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Abstract Magmatic intrusions release extensional strain in the Earth’s crust upon availability
of magma. Intrusions are typically accompanied by earthquake swarms and by surface faulting that
is often larger than what is expected from the magnitude of the induced earthquakes. The 2000
Miyakejima dike intrusion triggered the largest volcanic earthquake swarm monitored so far, with five
Ml > 6 earthquakes. We analyze the seismicity and deformation induced by the Miyakejima dike with
the aim of constraining the timescale and mechanisms of slow strain release during the episode. In six
earthquake bursts lasting few hours and migrating at ∼1 km h−1 we find candidates for slow earthquakes.
Each burst nucleated at the tips of previous bursts, suggesting stress interaction. The variability of fault
plane solutions indicates that the bursts occurred on a complex system of fractures, consistent with
weakly consolidated surface layers strained by spatially inhomogneous stresses that change in time,
such as those induced by a dike. Based on dislocation models, we find that deformation is best
explained by aseismic slip (in addition to the seismic burst), with a moment 1.3 to 2.3 times larger
than the earthquakes’ seismic moment, and opening of 0.20 ± 0.07 m on the dike. The aseismic
slip occurred over a few hours, with moment, duration, and migration velocity consistent with that
of previously observed slow slip events. We argue that the seismic bursts are likely driven by slow
slip, sharing most properties with tectonic slow slip events and swarms, but occurring on a set of
nonaligned faults.

1. Introduction

Magmatic dikes are often associated with vigorous earthquake swarms, induced by the extensional stresses
imparted by the dike at its propagating edge. For laterally propagating dikes, or dikes reaching close to the
surface, the effect of the shallowest earthquakes is visible as graben faults. The many modern-day diking
episodes monitored to date and frozen dikes studied in the field have revealed that dike-induced seismicity
and faulting are complex processes.

Graben fault systems are characterized by a high degree of segmentation [Mastin and Pollard, 1988]. Long
faults are thought to develop from linkages of smaller faults [Segall and Pollard, 1980], as also observed in
analog experiments [Xu et al., 2016]. Theoretical considerations of stresses imparted by dikes [Rubin, 1992],
numerical models [Buck et al., 2005], and observations [Rowland et al., 2007] indicate that fault growth and
linkage occur simultaneously to dike emplacement.

Focal mechanisms are often quite variable, although some dikes show a predominance of normal faulting
[e.g., Brandsdóttir and Einarsson, 1979; Shuler and Nettles, 2012; Belachew et al., 2013] and others of strike-slip
mechanisms [e.g., Ukawa and Tsukahara, 1996; Ágústsdóttir et al., 2016; Ruch et al., 2016]. Considering the opti-
mal orientation of faulting planes explains why strike-slip earthquakes are often observed ahead of or behind
dikes and normal faulting above the dikes [Rubin, 1992; Hill, 1977; Ágústsdóttir et al., 2016]. Oblique mech-
anisms may be similarly explained by the 3-D pattern of stresses around a penny-shaped or blade-like dike
[Passarelli et al., 2015a].

Slip on faults releases a variable fraction of the total moment released during diking, ranging from 0.01% to
50% [e.g., Grandin et al., 2009; Baer et al., 2008; Nobile et al., 2012; Pallister et al., 2010; Wright et al., 2006; Calais
et al., 2008; Pedersen et al., 2007] (see also supporting information Figure S1). Crustal deformation studies have
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shown that a large fraction of this shear slip (20–90%) is aseismic [Solomon et al., 1988] (supporting informa-
tion Figure S1): the cumulative moment released seismically does not match the moment released on the
graben faults, which may have lengths in excess of several tens of kilometers and throws of several meters.
Ruch et al. [2016] found that the surface faulting during the 2014 Bárðarbunga-Holuhraun intrusion was not
accompained by shallow seismicity but instead was entirely aseismic. Similarly, field studies of dike-induced
swarms during the 2005 Dabbahu (Afar) dike intrusion [Rowland et al., 2007] and the 1977 Krafla swarm
[Brandsdóttir and Einarsson, 1979] indicate that fault activity occurred with a significant component of aseismic
slip on faults with multiple orientations. Earthquakes with a large low-frequency component, indicative of
slow rupture, have also been observed during other dike intrusions [Pallister et al., 2010; Belachew et al., 2011],
including the Miyakejima intrusion [Minson et al., 2007]. But while there is ample evidence for aseismic slip
during graben faulting, the timescales and the precise mechanism involved in the aseismic strain release have
not been constrained.

