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Forecasting the fate of vertically propagating ==

dikes from geodetic data

Yosuke Aoki'

Abstract

Magmas, especially mafic ones, usually intrude into the upper crust as dikes. The intruded dike is often arrested
before reaching the surface to make an eruption. Many geophysical observations, including geodetic measure-
ments, have documented dike intrusions and arrests. Also, many theoretical considerations and analog experiments
explored the mechanics of dike propagation and arrest. However, insights gained from theoretical considerations,
analog experiments, and geophysical observations have yet to be well reconciled. This study attempts to reconcile
geodetic measurements with insights gained from theoretical considerations and analog experiments to investi-
gate how to forecast whether an intruded dike results in an eruption or not. This study considers four causes of dike
arrests: (1) solidification of the intruded magma, (2) insufficient volume of dike intrusion, (3) negative buoyancy
acting on the intruded magma, and (4) stress perturbation near the dike tip by a large earthquake. Then, this study
investigates the cause of dike arrests associated with the 1997 and 1998 seismic swarm off the Izu Peninsula, Japan,
and the 2015 failed eruption of Sakurajima volcano, Japan, as an example. This study suggests that the dike intrusions
associated with the 1997 and 1998 seismic swarm off the Izu Peninsula are caused by insufficient volume of the dike,
the loss of buoyancy, or both. The failed eruption of the 2015 Sakurajima eruption is most likely by insufficient volume.
To investigate the contribution of geodetic data in understanding the cause of dike arrests, it is essential to consider
the characteristics of geodetic data. They are: (1) geodetic data constrain the intruded volume and the location
relatively well, (2) geodetic data cannot constrain the geometry of the intruded dike very well, (3) an assumption

of the host rock as homogeneous halfspace underestimates the volume of the intruded dike and estimates the depth
of the dike shallower than the true value. These limitations indicate that we cannot fully understand the cause of dike
arrests solely from geodetic data. Independent information gained from, for example, the location of dike-induced
earthquakes, seismic structures, or density structure from gravity anomalies or muon radiography helps better under-
stand the cause of dike arrests.
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Introduction

In the upper crust of the Earth, magma often propagates
as thin sheets. They are called dikes or sills when they
propagate vertically or horizontally, respectively. Theo-
retically, dike or sill propagation is favored over propa-
gation as diapir when the viscosity contrast between the
magma and host-rock satisfy (Rubin 1993)
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where 1, 0 Ap, and pu represent magma viscosity, host-
rock viscosity, magma overpressure, and host-rock rigid-
ity, respectively. Because the left-hand side of eq. (1) is on
the order of 107, the viscosity contrast between magma
and host rock needs to be 10712 or smaller. Because the
host-rock viscosity is usually 10'8 Pa s or larger, basalt and
andesite with low to intermediate viscosity, 7,, < 10° Pa's
propagate as dike or sill.

Dike propagation in active volcanoes has been ubiq-
uitously observed. Recent examples include the 2021
Fagradalsjall, Iceland (Sigmundsson et al. 2022), 2021
Nyiragongo, Democratic Republic of the Congo (Smit-
tarello et al. 2022), and 2018 Kilauea, Hawai'i (e.g., Neal
et al. 2019), eruptions. A dike propagation does not
always result in an eruption but is often arrested before
reaching the surface. For example, a dike intrusion in
Sakurajima volcano, Japan, in 2015 generated significant
deformation but did not result in an eruption (Hotta et al.
2016; Morishita et al. 2016). In fact, many intruded dikes
are arrested, contributing to a volcano’s growth. There-
fore, it is essential to understand what controls the fate of
an intruded dike not only for hazard assessment but also
from a scientific viewpoint.

Despite its importance, an intruded dike’s fate is not
well forecasted. The main reason is that insights gained
from theoretical, experimental, and observational studies
are not reconciled well. The dynamics of dike propaga-
tion have been investigated for decades from theoretical
and experimental aspects (e.g., Rubin 1995; Rivalta et al.

