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SUMMARY

Seismic coda is composed of scattered waves originated from various sources
of heterogeneity, some of which might be located well-off the great-circle path
between source and receiver. We develop a technique to image laterally-varying
regional heterogeneities from seismic coda of single-station records for clustered
events. Coherent scattered waves in source-array records are extracted using a
slant-stacking. The discrete locations of scatterers are determined by traveltimes,
beamforming directions and phase velocities. This technique is applied to
regional seismograms of Balapan nuclear explosions, which are recorded at the
Borovoye seismic station. The estimated scatterers are correlated with structural
variations of surface topography, crustal thickness and sedimentary thickness.
The influence of structural variations is investigated by quantifying the scattering
strengths in terms of normalized scattering intensity, quality factor and scattering
coefficient. The scattering properties vary with phase due to the difference in
frequency content and phase velocity. The proposed technique appears to be

useful for a study of active tectonic regions with limited monitoring stations.
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1 INTRODUCTION

Seismic scattered waves have been rarely used in waveform or traveltime inversion because
of the difficulty in identifying their propagation path. Stochastic analyses of scattered waves
require no knowledge of propagation paths and have been widely applied, but yield only
average estimates of seismic properties of a medium (e.g., Aki & Chouet, 1975; Hoshiba et
al., 2001; Lee et al., 2003). Scattered waves that appear before or after teleseismic phases (i.e.,
precursor or coda) have been used for the study of heterogeneities in the Earth’s deep interior
(Hedlin et al., 1997; Vidale et al., 1998). The stochastic analysis of seismic attenuation has been
found to be useful for qualitative estimation of seismic-hazard potentials in regional areas
because seismic attenuation is highly correlated with the seismicity and geology of the region
(e.g., Jin & Aki, 1988; Xie & Mitchell, 1990; Tselentis, 1998; Yoshimoto et al., 1998; Chung &
Sato, 2001; Wiggins-Grandison & Havskov, 2004). Recently, the complex ray composition
of coda has received increasing attention, especially in the context of diffusion theory, which
allows us to use the scattered wavefields for seismic imaging (Campillo & Paul, 2003; Snieder,
2004; Shapiro & Campillo, 2004).

In classical stochastic methods, the strength of heterogeneity is quantified in terms of
stochastic parameter such as semblance coefficient (e.g., Nikolaev & Troitskiy, 1987; Dainty
& Schultz, 1995), scattering coefficient (e.g., Hoshiba et al., 2001) and scattering and intrinsic
quality factors (e.g., Aki & Chouet, 1975). Those estimated quantities represent average
(stochastic) properties of heterogeneities in the region. Thus, stochastic methods require
dense seismic recording to resolve the properties of discrete (localized) heterogeneity. In
those methods, the volume of study area is discretized into a set of 3-D cells, and the
scattering quantities are estimated for each cell (Chen & Long, 2000; Taira & Yomogida,
2004). Another method to study discrete heterogeneities is to migrate diffracted waves
from a teleseismic phase (Revenaugh, 1995, 2000). The method calcuates the position of
heterogeneity by analyzing the arrival-time differences across receiver array. This migration
method requires array recording to image heterogeneities beneath stations.

Dense networks of stations are required for conventional methods. However, inaccessible
areas (e.g., oceanic environment) or aseismic areas do not allow such dense seismic

recording. Teleseismic-wave tomography can be used for such environments, but crustal
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structures are still difficult to resolve, owing to the long wavelength of teleseismic waves.
In this study, we propose a technique to image laterally-varying regional heterogeneities
using single-station records of clustered events. Coherent scattered waves are collected with
a slant-stacking of source-array records. We use crustal and mantle-lid scattered waves and
constrain the depth of imaging. A double-beamforming technique, in which both source
and receiver arrays are used, would allow -in principle- precise positioning of scatterer.
Double-beamforming has been successfully applied in a teleseismic context, to image
heterogeneities in the earth’s deep interior (Scherbaum et al., 1997; Kriiger et al., 2001). Cases
in which both source and receiver array are available are rare unfortunately. We concentrate
here on what can be learned from a single, source-side array.

In the course of this study, we investigate the nature of coda, and discuss a way
to quantify the scattered energy from the coda. We characterize the scattering features
with respect to structural variations (crustal thickness, sedimentary thickness, surface
topography). We present a technique to measure the scattering properties of individual

heterogeneity in terms of quality factor and scattering coefficient.

2 THEORY
2.1 Energy partition of regional waves by scattering

During scattering, body waves experience wavetype-coupling (S-wave excitation by P-wave
scattering, and vise versa) and surface waves incorporate mode-coupling (higher-mode
surface-wave excitation by fundamental-mode surface-wave scattering, and vice versa). This
coupling process causes partition in incident energy.

The energy partition by wavetype-coupling during scattering is well understood
(Frankel & Clayton, 1986; Hong & Kennett, 2003; Hong, 2004). We investigate the energy
partitioning by wavetype-coupling for an elastic medium with seismic properties typical
of continental crust: a=5.8 km/s and (=3.46 km/s. Compressional velocity, a, and shear
velocity, 3, and density, p, are correlated so that their perturbations dp, 3 and dp obey the

empirical relationship (Shiomi et al., 1997):
da(x 0B(x 1 dp(x
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where £(x) is the normalized velocity perturbation at a location of x, and K is a constant
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to control the strength of density perturbation relative to the velocity perturbation. The
parameters « and 3y are the background compressional and shear velocities, and pg is the

background density. We set K to be 0.8 (Sato & Fehler, 1998).
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We examine the energy partition at three different random media (Gaussian, exponential,
von Karman) (e.g., Hong & Kennett, 2003). The theoretical partitioning of scattered energy
is given in Hong & Kennett (2003) and Hong (2004) (also see, Appendix A). Fig. 1 shows
the variation of energy ratio between in-phase and wavetype-coupled scattered waves as a

function of normalized wavenumber, ka. The energy ratio is calculated by

@)

where ¢ is the scattering angle, (|u‘(¢)|?) is the ensemble-averaged amplitude square
of in-phase scattered wave, and (Ju®(¢)|?) is for coupling-phase scattered wave. The
ensemble-averaged amplitudes in (2) are given in Appendix A.