Recent decades have seen the discovery of several types of slow slip phenomena [Ide et al., 2007; Beroza and
Ide, 2011], which are now recognized as an important mode of stress release in subduction zones; they have
also been reported in strike slip [Linde et al., 1996; Wei et al., 2013] including oceanic transform [Lohman and
McGuire, 2007] faults. Slow slip phenomena are sometimes associated to seismic strain release, e.g., by tremor
or migrating tectonic seismic swarms [Peng and Gomberg, 2010]. Several episodes of tectonic seismic swarms
associated to aseismic slip events have been identified to date in all tectonic environments [e.g., Yamaoka
et al., 2005; Borghi et al., 2016; Kato et al., 2012; Segall et al., 2006; Passarelli et al., 2015b]. Also, in these cases, the
observed ratio of aseismic to total moment released was very variable [e.g., Villegas-Lanza et al., 2015; Peng and
Gomberg, 2010]. The simultaneous seismic and aseismic release of strain is typically explained by the rupture
of seismic patches surrounded by aseismic creep. In fact, the focal mechanisms in some cases of subduction
zone slow slip events are uniform and consistent with the main fault plane [e.g., Maury et al., 2016].

Whether dikes may cause slow slip events as they are understood in tectonic context is not known to date.
Especially, there is a need to bridge the timescales of seismicity (a few seconds) to the timescales of structural
geology/optical studies (a few days to weeks), in order to reveal if any of the swarm seismicity may be directly
associated to additional aseismic slip. In this study, we use a combination of seismic and geodetic data to
explore the dynamics of isolated seismicity bursts taking place during the 2000 Miyakejima dike intrusion.
We constrain the timescale of this aseismic slip from the migration of the burst earthquake hypocenters. We
also model the accompanying crustal deformation recorded by GPS stations by means of dislocation models
constrained by the earthquakes’ magnitudes and focal mechanism solutions. Finally, we discuss our findings
based on previous results on slow earthquakes and argue that the Miyakejima bursts indicate progressive
slow ruptures on a set of nonaligned faults.

2. The 2000 Miyakejima Seismic Swarm

The Miyakejima diking event started on 26 June 2000 at 18:00 (Japanese Standard Time, JST) on Miyake island.
The seismicity then started to migrate away from the volcano, first radially to the west and then bending
toward northwest toward Kozushima (Figure 1), covering a distance of ∼30 km at a speed of v ∼ 4.4 km/d.
Then, the dike stopped due to the compression imparted by the topographic load of two more islands
(Kozushima and Nijima) and slip on a preexisting strike-slip fault system it encountered on its way [Maccaferri
et al., 2015]. After arrest, the dike continued inflating and thickening and possibly growing vertically and back-
ward, as revealed by geodetic models [Ito and Yoshioka, 2002; Yamaoka et al., 2005; Hughes, 2010]. At the same
time, several episodes of caldera collapse were recorded on Miyakejima [Kumagai et al., 2001; Geshi et al., 2012].
The seismic swarm lasted for about 3 months; the swarm is one of the largest ever recorded [Toda et al., 2002],
with five M> 6, almost 4900 Ml ≥ 3.0 earthquakes, and a total seismic moment release equal to 3.6×1019 N m.

