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Abstract

During the 2004 Asama volcanic activity, five summit eruptions, accompanied by the
broadband seismic signals were observed. We re-analyze the broadband waveform data
analyzed by Ohminato et al. (2006) using relaxed restrictions. The results are essentially
the same as those shown in the previous study.
The results of the waveform inversions that assume a point source show that the force
system is dominated by vertical single force components. The source depths with
dominant single force components are 200-300 m beneath the summit crater. In the
source-time history of the vertical single-force component, two downward forces
separated by an upward force lasting for 5-6 s, are clearly seen.
We conduct a grid search for the best combination of two point sources, each
consisting of a single-force component. The best waveform-match solution was
obtained when one of them is positioned near the top of the conduit, and the other
source is positioned 2000 m below the upper source.
When a combination of a single-force and a moment-tensor components is assumed
for the two point-source model, the moment source is located out of the vertical
hypocenter distribution, suggesting steeply inclined conduit.
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After a quiescent period lasting 21 years, Mt. Asama erupted on 1 September, 2004.
This initial explosion was followed by four eruptions. Mt. Asama is now relatively quiet
in terms of volcanic activity. Ohminato et al. (2006) analyzed very-long-period (VLP)
seismic waveforms accompanying these eruptions, and showed that the corresponding
force systems are all dominated by a vertical single-force component. However, these
authors restricted their waveform analyses to point sources located along a vertical line
extending below the center of the summit crater. They also limited their investigation to
two point sources. One of the two point sources had a mechanism consisting of singleforce components, and the other had a mechanism consisting of moment-tensor
components.
In this paper, we re-analyze the same data as Ohminato et al. (2006). We conduct a
grid search for the source location not only in the vertical direction but also in the
horizontal direction. A more extensive combination of source mechanisms, such as a
combination of two point sources with mechanisms consisting of single-force
components, is also tested. The dates and times used throughout this paper are Japan
Standard Time.

Setting of Asama Volcano

Mt. Asama, located in central Japan, is one of the most active andesitic volcanoes in
Japan (Figure 1). The summit elevation is 2560 m above sea level, and the active
summit crater is 450 m in diameter and 150 m in depth. To the west of Mt. Asama is a
row of older Quaternary volcanoes collectively known as Eboshi Volcano. The

volcanism near Mt. Asama appears to have progressed eastward, with Asama volcano
representing the eastern end and youngest member of the row.
The first eruption recorded in historic documents occurred in 685 AD. After a 400year period of apparent dormancy, a large-scale Plinian eruption in 1108 produced more
than 1 km3 of volcanic ejecta. In 1783, another Plinian eruption wiped out 4 villages and
killed several hundred people (Aramaki 1963). Most of the eruptions since then have
been of the vulcanian type. In the early 1900s, vulcanian and sub-plinian eruptions were
frequently observed. From 1960 to 2004, Mt. Asama was relatively calm except for
1973 and 1984. The last major eruptions were vulcanian and occurred during the
periods 1973-1974 and 1982-1983.

Volcanic activity in 2004

GPS observations indicated magma injection beneath Mt. Asama from the middle of
July through the end of August 2004 (Aoki et al. 2005, Takeo et al. 2006). The source of
the ground deformation inferred from the GPS data was modeled as the opening of a
nearly vertical dyke at 2-3 km beneath the Eboshi-Asama volcanic row, west of the
summit of Mt. Asama. From late 1999, the seismic activity started demonstrating a clear
upward trend, and the eruption in 2004 occurred in the middle of this increasing trend.
Starting in 2002, VLP seismic signals (~10s) with unique waveforms were frequently
observed and maximum temperatures at the bottom of the crater in excess of 200°C
were recorded (Takeo et al. 2006).
An intense seismic swarm started at about 3 pm on 31 August, 2004 (Nakada et al.
2004), and the first vulcanian eruption occurred at 20:02 on 1 September. From 15 to 17

September, Mt. Asama continuously emitted volcanic ash that reached as far as
metropolitan Tokyo about 130 km away. Following this ash emission stage, four more
eruptions occurred on 23, 29 September, 10 October, and 14 November. The estimated
amounts of ash deposits are 4.9×107 kg, 8.5×106 kg, 1.3×107 kg, 2.8×106 kg, and
2.5×107 kg, for eruptions on 1, 23, 25, and 29 September, 10 October, and 14 November,
respectively (Yoshimoto et al. 2005). The explosion on 1 September was the largest in
terms of the amounts of ash deposits, while the explosion earthquake on 23 September
was the largest of the five explosion earthquakes that occurred during the 2004 activity
(Ohminato et al. 2006).
GPS observations indicate that the propagation of the dyke beneath the EboshiAsama volcanic row, which started in mid July, continued during the volcanic activity
(Aoki et al. 2005, Murakami et al. 2005). The VLP seismic activity with unique
waveforms disappeared a few days before the eruption on 1 September, suggesting a
change in the volcanic edifice as a precursor to the eruptions that followed (Yamamoto
et al. 2005).
The hypocenter distributions before, during and after the volcanic activity in 2004,
fall into two groups (Takeo et al. 2006). One group consists of a vertical distribution of
sources ranging from the bottom of the summit crater to a depth of 1 km below sea level,
outlining the vertical extension of the volcanic conduit. The other group includes a
horizontal distribution of sources extending 2 km in the west-northwest direction from
the bottom of the vertical distribution of the sources. The latter hypocenter distribution
coincides with the top edge of the vertical dyke inferred from GPS observations.

