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A B S T R A C T

In this study we show 2D intrinsic- and scattering-Q images of Asama volcano obtained by analyzing 2320
waveforms from active data. Observed energy envelopes were fitted to the diffusion model and separate
intrinsic- and scattering-Q images were produced using a back-projection method based on a Gaussian-type
weighting function. Synthetic tests indicate robustness and reliability of the results. Areas of high scattering
attenuation coincide with the volcanic edifice and the summit at which recent eruptions took place. The
intrinsic dissipation pattern shows a strong contrast between the east and west side of the volcanic structure
with the low values observed in the west interpreted as solidified magma bodies. Our results demonstrate
a strong relationship between structural heterogeneities and attenuation processes in volcanic areas and
confirm the effectiveness of the present technique, which can be used as an imaging tool complementary to
conventional techniques.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Studying the heterogeneity of volcanic regions gives more
insights into the magma pathway, which is under structural controls
(e.g. Aoki et al., 2013). The structural complexity of volcanoes is one
of the most important factors controlling the attenuation parameters
of seismic energy in these regions, spanning a wide variety of cases
associated with different geological conditions and volcanism (e.g.
Del Pezzo, 2008; Sato et al., 2012). Seismic attenuation is driven by
intrinsic dissipation and scattering effects, the first of which is con-
trolled by the rheology, while the other by geological inhomogeneity.
Both effects are present in volcanoes, so it is essential to measure
the amount of intrinsic dissipation with respect to scattering attenu-
ation to better understand the volcanic structure. For example, high
intrinsic attenuation can be due to an elevated temperature of rocks,
while high scattering attenuation may be generated by heterogene-
ity due to the unconsolidated volcanic deposits accumulated in years

* Corresponding author.
E-mail address: janire@berkeley.edu (J. Prudencio).

of activity. In addition hydrothermal activity may produce a rhe-
ological alteration of some geological layers which would increase
both the intrinsic dissipation and inhomogeneities beneath the vol-
cano (see e.g. Prudencio et al., 2015), in turn increasing scattering
attenuation too.

In volcanic areas, interpretation of estimated attenuation coeffi-
cients becomes more difficult by steep topography, which produces
surface wave scattering which severely affects the seismogram shape
(see e.g. Del Pezzo et al., 1997; O’Brien and Bean, 2004; O’Brien
and Bean, 2009; Bean et al., 2008; Lokmer and Bean, 2010). A main
conclusion of the previous studies cited above is that topographi-
cal contrasts are one of the main scattering sources in volcanoes.
Numerical simulations (Lokmer and Bean, 2010) indicate, how-
ever, that the waves scattered from topographical contrasts modify
only the very early coda of seismograms, leaving the coda spec-
tral content almost unaffected at longer lapse time. This property
can be utilized in developing robust techniques to separate intrin-
sic and scattering attenuation coefficients from coda waves in order
to obtain a spatial map of such parameters. In turn a useful joint
interpretation of the spatial distribution of seismic velocities can be
obtained with conventional seismic tomography and other geologi-
cal/petrological/geophysical evidence.

http://dx.doi.org/10.1016/j.jvolgeores.2017.01.014
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In literature, there are a few methods such as the well known
Multiple Lapse Time Window Analysis (MLTWA) (e.g. Hoshiba, 1991;
Hoshiba, 1993; Akinci et al., 1995; Del Pezzo et al., 1995) that allow
a separate estimation of intrinsic and scattering attenuation coeffi-
cients. However, the MLTWA method cannot be used for single paths,
which forbids obtaining regional maps of attenuation parameters.
Wegler and Lühr (2001) and Wegler (2003), using bandpass-filtered
seismogram envelopes and a diffusion model, inverted each seismo-
gram separately in the time domain and they estimated attenuation
coefficients from the shape of the envelope at Merapi and Vesuvius
volcanoes. These authors have demonstrated that a diffusion model
can be used to model envelopes of observed waveforms, showing
that this single-station technique permits intrinsic and scattering
attenuation coefficients to be obtained separately with reasonably
small uncertainties when multiple scattering dominates as in volca-
noes (Sato et al., 2012; Del Pezzo, 2008), and therefore, the regional
distribution of the attenuation parameters in small scale regions.