2015, for reviews) and geodetic and seismological obser-
vations (e.g., Aoki et al. 1999; Sigmundsson et al. 2022;
Smittarello et al. 2022). However, no studies have con-
sidered how the monitoring data contributes to forecast-
ing whether an intruded dike reaches the surface. This
study investigates the cause of previous dike arrests from
observational, theoretical, and experimental aspects,
taking the 1997 and 1998 dike intrusions off the Izu
Peninsula, Japan, and the 2015 failed eruption of Sakura-
jima Volcano, Japan, as an example of failed eruptions.
Because both examples are related to subduction volcan-
ism and under slightly extensional stress regimes, add-
ing examples in different stress regimes, such as a more
extensional regime like Iceland or the East African rift,
would be a good idea. However, a more rigorous investi-
gation with more examples is left for future study.

Theoretical consideration of dike arrest

Theoretical and experimental studies have shown that an
arrest of an intruded dike is induced by (1) solidification
of magma by cooling, (2) insufficient amount of intru-
sion, (3) negative buoyancy acting on magma, and (4)
stress perturbation near the dike tip by an earthquake
(e.g., Rubin 1995; Taisne et al. 2011; Rivalta et al. 2015;
Maccaferri et al. 2016; Pansino et al. 2019). This section
investigates each of them and assesses the causes of failed
eruptions.

Solidification of magma

Magma intruded to shallow depths solidifies by being
cooled by the host rock of a lower temperature. Whether
magma is solidified by cooling is controlled by a nondi-
mensional parameter ®, or the inverse of the Fourier
number, F,, as
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where Q, V, §, and o represent magma’s flux, volume,
thickness, and thermal diffusivity, respectively. Therefore,
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t = V/Q denotes the time of intrusion. Pansino et al.
(2019) demonstrated by analog experiments that an
intruded dike is arrested by solidification when ® < 0.1.

Figure 1 depicts the time for an intruded dike to freeze
as a function of the dike thickness or ® = 0.1 in eq. (2).
The figure shows that a dike with a thickness of 0.3,
1, and 3 m and a standard value of thermal diffusivity
a = 107%m? /s (Vosteen and Schellschmidt 2003) freezes
in ~ 10 107, and 10% s, or ~ 10, 100, and 1000 days,
respectively.

Insufficient amount of intrusion

The maximum length to which an intruded dike can
extend, Lmay, is governed by considering the force bal-
ance between the elasticity and buoyancy as (e.g., Taisne
etal. 2011)

"
1 — v Liax

~ ApgLmax (3)

where u, v, Ap, and g represent rigidity, Poisson’s ratio,
the density difference between the magma and host rock,
and the gravity constant, respectively. Equation (3) is
rewritten as

1/4
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where B denotes the ratio of the length L and width W
of the dike (Fig. 2) as B = L/W. B is usually not far from
1. This study employs the opposite convention for the
length and width of the dike compared to those used in
the seismic and geodetic literature (e.g., Okada 1985; Aki
and Richards 2002). For the intruded magma to make the
surface or cause an eruption, Lmax needs to be greater
than the depth of the magma reservoir from which the
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Fig. 1 The time for an intruded dike to freeze as a function of dike

thickness with different thermal diffusivities
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Fig. 2 Definition of length and width of an intruded dike. L, W, and §
represent the length of the dike in the vertical direction, that of the
along-strike directions, and the width of the dike, respectively. The
definition of L and W is the opposite of that commonly employed

in seismological and geodetic communities

dike initiates. In other words, V in eq. (4) denotes the
minimum volume to cause an eruption, given the depth
of the magma reservoir.