In this work we use the seismic catalog of the Japanese Meteorological Agency (JMA). A catalog has also been
compiled by the Earthquake Research Institute of Japan (ERI), which included records from Ocean Bottom
Seismometers (OBS) between 1 July and 2 August [Sakai et al., 2001]. Comparison of the hypocenter depths
in the two catalogs indicates that they are not well constrained: depths in the ERI catalog are more than 6 km
shallower than in the JMA catalog (while differences in horizontal locations are less than 2 km). In addition, we
use the focal mechanisms catalog from the Japan National Research Institute for Earth Science and Disaster
Prevention (NIED).

The dike intrusion induced surface deformation which was recorded by the continuous GPS network installed
by the Geospatial Information Authority of Japan (GEONET), which has stations on all of the four islands closest
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Figure 1. Map view of seismicity (left) during the dike propagation phase and (right) after the dike stopped, color coded by time. The black line indicates
the inferred dike position, from Hughes [2010], and the dotted section indicates the segment which is not part of the dike according to the model of
Maccaferri et al. [2015].

to the swarm (Miyakejima, Nijima, Kozushima, and Shikinejima). Daily solutions have been compiled by the
Geospatial Information Authority of Japan.

During the dike stall and thickening phases, seismicity showed a complex pattern with the location of most
intense activity moving back and forth along the dike (Figures 1 and 3). The events present a mixture of strike-
slip and normal faulting mechanisms [Passarelli et al., 2015a], and in some cases they have an opening com-
ponent and a slow source process [Minson et al., 2007]. In particular, we identified short bursts of seismicity
lasting a few hours and lacking a causal main shock at the beginning of the sequence, which we now describe
in detail.

3. Identification and Description of the Bursts

We considered bursts in the vicinity of the dike (within 5 km from the 30 km long dike trace shown in Figure 1)
that occurred after the dike arrest (i.e., between 10 and 90 days since 26 June 2000). We identified all phases
of unusually high seismicity rate by computing the ! statistics [Matthews and Reasenberg, 1988; Reasenberg
and Simpson, 1992], defined as

!(t,Δt) =
n(t,Δt) − ne(t,Δt)

"(t,Δt) (1)

where n(t,Δt) is the number of events between t and t +Δt, ne(t,Δt) the expected number of events given a
background rate, and "(t,Δt) its standard deviation. Most applications [e.g., Matthews and Reasenberg, 1988],
assume a constant background rate #, so that ne(t,Δt)="2(t,Δt)=#Δt. However, in the present case we want
to isolate seismicity bursts concurrent with the events triggered directly by dike growth. This process imposes
a time-dependent stressing rate [e.g., Hughes, 2010], which is reflected in the background seismicity rate #(t)
(Figure 2). To calculate the expected number of events in a time interval and the variance, we assume that
background seismicity can be described as a nonstationary Poisson process [e.g., Marsan, 2003], so that the
probability of n events in the interval [t; t + Δt] is given by

P(N = n) = Λn(t,Δt)
n! e−Λ(t,Δt) (2)
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Figure 2. Example of burst detection by calculating the ! value [Matthews and Reasenberg, 1988] with time-dependent
background rate. (left) Cumulative number of events versus time from the catalog and fit with a decaying exponential
function similar to the one suggested by Rivalta [2010]. (right) Example of a positive ! anomaly (corresponding to
largest burst detected, with ! = 58).

with Λ(t,Δt)=∫ t+Δt
t #(t)dt. As for a stationary Poisson process, it can be shown that the expected number of

events and the variance are given by ne(t,Δt)="2(t,Δt)=Λ(t,Δt). Figure 2 shows the quantities involved in
calculating ! .

Since the duration of a burst is not known a priori, we followed the approach of Matthews and Reasenberg
[1988] and calculated ! for a range of Δt: we tested values between 2.4 h and 3 days, at 43 min intervals. For
a given burst, the duration is identified by the maximum ! value.

To isolate the most significant periods of enhanced seismicity, we define “burst” as a period in which ! ≥ 20,
i.e., the seismicity rate is 20 standard deviations above the background rate. During the time period and
distance specified above, we isolate six seismicity bursts with a duration between 3.1 and 13.2 h and between
141 and 529 events each (Table 1). Earthquakes within each bursts show migration of several kilometers either
in the direction of dike propagation or backward, and in some cases bilateral propagation (Figure 3c).