Imaging regional distribution of attenuation coefficients has pre-
viously been based on very simple assumptions: assigning the Q-
values to the position of the seismic station (Carcolé and Sato, 2010)
or to the mid point between the source and station (e.g. Pujades et
al., 1990; Canas et al., 1995). In both cases standard averaging pro-
cedures were used to obtain the distribution maps. Xie and Mitchell
(1990) described a more accurate representation method using a
back-projection method by applying the single scattering model and
assuming that the obtained attenuation parameter represents the
average seismic attenuation inside the scattering ellipse. Calvet and
Margerin (2013) and De Siena et al. (2014) applied similar assump-
tions to their studies of the Pyrenees and Mount Saint Helens. Based
on previously described assumptions, Prudencio et al. (2013a) devel-
oped a new representation technique, which is a new way of spatial
averaging of attenuation coefficients with a back-projection method
using a Gaussian weighting function. They demonstrated that this
representation technique is robust and provides an improvement in
imaging resolution comparing to standard averaging methods.

In the present work we study the seismic attenuation of Asama
volcano (Japan) using the abovementioned techniques to provide 2D
horizontal images of both scattering and intrinsic seismic attenua-
tion. These images are jointly interpreted with the recent seismic
velocity tomography obtained by Aoki et al. (2009a,b) and other vol-
canological evidence. These new results help us to provide a unified
model of the magma plumbing system of Asama volcano that can be
used to better interpret and constrain its dynamics.

2. Asama volcano and data

Asama volcano (2568 m), located about 160 km from Tokyo, is
one of the most active volcanoes in Japan (Aramaki, 1963). This
andesitic volcano erupted many times in historical time with fre-
quent vulcanian eruptions, such as the 2004 eruption. The largest
Plinian eruptions occurred in 1108 and 1783 (VEI 5) (Miyazaki, 2003)
and its most recent eruption took place in June 2015. Due to this
potentially explosive behavior of Asama volcano around 20 million
people live under an evident volcanic risk. For this reason Asama
volcano has been continuously monitored since 1911 (Omori, 1914).
The vulcanian eruption that occurred in 2004 revealed some open
questions regarding the magma pathway and the inner structure
beneath Asama volcano. In order to solve those questions, an active
seismic experiment was performed in October 2006 (Aoki et al.,
2009a,b) aiming at obtaining seismic velocity images. During the
experiment 464 portable seismic stations were deployed and seismic
data was generated by five dynamite sources of 250–300 kg (Fig. 1).
Mark Products L22-D (natural frequency of 2-Hz) and GeoSpace GS-
11D (natural frequency of 4.5 Hz) seismometers were deployed with
an average spacing of 100–150 m and 250 Hz sampling rate. The

Fig. 1. Regional settings and location of the Asama volcano in Japan. (right) Map of the
active seismic experiment carried out in Asama volcano during October 2006. Position
of dynamite shots appear as red stars and the positions of seismic stations are shown
as black crosses. The position of the Asama crater is marked with the black triangle.
The region shown in the results is highlighted in gray.

configuration of the experiment was designed to delineate the seis-
mic velocity structure of the dike intrusion area of 2004 eruptions.
The experiment revealed the existence of a body with high seismic
velocity 4 km west of the summit, which was interpreted to be the
solidified magma intrusion. Combining this interpretation with seis-
mic and geodetic observations (Takeo et al., 2006; Aoki et al., 2013)
suggested that magma intrusions have occurred repeatedly at simi-
lar locations to the west of the summit. In the present work, we use
the same data-set used in Aoki et al. (2009a,b).

3. Data processing

In the present work, we used the diffusion model, which is the
asymptotic approximation of the transport equation in case of high
density of scatterers (Sato et al., 2012) to obtain intrinsic and scat-
tering attenuation values separately. For each source-receiver pair,
intrinsic and scattering attenuation coefficients have been estimated
by fitting the squared envelope of filtered seismograms to the diffu-
sion model. The fitting procedure in this study is the same as the one
applied by Wegler and Lühr (2001) and Wegler (2003), who applied
this method to Merapi and Vesuvius volcanoes. The entire procedure
is fully described in Prudencio et al. (2013a) for Tenerife Island and
recently updated by Prudencio et al. (2015) who applied this method
to an active source seismic dataset of Stromboli volcano. Then, 2D
images were obtained using a back-projection method based on
a Gaussian-like weighting function which is described in the next
section.