Figure 3 depicts the maximum length of a dike, Limax,
as a function of the intruded volume and density dif-
ferences between the magma and host rock, given
the aspect ratio of the dike as g = 1, the rock rigidity
as i = 10 GPa, and Poisson’s ratio as v = 0.25. While
Linax is proportional to V1/4 and Ap~1/4, as eq. (4) indi-
cates, it is mainly controlled by the intruded volume,
V because the intruded volume V can vary by orders,
while the density difference Ap varies only by factors.
In addition, while the aspect ratio of the intruded dike,
a, can vary by factors, it does not affect Lpyax much
because Lmax is only proportional to g/4, as eq. (4)
shows.
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Fig. 3 The maximum dike length (in km), given the intruded magma
volume, the density difference between the magma and host rock

as a driver of positive buoyancy, aspect ratio @ = 1.0, rock rigidity

u = 10GPa, and Poisson’s ratio v = 0.25. As eq. (4) indicates,

the maximum dike length is proportional to /4. Therefore, a change
of a by a factor of 2, for example, changes the maximum dike length
as afactorof 2'/4 — 1.19
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Negative buoyancy
As has been discussed, the main driver of the verti-
cal propagation of a dike is buoyancy. However, the
intruded magma may lose buoyancy at some point
because the density of the host rock decreases with
decreasing depth.

Magma can propagate beyond the neutral buoyancy
to some extent. Then, how long can a dike propagate
beyond the neutral buoyancy? When the density of
the host rock decreases monotonically with decreas-
ing depth, the dike experiences the largest overpressure
at a depth of neutral buoyancy because the dike at a
depth of neutral buoyancy experiences the pressure by
negative buoyancy from the dike above it. If we assume
that the density difference between the host rock and
magma is uniform as Ap, above the neutral buoyancy
and the height of the dike above the neutral buoyancy is
Ly, the overpressure at the neutral buoyancy is gAp L,
(Taisne et al. 2011, Fig. 3), where g represents the grav-
ity constant. This needs to be the tensile strength of
rock AP, as

APc = gAp+Lp. (5)

A sill formation results when the overpressure by nega-

tive buoyancy exceeds a tensile strength at the level of

neutral buoyancy (Fig. 3b). Equation (5) readily gives
AP,

T glpy

P (6)
L, needs to be less than the depth of neutral buoyancy for
an intruded dike to be arrested.

Figure 4 denotes L, as a function of Apy and AP.. L,
is sensitive to both Ap; and AP, ranging between less
than 1 km and ~10 km with given reasonable values of
Ap; = 100-300 kg/m? and AP, = 1-10 MPa (e.g., Heap
et al. 2021).

Surface

max(Lp)

Sill _ Level of neutral
buoyancy

Fig. 4 Schematics of the dike propagation beyond the neutral
buoyancy. (left) No sill formation because the magma overpressure
is below the tensile strength of the host rock. (right) Sill formation
because the magma overpressure reaches the tensile strength

of the host rock. The sill is formed at the level of neutral buoyancy
because the overpressure is maximum there. max(L,) denotes

the maximum length the intruded dike can reach beyond the level
of neutral buoyancy
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External forcing

Stress concentration at the dike tip, as well as positive
buoyancy acting on the magma, is an important driving
force for a propagating dike. A dike propagates when the
stress intensity factor K

1(:,/2’“E (7)
1—v

reaches the critical value K, where E represents the frac-
ture energy at the dike tip with a dimension of J.

Since stress perturbation by the dike intrusion is con-
centrated around the dike tip, dike-induced earthquakes
are concentrated around the dike tip (e.g., Rubin and
Gillard 1998). A dike-induced earthquake further per-
turbs the stress field, especially if it is large. If the dike-
induced earthquake gives extensional stress perturbation
at the dike tip, the fracture energy E increases; therefore,
the stress intensity factor K increases, driving the dike to
propagate further. On the other hand, if the dike-induced
earthquake gives compressional stress perturbation, the
fracture energy and stress intensity factor at the dike
tip decrease. Therefore, this perturbation can make the
stress intensity factor below the critical value, inhibiting
further dike growth.

