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Abstract The interaction of faults, fractures, and hydromagmatic systems of volcanoes can lead to -
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complicated stress patterns that vary over short spatial and temporal scales. Here we study stress-induced Handline Editor
anisotropy using observations of shear-wave splitting at 12 stations across Ontake volcano, Japan. Theresults ;12 piana Agéstinetti
reveal a complicated pattern of anisotropy, indicating that the volcano perturbs the local stress field. In 2007, Copy & Layout Editor:
a minor phreatic eruption (Volcano Explosivity Index - VEI=0) occurred at Ontake, but there is little evidence ' Théa Ragon
of changes in splitting parameters during this eruption. In contrast, the much large eruption of 2014 (VEI=3)
shows clear temporal changes in splitting parameters following the eruption. The average background mag-
nitude of anisotropy, as described by the delay time between the fast and slow shear wave, doubles to nearly
0.2 second at the onset of the 2014 eruption, but because the events shallow in depth the percent anisotropy
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increases dramatically from 3% to 20%. Contemporaneously, the polarisation of the fast shear-wave rotates May 24, 2024
towards ou,,,. We interpret these observations in terms of basal heating of the hydrothermal system. We Accepted:
suggest that a lack of temporal variation in anisotropy parameters during the 2007 eruption indicates that a February 23,2025
critical stress or crack density threshold must be overcome to exhibit a change in anisotropy, which may be Published:

indicative of a more significant eruption. April 30, 2025

Résumé Linteraction des failles, des fractures et des systémes hydromagmatiques des volcans peut
conduire a des modéles de contraintes complexes qui peuvent varier sur de courtes échelles spatiales et tem-
porelles. Ici, nous étudions 'anisotropie induite par la contrainte a 'aide d’observations de déphasage des
ondes de cisaillement effectuées a 12 stations situées sur le volcan Ontake. Les résultats révelent un modéle
compliqué d’anisotropie indiquant que le volcan perturbe le champ de contraintes local. En 2007, lors d’une
éruption phréatique mineure (VEI=0) a Ontake, peu de preuves de changement dans les paramétres de dé-
phasage sont enregistrées. En revanche, lors de 'éruption beaucoup plus importante en 2014 (VEI=3), des
changements temporels clairs dans les paramétres de déphasage sont observés aprés I’éruption. Lamplitude
de fond moyenne de l'anisotropie, décrite comme le délai entre les ondes de cisaillement rapides et lentes,
double pour atteindre prés de 0,2 seconde au début de I’éruption de 2014. En paralléle, la polarisation de
Ponde de cisaillement rapide s’approche de ou,,,, . Nous interprétons ces observations en termes de réchauf-
fement basal du systéme hydrothermal. L’absence de variation temporelle des paramétres d’anisotropie lors
de I’éruption de 2007 indique qu’un seuil critique de contrainte ou de densité de fissure doit étre surmonté
pour présenter un changement d’anisotropie, qui peut indiquer une éruption plus importante.
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Non-technical summary Seismic monitoring is commonly used to provide an early warning of
volcanic unrest, but unrest does not always lead to an eruption. Magma and fluid movement during unrest
lead to variations in stresses, both in space and in time. In response, vertical cracks and fracture will open
and close, mimicking the stress patterns. This in turn leads to directional variations in seismic velocities -
or seismic anisotropy - and arguably the most diagnostic signature of such stress-induced anisotropy is the
propagation of two shear waves, or shear-wave splitting. Here we consider seismic signals from two eruptions
of Ontake volcano, which is on the main island of Honsha, Japan. The first eruption in 2007 shows clear spatial
variations in stress-induced anisotropy, but no temporal change. In 2014 a much larger eruption occurred.
Here a clear temporal change in anisotropy is observed. We interpret this in terms of added heat from deep
in the volcano causing shallower water saturated fractures to expand. Out results show that monitoring of

shear-wave splitting would provide a useful early warning of dangerous volcanic eruptions.

1 Introduction

Seismic monitoring is commonly used to provide an
early warning of volcanic unrest, but unrest does not al-
ways lead to an eruption (McNutt, 1996). Raising false
alarms can be dangerous in that it leads to complacency,
and even a lack of investment in monitoring infrastruc-
ture. It is desirable to use seismic attributes that can
be evaluated in real time, and ideally combined with
other observables and experience, to improve proba-
bilistic eruption forecasting (e.g., Sparks and Aspinall,
2004; Chouet and Matoza, 2013). Here, we present a
study using seismic anisotropy as a diagnostic indica-
tor of unrest, investigating two eruptive sequences from
Ontake volcano in Japan - one a minor phreatic erup-
tion and the other a much larger and deadly eruption.

Volcanoes produce a diverse range of seismic signals
(McNutt, 2005) and identifying differences in these sig-
nals can be challenging (e.g., Lapins et al., 2020). They
can be interpreted as a signature of stress release and
fluid movement in a complex hydromagmatic plumb-
ing system (e.g., Chouet, 1996; Neuberg, 2000). Fur-
ther characterising the seismic signal, for example de-
termining event magnitude and source mechanism, can
indicate the style and magnitude of stress release (Ter-
akawa et al., 2016). Such analyses can be time consum-
ing, although semi-automated methods are now becom-
ing more routine.

Seismic signals can also be used to image the volcano.
Tomographic imaging with dense networks using earth-
quakes and ambient noise provides detailed images of
volcanic structure (e.g., Koulakov et al., 2016). Atten-
uation studies are appealing as seismic attenuation is
very sensitive to the presence of fluids (Del Pezzo et al.,
2004; Hudson et al., 2023; De Siena et al., 2014). Fi-
nally, it has been suggested that observations of seis-
mic anisotropy provide insights into the changing stress
regime at depth (Miller and Savage, 2001; Gerst and Sav-
age, 2004; Savage et al., 2010).