For shear-wave incidence, the energy ratio (R) is lower than 0.04 for the entire ka range.
This indicates that in-phase scattering is the dominant scattering mechanism for shear waves
at any frequencies and heterogeneity scales. This theoretical expectation agrees with the field
observation that local S coda is dominantly composed of shear scattered waves (e.g., Aki,
1980; Fehler et al., 1992). In contrast, for compressional-wave incidence, wavetype-coupled
scattered waves are dominant over the in-phase scattered wave at low ka (ka < 1). The
in-phase scattering is strong at high ka (ka > 1). This observation indicates that wavetype
coupling process is strong in scattering of low-frequency P waves. For instance, when a P
wave with a dominant frequency of 2 Hz propagates through a heterogeneous medium with
a correlation distance of 9 km or smaller, the scattered wavefield will be mainly composed of
scattered shear waves.

The resolving power of array analysis depends on the array aperture, array configuration
and interstation spacing (interevent spacing for source array system). Scatterers that are not
sufficiently larger than the interstation interval are not resolved well in a large aperture
array system, because the waves scattered from small heterogeneities do not produce
coherent phases resolvable by the array. Moreover, scattering strength is peak around
ka = 1 and declines exponentially with decreasing ka (Frankel & Clayton, 1986; Hong &
Kennett, 2003). Thus, the influence of the wavetype-coupled shear scattered waves from
small-scale heterogeneity is negligible compared to those from large-scale heterogeneity such
as geological variations.

A mode coupling is expected in surface-wave scattering, and the radiation patterns of
mode-coupled scattered waves are well understood (e.g., Snieder, 1986; Bostock, 1991). The
radiation pattern changes with the coupled mode, but there is a stochastic equivalence

between lost and earned energy during the mode couplings (Snieder, 1988). Thus, the
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stochastic energy partition by mode coupling during scattering can be regarded as an
isotropic scattering process (Snieder, 1988; Sato & Nishino, 2002). We see that the scattered
wavefields from regional waves can be well explained with an in-phase scattering process.
Thus, under single in-phase concept, we can estimate the scatterer locations with the incident

direction, traveltime and phase velocity of coherent scattered wave (Fig. 2).

2.2 Extraction of coherent scattered energy

We use single-station records for clustered events (source-array records) in this study.
Analyses of such source-array records have been applied well for the investigation of
wavefield and physical properties of source region (Spudich & Bostwick, 1987; Gupta et al.,
1990; Scherbaum et al., 1991; Xie et al., 1996; Hong & Xie, 2005). We extract coherent scattered
energy from source-array records using a slant-stacking (Kanasewich, 1981; Matsumoto et
al., 1998; Rost & Thomas, 2002). The beamforming is made for all azimuthal directions
(0 < 0 < 2m). Multi-scattered and incoherent scattered waves are suppressed during
the slant-stacking. Multi-scattered waves, which may be included in the stacked record,
are typically weaker than the single-scattered waves with the same phase velocity due to
geometrical spreading and multiple energy-partitioning during multiple scattering.

The slant-stacked record, u(t), of source-array records for a beamforming direction of ¢ j

can be calculated by

M
. 1 .
wd(t) = 2= > uilt — Arl 1), ©)
i=1
where u; is the seismogram for the ith event, M is the number of total events, and sy, is the

horizontal slowness. Arf is given by

Arg = rf - 10, 4)

where 7] is the distance between an event location of x;, and an imaginary location of y;,
which is placed in an beamforming direction of ;. The reference radius, ry, is the distance

between the station and sources (Fig. 3). The reference location, y ;, can be calculated by
yj = Xo + (rosinf;,rg cos ), ®)

where x( is the reference location of the sources, which corresponds to the center of the
events. Here, 1y should be sufficiently larger than both Arf and array aperture, Lg, (ie.,
ro > Arf , ro > Lgp) to satisfy the plane-wave approximation for array analysis. Fig. 4

shows an example of slant-stackings for two different beamforming directions. The apparent
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distance, rg , changes with beamforming direction, 0;. Thus, the order of records as function
of distance changes with 6;.

It is noteworthy that the natures of extracted waves are different between receiver- and
source-array systems. The phase velocity estimated from receiver-array data corresponds
to the phase velocity of wave after scattering. On the other hand, the phase velocity from
source-array data indicates the phase velocity of wave before scattering. Thus, the identity
of incident wave to scatterer is unknown under receiver array system. In a source array
analysis, the incident phase and its incident direction are known. Since we know both the
traveltime of the extracted scattered wavelet and its initial phase velocity, we can determine

the location of scatterer under the single in-phase scattering theory (Fig. 2).

3 DATA AND GEOLOGY

We use seismic records of the Borovoye station (BRV) for underground nuclear explosions
(UNE) at the Balapan test site, Kazakhstan of a time period between 1968 and 1989. The
body-wave magnitudes, m;, of UNE range between 4.8 and 6.2. The distances between BRV
and UNE are around 690 km (Fig. 5). High-precision UNE locations and origin times are
available from various sources (NNCRK, 1999; Thurber et al., 2001; Kim et al., 2001).

The recording system of BRV is composed of a set of short-period displacement
instruments (Kim et al., 2001; Hong & Xie, 2005). The sensor type of the seismometers is
SKM-3 with a natural period of 2.0 s and sampling rates of 0.032 and 0.096 s. The nominal
sensitivities (gains) of the seismometers are 20, 200, 1000 and 2000 counts/pm (Kim et al.,
2001). Since coda waves attenuate exponentially with time, we use both low-gain (20, 200
counts/um) and high-gain (1000, 2000 counts/pm) seismograms in this study to avoid
digital round-off error, switching from low-gain to high-gain after a lapse time of 400 s.
The numbers of low- and high-gain records are 46 and 35, respectively (Fig. 5). The records
display a high signal-to-noise ratio (5/N> 50 dB) (Fig. 5).

The southwestern area of the Balapan test site is covered with crystalline rocks, and the
northeastern area is on alluvium (Ringdal et al., 1992). This difference in surface geology
causes a crustal shear velocity difference between the areas by about 0.4 km/s (Bonner et
al., 2001). In this study, we analyze records for UNEs detonated at the southwestern region
where most Balapan UNEs are clustered (Fig. 6). The aperture of the source array is around

19 km in the longitudinal direction (Fig. 6(b)). The average depth of burial is 465 m below the
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surface, and the average depth deviation is 73 m. The average horizontal spacing between
adjacent events is 1.42 km.

