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Abstract

Microseismic swarm activity has taken place since 1976 around Mt. Ontake, the second highest stratovolcano in
Japan. This activity is thought to be linked to high pore-fluid pressure in the vicinity of the volcano. We analyzed
well-constrained focal mechanism solutions of microseismicity to re-estimate the 3-D pore-fluid pressure field driv-
ing vigorous swarm activity around Mt. Ontake. Pore-fluid pressures were measured by mapping earthquake focal
mechanisms on the 3-D Mohr diagram for the regional stress field with high resolutions of 2-5 km. The assumption of
the reference stress pattern can cause modeling errors in measurements of pore-fluid pressure. To remove the effect,
we statistically evaluated the estimation errors of the regional stress field and included these errors in the analysis.

We detected an overpressurized fluid reservoir with a peak of about 10-30 MPa in the east flank of Mt. Ontake, where
microseismic swarm activity has been vigorous for the last two decades. The level of pore-fluid pressure was main-
tained for at least 5 years after 2009. This finding indicates that there are some interactions between the intensive
swarm activity and overpressurized fluids: the swarm activity has been driven by overpressurized fluids, whereas pore-
fluid pressures have been suppressed by the swarm activity.
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Introduction

Overpressurized fluids in the Earth’s crust are thought
to play an important role in earthquake generation (e.g.,
Nur and Booker 1972; Yamashita 1999; Miller et al. 2004;
Sibson 2007). Seismic swarm activity in the vicinity of
volcanic regions is widely believed to be controlled by
overpressurized fluids (e.g., Ohtake 1974). In the south-
east flank of Mt. Ontake, which is the second highest stra-
tovolcano in Japan (Fig. 1), microseismic swarm activity
suddenly began to occur in 1976 (Aoki et al. 1980). The
vigorous activity has continued for more than four decades
since then, and the source region has become enlarged
and migrated to the north and east flanks of the moun-
tain (e.g., Ooida et al. 1989; Yamazaki et al. 1992; Rydelek
et al. 2002; Terakawa et al. 2013b). During this period, this
volcano produced four recorded eruptions (hydrothermal
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type) with volcanic explosivity index values of 0-2 in 1979,
1991, 2007, and 2014 (e.g., Sawada 1981; Nakamichi et al.
2009; Yamaoka et al. 2016). In 1984, 5 years after the first
historic eruption, the western Nagano prefecture earth-
quake (M 6.8) occurred in the source region of the micro-
seismic swarm (e.g., Ooida et al. 1989; Horiuchi et al. 1992;
Yamazaki et al. 1992). The diverse seismicity was suspected
to be linked to volcanic eruptions through fluids in the
porous network in the underground rock (e.g., Sano et al.
1986), but the relationship among the fluids, diverse seis-
micity, and eruptions is enigmatic. To date, the presence of
fluids has been demonstrated using geophysical, geologi-
cal, and geochemical methods (e.g., Takahata et al. 2003;
Kimata et al. 2004; Kasaya and Oshiman 2004; Yoshimura
et al. 2009; Nishio et al. 2010; Doi et al. 2013; Sano et al.
2015), but direct measurement of pore-fluid pressure in
the crust is difficult.

An earthquake is a physical process that releases accumu-
lated tectonic stresses by shear faulting, controlled by the
Coulomb failure criterion:
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Fig. 1 Topographic map of Mt. Ontake volcano, seismic stations, and
379 focal mechanisms with M > 1. Focal mechanism solutions are
represented by the lower-hemisphere projection of focal spheres,
and the color scale corresponds to focal depth. The dashed rectangle
in red represents the model region in the present FMT analysis. The
red triangle indicates Mt. Ontake. The solid circles and squares mark
temporary and permanent seismic stations, respectively. The light
gray, dark gray, and black symbols denote seismic stations organized
by Nagoya University, national institutes (the Japan Meteorological
Agency and NIED), and Gifu and Nagano prefectures, respectively.
The white star and the blue rectangle denote the epicenter and the
source region of the 1984 Western Nagano prefecture earthquake.
The brown lines indicate active faults. The dashed black line marks the
prefectural boundary between Gifu and Nagano prefectures. The red
rectangle denotes the events that were triggered between June and
September, 2011