Seismic network around Mt. Asama

The seismic network in operation before the eruption on 1 September consisted of
short-period seismic sensors with narrow dynamic range data loggers and one
broadband seismic sensor (STS-2) positioned 4 km from the summit. Owing to the
narrow dynamic range of these sensors and also due to the extremely large amplitude of
the accompanying air shock, many of the seismic records from this eruption are
saturated and only five stations are available for analysis.
We installed temporary broadband stations featuring 7 broadband sensors around Mt.
Asama after the ash-emission activity on 15 - 17 September (Figure 1). Three stations
were equipped with STS-2 sensors with a natural period of 120 s, and four stations were
equipped with CMG-3T sensors with natural periods ranging from 100 to 360 s. The
second eruption occurred on 23 September, one week after the installation of the
temporary network. Eventually, we recorded four of the five eruptions that occurred
during the activity of 2004 with 8 broadband seismic stations. We checked the
broadband sensor responses and sensor orientations using teleseismic signals dominated
by 20 s surface waves. We also checked the sensor orientations using a gyro-compass
with 1° accuracy. In Figure 2, waveforms of 5 eruptions recorded at FJM and MAE are
shown. Since the broadband station MAE was not in operation when the event on 1
September occurred, we show the waveforms recorded at FJM, the second closest
station to the summit, instead of the waveforms recorded at MAE.

Data analyses

In the following, we will focus on the results of analyses for the event on 23
September as this event had the largest amplitude among the 5 eruptions. For this event,
which occurred on 23 September, the broadband seismic records from 8 stations were
available.
Our search for source location and source mechanism uses the inversion method of
Ohminato et al. (1998). This method is based on a very simple and straightforward idea.
Assuming a point source, the observed waveforms are expressed by the linear
combination of Green’s functions convolved with the appropriate source-time functions
for three single-force components and six moment-tensor components. The combination
of the source-time functions that best explains the observed waveforms is then
determined by solving a set of linear equations. Our search for the best-fitting signal is
carried out for trial point sources distributed in a uniform mesh sampling the inferred
source volume. The source volume is defined around the initial source location based on
the results of particle motion analyses. For details of the procedure, see Ohminato et al.
(1998).
The Green’s functions used in our waveform analyses are calculated by the 3dimensional finite-difference method (Ohminato & Chouet 1997) assuming a
homogeneous medium with realistic topography. The P- and S-wave velocities and
density values used in our calculations are 3280 m/s, 1660 m/s, and 2400 kg/m3,
respectively. These velocity values are determined so that the observed travel time
residuals are minimized (Ohminato 2006). The density value is based on the gravity
survey around Mt. Asama (Onizawa et al. 1996).
The onsets of the particle motions for the eruption on 23 September point to the
summit crater. As stated above, earthquake hypocenters are distributed vertically from

the bottom of the crater to 1 km below sea level. Considering the results of particle
motion analyses together with the hypocenter distribution, we consider a source volume
of 1.6 km in width in both the north-south and east-west directions, and 3.2 km in the
vertical directions. This volume includes almost the entire vertical hypocenter
distribution beneath the summit. In the uniform mesh sampling the volume, the grid size
of 50 m is used, and thus the number of grid points searched for is approximately 70000.

Possible source models expressed by the moment tensors and single forces

Here, we briefly summarize several source-models relevant to volcanic processes so
that the concepts being used in this paper can be understood easily. The following
explanation follows mainly Chouet (1996).
The solutions obtained from waveform analyses yield information about the force
system exerted in the source region. The derived force system does not image the real
forces but represents an equivalent system of force (Aki & Richards 1980). We must
then interpret the physical meaning of these equivalent forces.
Figure 3 shows some of the force systems that represent seismic sources in volcanoes.
For example, a tension crack opening or closure is represented by 1:1:3 amplitude ratios
among the three diagonal components of the diagonalized moment tensor. If the ratio is
2:2:1, it is interpreted as a radial oscillation of a cylinder. If the ratio is 1:1:1, it is an
isotropic volume change. For these ratios, λ = μ is assumed, where λ and μ are the
Lamé coefficients of the rock matrix. For rock near liquidus temperature, λ = 2μ may
be more appropriate, yielding the ratios 1:1:2 and 3:3:2 for oscillations of crack and
cylinder, respectively. These three examples represent the volume change at the source