The compressional and shear velocities in the crust of Kazakhstan increase with depth,
and reach 8.0 and 4.7 km/s at the mantle lid (Quin & Thurber, 1992). The crustal thickness
(CRUST2.0, Bassin et al. (2000)), sedimentary layer thickness (Laske & Masters, 1997), surface
topography (GTOPO30, compiled by the U.S. Geological Survey), and major geological
setting (e.g., Levashova et al., 2003) are shown in Fig. 7. Thick sedimentary layers (Fig. 7(b))
correspond to geological basins and cratons (Fig. 7(d)); A is the West Siberian Basin, B the
European Craton, C the Tarim Basin, and E is the Turan plate. The hard rock area, D, in which
the Balapan test site and the Borovoye Observatory are placed is composed of precambrian

and early palaeozoic rocks (Levashova et al., 2003).

4 SOURCE-ARRAY CONFIGURATION AND CONDITIONS

The aperture of source array, Ly, is about 19 km, the average interval between adjacent
events, [,), is 1.42 km, and the average depth deviation, Ad, is 73 m. The depth deviation is
fairly small relative to the interevent distance, Ad/l, = 0.051. Thus, we can assume that the
source-array components are placed on a horizontal plane. However, erroneous estimation
of phase velocity can be made due to apparent phase shift by vertical variation of array
components. The condition to neglect the influence of vertical variation of array components
is that the wavelength of analyzed phase is sufficiently larger than the vertical dimension of
array (Spudich & Bostwick, 1987):

Ap > 4Ad, (6)

which is equivalent to

v
I < Aq

where )\, is the wavelength of phase, f), is frequency of phase, v is the phase velocity, and Ad

)

is the vertical standard deviation of event locations.

Surface waves, Rg, have the shortest wavelength in this study. They, together with the
station spacing, imply that spatial aliasing occurs above 8.5 Hz, thus placing an upper limit
on the frequencies that can be analyzed. This critical frequency is larger than the nyquist
frequency of data set, 5.2 Hz. We analyze frequencies only up to 3.0 Hz in this study.
Therefore, the aliasing effect by vertical variation of array components can be neglected in

the array analysis. We additionally examine the response functions of the source array for the
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frequency bands which are used in the study (Rost & Thomas, 2002). The slowness power
spectrum energies are concentrated in the centers of the diagrams, which indicates a high

resolution of array analysis for the given frequency bands (Fig. 8).

5 SCATTERED WAVE: COHERENCE AND DIFFUSION

Seismic coda is composed of complex scattered waves bearing various ray-path trajectories.
When multiple scattering dominates, the wavefield is diffusive and stochastic properties
of the wavefield are spatially uniform. In this case, the Green function of medium can be
estimated from cross-correlations of seismic records between pairs of stations (Campillo &
Paul, 2003; Snieder, 2004; Shapiro & Campillo, 2004).

We examine the phase composition and incoming direction of scattered energy in
coda. We apply a frequency-wavenumber (F-K) method to bandpass filtered coda of the
source-array records. The bandpass filtering ranges are 0.2 to 0.4 Hz, 0.4 to 0.8 Hz, 0.8 to
1.6 Hz, and 1.6 to 3.2 Hz. We observe strong and coherent scattered energy with a phase
velocity of 3.0 km/s in the slowness power spectra at a frequency band of 0.2 to 0.8 Hz (Fig.
9(a),(b)). The phase velocity corresponds to the Rg phase velocity (Hong & Xie, 2005). This
dominant phase is observed consistently until the end of records, 900 s after the origin times,
which corresponds to about 4 times of the Rg traveltime.

Scattered waves at high frequencies, above 0.8 Hz, appear to be diffusive (Fig. 9(c),(d))
(e.g., Del Pezzo et al., 1997). This is because high frequency waves are strongly influenced by
small-scale heterogeneities that are widely distributed in the crust and mantle-lid due to their
small mean free paths (correlation distances). On the other hand, large-scale heterogeneities
appear to be less effective for the construction of diffuse wavefield. Thus, the diffusion
approximation for coda analysis (Shapiro et al., 2000; Campillo & Paul, 2003) appears to be
valid to high-frequency scattered waves (f > 0.8 Hz). Considering the frequency content,
hereafter, we analyze Rg scattered waves in a frequency range of 0.2 to 0.8 Hz, Lg scattered

waves in a frequency range of 0.5 to 2.5 Hz, and Sn and Pg in 0.5 to 3.0 Hz.

6 ISOCHRONOUS SCATTERING POWER

We observe coherent scattered waves throughout the coda (see, Section 5). The coherent
scattered energy is estimated from slant-stacked records. The horizontal slownesses (phase
velocities) of major phases in the regional records are used for the slant-stackings. The

phase velocities of major regional phases of source-array records are determined by
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frequency-wavenumber analyses. The estimated phase velocities of Rg, Lg, Sn and Pg are
3.0,4.2,4.8 and 7.1 km/s, respectively (Hong & Xie, 2005). These estimates of phase velocities
agree with the seismic structure of Kazakhstan (Der et al., 1984; Quin & Thurber, 1992).

The scattering intensity is proportional to the fractional energy loss (AE/E). The
scattered energy can be estimated with average amplitude squares, w?, of coherent scattered
waves in a given time window:
|2

N
0. 1 .
ws’ (tn) = N Z ‘ug(tn—]\//%l-k) > 8)
k=1

where 6, is the jth azimuthal angle (beamforming direction), ¢, is the nth discrete time, ul
is the slant-stacked record for an azimuthal angle of §; in equation (3), and N is the total
number of discrete times in time window.

The bandpass filtering range and time-window size for slant-stacking are adjusted
considering the frequency content of phase. The bandpass filtering ranges are 0.2 to 0.8 Hz
for Rg phase, 0.5 to 2.5 Hz for Lg, and 0.5 to 3.0 Hz for Sn and Pg. We use a 30-s window for
Rg, 20-s window for Lg, and 14-s window for Sn and Pg phases. The analysis is performed
from the arrival time of phase to a lapse time of 900 s. Low-gain records are used by a lapse
time of 400 s, and high-gain records are applied for the later times. Normalized scattering

intensity, P , is estimated by

0;
ws’ (tn)
P(0;,t,) = ———, 9
S( I n) wmax(tn) ( )
where wmax (t5,) is the maximum scattering intensity of isochrone
Wax (tn) = max [ng(t =tn), j=1,2,..., J] ) (10)

and J is the number of discrete azimuthal angles. In Fig. 10, we present Rg scattering
intensities for several lapse times. The integrated results for all lapse times are shown
in Fig. 11. The times annotated in the figure are the lapse times, and the angles are the
beamforming directions. The temporal variation of scattering intensity can be inverted for
a spatial distribution of scatterers under the single in-phase scattering approximation (Fig.
12).