75 = u(on — Py) nH

where 7, and o, are the fault (shear) strength and normal
stress (positive in compression) on a specified fault, P is
pore-fluid pressure, and 4 is the intrinsic friction coefficients
of rock. When the shear stress reaches the fault strength
described by Eq. (1), seismic slip will occur. Seismic slip can
be encouraged by both an increase in shear stress and by a
decrease in fault strength (Hubbert and Rubey 1959). There-
fore, earthquake focal mechanism solutions (fault strike, dip
angle, and slip angle) can yield information on the pore-fluid
pressure as well as on the stress state in the source region.
Recently, Terakawa et al. (2010) developed an inversion
method for estimation of 3-D pore-fluid pressure fields
by mapping focal mechanism solutions of seismicity on
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the 3-D Mohr diagram for a given stress field. In this
method, which is termed focal mechanism tomography
(FMT) method, the spatial variation in focal mechanisms
is attributed to fault strength heterogeneity resulting
from spatial variation in pore-fluid pressure. Applica-
tion of the FMT method to seismicity induced by fluid
injection experiments in the Basel Enhanced Geother-
mal System, Switzerland, quantitatively demonstrated the
validity of the method (Terakawa et al. 2012; Terakawa
2014). In these applications, the history of the wellhead
pressures of the experiments provided constraints on the
inversion results. When applying the method to natural
earthquakes, however, evaluating the level of pore-fluid
pressure is more difficult.

For the FMT method, it is necessary to know the appro-
priate stress field and to possess a high-quality dataset of
focal mechanism solutions to estimate pore-fluid pres-
sure fields correctly. Terakawa et al. (2013b) applied the
FMT method to well-constrained focal mechanism solu-
tions for microseismic swarm activity on the flanks of Mt.
Ontake based on the 3-D tectonic stress field over the
whole of Japan (longitude: 125°-150°, latitude: 25°-50°,
depth: 0-100 km). That study demonstrated that there
are overpressurized fluid reservoirs with a peak pressure
of more than 100 MPa at depths between 5 and 12 km in
the source region of the intensive swarm activity. In the
FMT analysis, the spatial variation of the tectonic stress
field was taken into account. The tectonic stress field was
inferred from 12,500 centroid moment tensor (CMT)
data for seismicity (M > 3.5) listed in a uniform catalog
based on a Japanese nationwide broadband seismograph
network organized by the National Research Institute
for Earth Science and Disaster Resilience (NIED) by Ter-
akawa and Matsu’ura (2010). The resolution of the tec-
tonic stress pattern expected from the data distribution
was an average of 10-20 km horizontally and 5 km verti-
cally. These length scales may not be sufficiently small to
estimate the pore-fluid pressures in a limited local region.

Recently, Terakawa et al. (2016) estimated the 3-D
regional stress field around Mt. Ontake (longitude:
137.3°-137.9°, latitude: 35.55°-36.15°, depth: 0-20 km)
from earthquake focal mechanism solutions obtained
through dense seismic networks that monitor microseis-
micity around Mt. Ontake. The average resolution of the
stress pattern was 2—5 km. Using the higher-resolution
results for the regional stress field, in the present study,
we apply the FMT method to the same dataset as Ter-
akawa et al. (2013b) to re-estimate and re-evaluate the
3-D pore-fluid pressure field around Mt. Ontake. Com-
paring the pore-fluid pressure fields in the present study
with those obtained in Terakawa et al. (2013b), we exam-
ine the effects of the assumed stress patterns on estimates
of pore-fluid pressures. In addition, we obtain realistic
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estimates of the pore-fluid pressures that drive micro-
seismic swarm activity around Mt. Ontake, taking into
account the estimation errors of the stress pattern.

The FMT method

Earthquakes occur on pre-existing faults, governed by the
Coulomb failure criterion (Eq. 1). Therefore, variation in
earthquake focal mechanisms can be expected even in a
uniform stress field (McKenzie 1969). Two end-member
models have been proposed to explain the variation in
focal mechanisms. One model attributes the variation to
differences in the frictional coefficients of rocks, assuming
that the pore-fluid pressure field is uniform everywhere;
the other model assumes variation in the pore-fluid pres-
sure field with a constant friction coefficient (e.g., Zoback
1992; Rivera and Kanamori 2002). From experimental
results and field observations, the intrinsic friction coef-
ficients of rocks are constant at approximately 0.6 at seis-
mogenic depths (e.g., Byerlee 1978; Zoback and Healy
1992; Zoback and Townend 2001), and so we assume the
latter model in the FMT method.

The basic assumption of the FMT approach is that
seismic slip occurs in the direction of the resolved shear
traction acting on the fault (Wallace 1951; Bott 1959),
controlled by the Coulomb failure criterion (with a con-
stant intrinsic friction coefficient of rock). Given a stress
pattern (normalized deviatoric stress tensor) and using
this assumption, it is possible to map a focal mechanism
solution on the 3-D Mohr diagram by examining the
normal and shear stresses (normalized to the maximum
shear stress) acting on the fault plane. This process con-
strains the relative magnitude of the pore-fluid pressure,
because the Coulomb failure criterion is represented
by a straight line with a fixed slope (friction coefficient)
passing through the point designated by the focal mecha-
nism solution in the Mohr diagram, and the intercept of
the line at the horizontal axis yields the (relative) pore-
fluid pressure that triggers the event. The absolute pore-
fluid pressure can be obtained by further assuming that
the vertical stress is the weight of the overburden and
that optimally oriented faults relative to the stress pat-
tern are critically stressed under hydrostatic pressure. In
addition to the stress pattern with four degrees of free-
dom, which is usually obtained through stress inversion,
these two assumptions are used to determine an absolute
stress tensor with six degrees of freedom and the (abso-
lute) pore-fluid pressure. The results for pore-fluid pres-
sures represent the measurements of pore-fluid pressure,
pn(n=1,...,N), at discrete points of the hypocenters
x,(n=1,...,N).