The diffusion model (Eq. (1)) describes the seismogram energy
envelope (E[r,t]) as a function of source-receiver distance, r, and lapse
time (measured from origin time), t, as:

E[r, t] =
E0

(4pdt)−p/2
exp

[
− r2

4dt
− bt

]
(1)

where E0 is the source energy, d is the diffusivity, b is the intrinsic
attenuation coefficient and p represents the geometrical spreading
term (p = 2 for surface waves and p = 3 for body waves) (Dainty and
Toksöz, 1981). Coefficients d and b are directly related with intrinsic-
and scattering quality factors, Qi and Qs, respectively, through the
following equations:

Qi =
2pf

b
(2)

Q s =
2pfpd

v2
(3)
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and total-Q can be expressed by:

Q−1
t = Q−1

i + Q−1
s (4)

where f is the central frequency of filtered seismograms and v is
the (half-space) velocity. We assume a constant velocity of v = 1.5
km/s, equal to the average S-wave velocity in the first 2 km of crust
obtained from the P-wave velocity by (Aoki et al., 2009a) and assum-
ing Vp/Vs ratio of 1.73. This assumption is based on the observation
that scattered waves composing the coda from shots fired near vol-
canoes propagate mainly in the uppermost crust (Del Pezzo et al.,
1997).

Coefficients b and d are estimated from a single seismogram
through the following procedure (detailed description of the proce-
dure is given in Prudencio et al. (2013a)):

1. Filtering. Vertical seismograms were filtered using a Butter-
worth band-pass filters of eight poles with corner frequencies
at 0.4fc and 1.6fc (bandwidth of fc ± 0.6fc). We selected six
central frequencies fc at 4, 6, 8, 12, 16 and 20 Hz based on
the spectra of the signals. Fig. 2 plots two examples of filtered
seismograms and corresponding unfiltered signal’s spectrum.

2. Signal extraction. After the signals are filtered, we extracted
seismograms of 20 second long starting from the origin time.

The analysis is performed from the P wave onsets, taken from
Aoki et al. (2009a), to the end of this segment. Hence, tmax is
equal to the last time, which is always 20 s, and tmin corre-
sponds to the traveltime of P waves (Fig. 2 shows the selected
coda).

3. Signal envelope. The energy envelopes of the seismograms
were obtained by applying Hilbert transform to a 0.7 second
long moving windows (or 140 samples) with 50% overlapping
with a neighboring window.

4. Parameter estimation. Fitting the energy envelopes to Eq. (1)
with a least square method gives the best estimate of b and
d and, consequently, of Qi and Qs. After multiplying energy
envelopes by tp/2 we fit log(tp/2W) to the corresponding theo-
retical model, obtaining a1, a2 and a3 (Eq. (4) from Prudencio
et al., 2013a,b) and hence b and d:

b = −a2 (5)

d =
r2

4a3
(6)

Finally, replacing b and d into Eqs. (2) and (3), Q i and Q s

values can be obtained. Two examples of best fits are repre-
sented in Fig. 2. Due to the predominance of S wave in the
coda (Yamamoto and Sato, 2010) we assume p = 3 as the

Fig. 2. A: vertical records of shot S4 recorded at station L01 for the six frequency bands with corner frequencies at 0.4fc and 1.6fc analyzed and their unfiltered spectra. B: an
example of the best fit of observed energy envelope (black line) and theoretical curve (red line) for the logarithmic energy density corrected for geometrical spreading of body
waves as a function of time.
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geometrical spreading term for body waves. Given b and d,
the absorption length (li) and the transport mean free path
(ltr) are represented by ltr = 3d/v and li = v/b.