(Figure 3(a)). The two examples shown in Figure 3(b) correspond to physical processes
that produce no net volume change and are called "Compensated Linear Vector Dipole"
or CLVD.
Some force systems are not necessarily expressed by the moment-tensor components.
Single-force components are also observed in nature. One well-studied example of
single-force component in nature is the model introduced by Kanamori et al. (1984) to
quantify the explosive eruption at Mt. St. Helens in 1980. In this model, a pressurized
portion of the volcanic conduit capped by a lid is assumed. When the lid is removed
suddenly, a vertical single force and an isotropic implosive source are generated (Figure
3(c)). The drag force due to viscous flow through a narrow channel is another possible
mechanism for a single force (Figure 3(d)).
As proposed by Takei and Kumazawa (1994), a single force can be generated by an
exchange of linear momentum between the source region and the rest of the earth.
Suppose a block of rock is attached to the ceiling of a magma chamber. When the block
detaches from the ceiling, it starts falling through the magma chamber with increasing
velocity. The block gradually looses the downward velocity as it approaches the bottom
of the chamber. Finally, the block reaches the bottom of the chamber. During this
process, there is a downward acceleration of the center of mass of the source volume,
followed by a downward deceleration of the center of mass of the source volume. The
resulting reaction force in the surrounding medium is an upward force followed by a
downward force (Figure 3(e)).
Note again that what we obtain from seismic waveform analyses is a force system
relevant to volcanic processes but not the physical process itself.

Results of the waveform analyses for cases assuming a point source

Ohminato et al. (2006) assumed that the source locations are beneath the center of the
summit crater, and they searched in the vertical direction guided solely by particle
motion analyses. In this study, in contrast to the previous study, we search for source
locations in a volume that include most of the hypocenter distribution of the volcanic
earthquakes as stated above. As a first step, we test seven equivalent force cases
assuming a single point source (Table 1). The waveform matches for the vertical
components at MAE, the closest station, are shown in Figure 4. The source locations for
the seven cases have slight offsets in the horizontal direction. The offsets are 200-300 m
southwest (Case 1, Case 4, Case 5, Case 6, and Case 7) or southeast (Case 2 and Case 3)
of the center of the summit crater, and thus the source locations obtained in this study
are close to that obtained by Ohminato et al. (2006). The errors are smaller than that
obtained in the previous study because of the relaxed condition for the horizontal source
location.
In order to evaluate the trade-off between the data fit and the number of free
parameters, we use Akaike's Information Criterion (AIC) (Akaike 1974) that is defined
as AIC = Ns ln(e) + 2Nm in which the constant term is omitted. Ns is the number of data
fitted by the model, and is calculated by the number of data traces multiplied by the
number of samples in each trace. e represents the squared error. Nm is the number of free
parameters, and is calculated by the number of assumed single-force and moment-tensor
components multiplied by the number of samples of each source-time history. The
preferred model is the one with the lowest AIC value. To have a lower AIC is better
than to have a lower residual.

The AIC values obtained in this study (Table 1) are larger than that obtained in the
previous study (Ohminato et al. 2006, Table 2) because the number of samples in each
seismic trace and the number of elementary source pulses used to represent the source
time function are 150 and 75, and are half of those used in the previous study. Details of
the results of the seven cases are as follows.
Case 1: The source mechanism includes a vertical single-force component only
(abbreviated as 'Fz'). In this simplest case, the vertical components of the waveforms are
well explained, but the horizontal components are poorly explained and thus the
residual error is large. The source location is 200 m west and 50 m south of the center of
the summit crater. The source elevation is 2450 m above sea level. Hereafter, we use the
Cartesian coordinate with origin set at sea level beneath the center of the summit crater
to indicate source locations. The source location for Case 1 is expressed as (-200, -50,
2450).
Case 2: The source mechanism consists of six moment-tensor components and no
single force (abbreviated as '6Mom'). Although the number of free parameters is six
times larger than that for Case 1, the AIC value for this case is smaller than that for
Case 1 owing to an improved waveform match, especially in the horizontal components.
Note, however, that the waveform match in the vertical components is degraded
compared to Case 1. The source location for Case 2 is (200, -200, 2100).
Case 3: The source mechanism consists of six moment-tensor components and two
horizontal single-force components (abbreviated as '6Mom+2SF'). Additional horizontal
single-force components improves both error and AIC. In this case, however, the
vertical components of the waveforms are not well explained as in Case 2. The source
location for Case 3 is (200, -300, 2100).

Case 4: The source mechanism consists of three single-force components
(abbreviated as '3SF'). Although the error reduction is worse than that for Case 3, a
smaller AIC value is obtained owing to the smaller number of free parameters compared
to Case 3, and thus Case 4 is better than Case 3 in terms of AIC. In this case, the vertical
components of the waveforms are well explained. The source location for this case is (200, -100, 2250).
Case 5: The assumed source mechanism consists of six moment-tensor components
and one vertical single-force component (abbreviated as '6Mom+Fz'). Comparison
between this case and Case 2 clearly shows that the addition of the vertical single-force
component dramatically improves the waveform match, and thus results in a smaller
AIC value. This observation supports the idea that the 'Fz' is an indispensable
component for the mechanism of the eruptions at Mt. Asama. The source location for
Case 5 is (-200, -100, 2150).
The results of the above five cases clearly show that the 'Fz' component is
indispensable for explaining the vertical components of the observed waveforms. The
question arises, then, of which components are important for explaining the horizontal
component of the waveforms. In order to clarify this, we test additional cases.
Case 6: In this case, the source mechanism consists of an isotropic component and
three single-force components (abbreviated as 'ISO+3SF'). We replace the 6 momenttensor component in Case 5 with an isotropic component, and we add two horizontal
single-force components. These changes reduce the AIC slightly. The effect of the
reduction of the number of free parameters overcomes the small increase in the residual
error compared to Case 5. For both Cases 5 and 6, the vertical components of the
waveforms are already well explained by the 'Fz' component that is included in both