An effective forecasting tool needs to be applied
in semi-real-time. Changes in character, rate and
depth of seismicity are indications of unrest in the
volcanic system and the inherently episodic nature of
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magmatic processes (McNutt, 1996; Chouet and Ma-
toza, 2013). Some national networks already locate
earthquakes in near-real-time using standard auto-
matic phase identification and location algorithms (e.g.,
GeoNet in New Zealand uses the SeisComP package
https://www.seiscomp.de/, Petersen et al., 2011). A num-
ber of emerging methods are being used to identify
and locate seismic events more rapidly, including ma-
chine learning methods (e.g., Malfante et al., 2018; Lap-
ins et al., 2021).

A range of observations indicate that volcanic sys-
tems are often in a critically stressed state. For exam-
ple, under certain circumstances the passage of seis-
mic waves from large, but distant, earthquakes can
be enough to trigger eruptions (e.g., Manga and Brod-
sky, 2006; Hamling and Kilgour, 2020). Rapid changes
in source mechanism document changes in the stress
state associated with dyke injection (Terakawa et al.,
2016; Roman et al., 2004). Subtle changes in seismic ve-
locity during eruption have been interpreted in terms
of fluid or pore pressure changes (Wegler et al., 2006;
Caudron et al., 2022). Finally, a growing number of
studies indicate that seismic anisotropy is sensitive to
stress changes in reservoirs (e.g., Gerst and Savage,
2004; Mroczek et al., 2019). Here we explore changes in
seismic anisotropy before, during and after two eruptive
sequences of Ontake volcano - one minor one in 2007
and a second more major eruption in 2014.

2 Seismicanisotropy as anindicator of
cracks and fractures

Seismic anisotropy - or a directional variation in
wavespeed and polarisation - can be caused by a num-
ber of factors including the crystal preferred orienta-
tion (CPO) of minerals, sub-wavelength period thin lay-
ering (PTL) of contrasting materials, or the shape pre-
ferred orientation (SPO) of inclusions (e.g., fluid filled
cracks and fractures) (Savage, 1999; Kendall, 2000). In
the shallow crust, the preferred alignment of cracks and
fractures is an indication of stress orientation, as cracks
will close in directions perpendicular to the direction
of maximum horizontal stress (oy,,,, ) (Crampin, 1984).
As such, seismic anisotropy can be used as a proxy for
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stress anisotropy and fracture network development, all
of which is valuable information in understanding fluid
flow in shallow crustal reservoirs.

Here we assume stress-induced crack anisotropy is
the dominant mechanism for anisotropy in a volcanic
setting. Vertically aligned fractures produce a hori-
zontal transverse isotropy (HTI) symmetry (i.e., a rota-
tional invariance in seismic velocities around a horizon-
tal symmetry axes) (see Kendall (2000) for more detail).
In reality there is likely some sub-horizontal CPO, layer-
ing or alignment that would lead to a vertical transverse
isotropy (VTI) fabric. The two fabrics combine to pro-
duce an orthorhombic symmetry (or monoclinic if the
beds are dipping) (e.g., Kendall et al., 2007). However,
an important point is that we are using sub-vertical ray-
paths from earthquakes that lie beneath a seismic sta-
tion (to stay within the shear-wave window). Therefore,
the rays are not sensitive to the VTI component of such
fabric.

There is some ambiguity in the term stress-induced
seismic anisotropy. From a theoretical point of view,
pre-stress leads to anisotropy in the higher-order elas-
tic constants (in other words, Hooke’s law breaks down
and higher-order elastic constants become important -
see Dahlen, 1972), but this effect is subtle. In the shal-
low crust, a much more dominant mechanism is associ-
ated with sub-seismic-wavelength cracks and fractures.
Stress anisotropy will close microcracks in the direction
perpendicular to the direction of maximum horizontal
stress. However, there is also the ambiguity in the use
of the terms microcracks versus fractures. Fractures
tend to occur in conjugate sets, resulting in a fast shear-
wave polarisation that is some weighted average of the
two orientations (e.g., Verdon et al., 2009). As we have
a limited number of measurements at each station, we
assume for simplicity a single set of microcracks or frac-
tures aligned with the stress field.

The most unambiguous indicator of anisotropy is the
propagation of two independent shear waves. A shear
wave in an isotropic medium will split into two shear
waves when it impinges on an anisotropic medium.
These shear waves propagate with different speeds and
orthogonal polarisations and remain independent even
if the wavetrain re-enters an isotropic region. The time
separation or delay time (Jt) between the arrival of the
two shear waves provides an integration of the effect of
anisotropy along the entire raypath, which is a function
of the strength of the anisotropy and how it varies over
the region sampled. The polarisation of the fast shear-
wave () and the slow shear wave are an indication of
the symmetry and orientation of the anisotropy, and
hence its causative mechanism (e.g., Nur and Simmons,
1969; Verdon et al., 2009). In the case of vertically prop-
agating shear waves in a medium where the anisotropy
is due to the vertical alignment of thin cracks, ¢ will
be aligned with the plane of the cracks and the slow
shear wave will align perpendicular to the face of the
cracks. With more general directions of wave propaga-
tion, the style of anisotropy is sensitive to the degree
of facture interconnectivity and the compressibility of
fluids, which can be described by the fracture compli-
ance (Schoenberg and Sayers, 1995). For example, the
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pattern of anisotropy for gas-filled interconnected frac-
tures is much simpler than that for water-filled and iso-
lated fractures (see for example, Baird et al., 2013). Fur-
thermore, the anisotropy can be frequency dependent,
where cracks appear to be increasingly connected at low
frequencies (Chapman, 1985; Al-Harrasi et al., 2010).