To discretize the problem, the 3-D excess (above
hydrostatic) pore-fluid pressure field is represented by
the superposition of the tri-cubic B splines (the basis
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function), and the expansion coefficients are the model
parameters to be solved for the system of linear obser-
vation equations. Applying the inversion technique
developed by Yabuki and Matsuura (1992) to the excess
pore-fluid pressures of the dataset, a static image of the
3-D excess pore-fluid pressure fields can be estimated as
a continuous function defined in the mode region with
estimation errors (e.g., Terakawa et al. 2012).

FMT analysis around Mt. Ontake

In this section, we investigated the dependence of pore-
fluid pressures on the assumed stress pattern and re-
evaluated the 3-D pore-fluid pressure field around Mt.
Ontake. We applied the same (FMT) method to the same
dataset of earthquake focal mechanism solutions as Ter-
akawa et al. (2013b). We assumed the regional stress field
inferred from microseismicity around Mt. Ontake (Ter-
akawa et al. 2016), whereas the stress field used by Ter-
akawa et al. (2013b) was based on part of the tectonic
stress field in and around Japan (Terakawa and Matsu’'ura
2010). In “Data for the FMT analysis” section, we sum-
marized the dataset to estimate pore-fluid pressure. In
“Pore-fluid pressure field with the regional stress pattern”
section, we estimated the 3-D distribution of pore-fluid
pressure around Mt. Ontake and compared the result
with that of Terakawa et al. (2013b). In “Tectonic and
regional stress fields around Mt. Ontake” section, we
examined the difference between the assumed stress field
in the present study and that in the study by Terakawa
et al. (2013b). Then, we investigated the effects of the
assumed stress field on the results for pore-fluid pressure.

Data for the FMT analysis

The original dataset for the FMT analysis consists of
993 earthquake focal mechanism solutions (M > —1)
obtained through temporary seismic observations dur-
ing the summers of 2009-2011 (observation periods:
01/08/2009-05/11/2009, 01/06/2010-09/11/2010, and
15/06/2011-09/11/2011) and permanent seismic obser-
vations during the period May 2012 to August 2012.
These focal mechanism solutions were estimated using
the HASH software package (Hardebeck and Shearer
2002). The uncertainties of the focal mechanism solu-
tions, measured by the root-mean-square angular differ-
ence between the best and acceptable focal mechanism
solutions, were <25° for 171 events and <35° for 822
events. For the two nodal planes of each focal mecha-
nism solution, we evaluated the misfit angles between the
observed slip vector and the shear traction vector (the
theoretical slip vector) expected from the regional stress
pattern (Terakawa et al. 2016) at the hypocenter. We
chose the nodal plane with the smaller misfit angle as the
true fault plane. Of 379 focal mechanism solutions with
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M > 1, we used 283 focal mechanism solutions with mis-
fit angles <25° as the final dataset for the FMT analysis.

Pore-fluid pressure field with the regional stress pattern
The conditions for the FMT analysis were the same as
those in Terakawa et al. (2013b) except for the assumed
stress field. We targeted the same region around Mt.
Ontake (longitude: 137.3°-137.9°, latitude: 35.55°-36.15°,
depth: 0-15 km) as the model region for estimating
the 3-D pore-fluid pressure field. The pore-fluid pres-
sure field was represented by the superposition of the
2295 (17 x 15 x 19) tri-cubic B splines; the grid inter-
vals of the tri-cubic B splines were 5 and 2.5 km in the
horizontal and vertical directions, respectively. Using the
regional stress field obtained by Terakawa et al. (2016),
a standard friction coefficient of 0.6, and a rock density
value of 2.7 x 10® kg/m?, we applied the FMT method to
the final dataset of focal mechanism solutions (“Data for
the FMT analysis” section).

Figure 2a, b shows the pore-fluid pressure field and the
estimation errors (the 67% confidence region) at a depth
of 5 km; Fig. 2¢, d shows the same at 7.5 km depth. For
comparison, we illustrate the results obtained in the pre-
vious study (Terakawa et al. 2013b) in Additional file 1. In
Fig. 3, two profiles of pore-fluid pressures in the present
study and those in the study by Terakawa et al. (2013b)
along the same latitudes (36.05°, 35.95°, and 35.85°) at
depths of 5 and 7.5 km are compared. At latitude 36.05°,
both the pore-fluid pressures were consistent within esti-
mation error (Fig. 3a, b). At latitudes 35.95° and 35.85°,
the pore-fluid pressures in the shallower part were also
generally consistent (Fig. 3c, e); however, there were sig-
nificant differences between the two profiles at deeper
depths (Fig. 3d, f). The pore-fluid pressures in the present
study were smaller than those in the study by Terakawa
et al. (2013b), with a difference of as much as 110 MPa.