cases. Thus, a comparison between Case 5 and Case 6 suggests that the contribution of
the non-isotropic (deviatoric) components of the moment tensor and the contribution of
the two-horizontal single-force components to the horizontal components of the
waveforms are almost the same. In other words, the horizontal components of the
observed waveforms are explained similarly by both a deviatoric component of the
moment-tensor or two horizontal single-force components. The source location for Case
6 is (-250, -150, 2200).
Case 7: Finally, we tested the source mechanism composed of six moment-tensor
components and three single-force components (abbreviated as '6Mom+3SF'). This case
resulted in the best error residual and best AIC solution. A comparison among Case 5,
Case 6 and Case 7 indicates that both the deviatoric components of moment tensor and
the two horizontal single-force components are indispensable for explaining the
observed waveforms, and they cannot compensate for each other’s contributions. The
source location for Case 7 is (-100, -100, 2200).
Figure 5 shows the distribution of the residual error in the volume where the grid
search for the best source location was conducted. The two horizontal axes in the northsouth and east-west directions represent distances from the center of the summit crater.
The vertical axis shows the elevation above sea level. In this figure, six horizontal slices
are shown. The residual value increases from blue to red. The colour scale on the right
is from 100 % to 160 % of the smallest residual. The distribution corresponding to Case
7 is shown. The residual distribution is simple and has only one global minimum.
Similar simple residual distributions are obtained for all seven cases stated above. Onepoint-source solutions are stable and robust.

Results of the waveform analyses for cases assuming separated sources

In Ohminato et al. (2006), it was assumed that the explosion source was composed of
two point sources; one of them corresponded to three single-force components, and the
other corresponded to six moment-tensor components. They fixed the horizontal source
location at the center of the summit crater and searched for the best combination of
depths for these two sources in the vertical direction. For the best AIC solution, the
depth of the single-force source was at the bottom of the crater, and the depth of the six
moment-tensor source was at 400 m beneath the single-force source. The source
mechanism of the moment-tensor component was found to be an almost isotropic
volume change.
For the next step in our study, we investigate sources consisting of two point sources.
In this investigation, one of the two sources has a fixed location and a search for the
other source location is made grid by grid. We search not only in the vertical direction
but also in the horizontal directions. As discussed above, the results of Cases 1 through
4 show that a source composed of three single-force components is indispensable. The
source locations for Cases 4 through 7, all including 'Fz' component, are almost the
same. Accordingly, we fix the source location of the single-force component at the
location (-200, -100, 2250) that is obtained for Case 4, and search for the location of
another point source. We test three cases for the two-point-source model. We assume
'ISO', '3SF', and '6Mom' for the source mechanisms of the second point source, whose
location is grid-searched. They are abbreviated as '3SF + ISO', '3SF + 3SF', and '3SF +
6Mom', and are referred to as Case 8, Case 9, and Case 10, respectively. Errors and the
AIC value for Cases 8, 9, and 10 are shown in Table 2.

The global minimum for Case 8 is obtained for an isotropic source located 1 km eastsoutheast of the summit crater. This location is beneath station MAE, which is the
station closest to the summit. Near this station, there is nothing that suggests shallow
hydrothermal or magmatic activity such as fumaroles, vents, or cracks on the ground
surface. Judging from the distance from the summit crater and the surface condition
around MAE station, this location is highly inappropriate as a source of the explosion
signal. We find a second local minimum at (-250, -150, 2200). This position is the same
as the source location obtained for Case 6. We therefore discard the former position and
adopt the latter.
Although we assumed separate sources composed of '3SF' and 'ISO' in this case, the
source location of the 'ISO' component found to be very close to the location of the
fixed point source of '3SF'. The separated source of '3SF + ISO' can be regarded as a
point source. The residual for this solution is much smaller than that of the solution
composed of '3SF' and 'ISO' obtained at (0, 0, 2200) by Ohminato et al. (2006). It is
highly likely that the source locations obtained by these authors were inaccurate
positions resulting from their imposed restriction of horizontal source locations fixed
beneath the center of the summit crater.
In Case 9, we again observe that a minimum residual error is obtained nearly 1 km
east of the summit crater. Such a solution is unrealistic for the same reason stated for
Case 8, and so we discard it. We find a second-best local minima beneath the summit at
two distinct elevations, namely at (-400, -100, 1500) and (-300, -100, 0) (Figure 6). The
former is 1500 m above sea level and the latter is at sea level. The latter solution gives
us a slightly better AIC value, although the difference in AIC is very small. In Table 2,

the result for the latter is shown. The source time functions corresponding to the deep
'3SF' source at sea level and to the fixed '3SF' source are illustrated in Figure 7.
In Case 10, one point source of '3SF' is fixed at the location for Case 4 and the other
point source of '6Mom' is grid-searched. The best source location for a source of
'6Mom' is (450, -200, 1250). The global minimum is obtained at the southeast of the
summit crater, and the location is out of the vertical hypocenter distribution. For other
two cases, Case 8 and Case 9, the locations of the 'unfixed' components, 'ISO' and '3SF',
are within the hypocenter distribution, showing that the locations for Cases 8 and 9 are
not attracted to MAE station.