Crack and fracture induced anisotropy has been ob-
served in a variety of shallow crustal reservoirs includ-
ing oil and geothermal reservoirs and volcanic systems.
A number of seismic industry studies using reflection
seismology have been used to characterise reservoir
anisotropy (see review in Tsvankin et al., 2010). Passive
monitoring of seismicity (microseismicity) has shown
evidence of stress controlled anisotropy in reservoirs
(Wuestefeld et al., 2011; Jones et al., 2014; Teanby et al.,
2004b). Similar methods apply in geothermal settings.
Elkibbi and Rial (2005) detect stress-aligned fracture
systems in the shallow crust under the Geysers geother-
mal reservoir, California. Nowacki et al. (2018) observe
anisotropy due to a combination of the influence of a
regional fault system and interactions with a secondary
set of fractures in the vigorously active hydrothermal
system of Aluto volcano in Ethiopia. Maher and Kendall
(2018) interpret anisotropy as an interaction between
local and regional stress fields, with a strong influ-
ence from regional fault patterns. Untangling the in-
herent anisotropy of the rock fabric from the stress-
controlled crack or fracture anisotropy can be challeng-
ing (Johnson et al., 2011; Baird et al., 2017), and some
studies have attempted to invert downhole microseis-
mic data for both (Verdon et al., 2009). Several stud-
ies have suggested that gravitational stress from near-
surface topography is important in explaining shear-
wave splitting results, which can be particularly ob-
served in large, single-cone volcanoes where patterns of
fast anisotropic azimuths are radial to the caldera on the
volcano’s flanks (e.g., Araragi et al., 2015; Savage et al.,
2015; Illsley-Kemp et al., 2017).

In addition to characterising the spatial distribution
of in situ stresses, seismic anisotropy can be used to
monitor stress changes in fluid-saturated rocks. A grow-
ing number of studies have shown temporal variations
in seismic anisotropy in reservoirs from a variety of set-
tings, including volcanic and petroleum. First, Miller
and Savage (2001), and then Gerst and Savage (2004),
successfully measured changes in seismic anisotropy
before and after the 1995/6 eruption of Mt Ruapehu,
New Zealand. Temporal changes in both fast orienta-
tions and delay times were observed during eruption se-
quences at Asama Volcano (Savage et al., 2010) and at
Piton de la Fournaise volcano (Savage et al., 2015). Tem-
poral changes in splitting parameters and attenuation
were recorded before and after the October 1999 M3.6
earthquake at Mt Vesuvius, Italy (Del Pezzo et al., 2004).
Most recently, temporal changes in splitting parameters
were observed leading up to the 2019 Whakaari/White
Island eruption in New Zealand (Mengesha et al., 2024).
Volti and Crampin (2003) observe changes in splitting
before earthquakes and volcanic eruptions in Iceland,
and temporal changes in splitting at geothermal areas
have also been observed in response to reservoir stim-
ulation (e.g., Adelinet et al., 2015). Mroczek et al. (2019)

SEISMICA | volume 4.1| 2025



SEISMICA | RESEARCH ARTICLE | Changes in seismic anisotropy at Ontake volcano: a tale of two eruptions

find changes in anisotropy related to geothermal energy
production and accompanying injection of fluids. How-
ever, temporal changes are not always observed dur-
ing eruptions (Johnson et al., 2010; Baird et al., 2015),
or in response to geothermal production (Gonzdlez and
Munguia, 2003).

Temporal changes in seismic anisotropy in oil and
gas reservoirs have been interpreted in terms of
stress transfer between faults due to either produc-
tion (De Meersman et al., 2009) or even tidal loading
(Teanby et al., 2004b). Hydraulic fracture stimulation
will change the stress field, reactivating pre-existing
fractures but also developing new fracture networks.
Baird et al. (2013) and Wuestefeld et al. (2011) observe
changes in anisotropy during hydraulic fracture stimu-
lation in relatively impermeable gas bearing sedimen-
tary rocks. Temporal changes have also been observed
during CO; injection, which were attributed to the open-
ing and closing of existing fractures in response to in-
jection (Stork et al., 2015). Many of the mechanisms at
play in petroleum reservoirs will also occur naturally
in volcanic and geothermal systems. For example, hy-
draulic fracture stimulation occurs naturally as fluids
move through volcanoes.

A number of studies have documented a flip of 90 de-
grees in ¢ associated with stress changes. Examples
include those associated with earthquakes (Volti and
Crampin, 2003), volcanic eruptions (Gerst and Savage,
2004; Savage et al., 2010; Mengesha et al., 2024) and
petroleum production (Teanby et al., 2004b). There are
a number of mechanisms for this, including: change
in orientation of dominant stress (Gerst and Savage,
2004); a change in the relative contributions from two or
more fracture systems (Teanby et al., 2004b); the influ-
ence of fluids with different compressibility, and hence
a change in fracture compliance (e.g., inclusion of gas
Baird etal., 2013). A more general theory of poroelastic-
ity also attempts to explain this (Zatsepin and Crampin,
1997).

3 The eruptive history of Ontake vol-
cano

Ontake is a complex stratovolcano located in Central
Japan, on the main island of Honshi (Figure 1). In Japan
volcanism is due to subduction associated with the com-
plex interaction of four tectonic plates, and it is divided
into two groups: the Eastern and Western Japan Vol-
canic Belts. Ontake is located at the western end of
the Eastern Japan Volcanic Belt. Beneath Ontake Japan
both the Pacific and Philippine Sea Plates are subduct-
ing. Standing at 3063 m, Ontake is the second highest
volcano in Japan after Mount Fuji.