The bursts partially overlap spatially, and the onset of each episode is close to the edge of the previous ones
(Figures 3 and 4). We verified that this also occurs when choosing a lower threshold for detection (! ≥ 10),
as shown in Figure S2 of the supporting information. Individual bursts account for few percent of the total
number of events and seismic moment in the 80 days considered (see Table 1), and cumulatively they consti-
tute about 22% of the events and of the seismic moment released, even though they occur within only 2.4%
of the time period.

Several main shocks (Mw ≥5.4) occur during the time period considered, and their aftershock sequences may
also result in ! anomalies; in fact, we sometimes detect potential bursts with t < tmain < t + Δt, in which case

Table 1. Summary of the Swarms Identified Between 10 and 90 Days Since 26 June 2000 and 5 km
From the Dikea

Days Since Duration Percentage Percentage of

Number Date (JST) 26 June 2000 (h) of Events Seismic Moment

1 06 Jul 2000 (18:00:00) 10.0 8.16 5.7 3.9

2 11 Jul 2000 (18:14:24) 15.0 3.12 2.7 1.1

3 15 Jul 2000 (03:36:00) 18.4 4.56 2.4 0.8

4 24 Jul 2000 (03:36:00) 27.4 3.12 1.6 2.9

5 03 Aug 2000 (16:19:12) 37.9 13.20 5.9 8.0

6 15 Aug 2000 (22:04:48) 50.2 10.32 4.0 4.2
aPercentages of number of events and seismic moment are with respect to all events in the same

spatiotemporal window.
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Figure 3. Summary of observed bursts in the phase following dike arrest. (a) Seismicity migration along the dike, from the catalog of the Japan Meteorological
Agency (JMA). Colored events are identified as periods of elevated activity (“bursts”). The grey bar on the right indicates the dike extension according to
Hughes [2010] (see Figure 1). (b) Cumulative number of events versus time, with bursts marked in different colors. (c) Migration of individual bursts, shown
back to back to highlight their relative position and separated by the vertical lines.

the ! anomaly may be due to aftershocks. In these cases we recalculated ! for the interval [t, tmain], so that
only events prior to the main shock are accounted for.

We chose a rather high threshold for ! , and all the bursts detected are also clearly visible by eye as steps
in the cumulative number of events versus time plot (Figure 3b). We also verified that all these bursts cor-
respond to periods of elevated seismicity rate according to the Z test [Habermann, 1983; Wiemer, 2001]

Figure 4. Spatial distribution of the bursts. (a) Map view, with bursts colored to match Figure 3. Grey dots are all events in the 90 days starting from 26 June
2000, 18:00 (JST). The fourth burst ends with a main shock Mw5.7, with the focal mechanism shown. (b) Distribution of events within each burst as a function of
distance along the dike and estimated cumulative slip, calculated from empirical relations [Wells and Coppersmith, 1994]. Note the different scales in the y axis.
The dotted lines indicate the location where the burst started, estimated from the mean epicenter of the first 10% of the events.
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Figure 5. The 3 August burst, from the JMA catalog. (a) (top) Distance along the B-A segment (shown in the small map) versus time, showing the bidirectional
propagation at a speed of ∼23 km/d. (middle) Magnitude distribution with time. The events in red are within 5 km from the dike and in the time span indicated
in Table 1, and they are those plotted in Figure 5b. (bottom) Depth versus time, showing a slight upward migration. (b) Map view and transects of the burst,
color coded by time. Grey dots in Figure 5b are all earthquakes between 26 June 2000 and 1 January 2014.

(supporting information Figure S1). We note that both the ! test and the Z test present several other
instances of elevated seismicity rate which may potentially indicate additional bursts: the events presented
here constitute a conservative estimation.