3.1. Mapping spatial variation of attenuation

Recently, Del Pezzo et al. (2016) described a back-projection
method to obtain a correct space distribution of the intrinsic- and
scattering-Q anomalies. This method is based on a space weight-
ing function which was obtained through numerical simulation of
the transport equation. In the same paper the authors report a
comparison between different kinds of space functions previously
utilized (obtained on the base of empirical considerations) and their
weighting function. They show that differences between an empir-
ical Gaussian type and their twin-peaked shape type is not crucial,
both leading to almost the same image and obtaining almost the
same resolution from checkerboard and spike tests. In the present
paper we use the more simple Gaussian type weighting functions, in
order to reduce the computation time. The weighting procedure and
the imaging technique is here briefly described. For more detailed
informations the reader is referred to the paper by Del Pezzo et al.
(2016).

1. Energy envelopes of seismograms were numerically esti-
mated using a numerical simulation performed with the
Monte Carlo technique described in Yoshimoto (2000). In
this approach the seismic energy particles propagate fol-
lowing Fermat’s rules and change their direction when they
encounter a scatterer (the scatterers are assumed to be
randomly distributed, with the shape of their distribution
dependent on the attenuation parameters). The sum of their
energies at the receiver, as a function of propagation time,
represents the energy envelope.

2. There are two separate weighting functions, one for the
intrinsic attenuation and the second for scattering attenua-
tion images. The one for scattering attenuation is obtained
from the collision density (the space density of scatterers
which produced the synthetic envelope), while the weight-
ing function for intrinsic attenuation is calculated from the
path density (the space density of the elementary paths inside

a small volume). In the case of diffusion, we observe that
the two weighting functions share almost the same shape.
For that reason, we finally use a unique weighting function
for both intrinsic and scattering attenuation images. We also
observed that the shape of the weighting function calculated
is twin-peaked (see Del Pezzo et al., 2016), with peaks in the
source and in the receiver; however the images obtained with
a simpler weighting function of Gaussian type centered at the
mid-point between source and receiver are quite similar as
demonstrated by above authors. Del Pezzo et al. (2016) also
show that using Gauss-type weighting functions in the back-
projection method does not change either the image pattern
or sensitivity of the method. We are thus confident that using
a Gauss-type weighting function does not alter the results.
The scatterers that are responsible for generating the coda
before the lapse time of 20 s, in this case, are all located inside
an ellipsoid with the major axis given by emax = vtlapse/2
and emin = ([vtlapse]2 − R2)0.5/2, where tlapse is the maximum
lapse time, 20 s in this case, from the origin time with foci
respectively at source and receiver positions. We estimated
empirically the two standard deviations (s1 and s2) which
best fit the observed position of energy particles and these
are given by s1 = emax/9 and s2 = emin/9 with P(x, y, z)
a Gaussian distribution:

P(x, y, z) =
1

2psxsysz
exp

(
−

(
(x − x0)2

2s2
x

+
( y − y0)2

2s2
y

+
(z − z0)2

2s2
z

))

(7)

where x0 = xr +Xs
2 . Details are described in the Appendix of

Prudencio et al. (2013a). Fig. 3A shows a representation of ellipse
distribution in comparison with raypath distribution.

3. For each source-receiver pair, b and d parameter space dis-
tribution can be written as the product of the Gaussian space
function and the single source receiver estimate of b and
d. The spatial distribution of the attenuation parameters is
finally obtained by averaging all the single source-receiver
couples b and d parameters in the space cells. In the present
study we divided the area into 2 × 2 km cells.

Fig. 3. A: raypath (left) and ellipse (right) distribution are plotted, also the location of stations (yellow crosses) and shots (red stars) are included. Both distribution samples those
cells that are crossed by at least one source station pair. Note that the area covered by the ellipses is larger than the ray paths. B: checkerboard tests with 2 × 2 km cell size and
centered at the 6 Hz frequency band are shown. We assign b = 0.75 (Q i = 50) and d = 0.21 (Q s = 3) for the high intrinsic and scattering anomalies and b = 0.4 (Q i = 100) and
d = 23 (Q s = 333) for the low anomalies (a). Panels b and c show the recovered intrinsic and scattering anomaly distributions.
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4. Synthetic tests

In order to check the resolution and accuracy of the representa-
tion method, we performed two different tests: checkerboard and
free anomaly. It must be stressed that these synthetic tests evaluate
the reliability of the mapping procedure, while the attenuation coef-
ficients for each station-source are already obtained by fitting the
energy envelopes to the diffusion model. Thus, the capability of the
method will depend on the Gaussian type space weighting function
centered at the midpoint between the source and station.

