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Short Note
Constituent Energy of Regional Seismic Coda

by Tae-Kyung Hong and William Menke

Abstract Seismic coda is composed of scattered wavelets originated from various
heterogeneities. The phase composition of regional seismic coda still remains un-
known, despite its use for several decades. This is caused partly because the ray paths
of scattered wavelets in coda are not on the great-circle path between a source and
receiver. We examine the constituent original phases of regional coda with the help of
a source-array analysis. A set of uniform sources that are essential for a source-array
analysis is organized with underground nuclear explosions. Strong Rg-origin energy is
observed in the coda at frequencies of 0.2—-0.8 Hz, and it lasts more than 700 sec until
the end of records. The coherent energy in the coda reduces with frequency. It con-
stitutes about 20% of the total coda energy at frequencies of 0.2-0.4 Hz, and 12% at
frequencies of 0.4—0.8 Hz. The other 80% of coda energy in 0.2-0.8 Hz is mixed with
complex phases from various untraceable origins. The Rg energy is the most influ-
ential component in the construction of low-frequency regional coda. On the other
hand, the coda at higher frequencies, 0.8-3.2 Hz, is observed to be mixed with com-
plex phases that cause the wave field to be diffused. The observation of Rg-origin
energy at the regional coda suggests that scattered energy from phase coupling of

Rg is not significant compared to Rg-to-Rg scattered energy.

Introduction

Seismic coda is composed of multipathing wavelets that
are scattered from heterogeneities in the Earth. This seismic
coda is observed at any distance, including local, regional,
and teleseismic distances. High-frequency seismic coda is
particularly well observed in local and regional distances.
The strong excitation of local and regional coda suggests
the presence of significant scatterers in the crust and upper
mantle. The seismic coda, however, can hardly be used for a
ray-based inversion due to the difficulty in identifying the ray
path and phase of constituent wavelet. This feature leaves
most seismic coda less used than direct phases.

Stochastic approaches have been applied often for coda
analysis. The stochastic approaches determine the properties
of heterogeneities in the medium from coda envelopes (Sato
and Fehler, 1998; Hong et al., 2005). Array data, in particu-
lar, were found to be useful for the stochastic analyses that
allow stable measurement of coda properties (Sato and Feh-
ler, 1998; Hong et al., 2005). The crustal and mantle hetero-
geneities in the Earth could be characterized using the
stochastic approaches (Capon, 1974; Hedlin et al., 1997;
Nishimura et al., 2002).

Another important feature of coda is that the coda be-
comes diffusive with time because of the influence of multi-
scattering (Aki and Chouet, 1975; Shapiro et al., 2000;
Hennino et al., 2001). The properties of the source and media
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could be estimated from diffusive coda (e.g., Mayeda and
Walter, 1996; Hoshiba, 1997; Bianco et al. 1999). These
coda characteristics were confirmed by various numerical
and theoretical studies (Frankel and Wennerberg, 1987;
Korn, 1993; Yoshimoto et al., 1997; Sato and Fehler, 1998).

Despite these magnificent advances in coda analysis,
however, many aspects of coda still remain unresolved. A
prominent question is how the regional seismic coda is com-
posed. Unlike local seismic records, regional seismic records
display onsets of various regional phases (e.g., Pn, Sn, Pg,
Lg, Rg). All of these regional phases can excite scattered wa-
velets when they interact with heterogeneities in the crust and
mantle lid. However, the relative contribution of each regio-
nal phase on the construction of regional coda is rarely
known. This unanswered problem, thus, leaves difficulty
in the interpretation of observed regional coda. This, as a re-
sult, causes limited analysis of regional coda to inference of
seismic properties of media. Thus, it is highly required to
investigate the phase composition of regional coda.

The original phases of wavelets constituting regional
coda can be investigated by examining wave fields from
clustered events with help of a source-array analysis, which
uses the reciprocity theorem (Aki and Richards, 1980; Spu-
dich and Bostwick, 1987; Nowack and Chen, 1999; Hong
and Xie, 2005). A set of uniform sources is essential for such
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a source-array-based approach. However, uniform sources
are hard to find in natural earthquakes, because source prop-
erties are often different—event by event—even on the same
fault plane.

Underground nuclear explosions (UNEs) are good alter-
native sources. The UNEs not only have uniform source prop-
erties, but also are clustered in small areas. In addition, a full
set of typical regional phases develop well from a UNE
(Hong and Xie, 2005). These features enable us to study
the phase composition of regional coda from a source-array
analysis based on UNE records. In this article, we present the
phase composition of regional coda in terms of original
phases and examine its nature of frequency-dependent phase
composition. Also, we discuss the potential of regional seis-
mic coda for a study of crustal and upper-mantle structures
with discussion of recent observations.