Discussion

Characteristic source-time history of 'Fz'

The solution obtained for the 23 September event assuming a point source is
essentially the same as that obtained by Ohminato et al. (2006). The source-time history
of the vertical single-force component 'Fz' is characteristic. Figure 8 shows the sourcetime histories of 'Fz' for all five events. These are vertically aligned so that their first
downward phases coincide with each other. We can summarize the characteristics seen
in the source time function of 'Fz' as follows.
For all the source-time histories of 'Fz', (i) the initial motion of the vertical force is
always downward; (ii) it is followed by an upward force; (iii) there is another
downward force 5-6 sec after the first downward force.

The above-mentioned characteristic source-time histories of 'Fz' are interpreted by
Ohminato et al. (2006) as follows.
(1) Before an eruption, the source region is pressurized. This region is located at the
top of the conduit. (2) A lid at the top of the pressurized conduit is suddenly removed
and downward and implosive forces are excited. This corresponds to the source process
proposed by Kanamori et al. (1984) as explained earlier in Figure 3(c). (3) The
depressurized magma increases its volume due to vesiculation and starts ascending in
the conduit. The highly viscous andesitic magma exerts an upward force on the conduit
wall. This is the source process schematically shown in Figure 3(d). During this stage,
the observed vertical single force is expressed by the superposition of two vertical
forces. One is the downward force that is gradually increasing after the sudden removal
of the lid as expected from the Kanamori's model. The other is the upward force
originated from the viscous ascending magma. Since the observed vertical force is
upward during this stage, the amplitude of the upward force is larger than the downward
force. (4) Finally, explosive fragmentation starts when the magma reaches some critical
depth. (5) Magma viscosity disappears due to magma fragmentation, and thus the
upward viscous force also disappears. Since the vertical force component is the
superposition of two force components, the sudden disappearance of the upward viscous
force results in the appearance of the second downward force.

Conservation of total linear momentum

Ohminato et al. (2006) attributed the origin of the upward single force to the viscous
drag force exerted on the wall of the volcanic conduit by the ascending viscous magma.

The way linear momentum is exchanged between the ascending magma column and the
rest of the earth is slightly complicated and requires some explanation.
Magma ascends in the conduit because it gains upward linear momentum from the
rest of the earth. In return, the rest of the earth receives downward linear momentum.
The exchange of the linear momentum mainly takes place at a certain depth in the
conduit. A part of the upward linear momentum that the ascending magma column
receives from the rest of the earth is returned to the earth through the viscous drag force
exerted on the shallow portion of the conduit. The total linear momentum that the rest of
the earth receives from the ascending magma column consists of the momentum
transferred at certain depths and momentum transferred through the upward viscous
drag force exerted near the top of the conduit.
The shallow force should be observed as an upward force. Naturally, if the viscosity
of the magma is low enough, the shallow force is not detectable. In contrast, the
excitation of the seismic signals of observable amplitude by the force corresponding to
the exchange of linear momentum at the deep portion in the conduit depends on the
depth where the momentum exchange takes place. Note that the upward linear
momentum of the magma column must balance the downward linear momentum gained
by the rest of the earth. The force exerted on the shallow portion of the conduit and the
force exerted at deep portion of the conduit do not necessarily balance. The deep force
must be stronger than the shallow force for the magma column to gain upward linear
momentum. What matters here is the depth of the zones where the single forces are
applied.
The upward force may act mainly on a relatively short segment of conduit near the
top of the magma column, where the pressure gradient is the largest (e.g. Sparks 1997),

and thus the traction force on the conduit wall is the largest. In contrast, the portion of
the conduit where the downward force is exerted probably extends over a significant
depth range. It is difficult to specify the extent of the portion of the magma column that
exerts the downward force on the conduit wall. Such a portion of the magma column
can be extended from the vesiculation depth of 2-3km to the greater depth of few
kilometers down to the magma chamber. The contribution of the portion of conduit,
which receives the downward force from the magma column, to the excitation of
seismic signals may not be well observed because of the large hypocentral distance to
the seismic stations (Figure 9(a)).
There may be another shape for the distribution of downward single force over the
conduit wall. Suppose there is a discontinuity in the conduit at a certain depth. This
discontinuity may be a constriction or a sharp bend in the conduit. In this case, the
downward force necessary to conserve the linear momentum would concentrate at the
discontinuity, and the distribution of the vertical single force in the conduit may be as
shown in Figure 9(b). In this case, the portion where the downward force is exerted is
much shallower than in the case where there is no discontinuity, and the seismic signals
associated with the downward force can be observed.
In the rest of this section, we investigate whether a source composed of two point
sources, each with '3SF', can explain the observed waveform better than a single point
source. If a source consisting of one point source composed of '3SF' explains the
observed waveform better than a source consisting of two point sources, then the force
distribution shown in Figure 9(a) is preferable. In contrast, if a second point source
composed of '3SF' is discovered at a depth that is not extremely great, then the model of
Figure 9(b) would be better.