Ontake is underlain by a Cretaceous-Paleogene
caldera complex that is crosscut by the NW-SE trending
Atera fault (Kimura and Yoshida, 1999). The Atera is
a left-lateral strike-slip fault associated with a nested
fault system that has led to complex block rotation
across the region (Kanaori et al., 1990). Secondary
conjugate right-lateral faults that strike NE-SW are also
prevalent. Based on 536 focal mechanisms, Terakawa
et al. (2016) show that the tectonic stress regime is
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characterized by strike-slip faulting with WNW-ESE
compression (oy,, ), which is oblique to the Atera fault.

Activity since the Middle Pleistocene (ca 0.78 Ma) has
repeatedly built and collapsed the stratovolcano, but un-
til recently, the volcano was thought to have been dor-
mant for roughly 23,000 years. The first eruption of On-
take in modern times took place on the 28th October
1979, with a large (VEI 2) phreatic eruption. Since then,
there have been two smaller (VEI 0) phreatic eruptions
- one on 20th May 1991 and another in late March 2007.
The exact date of the 2007 eruption is unknown due to
a lack of visual reports, but the Japan Meteorological
Agency estimate the eruption occurred between 16 and
30 March 2007 (Nakamichi et al., 2009). With little warn-
ing, alarge (VEI 3) phreatic eruption on the 27 Septem-
ber 2014 resulted in death of at least 63 people on the
mountain (Takagi and Onizawa, 2016). It was the dead-
liest volcanic eruption in Japan since the 1926 eruption
of Tokachidake volcano (Yamaoka et al., 2016).

To help monitor unrest, a seismic network was estab-
lished on the volcano in 1976. An increase in seismicity
occurred before the recent eruptions (Yamaoka et al.,
2016). Caudron et al. (2022) observed a sequence of cor-
related seismic velocity and volumetric strain changes
starting 5 months before the 2014 eruption. Here we
analyse seismic anisotropy using network data from
the time periods of the 2007 and 2014 eruptions. Spa-
tial variations in shallow-crustal anisotropy beneath the
volcano are first assessed. We initially analyse a large
volume of data at a time when there is no apparent activ-
ity in the volcano. This allows an evaluation of the back-
ground stress field within the volcanic system. We then
look for perturbations in the stress field, as might be in-
dicated through changes in the anisotropy. First, seis-
micity from the smaller 2007 eruption is investigated,
then seismicity from the sequence associated with the
larger 2014 eruption.

4 Data processing

Waveform data from shallow events beneath Mount On-
take are investigated before, during and after the 2007
event (Figure 2). The exact time of the eruption is
not known, due to lack of visual confirmation, but the
Japanese Meteorological Association estimate the erup-
tion occurred sometime between the 16 to 31 March,
2007 (here, we assume the 20™ March). A dataset of
539 local events (<20 km deep, but most are <10km)
was recorded over 12 months in 2007, at a total of 47
stations, with an average of about 30 stations record-
ing each event (totalling 16,645 source-receiver pairs).
These consist of permanent stations established by the
National Research Institute for Earth Science and Dis-
aster Resilience (NIED), Nagoya University, the Earth-
quake Research Institute (ERI) and the Japan Meteoro-
logical Agency (JMA) and Nagano and Gifu prefectures.

For the 2014 sequence, the seismicity is more focused
beneath the edifice of the volcano (Figure 2). We there-
fore analyse 94 events that occurred immediately be-
neath the summit of the volcano at depths less 5 km
from the surface and recorded at the stations V.ONTA
and V.ONTN (Figure 2). Other stations were too far away
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Figurel Location ofOntakevolcanoon theisland of Honshi, Japan. Other regional volcanoes are shown by blue triangles,
thin black lines denote plate boundaries. To the East, a less clear north-south trending boundary accommodates slow east-
west convergence between the Okhotsk and Eurasian plates (not shown).

or too noisy to be considered. The emphasis is to con-
centrate on evidence of any change in anisotropy during
the much larger 2014 eruption. These results are com-
pared with similar events recorded at station V.ONTA
during the 2007 period; note that VVONTN did not exist
in 2007.

Prior to the splitting analysis, the data are filtered be-
tween 0.5 and 3.0 Hz using a 2-pole Butterworth band-
pass filter. Only raypaths that are within the S-wave
window are considered for analysis, to avoid contami-
nations of other phases at the free surface. Booth and
Crampin (1985) define the critical angle for the S-wave
window as sin’}(Vs/Vp). For volcanoes in general this
results in a critical angle of 35°. Furthermore, we only
consider waveforms with a clear S-wave onset. These re-
strictions reduce the 2007 dataset to 622 source-receiver
pairs, which were then used for shear-wave splitting
analysis. For the 2014 dataset, this results in a dataset
of 96 source-receiver seismograms.

We use a semi-automated multi-window approach for
evaluating shear-wave splitting, as presented by Teanby
etal. (2004a) and Wuestefeld et al. (2010). This approach
is based on the eigenvalue algorithm of Silver and Chan
(1991). A window is defined around the S-wave arrival,
and the eigenvalues of the covariance matrix of the
horizontal particle motion in this window are calcu-
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lated. The horizontal component seismograms are ro-
tated by ¢ and time shifted by 6t to remove the effects of
anisotropy. If successful, this has the effect of linearis-
ing the particle motion, minimizing the second eigen-
value ()\,) of the covariance matrix.