A typical example of a dike arrest by a large earthquake
is the 2000 dike propagation of Miyakejima Volcano,
Japan, although it is a horizontal dike propagation. Geo-
detic data indicates that the magma supply continues
for about two months (e.g., Yamaoka et al. 2005; Murase
et al. 2006; Akiyama et al. 2022), while earthquake loca-
tions suggest that the dike propagated only during the
first week of the activity, followed by a thickening of a
dike without propagation (e.g., Toda et al. 2002). Mac-
caferri et al. (2016) suggested with numerical simulations
that stress changes near the dike tip by a M=6.5 earth-
quake inhibited further dike propagation. Vertical dike
propagation can also be arrested by stress perturbations
by a dike-induced earthquake.

Observation of dike arrests

A failed eruption by dike arrest is ubiquitous in active
volcanoes (e.g., Moran et al. 2011). However, not many
failed eruptions are well recorded by geophysical instru-
ments. Here, three failed eruptions are taken as an
example: the 1997 and 1998 seismic swarm off the Izu
Peninsula, Japan, and the 2015 failed eruption of Sakura-
jima volcano, Japan. This section investigates what
arrested the propagating dike during unrest.

The 1997 and 1998 seismic swarms off the Izu Peninsula

The eastern offshore of the Izu Peninsula, Japan, experi-
enced seismic swarms in the 1980 s and 1990 s. Although
the origin of the seismic swarms was not understood for a
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while, a submarine eruption in 1989 confirmed that they
were the volcanic origin. Okada and Yamamoto (1991)
showed that the seismic swarm and associated ground
deformation are mainly caused by dike intrusion. All the
seismic swarms off the Izu Peninsula, except for the 1989
event, did not result in an eruption. Among them, the
1997 and 1998 seismic swarms are the most investigated
because they are relatively large and have rich geodetic
and seismic datasets.

The 1997 seismic swarm off the Izu Peninsula lasted
for about 15 days. The associated seismicity concentrates
between 3 and 10 km below sea level with gradual shal-
lowing over time. Geodetic data allows us to image the
propagating dike sub-vertically from ~7 to ~ 3 km dur-
ing the seismic swarm. The total volume of intruded
magma is approximately 1x 107 m? (Aoki et al. 1999; Cer-
velli et al. 2001).

The 1998 seismic swarm off the Izu Peninsula has been
investigated in more detail thanks to the enhanced seis-
mic network. The seismic swarm continued for about a
month, longer than the 1997 one. Hayashi and Morita
(2003) relocated earthquakes associated with the seis-
mic swarm to demonstrate that earthquakes are con-
centrated along the edge of a slightly inclined elliptical
plane extending between ~4 and ~8 km below sea level.
The observed earthquake distribution indicates that
the earthquakes are generated by stress concentration
near the tip of the dike with a dimension of ~4 km in
the vertical and ~2 km in the horizontal direction. This
observation is consistent with the theoretical considera-
tion of dike-induced earthquakes by Rubin and Gillard
(1998). Hayashi and Morita (2003) also delineated a lin-
ear seismicity between ~6 and ~8 km below sea level.
This observation implies that the magma responsible for
the seismic swarm came from depth. Morita et al. (2006)
modeled the ground deformation associated with the
seismic swarm by assuming that propagation of an ellipti-
cal dike outlined by hypocenters of the seismic swarm is
mainly responsible for the observed ground deformation.
They estimated the total intruded volume as approxi-
mately 3x 107 m>,