A model of one or two point sources may seem to be too simple as the actual source
must be a fully continuous extended source. This simplistic model consisting of a few
point sources represents an intermediate step from the traditional single point source
model to the extended source model. A fully extended source is beyond the scope of
this study, however.
In Case 9, two source locations are obtained. The source location of the shallower
source at 1500 m is in the middle of the vertical hypocenter distribution beneath the
summit crater, and the source location of the deeper source at sea level coincides with
the depth where the hypocenter distribution changes its spatial density significantly
(Figure 10). The sudden change in density of the hypocenter distribution at sea level
suggests the existence of a certain change in the physical condition around the conduit
at this depth. If there is a certain condition change in the conduit at sea level, then the
observation that the deep '3SF' source is slightly better than the shallow '3SF' source
may suggest that the model with conduit constriction (Figure 9(b)) is preferable to the
model with no constriction (Figure 9(a)).
To interpret the source-time functions of the six force components illustrated in
Figure 7 is not easy. The horizontal components have the amplitudes almost equivalent
to that of the vertical component. The behavior of the horizontal components of the
shallow and deep sources looks as if they are compensating each other, and are
mimicking the horizontal dipoles distributed along the vertical conduit. Similar behavior
as the horizontal components is seen for the vertical components. On the source-time
function similar to that of the one point-source case (see Figure 11, top), time functions
of relatively high frequency are superimposed. These additional components at shallow
and deep sources have opposite sign, and thus they are behaving as a vertical dipole.

These waveforms strongly suggest that in addition to the three single-force components,
the six-moment-tensor components are necessary to explain the observed waveforms.
Although the necessity of both single- force and moment-tensor components have been
already suggested above, an inclusion of '6Mom' component in addition to two '3SF'
will make the inversion unstable.

Location and interpretation of '6Mom' component

We summarize the source locations for the ten cases investigated in this study (Figure
10). The source locations for Cases 1 through 10 are compared with the hypocenter
distribution of the volcanic earthquakes before, during, and after the 2004 Mt. Asama
volcanic activity determined by Takeo et al. (2006) using the double-difference method
(Waldhauser & Ellsworth 2000). For all of the cases that include the vertical single
force component 'Fz', the source locations are within the vertical hypocenter distribution.
In contrast to this, sources including '6Mom' components are liable to be located outside
of the hypocenter distribution (an open circle for Cases 2 and 3, and a closed circle for
Case 10). The results for Case 2, Case 3, and Case 7 indicate that the solution including
the '6Mom' component and excluding vertical single force 'Fz' at the same time, are
likely to be located east of the vertical hypocenter distribution of volcanic earthquakes.
In contrast, other solutions including 'Fz', regardless of other source mechanisms
included, are located within the hypocenter distribution. The point source solution for
Case 7 includes both '6Mom' component and 'Fz' component, but the source location is
inside of the vertical hypocenter distribution. This observation indicates that the

tendency that the '6Mom' source is attracted to the east is overwhelmed by the tendency
that the 'Fz' source stays close to the vertical hypocenter distribution.
These observations suggest that the '6Mom' components are sensitive to waveform
uncertainty, which can be attributed to unknown velocity and density structures. The
reason that the solutions including the '6Mom' component are attracted to the closest
station MAE may be that the amplitude of the waveforms observed at MAE is the
largest due to the proximity of this receiver to the source, and thus the portion of the
waveforms attributable to the uncertainty is also the largest. A source location near the
station with the largest uncertainty is advantageous to reduce the overall waveform
mismatch. Such a source can reduce the overall waveform mismatch only by explaining
the waveform discrepancy of the waveforms at the largest amplitude station. This
explanation would mainly work for the source of '6Mom,’ which has the largest number
of free parameters. For other sources, such as 'Fz', '3SF', and 'ISO' that have smaller
numbers of free parameters, the explanation would not work effectively.
Figure 11 illustrates the source-time functions of the six components of the moment
tensor and three components of single force for Case 7 and Case 10. The source-time
functions for three single-force components are almost the same for these two cases,
while the source-time functions for six moment-tensor components are significantly
different for these two cases. This suggests that the six moment-tensor component does
not necessarily reflect the physical process in the source region.
According to Kanamori's lid removal model, the amplitude of the moment-tensor
component is obtained by the amplitude of the downward vertical single force
multiplied by the extent of the pressurized portion of the conduit capped by a lid. Since
the size of such a portion does not exceed the diameter of the summit crater of 400 m,

