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Abstract
By using the semblance analysis of seismic noise prehistory of local earthquakes recorded by a dense seismic array, we
reconstruct the image of distributed sources of weak seismic radiation beneath the Earth’s surface. Array observations were
carried out in the Nikko area, northern Kanto, Japan in 1993 by Joint Seismic Observation Team. The array consists of 195
three-component seismometers distributed along perpendicular profiles whose array diameters are 7 km. From the analysis of
data, several active volumes in the upper crust were identified and new features of seismic emission discovered. A joint
analysis of the coda and seismic noise shows that a mid-crustal magma body that was identified before by reflection analysis
is both a scattering region and a source of seismic emission. Another large active volume is visible to the east of the array at
depths of 2–15 km; it coincides with a known low-velocity and high-attenuation anomaly. This emission region corresponds
to an area of large earthquakes. q 2000 Elsevier Science B.V. All rights reserved.
Keywords: Crustal structure; Seismic emission; Emission tomography; Seismic noise

1. Introduction
Many geophysical processes in the Earth’s interior are accompanied by radiation of seismic energy
in a wide range of scales, from disastrous earthquakes to weak radiation that is a component of
seismic noise. Earthquakes have attracted general
attention from time immemorial due to their great
significance for human life; however, the importance
of seismic noise as a valuable source of information
about the geodynamic state of the Earth was realized
not so long ago. However, some interesting results
)
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were reported in the last century. In his book devoted
to tides and associated phenomena, Darvin Ž1898.
described observations of acoustic noise with a microphone in an underground vault. De Rossi, who
was the author of this investigation, came to the
conclusion that the observed noise was of terrestrial
origin and remarked some peculiarities of the underground radiation.
One of the well-known types of endogenous radiation is volcanic tremor. It was discovered by Omori
Ž1911. during the eruption of Usu Volcano, Japan;
since that time many scientists have observed and
studied similar phenomena on volcanoes all over the
world. Volcanic tremor usually accompanies eruptions and is then radiated from sources near the
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bottom of the active crater, but occasionally it is
recorded between eruptions and the source is situated
at depths down to 30–60 km ŽEaton, 1967.. Different hypotheses for the mechanism of excitation of
volcanic tremor exist ŽSassa, 1935; Finch, 1949;
Omer, 1950; Sakuma, 1957; Shima, 1960; Kubotera,
1974; Seidl et al., 1981; Tokarev, 1981; Cosentino et
al., 1982; Gordeev, 1985. but none of these provides
a full explanation of all features of this complex
phenomenon.
Phenomena that can be explained by the existence
of endogenous sources are not confined to volcanic
regions. In the early 1950s, Gamburtsev Ž1960. called
attention to a strange behavior of seismic noise
Ž10–40 Hz. observed in Tadjikistan: the variation of
amplitude was the same in value and simultaneous at
two recording sites with a separation of 5 km and
there was no correlation with wind. Gamburtsev
proposed a deep origin for this seismic noise component.
The interest in the study of deep sources of
seismic noise increased in the mid-1970s, when a
systematic study of phenomena called seismic emission began. From the spectral analysis of teleseismic
records, Zhadin Ž1971. found distinct high-frequency
Ž) 2 Hz. wave trains after the direct P-arrival. His
interpretation was that the high-frequency components were excited in the Earth triggered by direct
P-waves. Study of temporal variations of amplitude
envelope of high-frequency noise Ž15–60 Hz. was
carried out by using narrow-band high-gain instruments ŽRykunov et al., 1979, 1980, 1982; Diakonov
et al., 1990.. These workers found a correlation
between seismic noise level and low-frequency strain
processes: tides, storm microseisms, and seismic
waves from large distant earthquakes. They reported
that the seismic emission activity of the Earth changes
in time and space, exhibits a high sensitivity to stress
and vibration, and a frequency selectivity to external
forces. They also consider the possibility that seismic
emission gives rise to fractal properties of seismic
noise ŽRykunov et al., 1986, 1987; Smirnov and
Cherepantsev, 1991; Berdyev et al., 1992;
Mukhamedov, 1992..
In spite of this great amount of work available at
present, we should concede that the true nature of
seismic emission is still not well-understood. Most
researchers try to relate seismic emission to rock