We test the single in-phase scattering concept by comparing the spatial variation of
scattering intensity with that of a scheme allowing a wavetype coupling. In Fig. 13, we
present the spatial variation of scattering intensity under assumption that incident Lg wave
is dominantly scattered into Pg phase. The isochrone, that has two foci at source and station
locations but with a higher phase velocity for scattered waves, appears as an oval with a

symmetric axis along the great-circle path. The mapped locations of heterogeneities appear
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to be less well-correlated with the known geological variations than those made using
the in-phase scattering concept (Fig. 12(b)). For instance, the spatial variation of scattering
intensity is not correlated with high topography area around 45°N and 82°E. This result
confirms the in-phase scattering theory is a reasonable approximation for mapping regional
heterogeneities.

The overall features of scattering intensity appears to be consistent among various phases
(Fig. 12). The illuminated locations of scatterers agree with the structural variations in the
crust and lithosphere (e.g., Zhang & Lay, 1994; Dainty & Schultz, 1995; La Rocca et al., 2001).
However, scatterer locations inferred from different seismic phases are somewhat different
due to the difference in ray paths and frequency contents. Lg wave is a set of crustally-guided
shear waves which typically have group velocities of 3.0 to 3.6 km/s (e.g., Kennett, 2002).
This Lg wave is also regarded as a higher-mode Rayleigh wave in a mode theory, while Rg
is the fundamental mode of Rayleigh wave. Both Rg and Lg present similar features in the
imaging. However, Rg decreases exponentially decreases with depth and Lg has a higher
phase velocity than Rg. Thus, Lg appears to be much practical for imaging of lower crust,
while Lg is less sensitive to the surface topography.

The scatterer locations illuminated from Sn phase are close to those from Lg phase, but
the crustal thickness is reflected slightly better in the Sn result. The scattering of Pg phase
is strong at most structural variations. Since Pg phase has a greater wavelength and higher
frequency content than surface waves (Rg, Lg), the Pg is more sensitive to the gradient of
structural variation, e.g., regions with high gradients of crustal-thickness variation, around

67°E & 54°N, and 65°E & 57°N.

7 Q

We estimate the strengths of heterogeneities in terms of apparent quality factors. The
temporal decay of coda can be represented with a simple equation ( Toksoz et al., 1988; Sato
& Fehler, 1998):

A(t) = Aotip exp [— 2(25 ] , (11)

where w is the angular frequency, ¢ is a lapse time, Ay is a constant for the initial level of
coda, and p is the geometrical spreading parameter p = 1.0 for body waves, p = 0.75 for
diffuse waves, and 0.5 for surface waves. We analyze late coda at lapse times after 500 s
where multiple scattered waves are well mixed. The lapse time of 500 s corresponds to 4.5

times of Pg traveltime, 3 times of Sn traveltime, 2.5 times of Lg traveltime, and twice of
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Rg traveltime. We estimate average (. from the source-array codas. The scattered waves
with surface phase velocities are dominant in coda at low frequencies, and the composition
of body waves increases with frequency (Section 5). Rg phase is observed dominantly in a
frequency band of 0.2 to 0.8 Hz, and Lg phase is observed consistently up to a frequency of
2.0 Hz in regional coda. In contrast, body waves are observed in all frequency ranges, and are
relatively much strong at high frequencies (Hong & Xie, 2005). We apply 0.5 to p for records
with a low pass filter lower than 2.0 Hz, and 1.0 for those of higher frequencies. The mean
quality factors are measured by 1201466 for the records of 0.5-3.0 Hz, 742+ 36 for the records
of 0.5-2.0 Hz, and 361 =+ 29 for the records of 0.2-0.8 Hz.

Under the first-order Born scattering theory where scattered energy, AE, is assumed to be
far less than the incident energy, Ey (i.e., AE < Ejy), the amplitude of wavefront is constant
over an isochrone (Aki & Richards, 1980). With an assumption of single isotropic scattering,

the total scattered energy from a heterogeneity on an isochrone is given by
AE(0,t) = 4nEy(0,1), (12)

where E4(0,t) is the scattered energy of a slant-stacked record with a beamforming direction
of # and a lapse time of ¢. The total scattered energy on an isochrone with a traveltime of ¢ is
given by

27

ABr(t) = | AB(8,0)5. (13)

Thus, the average angular scattered energy is then given by

J

(AE)(#) = %AET(L‘) — %; AE(;,1), (14)
where J is the number of discrete azimuthal angles, and (AFE)(¢) is the average scattered
energy level at a lapse time of .

The scattered energy is proportional to the square of amplitude of scattered wave. The
coda of single-station record shares the same temporal decay rate with that of slant-stacked
record, but with different energy levels (Matsumoto et al., 2001). Thus, the @ . estimated from
source-array records can be applied for an analysis of slant-stacked records. From (11), the
square of coda amplitude (w(t)) is given by

1

w(t) = wo 25 &P [_w_t] , (15)

where wy is a constant. From equation (15), every slant-stacked coda can be represented by

ut(t) = uf g5 o0 |- |. (16)
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0

where wg

(t) is the square of amplitude of slant-stacked coda with a beamforming direction
of §, and w{ varies with the beamforming direction of slant-stacking.
The seismic quality factor is inversely proportional to the energy loss (Aki & Richards,

1980; Wu, 1982):
1 AE

—1 _
@ k) = Vk E’

where k is the wavenumber, and V' is the volume of heterogeneous medium which

(17)

incident wave passes through. Coda level of a record can be temporally increased due
to inhomogeneous distribution (localization) of heterogeneities in medium. Similarly, a

reference quality factor, Q,.s, can be expressed with known dissipated energy, AE, ., by:

1 AE
-1 ref
- 1
From equations (17) and (18), the ratio of quality factors can be written by:
Q AE,cf
= . 19
Qrey AFE (19)

The attenuated energy by scattering, AE, is proportional to the amplitude square of scattered

0

wave, w¢

in equation (16). Thus, we can measure temporal quality factor, Q(6,t), of a
slant-stacked coda by

wfef(t):| 7

w(t)

Q(Q,t) = Qref |: (20)

0

where Q. is a reference @, and w;

(16).