4. Analysis of the Largest Burst

The largest burst occurred on 3 August 2000 (Figure 5). The Japan Meteorological Agency catalog reports
529 Ml ≥ 1.9 events, most of which had a magnitude between 2.0 and 3.5. The focal mechanisms catalog
reports Mw =5.4 for the largest event, while the burst cumulative seismic moment is equivalent to a Mw5.9
earthquake. There was no large event at the start of the burst, indicating that this was not an aftershock
sequence (Figure 5a). The most striking feature of this sequence is the bilateral migration at a speed of
∼23 km/d (0.27 m/s) with a duration of∼5–7 h. Seismicity then stopped in the SE direction, while it continued
in the NW direction. A slight upward migration is visible (Figure 5), even though vertical migration is difficult
to establish due to uncertainties in the hypocenter depths. There is no evidence of migration in the direc-
tion perpendicular to the dike. While most seismicity appears confined along the length of the dike inferred
by geodetic models, the NW edge of seismicity may be located above the dike or ahead of its tip, due to
uncertainties in the dike models [Hughes, 2010; Maccaferri et al., 2015] (Figure 6).

Focal mechanisms from the NIED catalog (available for a subset of the earthquakes) present a high degree
of variability with normal, oblique, and strike-slip events (Figure 6). Using the focal mechanisms clustering
algorithm developed by Cesca et al. [2014], we identify two predominant groups of events with different
degree of normal and strike-slip components and different focal plane orientation. We do not find a clear
dependence of focal mechanisms with time or epicenter location, while we note that all predominantly nor-
mal faulting events (cluster 1) are shallow, at 5 km depth. We find a similar distribution when considering
the focal mechanisms from all the six bursts, which is also in agreement with the overall codiking seismicity
[Passarelli et al., 2015a]. This variability of focal mechanism indicates that the burst does not take place on a
single smooth fault.

The 3 August burst is associated with deformation recorded by GPS. Daily GPS measurements show a baseline
displacement of 6 ± 0.7 cm recorded by GPS stations on Niijima and Kozushima (sites 93057 and 93058 in
Figure 7) between 3 August 2000, 12:00 and 4 August 2000, 12:00 (GMT), while other stations do not show
a clear signal during this event. We note that in the previous day the baseline displacement was higher than
normal (3 ± 0.7 cm, about 3 times higher than in the previous week), suggesting that an aseismic source was
already active.
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Figure 6. Focal mechanisms of the earthquakes in the 3 August burst. (a) Map view with events color coded by the cluster they belong to, calculated using
the algorithm described by Cesca et al. [2014]. Black events are not in any cluster. (inset) Events are color coded by time. (b) Distribution of focal mechanisms
parameters and focal axis. At the bottom, the mean focal mechanism for each cluster is shown, with their number of events and cumulative seismic moment.

5. Modeling Deformation Sources

We test different elastic dislocation models to explain the GPS recordings. Physically plausible deformation
sources include the following: seismic slip only (Model 0), seismic slip plus opening on the dike representing
the background dike growth (Model 1), seismic plus aseismic slip (Model 2), and seismic plus aseismic slip plus
opening on the dike (Model 3). In what follows we describe how we compare and construct the models.

We compare the elastic deformation predicted in each case with 1 day of GPS data from Kozushima, Niijima,
and Shikinejima. We do not include other stations because they may be affected by concurrent processes
(in particular caldera collapse on Miyakejima). In all models, free parameters are estimated by minimizing least
squares. We propagate uncertainties in the surface displacements (4 mm horizontal, 8 mm vertical) to estimate
errors in the model parameters. Since we tested models with 0 to 2 degrees of freedom, we compare them by
using a metric which not only takes into account model fit to the data but also penalizes models with more
free parameters. This is the adjusted least squares R2 value, given by

R̄2 = R2 −
(

1 − R2) p
n − p − 1

where n is the sample size (12), p the number of free parameters, and

R2 = 1 − SSres∕SStot

with SStot =
∑

i wi

(
yi − ȳ

)2
and SSres =

∑
i wi

(
yi − fi

)2
, where yi are the observed displacements, ȳ is their

average, fi are the modeled displacements, and wi the weights (which are inversely proportional to the data
error). The index i refers to stations and components.
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Figure 7. Observed crustal deformation. (a) Map of GEONET stations on the northern Izu islands. The two larger triangles are the stations used in Figure 7b.
(b) Daily measurements of baseline distance in the first 60 days. The largest earthquakes and the time of the bursts are indicated by vertical lines.