However, the relationship between the event magni-
tude and the degree of overpressures (Additional file 2)
showed a similar tendency to that obtained in the study
by Terakawa et al. (2013b). The degree of overpressuring
is defined by the overpressure coefficient, C = (P; — P,)/
(05 — Py), where P, is hydrostatic pressure and oy is the
minimum compressive principal stress (Terakawa et al.
2012, 2013b). About 40% of small events with M < 3 were
triggered by overpressurized fluids with C > 0.3. In con-
trast, 90% of the largest ten events (M > 3) occurred on
favorably oriented faults with normalized shear stress
>0.5 under near-hydrostatic pressure (C < 0.3). From
these results, we arrived at the same conclusion as that
of Terakawa et al. (2013b) that the larger events were
controlled primarily by the tectonic stress rather than by
overpressurized fluids.
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Fig. 2 The 3-D pore-fluid pressure field around Mt. Ontake. a Pore-
fluid pressures at a depth of 5 km. b Estimation errors of pore-fluid
pressures at a depth of 5 km. ¢ Pore-fluid pressures at a depth of
7.5 km. d Estimation errors of pore-fluid pressures at a depth of
7.5 km. The pore-fluid pressure fields are superposed on the topo-
graphic map in (a, €). The white circles in (b, d) denote the data used
in the FMT analysis within 1.25 km from the horizontal plane at 5 and
7.5 km, respectively. The red triangle and white star are the same as in
Fig. 1

Tectonic and regional stress fields around Mt. Ontake
To examine the effects of the assumed stress pattern on
pore-fluid pressures, quantitative comparison of the
regional stress field (Terakawa et al. 2016) with the tec-
tonic stress field in and around Japan (Terakawa and
Matsu’ura 2010) is necessary. The dataset for the regional
stress field consists of 536 earthquake focal mecha-
nism solutions (May 2012 to July 2014, M > 1) obtained
through permanent dense seismic networks that monitor
microseismicity in the Ontake region. The dataset for the
tectonic stress field consists of 12,500 CMT data for seis-
micity (January 1997 to January 2007; M > 3) listed in the
F-net moment tensor catalog, organized by NIED. The
latter dataset includes only 22 and 52 events within 30
and 50 km of Mt. Ontake, respectively (Additional file 3),
because only 5-10 of more than 3000 events around Mt.
Ontake exceed magnitude 3 every year.

The two stress fields were estimated by applying the
CMT data inversion method (Terakawa and Matsu’ura
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Fig. 3 Comparison of the latitudinal profiles of pore-fluid pressure
fields. The profiles at a 36.05° and a depth of 5 km, b 36.05° and a
depth of 7.5 km, € 35.95° and a depth of 5 km, d 35.95° and a depth
of 7.5 km, e 35.85° and a depth of 5 km, and f 35.85° and a depth

of 7.5 km. The red and blue lines denote the profiles in the present
study and those in the study by Terakawa et al. (2013b), respectively.
The black and light gray vertical lines represent the estimation errors
(the 67% confidence region) of pore-fluid pressures in the present
study and those in the study by Terakawa et al. (2013b), respectively.
The yellow shaded zones in (c—f) correspond to the region A. The red
inverse triangles denote the longitudinal location of the summit of Mt.
Ontake

2008) to each dataset. Six components of a stress tensor
were represented by the superposition of the tri-cubic B
splines. The grid intervals of the tri-cubic B splines for
the regional stress field (Terakawa et al. 2016) were 5
and 2.5 km horizontally and vertically, respectively. The
number of model parameters for six stress components
(the expansion coefficients of the basis functions) was
6 x 2475. The grid intervals of the basis function for the
tectonic stress field in the whole Japan region (Terakawa
and Matsu'ura 2010) were 20 and 10 km horizontally
and vertically, respectively. The total number of model
parameters was 6 x 146,848,

Figure 4a shows the regional stress field at high reso-
lution; Fig. 4b shows the tectonic stress field specifically
for the Ontake region. In the two stress fields, the axes
of maximum compressive principal stresses were com-
monly in the northwest—southeast direction through-
out the whole region, although the results in each figure
were based on quite different datasets. In Fig. 4c and
Additional file 4, we examined the closeness of the two
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Fig. 4 Regional and tectonic stress patterns around Mt. Ontake.