The 2015 failed eruption of Sakurajima Volcano

The 2015 failed eruption of Sakurajima Volcano is so far
one of the best recorded failed eruptions with geophysi-
cal instruments, mainly with seismometers, tiltmeters,
strainmeters, Global Navigation Satellite System (GNSS),
and Synthetic Aperture Radar (SAR). Tilt and strain
records indicate that the dike intrusion lasted for 1-2
days, but more than 90 % of the total volume intruded
during the first 12 h and 60-70 % during the first 3 h
(Hotta et al. 2016).
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Volcano-tectonic earthquakes accompanied the dike
intrusion. Precise relocation by Koike and Nakamichi
(2021) shows that the seismicity continued for about
16 h. Seismicity is not as temporally concentrated within
the first hours as deformation; 25-30 % of the total num-
ber of earthquakes occurred during the first 3 h. Approxi-
mately 40-50 % of total seismic energy, ~6.5x10° ] or
equivalent to M,, ~ 3.1, was released during the first 3 h.
The volcano-tectonic earthquakes are vertically elon-
gated with clusters at 0.2—1 km and 1.5 to —3.5 km below
sea level. Geodetic data indicates that the shallower clus-
ter emerged almost simultaneously with the onset of
the dike intrusion. The deeper cluster started to emerge
approximately 3 h after the onset of the dike intrusion
(Koike and Nakamichi 2021). This seismic observation
indicates that the intruded magma reached a depth of as
shallow as 0.2 km below sea level.

This dike intrusion has been monitored by ~10 tiltme-
ters, 2 strainmeters, and ~20 GNSS antennas (Hotta et al.
2016). A tiltmeter and strainmeter detected a tilt change
of more than 50 urad and a strain change of more than 10
microstrains, respectively. GNSS measurements detected
up to ~60 mm of horizontal displacements due to the
intrusion. SAR images are taken from four different look
angles to measure deformation. Morishita et al. (2016)
detected more than 100 mm of horizontal displacements,
more than 100 mm of uplift, and ~40 mm of subsidence
at the volcano.

Hotta et al. (2016) modeled the observation by tiltme-
ters, strainmeters, and GNSS antennas as an intrusion
of a southeast-dipping dike at 1.0 to —1.5 km below sea
level, with an estimated volume of ~2.7x10°m?. Simi-
larly, Morishita et al. (2016) modeled the InSAR meas-
urements as an intrusion of a southeast-dipping dike at
0.4 to —1.2 km below sea level, with an estimated volume
of the intruded dike is ~1.7x10°m?3. At its maximum, the
estimated volume flux was more than 100 m%/s. Although
both models fit well with the observation, they are incon-
sistent with seismicity. While both models favor a south-
east-dipping dike, earthquakes do not have a dipping
trend but align vertically. Also, the modeled dikes, rang-
ing between 0.4 and 1.5 km below sea level (Hotta et al.
2016; Morishita et al. 2016), are shallower than earth-
quakes, ranging between 0.2 and 3.5 km below sea level
(Koike and Nakamichi 2021). This discrepancy might be
due to the ignorance of topography and heterogeneous,
at least layered, crustal structure.

In addition, the dike geometry modeled from geodetic
data gives the magma overpressure higher than the ten-
sile strength. The magma overpressure Ap is given by
Ap ~ ud(L/ \/V)l/2 where u, 8, L, and W represent rigid-
ity, thickness, length, and width of the dike, respec-
tively (see “List of Symbols” in the revised manuscript).
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Substituting 4 = 10 GPa and taking§ = 2 m, L = 2.3 km,
and W = 0.6 km from Hotta et al. (2016), the overpres-
sure is given as Ap ~ 20 MPa, higher than the tensile
rock strength of 1-10 MPa (Heap et al. 2021). Although
this assessment is rough, itn suggests that the dike should
be larger than Hotta et al. (2016)’s estimation. As the
width is better constrained than the length, the dike
should be longer than wider.

Observational constraints on the cause of dike
arrests

What insights can geodetic and seismic observations give
us into the mechanics of dike arrests? This section dis-
cusses the cause of the dike arrests by taking the seismic
swarms off the Izu Peninsula in 1997 and 1998 and the
2015 failed eruption of Sakurajima as an example. The
previous section outlines their observations. This section
examines whether the dike arrest is caused by the solidi-
fication of magma, insufficient volume of the intruded
dike, or negative buoyancy acting on the intruded
magma.