Fig. 3B displays the results of the checkerboard test using a 2 × 2
km cell size and a central frequency of 6 Hz. We assigned different
values of b and d to each cell and the corresponding Q−1

i and Q−1
s

(Fig. 3B(a)). The input b and d values given to each cell correspond to
b = 0.75 (Q i = 50) and d = 0.06 (Q s = 3) for high intrinsic and
scattering anomalies and b = 0.4 (Q i = 100) and d = 7 (Q s = 352)
for low anomalies. Then, for ith source-station pair we estimated
the average parameters of b and d (bi and di, corresponding to ith
pair) weighted by the Gaussian function. The theoretical envelopes
are then calculated using bi and di and finally, 10% of random Gaus-
sian noise is added. Finally, these synthetic envelopes are fitted to
the theoretical curves, using the same method described above and
the same representation method is used to obtain the reconstructed
images. The results indicate that the selected cell dimension can
permit us to interpret the regional distribution of Q−1

i and Q−1
s in

the region, specially around the Asama summit, where most of the
activity is located.

On the other hand, the free anomaly test allowed us to check the
capability of our representation method to reproduce local strong
contrasts of attenuation values, such as those obtained just beneath
the summit of Asama volcano and demonstrate that our results are
consistent and not artifacts produced by the representation method.
For that reason, in Fig. 4, we placed different anomalies which par-
tially reproduce the obtained results. Trying to reproduce the high
Q−1

i contrast underneath the summit we defined a 4 × 4 km area
of low Q−1

i anomaly corresponding to b = 0.15 (Q i = 256) and
high anomaly of b = 1.5 (Qi = 25) 2 × 8 km area and we assigned
b = 0.5 (Q i = 75) to the rest of the area (Fig. 4a). At the same time, to
reproduce the Q−1

s anomalies (Fig. 4b) we placed a high Q−1
s anomaly

of d = 0.1 (Q s = 5) in a 4 × 4 km area in the summital area and three
low Q−1

s anomalies surrounding the high attenuation anomaly corre-
sponding to 4 × 6, 12 × 6 and 8 × 4 km areas of d = 1.1 (Q s = 55),
with d = 0.33 (Q s = 17) assigned to the rest of the area. Then, we
followed the same procedure described for the checkerboard tests to
obtain the output images.

Both checkerboard and free anomaly tests indicate that all the
high attenuation contrasts are well-resolved, allowing us to con-
clude that the representation method and the cell size used in this
work give a good resolution and enable us to correctly interpret the
obtained anomaly distribution.

5. Results

Table 1 presents average values of Q i, Q s, Q t, ltr and li for each
central frequency obtained by fitting the energy envelopes to the dif-
fusion model for the whole model space. Our results are consistent
with those obtained by Yamamoto and Sato (2010) with ltr = 1 km.
We applied a different method from Yamamoto and Sato (2010) to
derive attenuation parameters that could produce different attenua-
tion values. While our main goal is to produce a spatial distribution
of intrinsic and scattering anomalies, Yamamoto and Sato (2010)
reported a space-time distribution of the scattered energy at Asama
using the same dataset as the present study by adapting the Energy
Transport (ET) equation (Wu, 1985; Zeng, 1993). Even if the models
initially appear different in that, for example, the diffusion model

Fig. 4. Free anomaly tests for Asama volcano. A: distribution of Q−1
i anomalies at the

6 Hz centered frequency band. A 4 × 4 km area with b = 0.15(Qi = 256) corresponds
to low anomaly and 2 × 8 km2 area with b = 0.15(Q i = 25) corresponds to high
anomaly. The rest of the area has an intrinsic attenuation coefficient (b) of 0.5 (Q i =
75). B: distribution of Q−1

s anomalies. A 4 × 4 km of high anomaly area corresponds to
a diffusivity value (d) of 0.1 (Qs = 5), low anomalies with 4 × 6, 12 × 6 and 8 × 4 km
areas to d = 11 (Q s = 55) and the rest of the area has a value of d = 0.33 (Q s = 17).
The right hand panels show the reconstructed images.

does not satisfy causality but ET does, for lapse times larger than
7 s, the time decay rate of energy density ratios of the two models is
similar.