Data and Geology

We used regional seismic records for UNEs at the Bala-
pan test site during 1968-1989 (Fig. 1). The seismograms
were recorded at the Borovoye seismic station, Kazakhstan,
which is located at ~690 km in ~N304°E from the Balapan
test site. The magnitudes, m,,, of the UNEs range between 4.8
and 6.2. High-precision UNE locations and origin times are
available from various sources (National Nuclear Centre of
the Republic of Kazakhstan [NNCRK], 1999; Kim et al.,
2001; Thurber et al., 2001).

The recording system of BRV is composed of a set of
vertical short-period seismometers that have various ampli-
fication rates (Kim et al., 2001; Hong and Xie, 2005). We
analyze seismograms from displacement seismometers with
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a sensor type of SKM-3, which has a natural period of 2.0 sec
and sampling rates of 0.032 and 0.096 sec (Fig. 2) (Kim et al.,
2001). We analyze high-gain records for a study of phase
composition of regional coda to avoid digital round-off error.
The number of records is 35 (Fig. 1). These high-gain record
sections have been rarely analyzed in other studies because
they display only coda sections clearly. We check every time
section, and confirm that every time record is not contami-
nated by any noticeable interference of waves from other ex-
traneous sources.

The P- and S-wave velocities in Kazakhstan increase
gradually with depth, and reach 8.0 and 4.7 km/sec at the
mantle lid (Quin and Thurber, 1992). The crustal basement
on the great-circle path from the source region to the obser-
vatory is composed of Precambrian and early Palaeozoic
hard rocks (Levashova er al., 2003). This high Q crustal
structure excites seismic records with high signal-to-noise
ratios. The upper crust in the northeastern part of the Balapan
test site has a lower shear velocity by ~0.4 km/sec than that
in the southwestern part because of difference in surface
geology (Ringdal et al., 1992; Bonner et al., 2001). Hong
and Xie (2005) have recently reported that the Sn wave from
the lower-velocity region (northeastern region) is stronger
than that from the higher-velocity region (southwestern re-
gion). In this study, we analyze only the records from the
southeastern region to avoid the influence of surface geology
at the source region.

Method

We apply a frequency—wavenumber (f-k) method to the
BRYV records for the Balapan UNEs. The f-k method has been
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Map of the Borovoye seismic station (BRV) and nuclear explosions at the Balapan test site. The nuclear explosions that are used

as source arrays in this study are marked with circles (35 events). The source-array aperture is about 19 km in the longitudinal direction.
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Figure 2.

Vertical seismic waveform data of event A in Figure 1, recorded in low- and high-gain seismometers. The amplitude of coda

decreases exponentially with time, and the coda in low-gain records is subject to digitizing round-off error at long lapse time. Thus, high-gain

records are used for the analysis of coda.

widely applied to array data since its introduction (e.g.,
Capon, 1973). The application here to source arrays is justi-
fied by the principle of source-receiver reciprocity (Aki and
Richards, 1980). The source-array f-k approach was found to
be useful for studies to investigate the nature of wave fields
in the source region (e.g., Spudich and Bostwick, 1987;
Hong and Xie, 2005).

Each regional phase has unique phase velocity. Thus,
wavelets with the same phase velocity may develop as the
same seismic phase. For instance, Sn wavelets can be radi-
ated simultaneously in different directions from a single
source, and they develop as Sn phases in the different azi-
muths. The seismic coda is constituted by scattered wavelets
that may be radiated in various directions from the source. As
we examine the constituent energy of coda, we define the
consistent energy arrival of the same phase as coherent
energy.

The phase velocities and azimuths of waves leaving the
source arrays can be estimated by staking discrete slowness
power spectra over a finite frequency band (Hong and Xie,
2005):

N
Py (s) = %Z U (wjs,w))*/m;. M
j=1

where w; (j = 1,2,...,N) is a discrete frequency, N is the
number of discrete angular frequencies, s is a slowness
vector, and U is a discrete double-Fourier spectrum of array
waveforms. The parameter m; is a normalization (whitening)
factor that corrects for the instrument response and seismic
attenuation (Hong and Xie, 2005).

Theoretically, every phase radiated from the sources can
be tracked using a source-array analysis. Even wavelets that
are scattered from stationary heterogeneities can be tracked
as long as they are coherent over UNE records. Thus, using
the source-array f-k analysis of seismic coda, we can resolve
the original phases of scattered wavelets, regardless of their
post-phase types after scattering (Hong and Xie, 2005). Here,
because the source-array analysis is based on a set of seismo-
grams recorded at different times, energy from temporal
sources is identified as inconsistent energy. This feature
makes it easy to assess actual scattered energy. However,
multiple scattering makes the scattered wave field diffused,
and nonstationary background noises interfere with the scat-
tered wave field. In this situation, the original phases of dif-
fused scattered wavelets may not be well identified from the
source-array analysis.