5.1. Model 0—Seismicity Alone
To estimate seismic sources, we considered all earthquakes with a known focal mechanism and estimated the
slip and fault dimension from the magnitude using the empirical relations of Wells and Coppersmith [1994]
assuming a square fault. Even though focal mechanisms are only available for a subset of the events, we ver-
ified that they account for the vast majority of the seismic moment obtained from the more complete JMA
catalog. Therefore, we do not expect the completeness of the focal mechanisms catalog to significantly affect
the results.

We used all the events within the day and not only those which are part of the burst (five additional events).
We tested alternative ways of choosing one of the two focal mechanisms for each event: (1) choosing all the
planes dipping to the northeast of the dike, (2) choosing all the planes dipping to the southwest of the dike,
(3) choosing the plane with the strike closest to the dike strike, (4) choosing the plane dipping toward the dike,
and (5) choosing a random plane. We found only negligible difference in the modeled surface deformation
(point source approximation). The results presented here are from choosing the plane with the strike closest
to the dike. A further source of uncertainty in the focal planes solutions is the presence of non-double-couple
components, which have been found to occur for several of the events in this data set [Minson et al., 2007] and
may bias the orientation of the focal planes.

5.2. Model 1—Seismicity Plus Tensile Source
In this model, surface deformation is due to the contribution of the earthquakes (modeled as described above)
and uniform opening on a rectangular surface, representing inflation of the dike. We estimate the location
and orientation of the tensile source by fitting a vertical plane to the earthquake epicenters and assuming a
vertical extent of the dike of 10 km (between 5 and 15 km). We fix the strike to that of the dike (N129∘E). We
test two different lengths: the lateral extent of the burst (12 km) or the entire length of the dike (30 km), and
we find that the two models give a similar fit to the data. The position of the 12 km dike is also based on the
earthquake epicenters, resulting in a small offset (∼1 km) from the dike model shown in Figure 6. The offset is
within the variability of published geodetic dike models [Hughes, 2010; Yamaoka et al., 2005] and is likely not
resolved by the GPS network.

5.3. Model 2—Seismicity + Aseismic Slip
This model tests the hypothesis that aseismic slip takes place during the seismic swarm. Unlike most swarms
associated to slow slip, the burst on 3 August did not take place on a single, smooth fault (Figure 6). We assume
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Table 2. Summary of Tested Source Models and Their Performance, Quantified by the Adjusted R2 Value (R̄2)a

Model No. of Free M0 From Aseismic M0 From Fraction of Times Model
Number Parameters Slip (N m) Opening (N m) R̄2 Range of R̄2 Outperforms Model 3

0 0 0 0 0.39 0.19–0.51 0

1 1 0 1.4 ± 0.3 × 1018 0.80 0.43–0.96 0.03

2 1 2.1 ± 0.3 × 1018 0 0.83 0.42–0.97 0.10

3 2 1.3 ± 0.4 × 1018 0.7 ± 0.2 × 1018 0.89 0.45–0.98 -

3 (B) 2 0.8 ± 0.3 × 1018 0.3+0.4
−0.3 × 1018 0.85 0.44–0.98 0.33

aThe uncertainties are obtained by drawing 105 realizations of perturbed surface displacement data (assuming
independent Gaussian errors). The last column reports the fraction of iterations in which each model has R̄2 higher
than Model 3. The R̄2 value in the fifth column is calculated for unperturbed data.

that some aseismic slip accompanied each earthquake and took place on the same fault planes. We use the
same geometry as for Model 0 and calculated the additional amount of slip required to fit the data. To keep
the number of free parameters low, we assume that all earthquakes have the same ratio of seismic/aseismic
slip and that the seismic and aseismic slip on each fault have the same direction of slip vector. With these
constraints, the aseismic slip on a fault i is simply given by

si(aseismic) = k ⋅ si(seismic)

Therefore, this model has a single degree of freedom (parameter k).