the amplitude of the moment-tensor component is at most 2×1013 Nm, which is much
smaller than the amplitude of the moment-tensor components for both Cases 7 and 10.
This estimation shows that the contribution of the volume change at the source related
to the mass withdrawal from the system to the source-time functions for six momenttensor component is small.
Furthermore, the source-time functions of three diagonal components for Case 10 are
not necessarily in phase. This also makes it difficult to give a physical interpretation to
the source-time functions of the moment-tensor component.
If we accept the fact that the solution displays a significantly lower residual error and
clear minimum AIC compared to the other models, we need to interpret the source
location in the east. Guided by the steeply dipping crack model obtained at Popocatépetl
Volcano, Mexico (Chouet et al. 2005), it is conceivable that the upper conduit under
Asama may be steeply inclined to the southeast and slightly offset from the distribution
of earthquakes at a depth of 1.2 km below the summit crater. The fact that there is no
hypocenter distribution that connects the summit crater and the '6Mom' source nor the
hypocenter distribution connecting the '6Mom' source and the horizontal dyke inferred
from GPS observations (shaded region in Figure 10) seems to be against the idea of
steeply inclined conduit model. However, hypocenter distributions do not necessarily
coincide with the magma path beneath volcanoes (e.g., Brancato & Gresto 2003), and
thus, solely from the hypocenter distribution, we should not discard the inclined conduit
model, which is favorable to the solution for Case 10.

Summary

We re-analyzed the waveform data associated with the vulcanian eruptions that
occurred during the 2004 Mt. Asama activity. We loosened the restrictions on source
locations and source mechanisms used in the previous study. The results are essentially
the same as those obtained with more restrictions in the previous study. The source
locations are slightly shifted in both the horizontal and vertical directions, but the
characteristics of the source time histories of the vertical single force component do not
change.
The source mechanisms include dominant vertical single force components. The
source time history of the vertical single force starts with a large downward phase
followed by an upward phase. After several seconds, another downward component
appears. The initial downward force can be explained by the sudden removal of a lid
capping the pressurized conduit. The following upward force can be interpreted as a
drag force due to ascending viscous magma. The secondary downward force appears
when the fragmented magma stops exerting an upward viscous drag force on the
conduit wall, and the downward force due to the cap removal reappears.
The results of the analyses assuming two point sources suggest that the conduit has a
constriction at sea level that works as a deep source of the secondary downward single
force component. The results of the analyses assuming one point source of single-force
components and another point source of six moment-tensor components suggest an
inclined conduit model, although the inclined conduit is not necessarily suitable for the
hypocenter distribution beneath the summit crater.
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Figure captions

Figure 1
Map of Mt. Asama and the seismic network. Eight closed circles are broadband stations.
An open circle is a short period station, whose waveform records are shown in Figure 2.
Contours represent 200 m elevation intervals. The inset shows the location of Mt.
Asama in Japan.

Figure 2
Displacements recorded at FJM and MAE. Waveforms for the eruptions on 1, 23, 29
September, 10 October, and 14 November recorded at FJM and MAE are shown.
Horizontal bars indicate time scales. Vertical bars indicate amplitude scale. For all the
traces, sensor responses are corrected and the band-pass filter is applied in the 0.1-2 Hz
band using a six-pole zero-phase Butterworth filter.

Figure 3
Examples of several source mechanisms expressed by moment tensor components and
single force components in the context of the source of volcanic earthquakes. (a)
Examples of source geometries including volume change. Crack, cylinder, and sphere
are shown. The ratio under each panel represents the amplitude ratio of three
eigenvalues of the corresponding moment tensor (reproduced from Chouet, 1996). (b)
Examples of source geometries without volume change. These solutions are expressed
by a combination of two volume sources with opposite signs. One of the volume
sources corresponds to a volume expansion and the other corresponds to a shrinkage of

the same volume (reproduced from Chouet, 1996). (c) A model of vertical single force
excitation proposed by Kanamori et al. (1984). A force system representing the sudden
removal of a lid of a pressurized gas pocket near the ground surface is equivalent to a
combination of a vertical single force and an implosive source. (d) A drag force due to
viscous flow through a narrow path is a candidate for the source of the single force. (e)
An example of source mechanisms with single force components proposed by Takei
and Kumazawa (1994). An exchange of linear momentum between the source region
and the surrounding rock is observed as the source of a vertical single force.
For all possible sources with single force components, the total linear momentum
must be conserved.

Figure 4
Differences in waveform match for different source mechanisms corresponding to Cases
1 through 7. Waveforms are displacements and are band-passed at 0.1-2 Hz. A single
point source is assumed in each case. The vertical component recorded at MAE during
the event on 23 September is shown. Waveform matches around the initial downward
phase for mechanisms including the 'Fz' component (Cases 1, 4-7) are good, while
waveform matches for cases without 'Fz' (Cases 2 and 3) are significantly worse.

Figure 5
Residual distribution in the volume in which the grid search for the best source location
is conducted. The horizontal axes show the distance from the center of the summit
crater. The vertical axis shows elevation above sea level. Six horizontal slices with a
vertical interval of 100 m are shown. The residual value increases from blue to red. The

bar range on the right is from 100% to 160 % of the smallest residual. Only the
distribution corresponding to Case 7 is shown.