After the f-k analysis, coherent energy of a specific
phase is retrieved from array records using beamforming
based on slant stacking (Kanasewich, 1981; Matsumoto
et al., 1998). The beamforming is operated for all azimuthal
directions (i.e., from 0° to 360°). This beamforming of the
source-array records collects unimodal wavelets, leaving
the sources in a given azimuthal direction. This analysis al-
lows us to quantify the energy of a specific phase as a func-
tion of the radiation direction from the sources.

Configuration of Source Array

The aperture of the source array is ~19 km in the long-
itudinal direction (Fig. 1). The average depth of burial is
465 m below the surface. The standard deviation of depths,
Ad,is 73 m. The average interval between adjacent UNEs,
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l,, is 1.42 km. The variation of focal depths is sufficiently
small compared to the event interval, A d /I, = 0.051 so that
the source-array components can be assumed to be placed on
a horizontal plane. The error caused by inhomogeneous
depth of burials can be neglected when the wavelength of
analyzed phase A, is sufficiently larger than the variation
in depth of burials of array components (A d ) such that A, >
4A d (Spudich and Bostwick, 1987). This relationship leads
to

v

“ira ®)

Ip
where f, is the frequency of phase, and v is the phase
velocity.

The phase Rg, the fundamental-mode Rayleigh wave at
regional distance, has the lowest phase velocity among regio-
nal phases. From equation (2), the critical condition for un-
aliasing analysis of Rg is f < 8.5 Hz. This critical condition
sets the upper frequency limit of regional-phase analysis.
However, the critical frequency is greater than the Nyquist
frequency of data set (5.2 Hz). Considering the Nyquist fre-
quency and the frequency contents of regional waves (Hong
and Xie, 2005), we limit the analysis by 3.2 Hz in this study.
Thus, the aliasing effect from spatial variation of array com-
ponents is avoided in our analysis. The response functions of
the source array are well concentrated in the centers for four
different frequency ranges (Fig. 3), which indicates a high
resolution of array analysis at the given frequency bands.

Analysis of Phase Composition

A source-array f-k analysis examines the dominant ori-
ginal phase and its dominance in the array records. When the
strengths of phases are comparable among various phases,
multiple peaks appear in the slowness power spectrum. If
the constituent wavelets at a time window are direct phases
from the source to receiver, the angles of the multiple peaks
in the slowness power spectrum should correspond to the azi-
muth between the sources and receiver. Thus, we can exam-
ine the radiation directions and phase velocities of wavelets
leaving the sources, which allows us to investigate the tem-
poral variation of coda composition. In addition, we can infer
the influence of scattering on the construction of seismic
coda. When multiple scattering is dominant, the wave field
becomes diffusive, and the coherency of phases over array
records decreases. In such cases, slowness power spectra
may display multiple peaks that are inconsistent with time.

A diffuse field is stochastically equivalent to a static
wave field composed of infinite numbers of standing modal
waves. Here the modal amplitudes can be arbitrary (Lobkis
and Weaver, 2001). Physically, this corresponds to a system
with multiple secondary sources that are distributed densely
in the medium (Snieder, 2004). In the Earth, the multiple sec-
ondary sources correspond to heterogeneities that radiate
scattered wavelets. Thus, the construction of diffuse field

457

[\

.06

o il

,\97“

o S ) s
70 180° AD () 180° AD
(c) 0.8-1.6Hz (d) 1.6-3.2Hz
¢ Os/km - rgbd 0’s/km 3.

[\

.06

790‘. '

— S~
180" 180"

Figure 3.  Array response functions of the source array for var-
ious 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 slowness power spectrum diagrams, which indicates a
high-resolving power of f-k analysis without any noticeable aliasing
effects.

depends on constitutional phases and their propagation
directions.

In this study, the variation of phase contents is examined
by frequency bands. Considering the typical frequency con-
tents of regional phases and the resolution of source array
(Hong and Xie, 2005), we set four frequency ranges, 0.2—
0.4, 0.4-0.8, 0.8-1.6, and 1.6-3.2 Hz. The coda sections
are band-pass filtered before source-array analysis.