failure and the growth of defects under the variation
of background stress field Žby analogy with acoustic
emission. or with restructuring of a multi-scale block
structure in the presence of dry friction and volume
fluctuations ŽRykunov et al., 1979; Krylov et al.,
1991; Mukhamedov, 1992.. The Earth’s crust is very
heterogeneous both as regards geologic structure and
rheology, as well as the distribution of structural
stress. Hence, it is natural to expect that emission
sources are non-uniformly distributed in space. Since
almost all observations reported so far on seismic
emission were carried out using a single receiver, it
was difficult to locate a source of radiation and
identify it in relation with real geological objects.
Diakonov et al. Ž1989, 1990, 1991. found depths
with a stable large amplitude of noise in the seismic
Ž) 1 Hz. and acoustic frequency ranges in both
tectonically active and quiet areas. Detailed study of
these phenomena showed that large amplitude noise
occurs in crushed and cracked regions, faults and
fracture zones. Some information on the spatial distribution of emission sources were found by borehole
observations. Observations made in Belorussia with
modern high-sensitive equipment for frequencies of
0.5 to 1000 Hz showed that seismic noise with large
amplitude at some depth is evidently related to the
emission activity at this depth ŽBelyakov and Nikolaev, 1995..
In these researches, the seismic emission phenomena were studied on the basis of amplitude information; a source of radiation was associated with a
receiver on the surface or in boreholes. To clear up
the details of mechanism of excitation of seismic
emission, to monitor the dynamics of seismic sources,
and to estimate the relative energy contribution of
emission component into the global noise field of the
Earth, it is first necessary to locate sources of radiation and compare them with real geophysical objects
and fields. Several studies were made before to
locate scattering sources from coda analysis in a
deterministic framework ŽKey, 1967; Lynnes and
Thorne, 1989; Hedlin et al., 1991.. In these works,
they estimate azimuthes and apparent distances of
‘‘secondary’’ sources. We made similar study with
use of semblance analysis ŽNikolaev and Troitskiy,
1987; Nikolaev et al., 1986.. Our method permits to
make three-dimensional source location, i.e., to estimate azimuths, apparent distances, and depths of
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seismic sources. The first work was done by analyzing vertical-component records of noise and coda of
teleseismic earthquakes obtained at the NORSAR
array ŽNikolaev and Troitskiy, 1987; Nikolaev et al.,
1986.. The method was also used for geothermal
energy exploration by L.N. Ryknuov, B.M. Shoubik,
and V.L. Kiselevich ŽArnason and Flovenz, 1992..
Here, we call our method, which focuses on the
location of seismic emission points as ‘‘emission
tomography’’. This name more clearly reflects the
meaning of the method; as a result, we get three-dimensional images of the medium where the distribution of brightness shows the distribution of active
volumes, in other words, we derive portraits of the
medium in terms of its ability to produce or scatter
seismic energy. In this paper, we describe the results
of analysis of seismic noise data recorded in the
Nikko-Ashio district near the volcanic front, Honshu,
Japan. In contrast to our previous studies, we analyzed three-component records based on an extended
version of emission tomography adapted for threecomponent data processing.

amplitude of the j-th sample at the i-th recording
site, t i is the time shift in the i-th channel appropriate to the path of a hypothetical signal from a
focused grid point. Scanning the structure over a
three-dimensional rectangular grid, we derive the
spatial distribution of semblance coefficient that
characterizes the emission and scattering properties
of the Earth.
If there is no coherent component of seismic noise
and only independent identically distributed Gaussian noise is present on each channel, the semblance
has the b-distribution with expected mean and variance,
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Suppose that a small volume in the Earth radiates
a weak seismic signal. This seismic signal has a very
simple structure, in a homogeneous medium this
being a spherical wave. In a real medium, the signal
trajectory is distorted due to lateral velocity variation
but a spatial signal coherence remains. This fact can
be used for seismic source detection. To extract the
spatially coherent component of seismic noise and
reconstruct an image of the weak seismic source we
use a coherency measure for multi-channel data
named semblance ŽTaner and Neidel, 1971; Nikolaev
and Troitskiy, 1987; Nikolaev et al., 1986, 1991.:
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In mathematical statistics the F-statistic is defined
ŽKramer, 1974. as
m
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where n and m are degrees of freedom; k s
Ý mjs1 jnrÝ njs1hn , jn , hn are independent random
variables distributed as N Ž0, s 2 .. According to
Douze and Laster Ž1979., the degrees of freedom are
n s 2 Bt s T, m s T Ž K y 1.; B is the bandwidth in
Hz and t is the time window in seconds.
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Hence, the statistics of Ž S r K .-measure is a b-statistic as defined in Kramer Ž1974., with the same
degree of freedom as for the F-statistic. The sample
moments of the b-statistic are given by
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where K is the number of channels, T is the time
window length in samples, f i j is the instantaneous
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These formulas can be derived as follows. Semblance is connected with the F-statistic ŽDouze and
Laster et al., 1979.
s

