this region
in a quantitative manner. For example, we attempt to discuss
seismological and tectonic implications of imaged hetero-
geneities in areas such as (1) along the NRF system, (2) the
Shirasawa caldera region, and (3) the coseismic area of the
15 September 1998 moderate earthquake.

2. Tectonic Setting and Data
2.1. Tectonic Setting

[v] The NRF is an active reverse fault with a strike of
northeast-southwest, which is running through the middle of
the urban area of Sendai City, northeastern Japan. Its past
activity has been investigated, based on its topographic and
geologic surveys. Active Fault Research Group [1991]
evaluated that its average slip rate is 0.6—1.0 x 10~ km/ka.
The NRF is assessed by its local prefectural government
with the potential to produce a destructive earthquake of
magnitude 7 in the future [Miyagi Prefectural Government,
1997].

[10] The crustal structure of the Sendai urban area is
mainly controlled by three Neogene tectonic events, that is,
(1) extensional deformation in early Miocene, (2) formation
of calderas in late Miocene, and (3) final shorting deforma-
tion since late Pliocene [e.g., Safo, 1994; Sato et al., 2002].
Well-developed calderas in the stage of (2) that have been
collapsed since then are also distributed in the western part
of Sendai city, particularly in late Cenozoic [ Yoshida, 2001].
Owing to regional compressional stress trending in WNW-
ESE since late Pliocene (i.e., event 3 above), the normal
faults formed in Miocene (i.e., event 1) have been reac-
tivated as reverse faults. Figure 2a shows one of the
standard geological structures of NE Japan complied by
Sato [1994].

[11] A temporary seismic observation around the NRF
from October 1996 to March 1998 showed that somewhat
concentrated microearthquake activities were identified in
the hanging wall side of the NRF [Yoshimoto et al., 2000].
These microearthquakes, distributed not exactly on the fault
plane but in the hanging wall side of the fault with some
extent, have either reverse-fault type or strike-slip fault type
focal mechanism with nearly horizontal P axis of the strike
of NW-SE.

[12] An earthquake with magnitude of 5.2 in the Japan
Meteorological Agency Magnitude occurred beneath the
Ayashi area of the city on 15 September 1998 (Figure 2a)
(hereafter called the 1998 M; 5.2 earthquake). Its hypocenter
locates at about 12 km depth and approximately 10 km to
the northwest of the surface trace of the NRF [e.g., Umino et
al., 2002a]. Its focal mechanism determined by P-wave
polarity data is a reverse-fault type with nearly horizontal
P-axis in the NW-SE direction. The focal mechanism,
together with the relative location of the surface trace of
the NRF to the fault plane of the 1998 M; 5.2 earthquake,
suggests that this event ruptured the deepest portion of
the fault [Umino et al., 2002a].
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(a) Map of active faults (solid lines), calderas (hatched ovals), and the epicenter of the 1998

M; 5.2 earthquake (open star). The locations of calderas are based on work by Sato [1994].
(b) Distribution of arrays (solid squares) and shotpoints (solid stars) used in this study. The coordinate
center is located at the epicenter of the 1998 M; 5.2 earthquake shown by the large open star in Figure 2a,
and the coordinate system is rotated anticlockwise by 40°. The dashed square indicates the model space
for estimating locations of scattering coefficients: 50 km x 50 km in horizontal and 18 km in depth

(—1 km to 17 km).

[13] Umino et al. [2002b] revealed the locations and the
properties of S-wave reflectors from clear S x S phases (i.e.,
S-S reflected phases), by using spectral amplitude ratios
of § x § phases to direct S-waves beneath the NRF. They
estimated that clear seismic reflectors are located in the
depth range from 15 km to 21 km, just beneath the fault
plane of the 1998 M; 5.2 earthquake. They also estimated the
S-wave velocity and thickness of the reflector to be about
1.0 km/s and 0.05 km, respectively. They concluded that the
reflector is filled with fluid, probably H,O. Nakajima et al.
[2006] estimated that a zone of large V,,/V; ratio is located
from the lower crust to the uppermost mantle, just below
the hanging wall side of the NRF, using their three-
dimensional seismic tomography technique. They also
suggested that this large V,,/V; zone is caused by the existence
of partially melted materials. Since the spatial variation of
velocity fluctuations such as V,/V depends strongly on the
distribution of small-scale heterogeneities, it is important to
investigate a detail nature of small-scale heterogeneities, in
order to understand the generation mechanism of inland
earthquakes.

2.2. Experiment and Data

[14] Seismic reflection/refraction experiments around the
NRF were conducted as a part of the comprehensive joint
research project named Modeling of Deep Slip Processes in
Seismogenic Inland Faults. The purpose of the experiments
was mainly the investigation of deep structures of the NRF
and its relation with the 1998 M; 5.2 earthquake. These
intensive experiments included active and passive record-
ings of chemical explosions, truck mounted vibrators, and
natural earthquakes during a three-day period in June 2001.
The detail of these experiments was described by Hasegawa
et al. [2001]. In these experiments, a group, named the
Research Group for Deep Structure of Nagamachi-Rifu

fault, set up a dense 3-C seismic array (named array U) in
the north of the hypocenter of the 1998 M; 5.2 earthquake
[Nakamura et al., 2002]. Geological Survey of Japan,
National Institute of Advanced Industrial Science and
Technology (GSJ, AIST) also carried out four small aper-
ture seismic arrays (named arrays from A to D) around
the NRF [Imanishi et al., 2002]. In this study, we use the
seismograms recorded by three arrays: U, A, and C for the
15 explosion sources (Figure 2b and Table 1). An example
of 8—16 Hz bandpass filtered seismograms is shown in
Figure 3, for shot s2 at array U.

[15] Array U consisted of 60 short-period 3-C seismom-
eters, Mark Products Inc. L28-B (with the natural frequency
of 4.5 Hz), with about 0.05 km interval. Off-line data
recording systems with LS8000 loggers (Hakusan Co.)
recorded seismic signals from each vibrator or chemical
explosion at the sampling rate of 100 Hz. On the other hand,
each of arrays A and C consisted of 32 3-C seismic stations
with the 0.02-km spacing. Their sensors were 2 Hz L22E
(Mark Products Inc.) short-period seismometers and the
sampling frequency of recorders was 500 Hz. Figure 4
shows geometrical configurations and array response func-
tions of arrays U, A, and C. These array response functions
were determined by their array geometries, and they are not
delta-function like but show some spatial extents. The
spatial resolution of array response in array U is better than
one in array A or C (Figure 4c), because the total length of
array U is the longest. The array response of array U is very
close to a delta function. On the other hand, the longest
station spacing of the three arrays was about 0.05 km, so we
are able to determine f~k power spectra with a wavelength of
about 0.1 km, much smaller than the block size (3 km X
3 km x 3 km) used for determining the locations of
scatterers in the next section.
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