Comparing the results for Asama with other studies such as those
done in Merapi (ltr ≈ 100 m; Wegler and Lühr, 2001), Vesuvius
(ltr ≈ 200 m; Wegler, 2003), Tenerife (ltr ≈ 4 km and li ≈ 10–14 km;
Prudencio et al., 2013a), Deception (ltr ≈ 950 m and li ≈ 5 km;
Prudencio et al., 2013b) and Stromboli (ltr ≈ 200 m and li ≈
20 km; Prudencio et al., 2015) indicates that the strength of atten-
uation at Asama volcano is similar to other volcanic regions where
scattering phenomena prevail over intrinsic attenuation. As in other
volcanic regions, the obtained mean free paths are much shorter
than those in average Earth’s crust, confirming the presence of strong
inhomogeneities.

Figs. 5 and 6 show distributions of scattering and intrinsic atten-
uation anomalies for each frequency with respect to the average
Q values reported in Table 1. Since the intrinsic attenuation coeffi-
cients are an order of magnitude lower than scattering attenuation
coefficients, total attenuation perturbations are dominated by scat-
tering attenuation.

As already discussed in the Introduction, topography is one of the
main sources of surface wave scattering, but it mainly affects the
direct S-waves and the early coda, being thus an important source of
bias in some seismic source studies (e.g. Lokmer and Bean, 2010). We
cannot exclude topographic effects in the interpretation of our scat-
tering distribution, but as we will see later in the results, we believe
that these effects are of a minor order, and it is even lower when
the attenuation is mapped as perturbation. Following the numeri-
cal simulations of Lokmer and Bean (2010) we are confident that
intrinsic attenuation maps are unaffected from these effects. Look-
ing at the regional maps of Q s anomalies, at all frequency ranges,
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Table 1
Average values of Qi , Qs , Qt , ltr and li for Asama volcano.

Hz Q−
i 1 Q−

s 1 Q−
t 1 Q i Q s Q t ltr(m) li(km)

4 0.012 ± 0.005 0.10 ± 0.02 0.11 ± 0.02 83 9 9 718 5
6 0.010 ± 0.004 0.06 ± 0.01 0.07 ± 0.01 100 17 14 836 4
8 0.008 ± 0.003 0.04 ± 0.01 0.05 ± 0.04 125 25 20 806 4
12 0.006 ± 0.002 0.03 ± 0.05 0.04 ± 0.05 167 33 25 836 4
16 0.005 ± 0.002 0.02 ± 0.03 0.03 ± 0.02 200 48 33 896 4
20 0.004 ± 0.002 0.015 ± 0.003 0.019 ± 0.004 250 65 53 968 4

we can observe spatial differences in regions with similar surface
morphology. In these regions the topographic effects must be the
same, confirming that the observed Q s anomalies poorly depend on
topography.

5.1. Scattering attenuation images

Fig. 5 shows the 2D distribution of scattering attenuation anoma-
lies of the six frequency bands analyzed. The first observation is that
the spatial distribution is independent of frequency, in other words,
the same pattern is identified in all the slices, and variations off up
to 70% are clearly visible. While the majority of the area is charac-
terized by medium-low attenuation, two high attenuation anomalies
are clearly visible: one located to the east of the summit (Sc1) and
the other at the crater area and to the west of Asama volcano (Sc2).
Both anomalies slightly change their intensity with increasing fre-
quency, leaving their shape almost unchanged. The higher frequency
anomalies are associated with an increasing sensitivity, due to the
corresponding decreasing wavelength of the scattered waves. The

Sc1 anomaly corresponds to unconsolidated materials derived from
previous eruptions. The lower seismic velocity anomaly found by
Aoki et al. (2009a) (Fig. 4e from Aoki et al., 2009a) and the descrip-
tion of Hotokeiwa volcano by Aramaki (1963) to the southeast of the
summit, which was active between 21 ka and 15 ka, are related to
this anomaly, and hence, it may represent the unconsolidated mate-
rials ejected during that period. The high attenuation anomaly at the
crater (Sc2) can be interpreted as the presence of unconsolidated, hot
and altered materials due to the persistent activity of the summit and
fumarolic activity. This anomaly coincides with the area of repeat-
ing dike intrusions confirmed by seismic and geodetic observations
(Takeo et al., 2006; Aoki et al., 2013), positive anomalies of seismic
velocity (Aoki et al., 2009a) and high resistivity bodies (Aizawa et al.,
2008).