a Regional stress pattern inferred from focal mechanism solutions for
May 2012 to July 2014 (Terakawa et al. 2016). b Tectonic stress pattern
for the Ontake region (Terakawa and Matsu'ura 2010). The color scales
in a, b denote the AVITP (“Estimation errors of the regional stress field
around Mt. Ontake” section), which was used as the estimation error
of the stress field. The gray open circles in a, b indicate the data that
were used to infer the regional and tectonic stress fields, respectively.
c Closeness of the regional and tectonic stress patterns measured
with the inner tensor product between the two tensors. The black
open circles denote the data used to estimate the pore-fluid pressures
in“FMT analysis around Mt. Ontake”section. The dashed rectangle

in red represents the region A, where the two stress patterns

in a, b significantly differed

stress tensors with the inner tensor products (Michael
1987). The quantity ranges from —1 to +1, where +1
indicates that the two stress tensors are exactly the
same and —1 indicates that they are exactly opposite.
Both the stress patterns were characterized by strike-
slip faulting with northwest—southeast compression
in the whole region (with inner tensor products > 0.8)
except for those in the east to south flanks of Mt.
Ontake (the region A, longitude: 137.5°~137.8°, latitude:
35.6°-35.95°). The regional stress pattern in the region
A was strike-slip type with northwest—southeast com-
pression (Fig. 4a), whereas the tectonic stress pattern
was reverse-type with northwest—southeast compres-
sion (Fig. 4b). In the region A, the inner tensor products
had a mean value of 0.56 (Fig. 4c). This difference in the
assumed stress patterns resulted in significant discrep-
ancy in the pore-fluid pressure fields in the region A
(Figs. 2, 3). The high-resolution regional stress pattern
is more appropriate for estimating pore-fluid pressure
fields from microseismicity.
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Pore-fluid pressure drives microseismic swarm
activity

Estimation of pore-fluid pressures depends on the
assumed stress pattern, as demonstrated in the previ-
ous section. The discrepancy between the assumed and
true stress patterns yields modeling errors in the esti-
mation of pore-fluid pressure. Unlike random observa-
tion errors, modeling errors will cause biased results in
inversion analysis (e.g., Yagi and Fukahata 2008). In this
section, we consider the estimation errors of the regional
stress pattern (Terakawa et al. 2016) in the FMT analysis.
In “Estimation errors of the regional stress field around
Mt. Ontake” section, we evaluated the estimation errors
of the regional stress pattern using multivariate normal
random numbers. In “FMT analysis considering estima-
tion errors of the assumed stress pattern” section, we
determined the average value of the pore-fluid pressure
triggering each event in the final dataset in “Data for the
EMT analysis” section, considering the estimation errors
of the assumed stress pattern. Subsequently, we applied
the FMT method to these data to estimate the pore-fluid
pressure field. Comparing the pore-fluid pressure field
in “Pore-fluid pressure field with the regional stress pat-
tern” section with that in “FMT analysis considering esti-
mation errors of the assumed stress pattern” section, we
evaluated the level of pore-fluid pressure driving micro-
seismic swarm activity.

Estimation errors of the regional stress field around Mt.
Ontake

The CMT data inversion can yield the best estimates
and the variance—covariance matrix of the model
parameters for the stress field (Terakawa and Matsu’ura
2008). By varying the synthetic model parameters using
multivariate normal random numbers with the best
estimates of the model parameters (the means) and the
variance—covariance matrix, we repeatedly calculated
the possible stress patterns for 100 sets. For each set,
we measured the closeness between the stress pattern
with the best estimates of the model parameters and
the pattern with synthetic model parameters using the
inner tensor product, and calculated the average value
of the inner tensor products of the 100 sets (AVITP)
together with the standard deviation (SDVITP). We
used the AVITP and the SDVITP as the estimation
error of the regional stress pattern and the 67% con-
fidence region, respectively. The AVITP and SDVITP
values were larger (the estimation errors were smaller)
and smaller, respectively, in the region with more data
(Fig. 4a; Additional file 4), which means that the quan-
tities of AVITP and SDVITP are appropriate for esti-
mation errors of the stress pattern and the confidence
region, respectively.
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FMT analysis considering estimation errors of the assumed
stress pattern

To take the estimation errors of the assumed stress pat-
tern into the FMT analysis, we calculated the pore-fluid
pressure triggering the events in the final dataset with
the 100 pairs of the synthetic model parameters for
the regional stress pattern in “Estimation errors of the
regional stress field around Mt. Ontake” section. Sub-
sequently, we determined the average value of the pore-
fluid pressure triggering each event. We applied the
method in “Pore-fluid pressure field with the regional
stress pattern” section to these data to consider the esti-
mation errors of the stress field in this simplified manner,
and estimated the pore-fluid pressure field.