The temporal decay of coda is not well-represented with a deterministic value of A due

(t) is a reference level of coda estimated from equation

to the temporal change in coda composition, from single-scattered waves early in the coda
to multiply-scattered waves late in the coda (Lee & Sato, 2005; Jemberie and Langston, 2005).
We divide the record sections into several segments to examine these changes. The record
sections are segmented into 310-340 s, 340-400 s, and 400-900 s for an analysis of Rg scattered
energy, 270-300 s, 300-340 s, 340-400 s and 400-900 s for Lg scattered energy, 210-240 s, 240-280
s, 280-330 s, 330-400 s and 400-900 s for Sn scattered energy. For Pg scattered energy, we use
time segmentations of 160-190 s, 190-230 s, 230-280 s, 280-340 s, 340-400 s and 400-900 s.

The apparent quality factors projected on a map are shown in Fig. 14. The () estimates
agree with a previous () model of Jin & Aki (1988). The @) values from Rg and Lg scattered
waves are lower than those from Sn and Pg scattered waves. This () feature agrees with a

frequency power law (e.g., Mitchell, 1981; Dahlen & Tromp, 1998, pp.216):

Q(f) = Qof", (21)
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where f is a frequency, @ is the quality factor at 1 Hz, and 7 is the frequency dependence
factor which is given around between 0.2 and 1.8 (e.g., Campillo et al., 1985; Cheng & Kennett,
2002; Vargas et al., 2004; Padhy, 2005).

Rg wave is scattered strongly for all large-scale heterogeneities in the crust. The quality
factor is Qry ~ 400, except for regions of crustal thinning, where it is lower (Q g, =~ 100).
This crustal thinning, which has an amplitude of about 10 km (Bassin et al., 2000), appears
to be a primary source of Rg attenuation. Lg wave is also sensitive to large-scale variations
in the crust, and particulary to the variation of sedimentary thickness. The quality factor
is measured by around 400 at a place with a sedimentary thickness change of 7 km. Lg
waves are strongly disrupted by crustal thinning, while only weakly influenced by crustal
thickening (Kennett, 1986). Lg has quality factors of Q)14 = 320 for a 10-km crustal thinning,
and Qr, = 420 for a 10-km crustal thickening. The Lg waves attenuate less for a surface
topography variation compared to Rg, and have @)1, = 550 in regions with 2 km of relief.

The Sn phase is strongly sensitive to variations of crustal thickness and sediment
thickness, but only weakly sensitive to the surface topography. The quality factor is
estimated to be s, = 400 for region of 10-km crustal thinning and 650 for a region of
sedimentary-thickness change of 7 km. The Pg phase appears to be sensitive to a variation
of crustal thickness, but weakly influenced by a variation of sedimentary thickness and a
mild surface topography (Ah < 3 km). However, an abrupt large-scale variation of surface
topography (Ah > 4 km) causes a strong scattering (e.g.,  at the Tarim Basin). The quality
factor is given by Qp, = 320 for a crustal-thickness variation of 10 km, and 700 for a
surface-topography change of 4 km. From the observed (), each phase appears to behave
differently to crustal and lithospheric structures. This observation agrees with Zhang & Lay
(1994) in which the energy loss by a surface-topography change varies with phase. This

difference is associated with the phase velocity that confines the depth of imaging.

8 SCATTERING COEFFICIENT

The scattering coefficient quantifies the strength of heterogeneity. The scattering coefficient

(turbidity coefficient), g, is defined as the fractional energy loss per unit propagation distance

(Chernov, 1960):
AFE

where AL is the energy loss by scattering, £ the incident energy, and L the propagation

distance. The representative scattering coefficient (namely, “total scattering coefficient”, go),
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is defined as the average over all scattering directions (i.e., solid angle, 47) (Sato & Fehler,
1998):
| [sworavas= 5 23)
go = An " ¢g ) - Qs’

where k is the wavenumber of incident wave, and ()5 is the scattering attenuation factor.
Thus, when the scatterers are isotropic heterogeneities, (¢, 1) is equal to g¢ in every direction
(Herraiz & Espinosa, 1987; Sato & Fehler, 1998). The inverse of the scattering coefficient, 1/go,
is referred as the mean free path, /.

From equation (23), the scattering attenuation factor can be written by (e.g., Dainty, 1981)

Q' =9 (24)
w

where v is the phase velocity, and w is the angular frequency of incident wave. The observed

seismic attenuation is a result of combined influence of intrinsic and scattering attenuations

(Qi/ QS):
1 1 1

From (24) and (25), the scattering coefficient, gy, can be estimated with a given Q);:

w 1 1
_ % _ 2
90 U(Qt Qi)’ (26)

where (); is determined in Section 7.

The separation of intrinsic and scattering attenuations has been widely adopted in the
coda-envelope analyses of local seismograms (e.g., Hoshiba, 1993; Pujades et al., 1997). The
scattered waves recorded in local seismograms are mainly originated from near-surface
heterogeneities, which are regarded to be distributed in an one-layer medium. Thus, the
determined scattering and intrinsic attenuation represents the stochastic properties of local
heterogeneities. On the other hand, the coda of regional seismograms contains both regional
scattered waves and deep seismic phases (Lee et al., 2003). Thus, the analysis of envelope
analysis of regional coda requires that the seismic structures of the Earth should be taken
into account, and needs a regional network for stochastic estimation (Yoshimoto, 2000; Lee et
al., 2003). However, this study is based on a single-station records of clustered events, which
hold one principle great-circle direction. Thus, we can only determine intrinsic quality factors
approximately from late coda, in which diffused multi-scattered waves are dominant. The
temporal attenuation of the late coda is mainly controlled by inelastic-absorption processes
(e.g., Shapiro et al., 2000; Margerin, 2005). In this case, the ). of late coda is equivalent
to the intrinsic (). This relationship can be derived also from the envelope expression

based on energy-flux model (Frankel & Wennerberg, 1987). The intrinsic quality factors are
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determined from codas at lapse times of 750 to 900 s. We obtain intrinsic quality factors
by 537 £ 17 with records of 0.2-0.8 H, 1075 + 34 with records of 0.5-2.0 Hz, and 1526 + 49
with records of 0.5-3.0 Hz. The study area is a tectonically stable region which is mostly
composed of areas with a precambrian-palaeozoic basement. The estimated intrinsic quality
factors agree with other studies on stable regions with hard-rock basements (Campillo &
Plantet, 1991; Pujades et al., 1997).