2. Data processing algorithm
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From this relation it is possible to calculate the first
and second central moments of S-measure:
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in a plane perpendicular to the ray direction. When
reconstructing images in shear waves we used a
modification of the coherent semblance measure as
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The b-distribution is asymptotically normal Žfor m,n
) 30., hence the 95% confidence band equals 2 s
f Ž 2rT . . That is, under the assumption that no
signal is present, semblance maps have a uniform
distribution of brightness, the statistical scatter of
brightness in an image depending on the variance.
With 95% probability the values of semblance fall in
the band w1 y 2 Ž 2rT . ,1 q 2 Ž 2rT . x.
When coherent signals from an emission source
are in the noise-like wave field, a bright spot appears
in the reconstructed image. Semblance sharply increases for those grid points which are closer to the
source. Semblance is a function of the signal-to-noise
ratio. Let us assume for simplicity that an identical
signal is present on each channel, Es and En are
signal and noise power on each channel. It is possible to verify that
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The use of a three-component receiver allows a
significant improvement in the method of emission
tomography. Namely, instead of the f i j in Eq. Ž1. we
can use a simple projection of three-component particle motion on the direction of oscillation for a
selected type of wave: compressional wave ŽP. and
two components of shear wave ŽSV and SH. in the
far-field zone appropriate to a given ray.
Numerical simulation and analysis of real data has
shown that the use of three-component data improves the quality of images. It is possible to make
use energy in the appropriate type of wave and to
filter out waves with different coherent polarizations.
We have no special difficulties in the choice of
projection direction for the analysis of compressional
waves, but difficulties arise in the choice of projection direction for the transverse components of seismic waves. For shear waves, we take the projection

K

js0 is0
2

Ý

f iSV
j

Žti .

is0

q

)

T

2

f iSH
j Žti .

K

(

s1q

T

Ý Ý

,

K

Ý Ý

f iSV
j Žti .

Ž 6.

2

js0 is0

where f SH and f SV are projections of instantaneous
amplitude in the SH and SV directions, the other
notation being similar to that in Eq. Ž1..
In the absence of a specific dominant source,
‘‘random noise . . . is composed of multiple wave
types Žsurface and body. from multiple sources. An
array of seismometers would exhibit low coherence
both between components of motion at any site in
the array and between the site’’ ŽCarter et al., 1991..
When different components of motion at a single
station is uncorrelated and are identically distributed
˜
Gaussian noise, it is possible to show that the S-measure has an asymptotically normal distribution with
mean and variance:
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These formulas for S-measure
coincide with the
respective formulas ŽEq. Ž2.. for the S-measure. A
high semblance value, S˜G 1 q 2 s˜ 2X , indicates that a
coherent arrival presents in the noise.
To derive Eq. Ž7. we rewrite Eq. Ž6. as
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that this task is difficult. The results of our study
show that the use of a simplified data processing
technique Žhalf-space with no topography., even
though a crude one, works well even for surface
recording and allows us to locate deep-seated emission sources.
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In our research the data of seismological observations carried out by ‘‘The 1993 Joint Seismic Observation Group in and around the Nikko Area’’ is
used. The geometry of the dense seismic Nikko array
deployed in northern Kanto, Honshu is shown in Fig.
1. The Nikko array, which consists of 195 threecomponent seismic stations, covered an area of 7 = 7
km with average spacing of 70 m. The seismometers
were mostly installed on bedrock or on artificial
concrete foundations, some partly being buried in
soil. They were installed in the mountains at heights
of 650–1300 m above sea level, in an area with low
cultural and traffic noise. We used the frequency
band 4.5–50 Hz.
It is necessary to note that the observational arrangement used has serious disadvantages as to the

Therefore, S˜ follows the x 2-distribution with T
degrees of freedom, which is also asymptotically
normal. By virtue of a normalization, the mean and
variance of S˜ are described by Eq. Ž7..
It is necessary to make one important note. In the
above data processing description it was supposed
that the polarizations of compressional waves coincide with the directions of approach of waves at a
recording site and the polarizations of shear waves is
in the plane are orthogonal to the ray. Such approximations are adequate when the sensors are installed
in boreholes. Nevertheless, in our case the observations were carried out at the free surface where
reflection and conversion strongly depend on angle
of incidence. Therefore, the real polarization of a
compressional wave can deviate appreciably in some
cases from the ray direction. To make single-station
corrections, it is necessary to have exact information
on the topography at each recording site and a very
good three-dimensional velocity model of the
medium for exact tracing of seismic rays. It is clear