Figure 5 shows the profiles of the pore-fluid pressure
fields of “Pore-fluid pressure field with the regional stress
pattern” section and the profiles of those of this section
with the 67% confidence regions along parallel latitudes
at 36.05°, 35.95°, and 35.85°. Both the results were con-
sistent within estimation errors. In Figs. 2 and 5, over-
pressurized fluid reservoirs are visible in the north flank
of Mt. Ontake (the region B1, longitude: 137.45°~137.55°,
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and did incorporate the estimation errors of the stress field (in “FMT
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tively. The yellow, green, and blue shaded zones denote the region B1,
B2, and B3, respectively. The red inverse triangles are the same as those
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latitude: 36.0°-36.1°, depth: 7.5 km), in the east flank of
the mountain (the region B2, longitude: 137.55°-137.65°,
latitude: 35.85°-35.95°, depth: 5-7.5 km), and in the
south flank of the mountain (the region B3, longitude:
137.4°-137.5°, latitude: 35.75°-35.85°, depth: 7.5 km).
Pore-fluid pressures in the region Bl have a peak value
of 50 & 20 MPa; those in the region B2, where microseis-
micity has been most active for more than 20 years, have
a peak value of 30 = 10 MPa. The existence of the two
overpressurized fluid reservoirs is reliable within the 95%
confidence region. The overpressurized fluid reservoir
in the region B3, which is located at the western end of
the source region of the 1984 Western Nagano prefecture
earthquake, has a peak value of 35 + 20 MPa (Fig. 5f);
however, the existence of the reservoir appears to be
uncertain within the 95% confidence region.

Discussion

We re-evaluated the 3-D pore-fluid pressure field around
Mt. Ontake from the same dataset of earthquake focal
mechanism solutions used in Terakawa et al. (2013b), but
used the high-resolution regional stress field (Terakawa
et al. 2016). In the FMT method, we measure pore-fluid
pressures by examining fault orientations relative to the
stress pattern at hypocenters. When the assumed stress
pattern is inappropriate, the modeling errors will yield
biased results for pore-fluid pressure. We detected large
differences between the two pore-fluid pressure fields in
the region A, whose northern part has the most intense
microseismic swarm activity for two decades (Figs. 1, 2,
3). Most focal mechanism solutions of the microseismic-
ity were of strike-slip type with P axes along the north-
west—southeast direction; these events were generally slip
on faults that are favorably oriented to the regional stress
pattern (Figs. 1, 4a). However, the tectonic stress pattern,
which is the assumed stress pattern of Terakawa et al.
(2013b), in the region A was characterized by reverse
faulting with northwest—southeast compression (Fig. 4b):
these events were slip on misoriented faults to the tec-
tonic stress pattern. In general, there is a larger difference
between the shear stresses and fault strength on misori-
ented faults than that on favorably oriented faults. There-
fore, decreases in fault strength resulting from increases
in pore-fluid pressure are necessary to trigger events on
misoriented faults (Hubbert and Rubey 1959; Hill and
Thatcher 1992; Hill 1993). The difference between the
assumed stress patterns resulted in that the pore-fluid
pressures in the study by Terakawa et al. (2013b) were
much larger than those in the present study.

A large discrepancy between the tectonic and regional
stress patterns was detected in the region A (Fig. 4c). To
investigate whether this difference was significant, we
examined the estimation errors of the tectonic stress field
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in the same way as in “Estimation errors of the regional
stress field around Mt. Ontake” section (Fig. 4b). The dis-
tribution of the AVITP was relatively uniform, reflecting
the rough resolutions of approximately 20 km. Marked
spatial changes in AVITP for the regional stress pattern
were obvious (Fig. 4a). When the inner tensor product
of the two stress tensors is within the 67% confidence
regions of the stress pattern, the discrepancy is not sig-
nificant; otherwise, the difference is not negligible. Quan-
titative examination (Fig. 4; Additional file 4) revealed
that there was a pronounced difference between the two
stress patterns in the most part of the region A (longitude:
137.5°-137.5°, latitude: 35.85°-35.95°, depth: 5-7.5 km).
The difference in the stress patterns was directly attrib-
uted to the datasets used in the two analyses of stress
inversion. The early dataset consists of small to medium
events (M > 3) for approximately 10 years (Terakawa and
Matsu’ura 2010); the later one contains micro to small
events (M > 1) for approximately 2 years (Terakawa
et al. 2016). Based on the earthquake scaling laws, the
recurrence time for an event with M = 3 is expected to
be 10 times as long as that for an event with M = 1in a
fixed tectonic setting. Thus, if the early data period were
20 years, the two stress patterns would be more similar
to each other. In fact, the latest F-net catalog (Jan. 1997
to Feb. 2017) includes strike-slip events in the swarm
region (Additional file 3). The relationship between stress
and pore-fluid pressure (Additional file 2) indicates that
events with relatively large magnitudes are mainly con-
trolled by tectonic processes. In contrast, the microseis-
mic swarm activity is a local phenomenon in a limited
region and can be controlled by regional processes rather
than large-scale tectonic processes such as plate motion.
Through a series of FMT analyses (“FMT analysis
around Mt. Ontake” and “Pore-fluid pressure drives
microseismic swarm activity” sections), we detected over-
pressurized fluid reservoirs in the north and east flanks
of Mt. Ontake (the regions B1 and B2) from the seismic
data during the period from August 2009 to August 2012.
To examine temporal changes in pore-fluid pressure, we
applied the method described in “Pore-fluid pressure field
with the regional stress pattern” section to another dataset
of earthquake focal mechanism solutions. Volcanic earth-
quake activity related to the 2014 eruption of Mt. Ontake
began at the end of August 2014. To remove those effects,
we used the data from September 2012 to July 2014. The
data were part of the dataset for the regional stress pattern
of Terakawa et al. (2016). Except for the deeper part of the
region B1, both the pore-fluid pressure fields were basi-
cally consistent with each other within the 67% confidence
region even though the data periods were completely dif-
ferent (Fig. 6). Overpressurized fluid reservoirs with a peak
value of 20 £ 10 MPa were visible at 7.5 km depth in the