We observe strong and coherent scattered energy with a
phase velocity of 3.0 km/sec in the slowness power spectra
at frequency bands of 0.2-0.4 and 0.4-0.8 Hz (Fig. 4b). This
phase velocity corresponds to the typical Rg phase velocity
in this region (Hong and Xie, 2005). Also, the frequency
range (0.2-0.8 Hz) in which the Rg energy is observed is
consistent with the reported Rg frequency content. This
Rg phase is consistently observed over the entire coda sec-
tion of array records with a duration of 900 sec, which cor-
responds to about four times the Rg travel time and an Rg
propagation distance of about 2700 km.

The observed Rg energy is quantified by beamforming
the source-array records. The distribution of Rg energy as
function of radiation direction is given in Figure 5. The azi-
muthal angles of the maximum Rg energy are not constant,
but keep varying with time. The indicated angles are appar-
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Figure 4.  Slowness power spectra of band-pass filtered coda from f-k source-array analysis. The band-pass filter ranges are 0.2-0.4 Hz,
0.4-0.8 Hz, 0.8-1.6 Hz, and 1.6-3.2 Hz. Parameter p,,,, indicates the maximum normalized power (0 < p... < 1). Strong Rg-origin energy
with a phase velocity of 3.0 km/sec is observed in low-frequency regimes of 0.2-0.4 Hz and 0.4-0.8 Hz, while the phase composition of
high-frequency coda (0.8-1.6 Hz; 1.6-3.2 Hz) appears to be diffusive.
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(a) Azimuthal distributions of normalized Rg scattered energy at lapse times of 500 and 800 sec. The Rg scattered energy is

quantified using a slant stacking. (b) Collective results of normalized Rg scattered energy at lapse times from 245 to 900 sec. The azimuths of
maximum strength, which indicate the initial radiation directions from the source, vary with time. The temporal variation of azimuths in-
dicates that Rg waves are scattered from various sources of lateral heterogeneities distributed over regional and teleseismic distances.

ently different from the azimuth between the sources and re-
ceiver (~303.9°). This difference in angles suggests that the
energy was not radiated initially in the direction of the great-
circle path, but was radiated in a deviated direction. This ob-
servation implies multipathing propagation.

We examine every coda record section, and confirm no
apparent interference of other sources. Also, because we
adopt source-array records that are collected in different
times, any temporal sources are well suppressed in the
source-array analysis. Thus, this expectation suggests that
the observed energy is partitioned from Rg energy because
of scattering (Fig. 6). These Rg-origin scattered waves are
observed only after the direct Rg phase, but not before
the direct Rg. On the other hand, the coda after major regio-
nal phases such as Pn and Lg phases displays the phase ve-
locities of the preceding phases (Hong and Xie, 2005). These
observations suggest that phase-coupled scattered energy
from Rg is not so strong as to interfere with the scattered
energy from other phases.

We, however, do not find any dominant phases in high-
frequency coda (0.8—1.6 Hz and 1.6-3.2 Hz). The phases and
radiation directions are observed to be distributed randomly
over the slowness-azimuth domain (Fig. 4d). This complex
phase composition lasts over the entire coda. The multiple
random peaks support that the high-frequency coda is not
composed of any consistent phases. Thus, it appears that

Balapan

XS UNEs

\Rg
heterogeneity

Figure 6. Schematic diagram for observation of Rg energy
radiated in outside the great-circle direction because of scattering.
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the high-frequency coda is well mixed with various scattered
waves of comparable strengths, which causes the wave field
to be diffusive (Del Pezzo ef al., 1997). Here, the comparable
strengths of phases in high-frequency regime suggest that
major body-wave phases are attenuated significantly with
scattering, unlike theRg phase that is still dominant in the
low-frequency range.

Constituent Energy

We quantify the scattered energy in terms of regional
phases to estimate the influence of individual phase on
the construction of regional coda. The scattered energy is
quantified by assessing the slowness power spectra. We con-
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sider three regional phases, P, S, and Rg (Fig. 7). We set the
P slowness range to include Pn and Pg energy, and the S
slowness range is set to include Sn and Lg energy. The ap-
plied P slowness range is 0.12-0.17 sec /km, the S slowness
range is 0.20-0.25 sec /km, and the Rg slowness range
is 0.29-0.42 sec /km.