We now calculate the scattering coefficient from equation (26) (Fig.15). The spatial
variation of scattering coefficients appears to follow the ) pattern in Section 7. The estimated
scattering coefficients agree with the observations from other tectonically-stable regions
(Padhy, 2005). The apparent scattering coefficient estimated from Rg scattered waves is
given by go ~ 0.006 km~! in a region with a crustal thinning of 10 km. A significant Rg
scattering is caused by the presence of a sedimentary basin due to the blockage of lateral
waveguide, and scattering coefficient is estimated by go =~ 0.01 km™! in a region with 4-km
sedimentary thickening. The scattering coefficient is estimated as go ~ 0.003 km™! for a
surface-topography change of 2 km. The overall scattering coefficients estimated from Lg
scattered waves are smaller than those from Rg scattered waves. The scattering coefficients
from Lg scattered waves are given by 0.004 km ™! for a crustal thickening of 10 km, 0.006
km~! for a crustal thinning of 10 km, and 0.003 km~! for 4-km sedimentary thickening.
Scattering coefficient for a surface-topography change of 2 km is given by 0.002 km 1.

The magnitudes of Sn scattering coefficients are estimated by about a half of the Lg
scattering coefficients, but their spatial variations appear to be close. In particular, Sn phase
is strongly scattered by the sedimentary blockage at a location of 49°N and 54°E, and the
scattering coefficient reaches to 0.0045 km~!, which is a comparable magnitude to that of
Lg scattering coefficient. The magnitudes of Sn scattering coefficients are smaller than 0.0015
km™!, except areas in which large gradients of changes in crustal thickness are observed.
The Sn scattering coefficient is estimated by around 0.003 km ™! for a crustal thickening of
10 km. It appears that both surface topography and sedimentary blockage contribute less to
Pg scattering than crustal-thickness variation. Overall, we find that the scattering coefficient
varies with phase. This is because the depth of imaging changes with the phase velocity and

the scattering magnitude is dependent on the frequency.

9 DISCUSSION AND CONCLUSIONS

We have devised a technique using source-array records to image laterally-varying

regional heterogeneities. The estimated scattering intensity illuminates large-scale structural
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variation which is associated with crustal thickening/thinning, sedimentary blockage and
surface topography. The apparent attenuation factors and scattering coefficients vary with
both phase velocity and frequency. The influence of various types of geological heterogeneity
varies significantly between wave type.

The proposed technique shows promises for studying laterally-varying geological and
tectonic structures of a region where limited seismic monitoring is available (e.g., low
great-circle path coverage, limited number of available stations). Such regions include
subduction zones and mid-ocean ridges where clustered events are naturally placed.
The technique is able to detect topographic variation of internal boundaries within the
crust and lithosphere. Thus, the technique can be extended for sounding of intrusive or
high-impedance materials, such as magma chamber and partial melting material (Tusa et
al., 2004).

In this study, we have used regional seismograms for nuclear explosions which have
high-precision information of locations and origin times. When one applies the technique
presented in this study to natural earthquakes, it may be required to refine the locations and
origin times using waveform cross-correlation techniques (e.g., VanDecar & Crosson, 1990;

Waldhauser & Ellsworth, 2000).
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APPENDIX A: ENSEMBLE-AVERAGED AMPLITUDE SQUARES IN RANDOM
MEDIA

Regional phases exhibit a strong impetus of lateral propagation in the crust and lithosphere.
The scattering of such regional phases can be well represented with a 2-D model (Jemberie
& Langston, 2005). The ensemble-averaged amplitude squares in 2-D random media for

P-wave incidence are given by (Hong & Kennett, 2003),

k3S )
(") = EICTP @ P |2k, sin g

(uF5P2) = B3 10PS (g)2 [,/ T+ 77 = 27 con ) (A1)
and for S-wave incidence (Hong, 2004),
(7P) = 23 050 P [ha/ T 77~ Breon)],
kS
(S5P) = ISP P [2hysin G (A2

where k, and kg are the wavenumbers of P and S waves, 7 is the ratio of background P and
S wave velocities (ag /), S is the surface area of heterogeneity, [ is the propagation distance,
¢ is the scattering angle, and P is the spectral density function of the random medium. The
coefficient C%¥ (i, j = P, S) is given by
CPP(9) = sin g {CF AL (¢) sin 6 + 2403(6) + CF ATy (9)(cos 6 — 1)}
+cos ¢ {C1 AL (¢) sin ¢ + 243(9) + O3 A3y (9) (cos & — 1)}
CP5(¢) = cos ¢ {C A (¢)ysin ¢ + 245(9) + CF ATy (9) (v cos 6 — 1)}
—sin ¢ {CT A3, (8)ysin ¢ + 2435 (9) + CF A5y (¢)(ycos ¢ = 1)}, (A.3)
CoF(9) = sin ¢ {—7CTA[1(9) + (cos & — 7)C5 AL1(6) +sin ¢ C5 Aly(0)}
+cos ¢ {—7CT A5 (6) + (cos & — 7)C5 A5, (@) +sin ¢ CF AL (9) }
C%5() = cos § {~CT AT\ (6) + (cos ¢ — 1)CF AT (9) + sin ¢ C5 ATy (0)}
—sin ¢ {~CT A3, (9) + (cos ¢ = 1)Cy A31(6) +sin g C5 A5 (6) }
where C’ij i=1,27=P)9)is
Cf:(K+2)<1—%>, CP=K+2 CY=-2, C5y=K+2, (A4)

and K is the constant in (1). Also, Af; (i, j=1,2, k=P, S) is given by

Al (¢) =sin® ¢, Afy(¢) =singcosg, AL (¢) = —sinpcosd, Aby(¢) = cos®¢,
A7 (9) = cos® ¢, Afy(¢) = —singcosg, A3 (¢) =singcosd, A3(¢) = sin® G(A.5)
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Figure 1. Energy ratios, R, between in-phase and wavetype-coupled scattered waves in elastic ran-
dom media (von Karman, exponential, Gaussian). (a) Scattered energy ratios for P-wave incidence
case (R =[PS energy]/[PP energy]) and (b) for S-wave incidence case (R =[SP energy]/[SS en-
ergy]). In the P-wave incidence, the wavetype-coupled scattered waves are stronger than in-phase
scattered waves at lower normalized wavenumbers, ka < 2. In-phase scattered waves are dominant

over wavetype-coupled scattered waves in the entire ka range for the S-wave incidence case.