As we are data-rich, we only include the very best
splitting results in our analyses. There are a number
of criteria that need to be satisfied for a splitting mea-
surement to be considered acceptable. Before correct-
ing for the splitting there must be a clear separation be-
tween the fast and slow shear wave and an elliptical par-
ticle motion. Time shifting to align the fast and slow
shear-wave should minimize the energy on the horizon-
tal component that is orthogonal to the polarization of
the incoming shear wave. This can be inspected visu-
ally, as this will linearise the particle motion; mathe-
matically a linear particle motion will have a near-zero
Ao2. In practice this is done through a grid-search, where
all combinations of time shifts (6t) and rotations () are
considered. An acceptable solution is one where there
is a clear and well resolved combination of §t and ¢ that
minimizes \,. Finally, we only accept a solution where
the error in Jt is less than 0.04 seconds and the error in
p is less than 20 degrees.

Multiple analysis windows around the S-wave are con-
sidered and a cluster analysis is used to establish sta-
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Figure2 (top) Seismicity analysed for shear-wave splitting during the 2007 time period. Red dots indicate events before the
eruption and blue dots indicate those after the eruption on the estimated date of 20" March, 2007. The black triangle indicates
the peak of Mount Ontake, the cyan squares show the locations of seismic stations. Contours show topography in meters. The
magenta rectangle shows the region of analysed seismicity for the 2014 sequence. (bottom) Seismicity that yielded shear-
wave splitting measurements during the time period between August 2014 and April 2015. Red dots indicate events before
the eruption and blue dots indicate those after the eruption on the 27t September, 2014. Inset shows a representative focal
mechanism (Terakawa et al., 2016) and the direction of regional, maximum compressive principal stress. The cyan squares
show the locations of seismic stations, V.ONTA and V.ONTN, and the magenta symbols show surface expressions of eruptive
material. Contours show topography in meters. Note the scale differences between (a) and (b) - the seismicity in the 2014
eruption was much more focussed beneath the summit.

ble clusters of measurements. The window that cor- The delay time, dt, is converted into percent anisotropy

responds to the result with the lowest error from the
cluster with the lowest variance is selected. Poor qual-
ity measurements (caused by noisy data, for example)
and ‘nulls’ (e.g., Wiistefeld and Bokelmann, 2007) are ig-
nored here. We thus obtain 99 good quality measure-
ments from the 2007 dataset and 62 for the 2014 events.

along the ray path by A = (Vs *t/d) 100, where d is the
source-receiver distance and Vg is the mean shear-wave
velocity (here we used Vs = 2.0 km/s).

We also compare these measurements with the au-
tomatic multiple filter method MFAST of Savage et al.
(2010). This method is also based on the method of
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Figure 3 Shaded relief map showing faults and splitting measurements from local events in 2007. Red lines are splitting
measurements from events before the late March eruption (20™ March) and blue lines are measurements from after the erup-
tion. Lines are scaled in length by percent anisotropy and their azimuth is the polarisation of the fast shear-wave, . Measure-
ments are centred on ray midpoints. Thin black lines represent faults, with the Atera, Kisogawa and Sakaitoge Faults labelled.
Stations recording good splitting measurements are shown by small black dots. Ontake peak is marked by the green triangle
and the thick black double-arrow shows the direction of maximum horizontal stress. Orange lines show surface expressions

of eruptive material.

Teanby et al. (2004a), but is extended to automatically
determine the set of windows to examine based on the
period of the waveform and the S-wave pick. Italso tests
the results over multiple filters and makes the measure-
ment on the filtered waveform with the highest product
of the signal-to-noise ratio and the bandwidth of the fil-
ter. The two methods yielded very similar results, in-
creasing our confidence in the estimated parameters.

5 Results

shear-wave splitting results from the broad network of
seismic stations across the volcano display considerable
lateral variability. Figure 3 shows the individual split-
ting results at each of the stations for the 2007 dataset
(see table S1 in supplemental information). The pattern
of seismicity shows strong spatial variations. Whilst ¢
values for some of the stations on Ontake are roughly

7

parallel to the major faults and oy, , many are not.

The delay time, dt, increases in the top 5 km, but then
generally remains steady with greater depth (see Figure
S1 in supplemental information). This is also indicated
by the path averaged values of percent anisotropy. On
average, the percent anisotropy decreases below 5km.
These observations indicate that the majority of the
anisotropy is located in the shallow part of the crust,
at depths where cracks and fracture are expected to be
open. This is in agreement with observations at other
volcanos; e.g., Aluto (Nowacki et al., 2018), Montser-
rat (Baird et al., 2015), Piton de la Fournaise (Savage
etal., 2015), Asama Volcano (Savage et al., 2010) and Ru-
apehu(Johnson et al., 2011).

Figure 3 shows the results for the period before and
after the 2007 eruption at all stations. There is no ev-
idence of a change in splitting parameters associated
with the eruption. Rose diagrams for the total dataset

SEISMICA | volume 4.1| 2025



SEISMICA | RESEARCH ARTICLE | Changes in seismic anisotropy at Ontake volcano: a tale of two eruptions

2007 (99)

Before (31) After (68)

Figure 4 Rose diagrams showing distribution of ¢ for all
measurements from local eventsin 2007 (top) and measure-
ments from before (bottom left) and after (bottom right) the
late March eruption. Measurements are separated into bin
sectors of 10° and each grid space represents one result.
The black arrows show the mean ¢ directions. The number
of measurements is indicated in parentheses.

and the events before and after the eruption show that
 is roughly constant through 2007 (Figure 4).

In general, the entire set of results show an average
o of 78 degrees, but there is considerable variability
between stations. The average delay time is 0.09 sec-
onds, or expressed as an average percent anisotropy,
3.38%. This is roughly in agreement with values found
at other volcanoes: Ruapehu -0.1-0.17s (Miller and Sav-
age, 2001), 0.2s (Gerst and Savage, 2004); Aluto - 0.11s
(Nowacki et al., 2018); Uturuncu - 0.06s (Maher and
Kendall, 2018); Montserrat — 0.2s (Baird et al., 2015);
Etna - 0.05s and 0.12s (Bianco et al., 2006); Vesuvius —
0.02 (Del Pezzo et al., 2004); Okmok - 0.15s (Johnson
etal., 2010); Asama - 0.11s (Savage et al., 2010).