We first estimate the background diffusive energy level
in the coda. The surplus amount of coherent energy in the
coda can be estimated by correcting for the background dif-
fusive energy. The unidentifiable scattered waves that are in
diffused states constitute 80% of the total coda energy in 0.2—
0.4 Hz, in which regional Rg phase is most dominant. The
Rg-origin energy composes 10%—18% (~14% on average) of
coda energy in the frequency range, while P- and S-origin
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Figure 7. Constituent energy of seismic coda in terms of regional

phases. Rg-origin energy dominantly constitutes low-frequency coda

(0.2-0.4 Hz; 0.4-0.8 Hz). In higher frequencies (0.8—1.6 Hz; 1.6-3.2 Hz), the phases of origin are barely identified, which may be associated
with multiple scattering by small-scale heterogeneities in the crust. The high-frequency coda appears to be diffused.
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energy constitutes only 0%—2% (~1% on average) and 2%-—
5% (~3% on average), respectively. We thus find that the
coherent energy in the coda decreases with frequency. For
coda of 0.4-0.8 Hz, the Rg phase constitutes 6%—11%
(~8% on average). The energy from the other phases consti-
tutes 0%—4%. On the other hand, the constituent phases are
observed to be complex in the higher frequencies of 0.8—
1.6 Hz and 1.6-3.2 Hz.

The observation in high-frequency range suggests that
the constituent wavelets were originated from multimodal
phases. This phase composition leads to construct a diffuse
field (Lobkis and Weaver, 2001). The observation of energy
from major regional phases at low-frequency coda, but rare
at high-frequency coda, may be related to the frequency-
dependent nature of scattering; the magnitude of scattering
is strong when the wavelength is comparable to the size of
heterogeneity (Sato and Fehler, 1998; Hong, 2004; Hong
et al., 2005). High-frequency waves interact strongly with
the small-scale heterogeneities in the crust and mantle lid.
Low-frequency waves, on the other hand, respond less to
the small-scale heterogeneities. Note that the dimension of
small-scale changes with depth because the wavelength,
A, increases with the wave velocity, ¢ (i.e., A = ¢/ f, where
f is the frequency).

It is intriguing that the Rg-origin energy lasts to the end
of the low-frequency coda. This observation suggests that
Rg-origin energy constitutes a significant portion of the
low-frequency coda, which agrees with the phase composi-
tion of scattered wave field near the free surface (Hennino
et al., 2001). The dominance of Rg-origin energy over other
phases in the low-frequency coda may be caused by the dif-
ference in geometrical spreading; the travel distances of Rg
are much shorter than those of body waves arriving simul-
taneously. This feature agrees with the recent observation of
Rayleigh-wave retrieval from cross correlation between re-
gional seismic coda of a pair of stations (Campillo and Paul,
2003; Shapiro et al., 2005). The group velocities of the Ray-
leigh waves can be directly inverted for the Green’s function
of the medium. The retrieval of Green’s function from cross
correlation of seismic noises was confirmed by both theore-
tical and numerical studies (Roux et al., 2005; Weaver and
Lobkis, 2005; Paul ez al., 2005).

The observed energy constitution of regional coda, thus,
explains the reason why only Rayleigh waves are retrieved
instead of body-wave phases such as Pn and Sn. The Ray-
leigh energy is observed only up to a frequency of 0.8 Hz in
this study. Thus, it appears that the Rayleigh-wave retrieval
from coda cross correlation is possible at a low-frequency
range. In other words, the retrieval of a specific phase is
expected to be fairly limited in a high-frequency regime
because of the nature of regional coda. From these observa-
tions, the equipartition approximation (mixture of multimo-
dal waves) in coda analysis appears to be particularly suitable
for analysis of high-frequency coda (Shapiro et al., 2000).
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Discussion and Conclusions

We have examined the phase composition of regional
coda and studied the contribution of regional phases on
the construction of regional coda. The original phases of
scattered wavelets could be identified using a source-array
analysis technique. Underground nuclear explosions provide
a unique set of uniform sources that are essential for source-
array analysis.

Strong and coherent Rg-origin energy lasts continuously
to the end of coda (more than 700-sec lasting coda) in a low-
frequency range of 0.2-0.8 Hz. This Rg-origin energy is
dominant over the energy from other regional phases. The
Rg-origin energy is the most influential component that pre-
vents the low-frequency coda from being diffused. Identifi-
able regional phases constitute about 20% of coda energy in
a frequency range of 0.2-0.8 Hz. The other 80% of coda en-
ergy is composed of diffusive scattered waves. The Rg-origin
energy is mostly observed only after the arrival time of the
direct Rg. The observation suggests that Rg-to-Rg scattering
is a dominant process in the low-frequency scattered
wave field.

In higher frequency ranges (f > 0.8 Hz), the constituent
energy of coda is observed to mixed with multimodal phases.
This intensive diffusion of coda at high frequencies may be
related with the presence of crustal heterogeneities that inter-
fere strongly with high-frequency waves. The equipartition
approximation based on diffuse field that is often applied
in coda analysis appears to be particularly suitable for
high-frequency coda.
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