Figure 2. Schematic diagram of locationing of a heterogeneity using traveltime, beamforming direc-
tion and phase velocity. Source-array beams which are radiated into an azimuthal direction of ¢ are
back-scattered by a heterogeneity, and the scattered waves are recorded at a receiver. The locations
of events and receiver are the foci of iso-travel distance ellipses. The size of iso-travel ellipse is deter-
mined by the traveltime and phase velocity. Coherent scattered waves with a common phase velocity

can be assessed by slant-stacking the source-array records for an azimuthal angle of 6.

Figure 3. Schematic diagram of source-array beamforming for an azimuthal angle of 6;. The source
array (clustered events) is marked with solid circles, and an imaginary reference location for beam-
forming direction is marked with an inverted triangle. The reference location of the source array is x,
the location of ith event is x;, and the location of the imaginary receiver is y;. The distance between
y; and xq is 7o which is constant for a change in azimuthal angle. The distance between y; and x; is
Figure 4. An example of slant-stackings in a four-component array for two different beamforming
directions, 6, and 6. The distance between array and imaginary reference location changes with a

beamforming direction, which causes a change in the order of records for distance. The shaded areas

indicate the wavelets with a given phase velocity.

Figure 5. (a) 46 low-gain and (b) 35 high-gain seismograms, which are arranged for epicentral dis-
tances. The coda amplitudes of low-gain seismograms are very low at long lapse times, and are sub-
ject to digitizing roundoff error. The high-gain records are used for an analysis of lapse times after 400

S.

Figure 6. (a) Underground nuclear explosions in Balapan test site, Kazakhstan, which are used in this
study. The numbers of events recorded at low-gain and high-gain seismometers are 46 and 35, respec-
tively. Most events were recorded at both low- and high-gain seismometers. (b) Vertical variation of
events relative to the reference location of 49.92°N and 78.82°E, and 155 m below the sea level, in a
view on the longitudinal direction. The vertical deviation from the average depth varies up to 300 m.

The source-array aperture is about 19 km in the longitudinal direction.
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Figure 7. (a) Crustal thickness (CRUST2.0), (b) sedimentary thickness, (c) surface topography
(GTOPO30), and (d) major geological structures (modified after Levashova et al. (2003)) in central
Asia. Iso-travel distances are marked with lines in every 500 km. The locations of receiver and source

array correspond to the foci of iso-travel distance ellipses.

Figure 8. Array response functions of the source array for various frequency bands: (a) 0.2-0.4 Hz,
(b) 0.4-0.8 Hz, (c) 0.8-1.6 Hz and (d) 1.6-3.2 Hz. The energy is concentrated in the centers of slow-
ness power spectrum diagrams, which indicates a high-resolving power of F-K analysis without any

noticeable aliasing effects.

Figure 9. Slowness power spectra of seismic coda with bandpass filterings. The bandpass filtering
ranges are (a) 0.2-0.4 Hz, (b) 0.4-0.8 Hz, (c) 0.8-1.6 Hz, and (d) 1.6-3.2 Hz. pmax indicates the normal-
ized maximum power (0<pmax<1). Strong coherent energy is observed in low-frequency regimes of
0.2-0.4 Hz and 0.4-0.8 Hz, while high-frequency energy appears to be diffused (0.8-1.6 Hz, 1.6-3.2 Hz).
The coherent energy in the low-frequency regimes is observed consistently until the ends of records.

The phase velocity of this coherent energy is about 3.0 km /s which corresponds to Rg phase velocity.

Figure 10. Normalized scattered Rg energy variation with azimuthal angle at a lapse time of ¢. The
scattered energy is normalized for the maximum strength. The normalized amplitude indicates the

relative strength of constituent scattered energy with azimuthal direction.

Figure 11. Normalized scattered energy variation ((a) Rg, (b) Lg) with lapse time and azimuthal angle,
which is an integration of temporal variation of normalized scattering energy in Fig. 10. The lapse

time of record section and the azimuthal angle for slant-stacking are annotated.

Figure 12. Spatial variations of normalized scattering intensities which are measured from (a) Rg, (b)
Lg, (c) Sn, and (d) Pg scattered waves. Travel-distance lines are presented, and their corresponding
lapse times are also annotated. The illuminated scattering locations agree with structural variations

in Fig. 7.

Figure 13. Mapping of scattering intensity under Lg-to-Pg scattering concept. Since the phase velocity
of scattered wave is higher than that of incident wave, the locations of heterogeneities are shifted
away from the source array the estimated location is estimated to be away from the source array. The
illuminated scattering locations appear to be less conforming to the geological variation in Fig. 7 (e.g.,

high surface topography region at the south of Balapan test around 45°N and 82°E).
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Figure 14. Spatial variation of quality factors, (), estimated from (a) Rg, (b) Lg, (c) Sn, and (d) Pg
scattered waves. The attenuation of surface waves are stronger than that of body waves. Rg phase
is strongly attenuated by a variation in surface topography. The influence of surface topography ap-
pears to be relatively weak on the attenuation of Lg and body waves. Color bars are scaled for clear

presentation.