Increasing slip without changing the fault size results in higher stress drops, which is unphysical, since slow
slip and low-frequency events are characterized by smaller stress drops than typical earthquakes [Ide et al.,
2007; Brodsky and Mori, 2007]. Given the distance between the faults and the stations, we expect, however,
the surface displacements to be sensitive to the seismic moment rather than to the fault geometry and slip
individually. We verified this by creating a model for aseismic slip in which the same seismic moment as in the
model with fixed fault size is accommodated by an increase in both slip and rupture area, such that the ratio
between slip and fault length (and hence the stress drop) remains constant. We found that this model gives the
same adjusted R2 value as the model with fixed fault size. Therefore, the factor k should be interpreted more
generically as a ratio of moments rather than slip. Assuming constant k for all faults is also a simplification; this
value should be considered as an average value relating the total aseismic/seismic slip on all the faults.

5.4. Model 3—Seismicity + Aseismic Slip + Opening on Dike
The aseismic slip source is also tested in combination with a tensile source with the geometry described in
section 5.2 (resulting in a model with 2 degrees of freedom). We also tested the hypothesis that the aseismic
slip was released by a pair of normal faults above the dike: we used 12 km long faults with a dip of 60∘ and ver-
tical extent between 0 and 5 km (i.e., between the surface and the uppermost edge of the dike). We assumed
uniform slip with a purely normal mechanism. This model is marked Model 3(B) in Table 2 (using faults with
45∘ dip results in nearly identical R̄2 values).

6. Results

In order to assess the effect of data uncertainties on the model ranking, we compare the calculated R̄2 values
for a set of 105 perturbed data realizations. These are obtained from Monte Carlo sampling, assuming data
errors to be Gaussian and uncorrelated. We find that models without aseismic slip outperform Model 3 only
for 3% of the iterations (Table 2).

The model including only seismic source has the worst performance (Figure 8). The modeled horizontal dis-
placement vectors on Kozushima, Niijima, and Shikinejima have approximately the correct orientation, but
their modules are too small; the vertical displacements are also underestimated. The variance reduction of
this model is R2 = 0.39, and only 23% of the 3-D baseline displacement between the Kozushima and Niijima
stations is explained by coseismic deformation. We deduce that aseismic deformation is taking place during
the burst.

The preferred model (R̄2 = 0.89; see Table 2) includes a combination of aseismic slip and opening on a dike
(Model 3). Aseismic slip amounts to a geodetic moment of 1.3 ± 0.4 × 1018 N m, while the dike opening
corresponds to 7.3 ± 1.8 × 1017 N m (using the definition of seismic moment for a mode-I crack given by
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Figure 8. Comparison of observed (red) and modeled (blue) surface deformation estimated from various combinations of seismicity, opening, and aseismic slip.
Thin black lines indicate the upper edge of slip models. Red ellipses indicate GPS horizontal error.

Pollard and Segall [1987]). In contrast, earthquakes have a seismic moment of 7.35 × 1017 N m. Based on the
ratios of these moments, these results imply that only between 18 and 34% of the observed deformation is
caused by dike opening. This corresponds to 1.1–2.1 cm, comparable to the daily displacements observed in
the 10 days before and after the burst (1.1± 0.7 cm) caused by the ongoing dike thickening [Ito and Yoshioka,
2002; Toda et al., 2002].