Fig. 1. Nikko-Ashio area, Honshu, Japan. Configuration of the
seismic array and the images of the hypocenters of earthquakes
1–6 in Table 1 Ža. Array geometry, open stars are earthquake
epicenters according to the catalog; the black squares are source
images from P-waves; black circles are source images from
S-waves.
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If records on channels are not correlated and
consist of random noise with zero mean and identical
variances, the u i j obeys a Student’s t-distribution.
Consequently, u i j are asymptotically normal with
mean 0 and variance 1. Hence, j j is also asymptotically normal, being the means of normally distributed variables; the mean of j j is 0 and the
variance is
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application of the method of emission tomography:
the areal distribution of sensors is essentially nonuniform and is controlled by the road geometry
where it was possible to transport the equipment in a
mountainous area and the wave front is distorted due
to the rough topography and velocity heterogeneities
along a ray-path. The latter effect is especially strong
at high frequencies. Besides, in our deployment we
had very short samples of microseismic noise because recording was made in the triggered regime
with 4-s pre-event noise. We used these 4-s noise
samples ahead of the P-onset for our analysis. Nevertheless, despite such serious disadvantages, we could
reconstruct a clear image of a deep emission source,
which was supported by a series of positive factors.
As already mentioned above, the network included a
large number of three-component receivers, the initial material had excellent quality. The district, in
which the seismic network was installed, is represented mostly by basaltic rocks. Velocity heterogeneities are probably not too strong and the influence of topography is not so destructive as to destroy
correlation and polarization. Furthermore, rough topography and inaccessibility of this district have
reduced cultural and traffic noise.
We analyzed the records of six local earthquakes
with M ; 2.5–3 and noise samples before the P-wave
onsets. Information about these earthquakes is listed
in Table 1. The sources of these earthquakes have
similar focal depths Ž7–9 km. and are distributed
around the Nikko seismic array as shown in Fig. 1.
All records contain 20 s of data with a short noise
prehistory. Fig. 2 shows example seismic traces.
Time difference between direct P- and S-waves is
about 1.5 s. The length of seismic noise samples

ahead of the P-onset are about 4 s. For reconstruction
of an image we use the first 3.6 s of each record. The
time window for seismic noise is selected to be as
long as possible but does not exceed the P-wave
onset of the earthquake. When we make emission
images for coda, we use last 12 s of records. When
we reconstruct images of earthquake sources, time
window for P-waves is 0.85 s Ž85 samples. and for
S-waves is 1.00 s Ž100 samples.; time windows start
from the time of arrival. All time windows are
shown in Fig. 2.
At the first stage of handling all records were
subjected to visual analysis. Channels contaminated
with noise and anomalous temporal shifts were rejected. The preliminary analysis of data has shown
that amplitudes of seismic noise and coda of local
earthquakes can differ for different array stations.
There exist researches ŽYoshimoto et al., 1993.,
which showed that for high-frequency oscillations it
is impossible to neglect local influence of the
medium. Site effects may be considerable even when
registering equipment is installed on hard-rocks, especially on granite. To remove the influence of site
effects from the final results, traces are reduced to
zero average and normalized by using the mean
square three-component amplitude.
In our study, the noise time series contains 360
samples ŽT .. According to formulae Ž2. and Ž7.,
when no spatially coherent noise signal is present,
we have maps of S and S˜ measures with
S s 1 " 2 s s 1 " 0.15.

Ž 8.

Before data processing, we discarded records of
stations with strong cultural noise, large distortion of

Table 1
Information about earthquakes which noise prehistory we used for analysis
Number of earthquakes

Date
Time of origin Žh–min in JMA.
Depth Žkm.
Longitude Ž8N.
Latitude Ž8E.
Number of stations before rejection
Number of stations after rejection

1

2

3

4

5

6

09r11r1993
17–42
9.0
36.625
139.540
147
101

11r11r1993
03–19
7.3
36.578
139.452
165
100

14r11r1993
07–46
7.8
36.658
139.475
159
85

17r11r1993
00–39
7.5
36.640
139.478
153
101

17r11r1993
14–46
7.7
36.632
139.482
169
93

18r11r1993
02–10
7.7
36.591
139.407
174
109
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Fig. 2. Sample velocity seismograms of local earthquake 3 from Table 1 for stations A17, B16, D08 and E23. Time window used for
reconstruction of emission images: Ž1. for seismic noise, Ž2. for direct P-waves, Ž3. for direct S-waves, Ž4. for coda, and Ž5. for reflection
phase from a magma body.

direct waves of earthquakes and different frequency
response. For these reasons the number of stations
used for the image reconstruction was about 100
Ž K ., as listed in Table 1. Hence, in the presence of a
spatially coherent component, according to formula
Ž5., in the grid point coinciding with source position
we will have
S f 1 " l,

Ž 9.