Due to the lack of spatial coverage with the 2014
dataset, we do not look for spatial variations in splitting
parameters, but rather temporal variations in shallow
events beneath the summit of Ontake at stations V.ONTA
and V.ONTN (Figures 5 and 6). Rose diagrams (Figure 5)
show that the dominant fast polariasation direction ()
at V.ONTA is roughly orthogonal to that observed in the
2007 sequence, but both stations clearly show two pop-
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ulations in ¢. Figure 6 show how the splitting parame-
ter ¢ oscillates between directions parallel and perpen-
dicular to oy, .. The delay time (0t) shows consider-
able variability, reaching a high of nearly 0.2 seconds
in the days following the 2014 eruption. The increase in
percent anisotropy is even more dramatic, rising from
roughly 3% to 20%. Note that the 2014 events are gener-
ally shallower than those in 2007, which leads to higher
estimates in the magnitude of the anisotropy.

6 Interpretation

Figure 3 shows the pattern of faulting on the volcano,
with larger faults running through the middle of On-
take, oblique to oy, . A secondary set of faults are ori-
ented approximately perpendicular to this. Based on
this alone, one would expect cracks in the shallow crust
to remain open in the direction of oy, and to closein a
direction perpendicular. Therefore, for vertically prop-
agating shear waves, the fast shear-wave will be parallel
to the direction of maximum compressive stress, paral-
lel to the direction of open cracks, while the slow shear
waves’ particle motion crosses the cracks. However, the
hydromagmatic system at Ontake will perturb the re-
gional stress field. In its simplest form, a doming of
the volcanic edifice would lead to a radial stress pattern,
similar to the pattern of gravitational stresses due to to-
pographical variations. Uplift would lead to local val-
ues of oy, oriented in directions radial to the edifice,
as has been seen at other volcanoes (e.g., Fuji - Araragi
et al., 2015). Furthermore, collapse and caldera forma-
tion could lead to ring faults and cracks oriented in a cir-
cumferential pattern around the volcano. In practice,
there will be an interplay between the regional stress
patterns and the local stresses exerted by volcanic pro-
cesses.

The spatial distribution in the magnitude and orienta-
tion of shear wave anisotropy across the volcano shows
the complicated interaction of the local stress field and
the overprint of the stress field associated with the vol-
cano (Figure 3). There is no clear radial pattern in the
orientation of the fast shear-wave. Many of the stations
show ¢ aligned with the major faults (e.g., the Artera)
and oy, (e.g., V.ONTA), but others (NU.MUR) align bet-
ter with secondary faults (see faults in Figure 3). Simi-
lar patterns in anisotropy controlled by faulting are ob-
served at other volcanoes; e.g., for example, Montser-
rat (Baird et al., 2015), Uturuncu (Maher and Kendall,
2018) and Aluto (Nowacki et al., 2018). Such information
provides insights into the state of stress in the volcano
and fracture alignment at depth, which could be use-
ful in the exploitation of geothermal reservoirs (see, for
example, Elkibbi and Rial, 2005; Nowacki et al., 2018).
Similar spatial variations in stress at Ontake are also
interpreted from earthquake source mechanisms (Ter-
akawa et al., 2016).

Another interesting observation is that the bulk of the
anisotropy is concentrated in the upper 5 km of the vol-
cano, likely in the hydrothermal system (see Figures S1).
This is also seen at Montserrat (Baird et al., 2015), Aluto
(Nowacki et al., 2018), Uturuncu (Maher and Kendall,
2018), Fuji (Araragi et al., 2015) and Ruapehu (John-
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separately.

son et al., 2011). Such results are consistent with the
oriented crack hypothesis for anisotropy, since cracks
close rapidly with depth because of their high confin-
ing pressure (e.g., Nur, 1971). Only events that primarily
sample the subcrustal mantle show significantly more
anisotropy (e.g., Long and van der Hilst, 2005).

During ascent to the surface, dykes align themselves
with the most energy-efficient orientation, which is
roughly parallel to the direction of maximum compres-
sive stress (e.g., Dahm, 2000; Maccaferri et al., 2010).
However, the movement of magma through dyke em-
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placement will locally modify the stress field. Further-
more, magma heating of phreatic fluids will lead to ex-
pansion of gases in cracks throughout the hydrother-
mal system. It is therefore tempting to look for tempo-
ral variations in anisotropy at times of eruption. There
is no evidence of any statistically significant change in
the anisotropy parameters during or after the eruption
of March 2007. An exception is perhaps the station
NU.TKN1, where phi changes by 80 degrees after the
eruption. However, there are only 2 measurement pre-
eruption, so it is difficult to be conclusive at this station.
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Figure7 Interpretation of temporalvariationsin fracture induced anisotropy. (Left) Before the 2014 eruption the anisotropy

is orientated in the direction of oy . (Middle) Immediately before and after the eruption — heat from dyke injection at depth
expands fluid filled NW-SE oriented fractures, thereby dilating those with NE-SW orientations. This leads to a rotationin oy, .
(Right) In the months after the eruption the hydrothermal system returns to its original state.

In contrast, there are 23 measurements (7 pre- and 16
post-eruption) at station N.KADH and there is no evi-
dence of a change in the anisotropy parameters. We
conclude that this minor phreatic eruption did not per-
turb the background stress field enough to see a change
in the anisotropy.