Terakawa Earth, Planets and Space (2017) 69:87

60 \V 1 |v 1
a b
40 . -
20- H . -
|
SO R i MM s i
% 137.2 137.6 138.0137.2 137.6 138.0
VGG A 4 L i 4
g d
5 C
B 40 S -
) |
—
2 20 FooA |
9
=}
= 0+ —_— L |
® 1372 137.6 138.0137.2 137.6 138.0
8 60 L v 1 f L v L 1
x
& e
40 FooA -
20- S -
by -
o ]
137.2 137.6 138.0137.2 137.6 138.0
Longitude Longitude

Fig. 6 Stationarity of the pore-fluid pressure field. The profiles and
vertical lines in a—f are displayed in the same way as in Fig. 3. The red
and blue lines denote the pore-fluid pressures estimated from the
dataset from June 2009 to August 2012 (“FMT analysis around Mt.
Ontake”section) and that from September 2012 to July 2014, respec-
tively. The color shaded zones and red inverse triangles are the same as
those in Fig. 5

region B2 in the results from the new dataset. This finding
indicates that the overpressurized fluid reservoirs in the
region B2 have maintained a relatively stable state since
2009, suggesting that deep-seated fluids have continuously
or intermittently moved into the shallow crust during that
period. The fluid supply may have caused the long-term
duration of the microseismic swarm activity in that area;
on the other hand, the swarm activity may have played a
role in the lack of increase in pore-fluid pressure with time.

However, non-negligible temporal changes in pore-fluid
pressure were apparent in the region Bl. The pore-fluid
pressure in the new data period was about 40 + 20 MPa
lower than that in the original data period (Fig. 6). Going
back to the original data (for the periods 01/08/2009—
05/11/2009, 01/06/2010-09/11/2010, 15/06/2011—
09/11/2011, and 01/05/2012-31/08/2012), we detected
eight events with M > 1 concentrated in the region over a
scale of several kilometers (which is included in the region
B1) in a relatively short period (Fig. 1). All but one of these
events occurred between June and September of 2011,
which is just after the off the Pacific coast of Tohoku earth-
quake (M, 9.0) in March 2011, although the first three
months following the earthquake were not included in the
study period. Six of the seven events had reverse-type focal
mechanism solutions with northwest—southeast compres-
sion, which can be generally explained as reactivation of
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misoriented pre-existing faults under the regional stress pat-
tern. Unlike the static stress changes, the strong oscillation
caused by the mainshock rupture can remotely trigger slip
on misoriented faults by elevating fluids confined within the
fault zone, and/or by breaking fluid seals at the misoriented
faults (Byerlee 1992; Rice 1992; Hill and Thatcher 1992; Hill
1993; Hill et al. 1993; Sibson 2007; Terakawa et al. 2013a).
This finding suggests that the 2011 off the Pacific coast of
Tohoku earthquake would have enhanced the pore-fluid
pressure confined within the misoriented fault zones and
triggered the events in the region B1.

The presence of overpressurized fluids in the region B2
is consistent with the ground uplift (2002—-2004) caused by
a pressure-sourced volume increase that was observed in a
precise leveling survey (Kimata et al. 2004). Magneto-tel-
luric measurements demonstrated a low-resistivity zone at
depths of 1-5 km in the region B2, which indicates the exist-
ence of fluids in that area (e.g., Kasaya et al. 2002; Kasaya and
Oshiman 2004; Yoshimura et al. 2009). Nishio et al. (2010)
investigated the nature of deep-seated fluids in the Ontake
region from groundwater samples (in 2000, 2003, 2005,
2007, and 2009) using lithium and strontium isotopic tools.
Moreover, they concluded that the swarm activity in the
east flank of Mt. Ontake, which almost corresponds to the
region B2, is attributable to non-volcanic fluids in the lower
crust. On the other hand, Sano et al. (2015) described con-
stant increases in helium-3 in the east flank of Mt. Ontake
(at a site in the region B2) for more than 20 years prior to
the 2014 eruption, implying that volcanic fluids beneath Mt.
Ontake were involved in driving the swarm activity. The
sites of fluid sources revealed by previous studies are mainly
located in the western part of the overpressurized fluid res-
ervoirs in the region B2. Most previous studies involved an
investigation designed to elucidate the relationship between
fluids and the 1984 Western Nagano prefecture earthquake,
which may have caused the small shift of the fluid sources
to the west from the center of the region B2. Nevertheless,
there may be an upwelling system of mantle fluids beneath
the central cone of Mt. Ontake and/or non-volcanic deep-
seated fluids in the lower crust to the east flank (Nishio et al.
2010; Sano et al. 2015).