where l is the average signal-to-noise ratio in percent.
When we draw emission images we plot maps of
Ž S y 1. and Ž S˜y 1. and a scale of brightness. For the
grid points different from the emission source position the brightness of an image lies within the confidence band set equal to "0.15. Bright spots with
brightness larger than 0.15 are significant with 95%
probability. A signal-to-noise ratio of the energy
radiated by an elementary volume equals the brightness value.
We should make a small remark here. We use
darker colors to draw the brighter regions in the

emission images; our pictures look like negatives.
Nevertheless, we use the word ‘‘brightness’’.
4. Results
Numerical simulations using the parameters of
real field observations show that the images of a
radiation point has a smaller size for higher frequencies. In Fig. 3, the contour plots a, b and c show the
reconstructed images of a source of a harmonic
signal at frequencies of 5, 10 and 20 Hz, respectively, in a horizontal and two vertical cross-sections
through the source. When we make emission images,
the origin of coordinates in the horizontal section
coincides with the center of the Nikko array Žlatitude
36838X , longitude 139829.4X .. The positive direction
of the x-axis and y-axis coincide with east and
north, respectively. The brightness of each grid point
equals Ž S y 1.rŽ Smax y 1., where Smax is the greatest semblance value at the grid point coincident with
the source position. The source is placed beneath the
center of array Ž x s 0 km, y s 0 km. at depth h s 8
km.

174

I.I. TchebotareÕa et al.r Physics of the Earth and Planetary Interiors 120 (2000) 167–182

Fig. 3. Results of numerical simulation. Images of a point source at 8 km depth for horizontal and two vertical sections. Left-hand side
shows results for a source beneath the array center Ž x s 0 km, y s 0 km. radiating signals with frequency Ža. 5, Žb. 10, and Žc. 20 Hz.
Right-hand side shows results for a source east of the array center Ž x s 10 km, y s 0 km. radiating signals with frequency Žd. 5, Že. 10, and
Žf. 20 Hz. The density scale shows the normalized value of semblance: Ž S y 1.rŽ Sma x y 1., where Smax is the greatest semblance value at
the grid point coincident with the source position.

The image is somewhat asymmetric in consequence of the asymmetry of the array geometry. The
horizontal spatial resolution is several times better
than the vertical. The maximum extent of a spot with
brightness greater than 20% equals 1.2, 0.5, 0.125
km in the horizontal direction, and 7, 3, and 1 km in
the vertical direction for frequencies 5, 10, and 20
Hz, respectively. In order to reliably restore a small
high-frequency source, it is necessary to select a
dense grid. However, reduction of grid spacing increases computer time in a square-law. For image
reconstruction we have selected a compromise value
of grid spacing: 0.5 km horizontally and 1 km vertically. This grid density is sufficient for reliable
detection of sources with signal frequency up to 20
Hz, but is less reliable for the highest frequencies:
we can miss a small radiating region that happen to

occur on the edge of a bright spot. In the latter case,
we underestimate the brightness of the emission
source.
For all records we calculate images for radial and
transverse components of seismic waves for depths
1–15 km with a step of 1 km over depth and in a
12 = 12 km square with a grid spacing of 0.5 km.
Then, for more precise determination, for some samples the images were re-calculated over larger areas.
When a seismic source moves away from the
center of the seismic array, the spatial resolution in
the ‘‘source–receiver’’ direction becomes worse.
That is, the ‘‘bright spot’’ is elongated in the
source–receiver direction. Fig. 3d, e and f, shows
images of a harmonic point source placed at depth of
8 km east of the array center Ž x s 10 km, y s 0 km.
for frequencies 5, 10, and 20 Hz, respectively. A
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comparison of contour plots a, b, c and plots d, e, f
in Fig. 3 shows that the spatial resolution in the
source–receiver direction becomes several times
worse when the distance between the source and the
array center approximately equals one and a half
array diameters. Nevertheless, the resolution in perpendicular direction does not vary as much with
source position. This means that for near-surface
remote sources we shall receive ‘‘spread shadows’’
in the horizontal direction but a good resolution in
depth. For deep remote emitters we shall get good
resolution in the horizontal plane, but ‘‘spreading’’
over depth. This effect of ‘‘spreading’’ is observed
for real data when we make emission images over a
large area and for large depths.
4.1. Image of earthquake sources
In our study we used a two-layer model with
np s 5.2 kmrs and ns s 3.06 kmrs for depths down
to 1.6 km and np s 5.9 kmrs and ns s 3.47 kmrs
for large depths according to Sakai Ž1994.. The
chosen velocity model is rather crude. To evaluate
qualitatively the robustness of the velocity model, we
show in Fig. 1 spatial differences between the locations of earthquake sources derived in two ways:
source location estimated by means of P and S
emission tomography and earthquake hypocenters
determined from observations of a regional network
as listed in Table 1. For regional location np s 5.4
kmrs at D s 0–7.2 kmrs at D s 31 km Ždepth
dependence of velocity is linear., ns : 3.15 kmrs at
D s 0 km and 4.2 kmrs at D s 31 km Ždepth
dependence of velocity is linear.. The accuracy of
the routine procedure is only a few kilometers. The
accuracy of the semblance location for homogeneous
medium is better but open to influence of boundaries
and local velocity inhomogeneities that can decline
seismic ray.
Fig. 4 presents examples of source images for
earthquakes 2 and 3 in P- and S-waves. In Fig. 4 we
plot distributions of Ž S y 1.rŽ Smax y 1. for P-waves
and Ž S˜y 1.rŽ S˜max y 1. for S-waves. The time window for P-waves is 0.85 s Ž85 samples. with origin
at P-onset; that for S-waves is 1.00 s Ž100 samples.
with origin at S-onset. For an isotropic medium,
when we make an error in the estimation of average
velocity, the location shift of images in both types of