The 1997 and 1998 seismic swarms off the Izu Peninsula
The discussion starts with whether the intruded dike is
halted by solidification. Geodetic data indicates that the
dike thickness is between 0.3—-3 m (Aoki et al. 1999; Cer-
velli et al. 2001; Morita et al. 2006). While geodetic data
can relatively constrain the intruded volume, constrain-
ing the geometry of the intruded body is more chal-
lenging. Therefore, the dike thickness is not very well
constrained solely from geodetic data. Nonetheless, the
dike thickness may be closer to 3 m, assuming the associ-
ated seismicity outlines the dike geometry (Hayashi and
Morita 2003; Morita et al. 2006).

Then how much time does an intruded dike of a thick-
ness of 3 m take to freeze? Substituting the dike thickness
8 = 3 m, time ¢t = 10 days= 8.64 x 10° s, and thermal dif-
fusivity & = 107® m? (Vosteen and Schellschmidt 2003)
into eq. (2) yields ® ~ 120. Since an intruded dike is
solidified when ® < 0.1 (Pansino et al. 2019), solidifica-
tion of the intruded dike may not have played a signifi-
cant role. Equation (2) and Fig. 1 indicate that a dike of
3 m thick freezes in ~1000 days. As the intruded dike
continued to thicken for 10-15 days, considering only the
heat conduction as the driver of solidification is unjus-
tified. Figure 1 and eq. (2) indicate that a dike of 0.3 m
thick freezes in ~10 days. Therefore, the edge of the
intruded dike, which is thinner than the center, may have
been frozen during the intrusion. In that case, the frozen
part prevents the still-molten part of the dike from prop-
agating further.

Geodetic data can relatively constrain the intruded
volume of the dike during the seismic swarms as
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1-3 x 107 m3 (Aoki et al. 1999; Morita et al. 2006). Sub-
stituting Poisson’s ratio v = 0.25, rigidity u = 10 GPa,
the density difference between the host rock and magma
Ap = 100 kg/m3, gravity acceleration g = 9.8 m/s?, and
the aspect ratio of the dike 8 = 1 into eq. (4) yields the
maximum dike length Lpyay ~3.31 to —4.49 km, which
is comparable with the dike length outlined by dike-
induced earthquakes, while the dike length might be
longer than the one outlined by the seismicity (Hayashi
and Morita 2003). Therefore, insufficient volume should
have played a role in arresting the intruded dike, but it
is probably not the sole cause for the arrest. Morita
et al. (2006) postulated that the dike intrusion started at
a depth of ~10 km, leading to the dike length of ~6 km.
However, we need to note that the bottom depth of the
dike is usually hard to constrain; this case is no exception.

If the relocated dike-induced earthquakes outlining the
intruded dike (Hayashi and Morita 2003) are assumed to
be around the neutral buoyancy acting on the intruded
magma, the excess length of the intruded dike beyond
the neutral buoyancy, L, [eq. (6)] is 1-3 km, which is rea-
sonable by assuming plausible parameters (Fig. 5). How-
ever, we need to note that geodetic data cannot constrain
L, at all. Instead, the density of the host rock is, at least,
required from other measurements such as seismic or
gravity observations.

The 2015 failed eruption of Sakurajima volcano

As in the previous example, the discussion starts with
whether the intruded dike is arrested by solidification.
Geodetic data show that the thickness of the intruded
dike is between 1 and 4 m (Hotta et al. 2016; Morishita
et al. 2016). Earthquake relocation by Koike and Nakam-
ichi (2021) suggests that the dike might be longer and
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thinner than estimated by geodetic data. Reiterating the
previous discussion, eq. (2) and Fig. 1 indicates that a dike
of 3 m and 1 m thick freeze in ~1000 days and ~ 100 days
with reasonable thermal diffusivity of @ = 107% m?. As
the dike intrusion lasted for about 1/2 days in this case,
the contribution of the solidification of magma should
not have been dominant.

Hotta et al. (2016) and Morishita et al. (2016) indicate
that the intruded volume during this failed eruption is
between 1.7 and 2.7x10° m3, about 1/10 of that by the
seismic swarms off the Izu Peninsula that have been dis-
cussed in the previous section.