Finally, the relationship of pore-fluid pressure to the
phreatic eruptions of Mt. Ontake is of great interest. Theo-
retically, pore-fluid pressure can be estimated beneath the
volcano from focal mechanism solutions of volcano-tec-
tonic (VT) events in the same way. However, the VT events
beneath Mt. Ontake are very small (M < 1), and obtaining
reliable focal mechanism solutions is more complicated.
Unfortunately, data for VT events are not included in the
present study. In addition, the local stress field beneath the
summit may change with the volcanic activity (Terakawa
et al. 2016). Information on stress fields is important for
estimating pore-fluid pressure, and so it is necessary to
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estimate the temporal stress changes beneath the summit
correctly. Terakawa et al. (2016) also demonstrated slight
deviation of the focal mechanisms of swarm activity from
the typical type in the east flank (longitude: 137.6°~137.7°,
latitude: 35.85°-35.95°) for a week before the 2014 eruption.
It is interesting to reveal the below-ground porous network
and to understand how overpressurized fluids may link vol-
canic activity and diverse seismicity around the volcano.

Conclusions

We re-estimated the 3-D pore-fluid pressure field around
Mt. Ontake from earthquake focal mechanism solutions
for a long period of time (June 2009 to July 2014), based on
the regional stress field with a high resolution of 2—5 km.
The choice of reference stress pattern can cause systematic
modeling errors; therefore, we statistically evaluated the
estimation errors of the regional stress field and incorpo-
rated them into the FMT analysis in a simplified manner.
These examinations yielded the conclusion that the micro-
seismic swarm activity in the east flank of Mt. Ontake has
been driven by pore-fluid pressures of about 10-30 MPa.

Additional files

Additional file 1. The 3-D pore-fluid pressure field around Mt. Ontake
estimated in Terakawa et al. (2013b). (a) Pore-fluid pressures at a depth
of 5 km. (b) Estimation errors of pore-fluid pressures at a death of 5 km.
(c) Pore-fluid pressures at a depth of 7.5 km. (d) Estimation errors of
pore-fluid pressures at a death of 7.5 km. The pore-fluid pressure fields are
superposed on the topographic map in (a) and (c). The white circles in (b)
and (d) denote the data used in the FMT analysis within 1.25 km from the
horizontal plane at 5 and 7.5 km, respectively. The red triangle indicates
Mt. Ontake. The white star denotes the epicenter of the 1984 Western
Nagano prefecture earthquake.

Additional file 2. Roles of pore-fluid pressure and tectonic stress in
earthquake generation. (a) Relationship between event magnitudes and
pore-fluid pressures activating the events. The vertical axis denotes the
overpressure coefficient C (see text). (b) Relationship between event
magnitudes and shear stress acting on fault planes. The vertical axis shows
shear stress normalized by the maximum shear stress at the hypocentral
depth. Open diamonds in (b) denote seismic events triggered by pore-
fluid pressures with C < 0.2 (near-hydrostatic pressures). Note that we did
not use events with M < 1 for estimating the 3-D pore-fluid pressure field.

Additional file 3. The CMT data of seismicity listed in the F-net seismic
moment tensor catalog (Jan. 1997 to Feb. 2017). The CMT data are plotted
using a lower-hemisphere stereographic projection of focal spheres. The
blue and red focal spheres are data during the period of January 1997 to
January 2007 (the first data period), and February 2007 to February 2017,
respectively. The CMT data in the first period are included in the dataset to
estimate the 3-D tectonic stress field in and around Japan (Terakawa and
Matsu'ura 2010).

Additional file 4. Difference between the regional and tectonic stress
fields. The red lines show the closeness of the two stress tensors measured
by the inner tensor product (Michael 1987). The light blue and blue lines
denote the estimation errors of the regional and tectonic stress patterns,
respectively. The estimation errors of the stress fields are represented

with the average value of the inner tensor products of 100 possible stress
patterns (AVITP, see text). The black and light gray bars show the standard
deviation of the inner tensor products (SDVITP, see text).
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Abbreviations
AVITP: the average value of the inner tensor products; SDVITP: the standard
deviation of the inner tensor products.
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