Fig. 4. Images of sources for direct waves: Ža1. and Ža2. earthquake 2 for P- and S-waves, respectively and Žb1. and Žb2. for
earthquake 3 for P- and S-waves, respectively. Time window is
0.85 s for P-waves and 1.00 s for S-waves. The density scale
shows the same as mentioned in the caption of Fig. 3.

waves should happen in the direction of source to
array center. For compressional waves, this condition
is fulfilled rather well Žsee Fig. 1.. The horizontal
and vertical displacement is 1–2 km, which agrees
well with the routine procedure accuracy. However,
the systematic outward location shift shows that the
average velocity of a selected model is somewhat
underestimated.
From a comparison of images of earthquakes in
the southeastern part of the volume and in the central
and northwestern part, we conclude that the medium
to the east and to the south from the Nikko array is
more heterogeneous. For earthquake 3, the images
are well-localized as shown in Fig. 4b1 and b2. For
earthquake 2, the main source image is enclosed by a
large number of spots with lower brightness, creating
a spatial aureole around the source image as shown
in Fig. 4a1 and a2. This bright aureole appears to be
due to scattering of the direct waves by surrounding
small-scale heterogeneities.
From analysis of the images of earthquake
hypocenters we can conclude that, when a biased
velocity model is used the emission images of the
medium will be slightly ‘‘stretched’’ in comparison
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with the real situation. At a distance of about 6 km
from the center of the array, the horizontal location
shift will be about 1–3 km.
4.2. Image of the magma body
Previous seismic research revealed a mid-crustal
velocity discontinuity near Shirane Volcano north-

west of the Nikko array. It was interpreted as a thin
crack filled with partially molten magma ŽMatsumoto
and Hasegawa, 1996.. It was estimated that this
distinct reflector of S-waves is distributed over an
area of 15 = 15 km in the depth range 8 to 15 km
with a conical shape becoming shallow toward the
summit of Shirane Volcano. It is well-known that
records of local earthquakes recorded near this mid-

Fig. 5. Ža. Location map of the Nikko array area. Black triangle is Shirane Volcano. Dashed line marks location of the mid-crust magma
body according to Matsumoto and Hasegawa Ž1996.. The large rectangle is a projection of the volume studied onto the horizontal plane. Žb.
and Žc. are emission images of the medium at 9–11 km depth for radial and transverse components of reflection within coda, respectively,
records of earthquake 3 being used. Žd. is the emission image at the same depth for the transverse component of seismic noise, noise sample
before P-onset of earthquake 1 being used. The density scale shows the value of Ž S y 1. for radial and Ž S˜y 1. for transverse components.
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crust reflector contain easily identifiable S-to-S-reflected and S-to-P-converted one. Fig. 2 shows examples of records of local earthquakes; the distinct
phase following the direct S-waves is clearly visible.
We use the reflected phases appearing in coda of
local earthquakes to locate the reflector. We draw
depth slices of brightness distributions which are the
distributions of Ž S y 1. for the radial component of
the coda and Ž S˜y 1. for the transverse component.
For the radial component, we use a P-wave velocity
model, for the transverse component an S-wave velocity model. We use the last 12 s of records that
include clear-reflected phases. Fig. 5a shows the
observational arrangement with the reflector location
that was identified before from reflection analysis
ŽMatsumoto and Hasegawa, 1996.. Emission images
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at the depth of 10 km for radial and transverse
components of the coda are shown in Fig. 5b and c.
Emission images clearly show a bright scattering
region to the northwest from the Nikko array that
coincides with the position of the magma body. Fig.
5d shows an emission image for the seismic noise
transverse component. From this picture, it is possible to see the bright region to the northwest from
Nikko for noisy intervals. From a comparison of
images b, c and d, it follows that the largest visible
scattering and emission source correspond to the
northern top of the magma body.
Emission radiation from northwest direction is
observed for other noise samples but less intensive
than for noise before earthquake 1. We conclude that
intensity and composition of the weak emission sig-