The 2014 eruption is accompanied by a clear change
in the anisotropy parameters. Prior to the eruption,
the splitting parameters at V.ONTA and V.ONTN are like
those seen during the 2007 sequence at V.ONTA (Com-
pare Figure 6 with Figures 4 and 5). Note that VVONTN
did not exist in 2007, butis located very close to V.ONTA.
At these stations, which are near the peak of the vol-
cano, the fast shear-wave polarization is parallel to
on,,.- Roughly 1-2 days before the eruption, the mag-
nitude of the anisotropy, or jt, shows a clear and abrupt
increase of 100 ms prior to the onset of the eruption.
Contemporaneously, the orientation of the fast shear-
wave rotates by up to 90 degrees. In a period of over
200 days following the eruption, 4t and ¢ decay back to
the background state. This decay is not monotonic and
there are brief excursions back to the eruptive state. We
have some confidence that these excursions are real, as
we consider only the very best splitting measurements.
Furthermore, Terakawa et al. (2016) also observe tran-
sient changes in earthquake focal mechanisms of VT
events. Finally, we do not see a systematic relationship
between earthquake depth and fast azimuths, which
if present, would have complicated interpretations in
terms of time variations since the depths change after
the eruption.

Cumulatively, these and other volcano observa-
tions described in the introduction span the range of
anisotropy magnitudes as proposed by Crampin (1994)
as the normal range of anisotropy in the crust (1.5-
4.5%). Shallow crustal rocks lose shear strength and are
prone to failure in cases where the anisotropy exceeds
5%. It would seem that the 2007 eruption did not exceed
this critical threshold, but the 2014 eruption did.
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Stix and de Moor (2018) suggest that the 2007 eruption
could have been a failed eruption. Although there is ev-
idence of a dyke injection, a wide-spread deformation
signal, and LP events indicating pressurization of the
hydrothermal system, the result was a minor phreatic
eruption. Stix and de Moor (2018) suggest that the hy-
drothermal system shallowed with time since the 2007
event. Nakamichi etal. (2009) argues that the hydrother-
mal system was 2-3km deep in 2007, whereas Yamaoka
et al. (2016) propose that the hydrothermal source was
located at 1-2 km depth in 2014.

We note that there is a possibility of a more gen-
eral form of anisotropy due to an azimuthal alignment
of crystals, which may explain the spatial variation in
anisotropy. But the temporal variation in anisotropy
that we see cannot be attributed to a crystal preferred
orientation (CPO) mechanism. In general, the back-
ground anisotropy could be of a more general form,
but the fact that it extends no deeper than 5km, again
suggests that a stress-controlled crack mechanism is
dominant. Furthermore, the earthquakes in 2007 are
deeper, further away from the volcano, and at different
azimuths from the earthquakes in 2014. Therefore, we
cannot rule out the possibility that the earthquakes in
2014 travel through a part of the crust that is particu-
larly prone to changing stress from magmatic activity,
and that there might have been a similar change in 2007
if earthquakes had come from a different region. How-
ever, we consider that scenario unlikely, and the sim-
plest hypothesis is that the 2007 event did not change
the stress field as strongly as the 2014 event.

6.1 Stress changes associated with fracture
inflation

Temporal changes in anisotropy have been interpreted
in terms of dyke injection at depth (e.g., Gerst and Sav-
age, 2004; Roman et al., 2011; Savage et al., 2010, 2015).
In Hawaii, changes in splitting fast polarisations that
correlated with changes in increased SO, emissions and
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Figure 8 Map view of the changes in the orientation of the principal stresses produced by modelling the opening of a 2
km long by 2 m wide patch of fractures with a shear modulus of 32 GPa and a Poisson’s ratio of 0.25 (as in Toda et al., 2005;
Roman et al., 2011). The patch is shown by the black line trending along the y axis, whilst the principal stress orientations are
shown by the different coloured arrows: magenta for o1; green for o,; and blue for o3. Contours for changes in the o, of the
stress tensor are also shown at +1, +10, +20, and +30 MPa. Stress orientations and contours are plotted at the depth of the
centre of the opening dike. (a) shows the changes in the orientations with no background stress state, and (b) shows when
the changes in stress are applied to a strike-slip background stress, with o1=Sy__ =50 MPa, 0,=Sy=45 MPa, 03=Sy, =40 MPa,

and o oriented along the y-axis.

decreasing Vp/Vg ratios were considered to be caused
by changes in gas content (Johnson and Poland, 2013).
At Ontake, the anisotropy is in the shallow hydrother-
mal system and the eruption is phreatic in nature. Here
we interpret the temporal change as being due to basal
heating of the hydrothermal system, which leads to an
expansion of gas and liquids in a fracture network. The
dominant fractures aligned with oy, dilate, thereby
changing the local stress field and opening a perpen-
dicularly oriented set of secondary fractures (Figure 7).
This leads to a rotation in the orientation of the fast
shear-wave and an increase in the magnitude of the
anisotropy as more fractures are opened.

We test whether cracks may be changing from fluid-
filled to liquid-filled by examining the ratio of P- to S-
velocity, using the Nur (1972) relation of Ts/Tp=Vp/Vs,
where Ts and Tp are the travel times of the S and P
waves, respectively. For V.ONTA Vp/Vs was on average
1.78+-0.05 (95% conf interval) pre-eruption and 2.06+-
0.04 post-eruption. For V.ONTN it was 1.8+-0.04 pre-
eruption and 2.05+-0.04 post-eruption. The increase in
Vp/Vs after eruption could be because either gas-filled
cracks were becoming filled with liquid, or liquid-filled
cracks were becoming more numerous, which we think
is the most likely scenario since it fits with the same hy-
pothesis as for increasing delay times.