Substituting  Poisson’s ratio v =0.25 rigidity
i = 10 GPa, the density difference between the host rock
and magma Ap = 100 kg/m3, and gravity acceleration
g=98 m/s? into eq. (4) yields Lmax as about 0.7 km. This
value is smaller than the estimates by Hotta et al. (2016)
and Morishita et al. (2016), which are between 1.5 and
4 km. A larger density contrast of Ap = 500 kg/m? gives
Lmax ~ 1.5 km, marginally within the geodetic estimates.
Therefore, insufficient volume may significantly contrib-
ute to this failed eruption but is not the sole contributor.

Assessing if this failed eruption was caused by the
negative buoyancy acting on the intruded magma is chal-
lenging. Despite the precise relocation of earthquakes
by Koike and Nakamichi (2021), it is challenging to con-
strain the height of the intruded dike beyond the nega-
tive buoyancy because earthquake locations do not show
any particular features to indicate the level of neutral
buoyancy.

An active seismic exploration indicates that the P-wave
velocity beneath Sakurajima volcano is 2.3 to —2.8 km/s
at 1 km below sea level or above (Miyamachi et al. 2013).
An empirical relation between the P-wave velocity and
density leads to the density of 2000-2100 kg/m> (Bro-
cher 2005). Therefore, the density difference between the
intruded magma and the host rock might be 400-500 kg/
m? at most, leading to a short intrusion beyond the neu-
tral buoyancy. While muon radiography derives high-res-
olution density structure beneath Sakurajima volcano at
the shallowest depths (Olah et al. 2018), it cannot derive
density structure below sea level.

Discussion

The discussion in the previous sections shows that it is
challenging to forecast whether a vertically propagating
dike reaches the surface solely from geodetic data. This
section discusses the requirement to better forecast the
dike propagation.

As with other geophysical observations, ground defor-
mation is measured at the surface or shallow subsurface,
indicating that the observation is not sensitive to the
detailed geometry of the intruded dike. Indeed, many
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studies indicated that while geodetic data constrain the
volume of dike intrusion relatively well, the geometry
of the intruded dike is not well constrained. In other
words, there is a trade-off between the dike thickness,
length, and width [see, for example, Fig. 8 of Hotta et al.
(2016)]. Therefore, evaluating the contribution of magma
solidification contains significant uncertainties since
the dike thickness is a crucial parameter to evaluate it.
If earthquake locations help constrain the geometry of
the intruded dike, as with the case of the 1998 seismic
swarm off the Izu Peninsula (Hayashi and Morita 2003),
for example, the thickness of the dike is better con-
strained because the intruded volume is relatively well
constrained from geodetic data and the dike geometry is
constrained from seismicity. However, earthquake loca-
tions often do not play a perfect role in constraining the
dike geometry.

Evaluating the role of negative buoyancy in arresting an
intruded dike from geodetic data also contains significant
uncertainties. Earthquake locations sometimes give some
ideas about the propagating distance of the dike beyond
the neutral buoyancy. For example, a ring-shaped seis-
micity associated with the 1998 seismic swarm off the
Izu Peninsula (Hayashi and Morita 2003) implies that the
dike propagated beyond the neutral buoyancy by the dis-
tance of the radius of the ring-shaped seismicity, approxi-
mately 4 km, or less. In many cases, however, earthquake
locations do not help constrain the dike’s length beyond
the neutral buoyancy or the depth of neutral buoyancy
because (1) earthquake locations are not always distrib-
uted to clearly outline the dike geometry and (2) earth-
quake locations do not provide any information about
the density of the hot rock. Also, deformation data does
not provide information about the density of the intruded
dike or the host rock. Therefore, it does not contain any
information about the density difference between the
dike and the host rock, which is crucial to evaluate the
distance by which the dike propagates beyond the neutral
buoyancy [eq. (6)]. Constraining the host rock density
requires gravity or seismic observations; the latter trans-
lates the seismic velocities to density through an empiri-
cal relation (Brocher 2005).