Fig. 6. Emission images of the medium at 11 km depth for the transverse component of seismic noise before the onset of P-wave for
earthquakes 1–6 in Table 1. The density scale shows the same as mentioned in the caption of Fig. 5. Stars show the epicenters of
earthquakes.

178

I.I. TchebotareÕa et al.r Physics of the Earth and Planetary Interiors 120 (2000) 167–182

nal connected with magma body vary in time and for
averaged image the deep northwestern source is
brighter that surface ones ŽTchebotareva et al., 1997..
4.3. Emission images of the medium
For seismic noise we made 12 three-dimensional
images of the structure beneath the Nikko seismic
array: six for compressional and six as shear. Similar
to the previous section, we draw the horizontal section for different depth distributions of Ž S y 1. for
the radial component of seismic noise and Ž S˜y 1.
for the transverse component. For the radial component, we used the P-wave velocity model, for the
transverse component the S-wave velocity model. It
follows from Eqs. Ž8. and Ž9. that spots with brightness greater than 0.15 are significant with 95%
probability and brightness value equals the signalto-noise ratio Žin percent. of seismic emission signal
radiated by an elementary volume of 0.5 = 0.5 = 0.5
km.
For all noise samples, a number of significant
bright areas are observed where the value of the
measures Ž S y 1. and Ž S˜y 1. are several times the
confidence interval for uncorrelated noise. The maximum of Ž S y 1. and Ž S˜y 1. reaches 0.85 with confidence interval 0.15. It corresponds to signal-to-noise
ratio of emission radiation from the elementary equal
to 0.85% s 0.0085.
For depths of 0–2 km the images based on different noise samples differ, which is probably due to
the influence of numerous surface sources whose
intensity and space distribution vary rapidly in time.
Down from depths of 2–3 km a stable feature for all
noise samples begins to develop for shear waves: in
the eastern and southeastern part a bright region
appears which can be traced down to 15 km depth.
The images for the transverse component of seismic
noise before six earthquakes at the 11-km depth are
plotted in Fig. 6. Fig. 7 shows the location of the
studied volume. Fig. 7 shows time-averaged emission images for the transverse component of a seismic noise at the 11-km depth: the brightness in each
point of the ‘‘averaged image’’ is the average of
values of Ž S˜y 1. of six images in Fig. 6, in corresponding points. Fig. 8 shows emission images for
the transverse component of seismic noise preceding
event 4 at different depths. Two bright regions are

Fig. 7. Map of area of observation. Large rectangle encloses
emission images. The emission image averaged over six images
for transverse noise component at 11-km depth is shown in the
figure. Stars are hypocenters of large Ž M s 5–7. historical and
recent earthquakes from JMA catalog: black stars are 0–10 km in
depth, gray stars are older earthquakes, open stars are 100–130
km in depth. A dashed curve shows the location of the low-velocity and large-attenuation anomaly according to Tsumura Ž1994.
and Matsumoto Ž1996.. The density scale shows the value of
˜ . averaged over six corresponding values for different noise
Ž Sy1
samples.

well-traced over depths: the first one is in the central
part from 2 to 15 km and the second one is in the
eastern side from 6 to 15 km.
4.4. Spectra of emission radiation
From the above results, it follows that the emission component of seismic noise can be detected and
the source of this weak seismic radiation can be
located. It is possible to exploit this deep-generated
seismic component as a source of useful information
on global geodynamic processes in the Earth’s crust.
In this case, one would undoubtedly be interested not
only in the distribution of bright emission volumes in
the medium and their migration with time but also in
the frequency spectra of seismic emission. The short
time series that are at our disposal do not allow
precise spectral resolution and an image based on
short noise samples is indistinct. For spectral analy-
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sis, we selected a noise sample before the P-onset of
earthquake 2, with the hypocenter southwest of the
Nikko array. For this sample, the emission radiation
in both compressional and shear waves is the most
intensive.
To estimate the emission spectrum the coherent
beam-forming method is used. We first focus the
Nikko sensors to amplify the signals coming from
the chosen bright elementary volume. That is, we
calculate the delay time for each receiver and stack
traces with appropriate time shifts. Then we calculate
the power spectrum of the coherent beam output. In
this way, we calculate spectra for the radial and
transverse components of noise using projections of
noise amplitude in the respective directions.
In Fig. 9b, the characteristic power spectra for
transverse components of noise for deep emission
sources are shown. The focused points are at the
depths 10–13 km. For comparison the spectra of the
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Fig. 9. Normalized power spectra of transverse component of
seismic emission for noise samples before the onset of P-wave of
earthquake 2: Ža. for near-surface sources Ž H s 0 km., Žb. for
deep-seated sources ŽH s10–13 km. within regions studied, Žc.
shows the location of active volume at 10–13 km depth, numbers
1–3 mark position of focused points and corresponds to numbers
of curves on Žb., respectively. Star shows the epicenter of earthquake 2.