We demonstrate this stress rotation using the code
PSCMP of Wang et al. (2006). This uses the analyti-
cal Okada (1992) solutions to calculate the strain field
resulting from the tensile opening of a planar patch
in a homogenous elastic half-space. This can also be
thought of in terms of a zone of dilating fractures, cre-
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ating a region of tensile opening. For a given shear
modulus and Poisson’s ratio (or equivalently, Lamé pa-
rameters), the change in the stress tensor in three di-
mensions is computed. This stress change can then be
added onto a background stress state to examine the ro-
tation of the principal stress in a pre-existing stress field
due to an area of tensile opening in the rock mass.

In Figure 8, we show the directions of the principal
stresses at a range of distances from a modelled square
tensile opening patch. The dimensions of the patch fol-
low the modelling approach of Savage et al. (2010) and
Roman et al. (2011). Figure 8a shows the rotation of
stress state assuming no background stress field (as in
Roman et al., 2011), whilst Figure 8b shows the rota-
tion when the stress change is applied to a pre-existing
strike-slip background stress field (as in Savage et al.,
2010), with the background maximum stress (o) ori-
ented parallel to the trend of the patch. Around a zone
of tensile opening rock, the stress field can rotate sig-
nificantly, with a noticeable deviation from the back-
ground stress state within around two source lengths.
The strike slip field rotates such that the o; direction
is oriented perpendicular to the trend of the open-
ing plane. The rotation of o; combined with an in-
crease in the pore pressure would allow for fractures
oriented perpendicularly to the opening dike to dilate,
and thus change the observed fast direction. Figure 8b
also shows that more complex rotations occur in the
near field (within one source length), with the inter-
mediate stress (0,) becoming the minimum horizontal
stress, and the minimum stress (o3) becoming the ver-
tical stress. This would indicate a shift in the faulting
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style that would be expected near to the zone of tensile
opening, from strike-slip to reverse faulting.

6.2 Other indications of temporal change

From GNSS observation, there is a significant deforma-
tion attributed to magma intrusion and inflation asso-
ciated with VT swarm prior to the 2007 Ontake erup-
tion (Nakamichi et al., 2009), while there is no signifi-
cant widespread deformation prior to the 2014 Ontake
eruption (Takagi and Onizawa, 2016). This suggests a
deeper origin of the signal for the 2007 event. Zhang
and Wen (2015) observe 3 times more earthquakes dur-
ing the 2007 eruption than the 2014 eruption.

However, there are other indications of change dur-
ing the 2014 eruption. The volcanic tremors that began
11 min before the eruption were followed by rapid in-
flation of the edifice 4 min later (Kaneko et al., 2016).
The VT seismicity before the 2014 eruption increased in
the three previous weeks and reached a peak on a day
two weeks before the eruption. The seismic b-values in-
creased from 1.2 to 1.7 during this period and then de-
clined to 0.8 just before the eruption (Kato et al., 2015).
Terakawa et al. (2016) observe changes in focal mech-
anisms. On a longer time scale, Caudron et al. (2022)
observed changes in seismic velocities, which they at-
tributed to changes in volumetric strain occurring in the
period of 5 months before the eruption. In contrast,
the 2007 eruption showed an increase in VT seismicity
a few months before the eruption, and a VLP event was
interpreted in terms of the release of gas into the hy-
drothermal system (Nakamichi et al., 2009). Using lev-
elling methods, uplift over a few years preceded both
eruptions, suggesting magma intrusion into a shallow
system (Murase et al., 2016).

Cumulatively, the evidence is that the origin of the
2007 event was a deeper magma intrusion, whilst the
2014 event was due to deformation in a shallower hy-
drothermal system. The former led to a much less sig-
nificant event. This is an agreement of the assessment
of Stix and de Moor (2018) that the 2007 event could be
considered a failed eruption.

7 Conclusions

Observations of shear-wave splitting studied at 12
stations across Ontake volcano provide insights into
the spatial and temporal variations in stress-induced
anisotropy. The results reveal a complicated pattern
of anisotropy indicating that the volcano perturbs the
local stress field, leading to secondary crack and frac-
ture populations. The minor phreatic eruption in 2007
showed little evidence of changes in splitting parame-
ters during this eruption. In contrast, the much larger
eruption of 2014 shows clear temporal changes in split-
ting parameters in the months following the eruption.
The average background magnitude of anisotropy, as
described by the delay time between the fast and slow
shear wave, doubles from 0.09s to nearly 0.2 second
at the onset of the 2014 eruption, but the percent
anisotropy impressively rises from roughly 3% to 20%.
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Contemporaneously, the polarisation of the fast shear-
wave, @, rotates towards oy, . These observations are
interpreted in terms of basal heating of the hydrother-
mal system, which perturbs the stress field, dilating sec-
ondary fractures aligned perpendicular to oy,,,, .

The observation of a temporal change in anisotropy
during the 2014 eruption of Ontake is one of only a few
documented examples of anisotropy changes during a
volcanic eruption. The fact that there is no change ob-
served during the 2007 eruption suggests that there is a
critical stress threshold that must be overcome, which
may be why a change in shear-wave splitting is not al-
ways observed. Based on this and other lines of ev-
idence, it appears that this 2007 event was associated
with deeper magma movement, whereas the more dan-
gerous 2014 event was associated with the shallow hy-
drothermal system.

Once a critical fracture density is overcome, the
rock loses shear strength, thus permitting an eruption.
These observations suggest that observations of shear-
wave splitting serve as an important indicator of stress
changes and precursors of significant eruptions. shear-
wave splitting measurements can be automated (e.g.,
Wuestefeld et al., 2010; Savage et al., 2010) - source loca-
tion is the time limiting step, but recent advances with
machine learning suggest that real-time monitoring is
a realistic aspiration (Lapins et al., 2021). As such, seis-
mic anisotropy is a seismic attribute that could be incor-
porated into the probabilistic eruption forecasting tool-
box.
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