Figure 15. Spatial variation of apparent scattering coefficients, go, estimated from (a) Rg, (b) Lg, (c) Sn,
and (d) Pg scattered waves. The scattering coefficients from Rg and Lg scattered waves are larger than

those from Sn and Pg scattered waves. Color bars are scaled for clear presentation.



energy ratio

5.00

4.00

3.00

2.00
1.00

0.00

(a)

@ P incidence

N 1 1

VK (1=0.25) e

Exponential
Gaussian

T 0.05

0.03

0.02

energy ratio

. 0.01

0 1

' 0.00

0 20 30 40 50 60 70 80 90 100
normalized wavenumber (ka)

(b)

Figure 1

. 0.04

e S incidence

S |

VK (1=0.25) e

Exponential
Gaussian

0

10 20 30 40 50 60 70 80 90 100

normalized wavenumber (ka)




o heterogeneity

incident A
source-array#’
beams 7

receiver

clustered events

iso-travel distance ellipse

Figure 2




Figure 3




Figure 4

3 R i
L L A
R



(a)

Epicentral distance (km)

698 -

ooty 4 Y Fr;:, AL
et e I VWYY

696

I
—
—
—
—

4.__ s o Ar ,_.,_ V ?;%g
694 E S oS A 1

e — . fé,,.__, ,,,,,

R A it e
it I LT

TN

(o]
o]
N
[
2
§

RN 9 A 4 o ,_;,___;z

D
©
o

»
(0]
(0]

(@]
[0}
»

684

682

680 |-

50 100 150 200 250 300 350

Figure 5

400



() gog

696

694

(o2}
(o]
[\

690

688

Epicentral distance (km)

686

684

682

u—

0

| bk

0

200

Figure 5 (continued)

)

;___;,?z__; ;

e

Rl

AT Y
| gl -c i_.%iti‘i

J _.;:____:;

v V0L 4T AR L A

Ve N

YL R KU YY1 AT i R N

300



(b)

> low gain  ©
m\ 50 L high gain 2 |
: ° o o
= 8 o O ©)
< o A0 pa A
- s © =50 oop
0®0o0 )
49.9 0o HOC s
o 00 o ) )
O A
49.8 : : _
78.6 78.7 78.8 78.9 79
Longitude (°E)
O.L. T T T T T T T _. T T
= low gain O
M\ 0.3 high gain 2 1
= 02k i
2 0 A O - O@
2 0.1 2 o o §
2 5 oco% 8 % . 8,
@ (O (A m o) O@ O@O@ 7
S o 0 4
—=-0.1F o ©Co o s
S O o
H |ON B D 7]
)
> 03 | ° .
IO.L. | | | | | | | | | |

-12-10 -8 6 4 -2 0 2 4 6 8
Longitudinal distribution (km)

Figure 6



5,50 55 60 65 70 75 8085 90

55° ! 55°
50° 150°
Am,__-m ! 45°
sk Lo’
35°  35°

50° 55° 60° 65° 70° 75° 80" 85" 90

50° 55 60° 65 70" 75 80° 85 90°

B~ (2)

30 40 50 60 70

160°

60°F

55° 55°

50° 150

45° ! 45°

40°

35° ., L IS
oo :

0 2000 4000 6000 Anv

50°

55°

60°

65

70

70

75

80

85°

55

Figure 7

5

60°

60

65

65

°

°

1

0

70

°

15

75

20

80

°

85°

90°

90°

70

°

75

80

°

85




(@) 0.2-04Hz (b) 0.4-0.8 Hz
. 0° . 0°

S
>
N
/_
e
.
2N
180"
AOV 1.6 - 3.2 Hz
@&Oe /km 3p-
S
>
N
/_
e
.

Figure 8



(a) 0.2-0.4 Hz

420 - 455 s pmax=0.67 640 - 675 s pmax=0.71 820 -855s pmax=0.71
0’ 0’ 0’

km 3p. km 3. km 3p.

S o)
A.00 0.
3 18
° )
%. ‘ P
oy 0 . 0 oy 0
9 g N 0" 4gor N 9 g N

(b) 0.4- 0.8 Hz
420 -440s pmax=0.47 640 - 660 s pmax=0.42 820 -840s pmax=0.49
000., o. km 3p. 0 \_A_‘..s 3p- ) 0

S ) S 1) S )

«.00 0. OUO 0. «.00 0.
3 8 3 8 3 8
® Q@ ® L ¢
2. ) ) &
5 , S ) S
9 4gor N o qgor N 9 4gor N

(c) 0.8-1.6 Hz

420 -430s pmax=0.35 640 - 650 s pmax=0.32 820 -830s pmax=0.33

0 0 0 sikm 3.

180° T 180° " 180°
(d) 1.6 - 3.2 Hz
420 - 425 s pmax=0.31

i \_.AB 8p-

Figure 9



t=425s 0 525s 0 625 s 0

270

90

180 0.2 180 0.2 180 0-2

725 s 0 825 s 0 875s 0

270 90

180 0.2 180 0.2 180 0-2

Figure 10



.0/¢

Figure 11



50° 55° 60° 65 70° 75 80" 85 90° 50° 55° 60° 65 70° 75 80" 85 90°

50° 55° 60° 65 70° 75 80" 85 90° 50° 55° 60° 65 70° 75 80" 85 90°
(@) (b)) Ll
0.0 0.5 1.0

50° 55° 60° 65° 70° 75° 80" 85 90° 50° 55° 60° 65 70° 75° 80" 85 90°

Figure 12



50° 55° 60° 65 70° 75 80" 85 90°

60° =

50° 55° 60° 65 70° 75 80" 85 90°

IR———

0.0 0.5 1.0

Figure 13



85°

90°

e 35

35°
50° 55° 60° 65 70° 75 80" 85 90°
i [l | | kO (a)
100 200 300 400 500 600
55° 60° 65° 70° 75° 80" 85" 90°

60°

55°

50°

45°

70° 75° 80" 85

90°
60°

—

B S

55°

35° 35°
50° 55° 60° 65 70° 75 80" 85 90°
(b) bl | | O
200 300 400 500 600 700
50° 55° 60° 65 70° 75° 80" 85 90°
®Ool O NN BN " O . I - QOo

I7

s S

65

L Lo

70° 75

750 1000

Figure 14



50° 55° 60° 65 70° 75 80" 85 90° 50° 55° 60° 65 70° 75 80" 85 90°

50° 55° 60° 65 70° 75 80" 85 90° 50° 55° 60° 65 70° 75 80" 85 90°
il Lol o (1/kim) il ol o, (1/km)
0.000 0002 0004 0006 0008 (&) (b)oooo 0002 0004 0006
50° 55° 60° 65 70° 75 80" 85 90° 50° 55° 60" 65 70° 75° 80" 85 90
60° : ) 60° 60° ‘
1
1
55° 155° 55y
1
s50° L 150° 50°
i
1
45° g 45° 45°
40° 40° 40°
35° : | 35° 35° LIRS RLEE, oo
50° 55 60° 6 : 50°

il il 5, (1/km)

0.000 0.001 0.002 0.003 0.004 0.000 0.001 0.002 0.003

@© ()

Figure 15