emission radiation of near-surface sources focused at
H s 0 km are shown in Fig. 9a. For shear waves the
spectra of emission radiation for deep sources quickly
falls off with frequency, the maximum radiation
corresponding to the lower end of the frequency
range, 5–12 Hz.

5. Discussion and conclusions

Fig. 8. Emission images of the medium at different depths for the
transverse component of seismic noise before the onset of P-wave
for earthquake 4. Depth is marked on each image. The density
scale shows the same as mentioned in the caption of Fig. 5. Star
shows the epicenter of earthquake 4.

Our study has confirmed existence of regions of
weak seismic radiation in the Earth’s crust. From
comparison of emission images for the coda and
seismic noise, we find a mid-crust reflector is also
visible as a source of seismic noise. From our study
of the distribution of surface sources for samples of
seismic noise used here it follows that the deep
source northwest of the Nikko array is brighter that
surface ones ŽTchebotareva et al., 1997.. The conclusion therefore is that the deep bright region coinci-
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dent with the position of the magma body is not a
result of reflection of signals from a surface source.
The magma body operates like an active source of
emission that is related to processes that are in the
magma body or near its surface.
Bright emission regions in the eastern part of
emission images in Figs. 6 and 7 coincide with the
area of large historical and recent earthquakes. From
the results of a tomographic and seismic wave attenuation study of this region ŽTsumura, 1994; Matsumoto, 1996., it is known that at the east of the
array site, a region of low velocities Žcontrast up to
10%. and large attenuation of seismic waves Ž Qy1
P
; 6)10y3 to 14)10y3 . is localized in a range of
depths of 0–10 km. On the surface, the low-velocity
region corresponds to a sedimentary area. From our
study, we estimate that this part of the medium is
very heterogeneous. We find the images of earthquakes occurring to the south and east of the Nikko
array have many additional small bright spots around
the main image, due to reflection from near source
heterogeneities Žsee Fig. 4.. Low velocity and large
attenuation also gives evidence of large heterogeneities in this volume. Therefore, it is possible to
assume that the eastern part the volume studied is
related to a very inhomogeneous, perhaps crushed
and strongly fractured structure. The mechanism of
excitation of emission radiation from this volume
may be related to a restructuring of this heterogeneous structure under tectonic stress and to lowfrequency deformation processes. In quantitative
terms, one process of non-linear excitation of a
high-frequency radiation by a low-frequency action
during reorganization of a crushed structure in the
presence of dry friction is described in Krylov et al.
Ž1991.. Coincidence of the active volume with the
area of large earthquakes can be considered as a
consequence of high tectonic activity in this area and
the cause of large heterogeneity in this volume. As a
rule, the hypocenters of large earthquakes are associated with faults, dividing rather large high-strength
blocks. Nevertheless, from a map of distribution of
horizontal strains ŽGeographical Survey Institute,
1987., it follows that in the eastern emission region
the areal compressive strain dominates Žy10y5 to
2)10y6 .. This situation promotes accumulation of
shear stress even in a region with a low-strength
structure that can generate large earthquakes.

Except emission regions coinciding with the
magma body and the low-velocity anomaly, other
bright regions were observed on the emission images; for example, as seen in Fig. 5d, at the southwest of the array. Further research is necessary for
reliable identification of these emission sources.
Observations which we used for our analysis were
unfortunately not originally intended for a study of
seismic noise: the noise time series were very short
with duration of 4 s. Nevertheless, even from an
analysis of these short noise series, it follows that the
method of emission tomography is a promising line
of research. This method permits reconstructing the
distribution of weak emission sources in the Earth
and to monitor time variation and spectra. Our research, like some other recent seismic noise studies,
shows that the noise may be considered an ‘‘indicator’’ of the state of the medium. At least seismic
noise contains information on weak seismic emission
whose time variation depends on the variation of the
background stress field and on various internal and
external geophysical processes.
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