5.2. Intrinsic attenuation images

Fig. 6 depicts two-dimensional intrinsic attenuation anomaly dis-
tribution for the six frequency bands analyzed in this study. It shows

Fig. 5. Regional distribution of Q−1
s obtained with the Gaussian function representation method for the six frequency bands analyzed with 2 × 2 km cells. These anomaly maps

are obtained with respect to the Q values shown in Table 1. The position of the Asama volcano is marked with the black triangle and the position of the anomalies discussed in the
text, Sc1 and Sc2, are indicated.
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Fig. 6. Regional distribution of Q−1
i obtained with the Gaussian function representation method for the six frequency band analyzed with 2 × 2 km cells. These anomaly maps are

obtained with respect to the Q values given in Table 1. The position of the Asama volcano is marked with the black triangle and the position of the anomalies discussed in the text
(I1, I2 and I3) are indicated.

that the distribution of anomalies is similar for all frequency bands,
in a similar way to the scattering attenuation. As was found in
scattering images the majority of the area exhibits medium-low
attenuation, except for the east and south regions (I1, I3), which
show a very high attenuation anomaly up to 70% above the average.
The I1 anomaly corresponds to unconsolidated deposits ejected by
previous eruptions. This anomaly, as discussed for scattering atten-
uation images, may correspond to unconsolidated material ejected
from Hotokeiwa volcano which was active between 21 ka and
15 ka (Aramaki, 1963). The high intrinsic anomaly to the south (I3)
might correspond to the Sekison lava dome generated in 24,000 BP
or to other such lava domes like Ko-Asama generated in 15,000–
24,000 BP (Miyazaki, 2003). The slight differences that are observed
in frequency can be explained due to scattered waves sample larger
volumes and hence I3 anomaly is more intense at lower frequen-
cies because of the presence of a greater thickness of the dissipative
materials sampled. However the most relevant result is the I2 low
anomaly located to the west of the Asama summit area and the very
different attenuation behavior of the material beneath the crater.
We can identify low attenuation behavior in the west zone (I2)
compared to very high attenuation eastward (I1). This pronounced
difference in behavior corresponds to that identified by Aizawa et
al. (2008) as a high resistivity body, and by Aoki et al. (2009a, 2013)
and Nagaoka et al. (2012) as a high velocity zone. They interpret
this structural contrast as solidified magma resulting from previ-
ous intrusions. The attenuation pattern matches the interpretation
by the above authors quite well, confirming the effectiveness of
the present technique, which can be used as a tomography tool

complementary to the conventional techniques used by the above
authors.

6. Conclusions

We applied a diffusion model in order to separately obtain
intrinsic and scattering attenuation coefficients of Asama volcano
using a dataset provided by an active seismic experiment. Then,
a new representation technique based on a Gaussian type space
weighting function was applied to image their spatial distribution.
Checkerboard and free anomaly tests demonstrate the robustness
and stability of the method and confirm that the obtained anomalies
are reproducible with the used cell size. The observed distribu-
tions of intrinsic and scattering attenuation anomalies do not vary
with frequency, indicating that the results are not a mathemati-
cal artifact but a real structure. The images clearly indicate that
the western part of Asama volcano is characterized by high scat-
tering and low intrinsic attenuation, consistent with the remnants
of dike intrusions. The obtained anomaly distributions highlights
the structural contrast already pointed out by velocity tomography
studies and demonstrates a strong relationship between structural
heterogeneities and attenuation processes in volcanic areas. Even
working with 2D images, our results provide very useful informa-
tion and consolidate knowledge of the volcanic structure and its
dynamics. Finally, the contrasting behavior in the scattering and
intrinsic results obtained in the summit region, definitely highlights
the value in careful consideration and separation of the attenuation
phenomena.
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