Given the intruded dike volume, which is well con-
strained from geodetic data, constraining the maximum
possible dike length is relatively easy. Although there are
uncertainties in the rock rigidity and the density differ-
ence between the dike and the host rock, the maximum
length of the dike is proportional to these parameters
only to the power of 1/4 (eq. (4)). As described earlier
in this section, however, the length of the intruded dike
is usually not well constrained solely from the geodetic
data. Earthquake locations sometimes play a vital role in
constraining the dike length, but not always.
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Then, what improves the understanding of the mechan-
ics of a dike propagation and better forecasts the fate of
it? As discussed earlier, geodetic data well constrain the
intrusion volume but do not constrain the geometry of
the intrusion well because the measurements are made at
or near the surface. It is, therefore, necessary to constrain
the dike’s geometry with other geophysical observations,
such as earthquake locations, density distribution, or
seismic velocities.

The argument so far is only concerned with the kin-
ematics of dike propagation and is not concerned with
its dynamics. To forecast the fate of an intruded dike
or whether an intruded dike makes the surface cause
an eruption, incorporating insights into the dynamics
of dike propagation into observations is necessary. This
approach was pioneered in the early 2010 s (e.g., Ander-
son and Segall 2011, 2013), but not many studies have
taken this line of approach so far. Future methodological
developments are desired to better understand and fore-
cast an intruded dike’s fate.

Conclusion

This study investigates how the fate of vertically intruded
dike can be forecasted by combining insights gained from
theoretical considerations, analog experiments, and geo-
physical observations. In particular, we explore the role
played by geodetic data to understand the cause of dike
arrest. We first identified three main causes of the dike
arrest, which are (1) solidification of magma, (2) insuf-
ficient volume of dike intrusion, and (3) negative buoy-
ancy acting on the intruded magma. We then took the
1997 and 1998 seismic swarm off the Izu Peninsula,
Japan, and the 2015 failed eruption of Sakurajima vol-
cano, Japan, as an example to understand the cause of
the dike arrest. The dike intrusion associated with the
1997 and 1998 seismic swarm off the Izu Peninsula has
likely been arrested by insufficient intrusion volume,
negative buoyancy acting on the magma, or both. Simi-
larly, the 2015 failed eruption of Sakurajima volcano has
likely been caused by insufficient volume of magma or
negative buoyancy acting on the magma. A caveat is that
more than just geodetic data are required to understand
the mechanics of dike propagation and unrest mainly
because while geodetic data constrain the volume of the
intruded magma well, the shape of the intruded dike is
less well constrained. In other words, the thickness and
length of the dike, which are essential parameters to
assess the mechanics of dike propagation, are not well
constrained because of trade-offs between each other.
Therefore, independent information, including the loca-
tion of dike-induced earthquakes to constrain the dike
geometry and seismic and density structure to identify
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the depth of neutral buoyancy, is necessary to better
address this problem.

Abbreviations
GNSS  Global Navigation Satellite System
SAR Synthetic Aperture Radar

INSAR  Synthetic Aperture Radar Interferometry

E Fracture energy at the dike tip (J)

Fo Fourier number (No dimension)

g Gravity acceleration (m /52)

K Stress intensity factor (Pa m'/?

K. Critical stress intensity factor (Pa m'/?)

Lmax Maximum dike length (m)

Lp Dike height above the neutral buoyancy (m)
Ap Magma overpressure (Pa)

AP. Tensile strength of rock (Pa)

Q Magma flux (m?/s)

t Time (s)

% Magma volume (m?)

w Dike width (m)

B Aspect ratio of the dike (= L/W) (No dimension)
) Dike thickness (m)

Nm Magma viscosity (Pa s)

0y Host-rock viscocity (Pa s)

m Host-rock rigidity (Pa)

v Poisson’s ratio (No dimension)

Ap Density difference between the magma and host rock below the

neutral buoyancy (kg /m3)

Apy Density difference between the magma and host rock above the
neutral buoyancy (kg /m3)
@ Inverse of the Fourier number = (08?%)/(aV) = 8?/(at) (No

dimension)
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