Figure 6
Residual distribution for Case 9 in the volume in which the grid search for the best
source location is conducted. One vertical section sliced at 100 m south of the center of
the crater is shown. Horizontal extent of the slice is 1500 m in the east-west direction
and 2500 m in the vertical direction. Two local minimum are seen at (-400, -100, 1500)
and (-300, -100, 0). The horizontal axes show the distance from the center of the
summit crater. The vertical axis shows elevation above sea level. The residual value
increases from blue to red. The bar range on the right is from 100% to 160 % of the
smallest residual.

Figure 7
Source time functions for Case 9 ('3SF + 3SF'). The '3SF' source located at (-300, -100,
0) is on the left and the '3SF' source fixed at (-200, -100, 2250) is on the right.
Horizontal axes represent time and vertical axes represent amplitude. From the top to
the bottom of each panel, east-west, north-south, and vertical components are shown.

Figure 8
Source-time histories of the 'Fz' component for the 5 explosions on 1, 23, 29 September,
10 October, and 14 November. Horizontal axes represent time and vertical axes
represent amplitude. The five panels are vertically aligned so that initial downward
phases coincide with each other. For all 5 cases, a positive signal corresponding to an

upward force follows the initial negative phase (thin line). Five to 6 seconds later,
another downward phase (shaded area) appears for all five explosions.

Figure 9
Two models of the vertical distribution of the single-force components exerted on the
volcanic conduit. Lengths of the arrows indicate the strength of the drag force. (a) The
magma column has no bottom. In this case, the downward single force is not
concentrated. (b) The magma column has a constriction. Any structure that can
effectively support the vertical component of the drag force in order for the magma
column and the rest of the earth to exchange total linear momentum would work as
conduit discontinuity. A constriction or a sharp bend in the conduit is a good candidate
for such discontinuity.

Figure 10
Comparison between source locations (right) obtained by waveform analyses and the
hypocenter distribution of volcanic earthquakes (left) determined by the doubledifference method. Source locations for 10 cases are shown with error bars
superimposed on the E-W section. Error bars correspond to 10 % increment above the
minimum error. Cases 8, 9, and 10 are the two-point-source cases, and for these cases,
one of the point sources is fixed at the source location for Case 4 (closed square). The
other source is searched. For Case 9, two locations (closed triangles) give almost the
same residual errors and AIC values.

Figure 11

Source-time functions obtained for Case 7 (top) and Case 10 (bottom). Horizontal axes
are time and vertical axes are amplitude. For Case 7, the locations of point sources of
six moment-tensor components and three single-force components are the same, while
they are located at different positions for Case 10. Source locations are shown at the top
of each panel.

Table captions

Table 1
Residual errors and corresponding Akaike's Information Criterion (AIC) for the 7
source mechanisms considered in the waveform analyses assuming a single point source.
'Fz' represents the vertical single force components. '6Mom' refers to the 6 moment
tensor components. 'SF' and 'ISO' refer to the single force and isotropic components,
respectively. Case 7 shows the best solution for single point source.

Table 2
Residual errors and AIC for the 3 cases assuming two point sources. One of the two
point sources with three single forces is spatially fixed. The locations of the other point
forces with various source mechanisms are grid-searched. The same abbreviations as
used in Table 1 are used for the source mechanisms. The locations of unfixed sources
are also shown. Case 10 shows the best solution of all 10 cases.
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Mechanisms
(Mom: moment, SF:single force
ISO: isotropic volume source)

Error

AIC

Case 1: ‘Fz’

0.512

-4671

Case 2: ‘6 Mom’

0.317

-7382

Case 3: ‘6 Mom + 2SF(Horizontal)’

0.238

-9138

Case 4: ‘3 SF’

0.260

-9244

Case 5: ‘6 Mom + Fz’

0.202

-10466

Case 6: ‘ISO + 3 SF’

0.205

-10810

Case 7: ‘6 Mom + 3 SF’

0.146

-12504

Table 1: Residual errors and corresponding Akaike's Information Criterion (AIC) for the
7 source mechanisms considered in the waveform analyses assuming a single point source.
'Fz' represents the vertical single force components. '6Mom' refers to the 6 moment tensor
components. 'SF' and 'ISO' refer to the single force and isotropic components,
respectively. Case 7 shows the best solution for single point source.

Mechanisms
(Mom: moment, SF:single force
ISO: isotropic volume source)

Error

AIC

Location of the unfixed
source
(ISO, 3SF, 6Mom)

Case 8:

‘3 SF (fixed) + ISO’

0.205

-10810

ISO

Case 9:

‘3 SF (fixed) + 3 SF’

0.166

-12041

3SF : deep and slightly west

0.119

-14000

6Mom : deep and east

Case 10: ‘3 SF (fixed) + 6 Mom’

: same as the fixed one

Table 2 : Residual errors and AIC for the 3 cases assuming two point sources. One of the
two point sources with three single forces is spatially fixed. The locations of the other
point forces with various source mechanisms are grid-searched. The same abbreviations as
used in Table 1 are used for the source mechanisms. The locations of unfixed sources are
also shown. Case 10 shows the best solution of all 10 cases.