These results indicate that the occurrence of both opening on the dike and additional aseismic slip on the
faults is strongly supported by the data, also when considering uncertainties. The tensile source model alone
cannot explain the east southeast motion of Shikinejima. This result is robust with respect to dike geometry,
since the orientation of the displacement vector on Shikinejima would not substantially change for a different
dike length or depth. We note that the deformation recorded in the previous day on this island has the same
orientation, suggesting that aseismic slip may have started before the onset of seismicity. This is consistent
with other episodes of aseismic slip preceding seismic activity [Peng and Gomberg, 2010]. The anomalous
orientation of the deformation on Shikinejima was also found by Hughes [2010] for the entire duration of the
swarm. As indicated by the authors, this suggests that slow slip with a strike-slip component was also taking
place at other times during the intrusion.

The other migrating bursts present similarities with the largest one, such as similar focal mechanisms and
propagation speeds. However, these events do not present anomalous GPS signals due to their smaller size
and larger distance to the GPS stations. We estimate an upper bound to the expected baseline displacement
between Kozushima and Niijima by assuming that the other bursts had the same fraction of seismic/aseismic
moment as the one on 3 August and scaling the deformation observed on this day by the ratio of seismic
moments of each burst and the largest one. In reality, the displacement would be smaller since they are farther
away from the stations. We find that for two bursts the expected displacement would be slightly above the
reported error and below the measurement error for the others. Therefore, it is plausible that also in those
cases aseismic slip took place.

7. Discussion

Based on our results, seismicity alone does not explain the observed deformation: opening of a vertical tensile
dislocation and aseismic slip are necessary to a good fit of the data.
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As for the tensile source, a plausible hypothesis that we have not yet discussed is that the deformation and the
accompanying migration of the burst earthquakes may have been directly caused by additional, smaller-scale
magma migration, such as due to the development of finger-shaped magmatic protuberances at the upper
edge of the dike, as observed both in laboratory experiments [Touvet et al., 2011] and in the field [Poland et al.,
2004]. However, several observations let us discard this hypothesis in favor of a simple background opening
of the dike: (1) The background dike opening in the days preceding and following the largest burst is of the
same order of magnitude as that in the day during the burst, (2) The burst propagation speed is 4–5 times
larger than the propagation velocity of the dike at injection onset, and (3) The opening moment is smaller
than the shear moment, suggesting that opening is not driving the migration. Thus, our analysis supports the
interpretation that the continuous supply of magma was causing the dike to grow slowly so that the observed
tensile deformation came mostly from its thickening, and the bursts were caused indirectly by accumulation
of tensile stresses above the dike.

As for the aseismic shear slip accompanying the bursts, the most plausible hypothesis is that ruptures had
an aseismic component. This is supported by modeling of the crustal deformation data and also suggested
by the migration of the burst hypocenters, analogous to the migration found in other slow slip events
accompanied by significant aseismic slip. Moreover, the inferred duration and total moment for the largest
burst is comparable to tectonic earthquake swarms associated to slow slip events [Peng and Gomberg, 2010;
Gao et al., 2012].

Numerical models indicate that the fraction of seismic to aseismic slip can vary depending on asperity size
[Chen and Lapusta, 2009] and a given fault area can alternate between both types of slip [Kato, 2014]. Time-
dependent, fluid-related processes such as thermal pressurization and dilatancy also allow for both types of
slip on the same fault. Therefore, it is not surprising that mixed modes of moment release take place in nature,
spanning a continuum between purely seismic and purely aseismic events [Peng and Gomberg, 2010].

As mentioned above, large aseismic slip has been identified for several dikes in the past. In most cases, seismic
and aseismic slip were modeled based on a small number (one to two) or normal faults extending along most
of the dike [Nobile et al., 2012; Pallister et al., 2010; Xu et al., 2016], although for very long dikes a more complex
fault geometry was used [Wright et al., 2006; Grandin et al., 2009]. The good performance of our Model 3(B)
shows that a pair of long normal faults may be satisfactory models for the observed crustal deformation, even
though the data are best explained by aseismic slip on the same faults as the earthquakes (Model 3). Figure 6
shows that the focal mechanisms are composed of a mixture of normal, strike-slip, and oblique events, with
different P and B axes but uniform tensile axis. Because of the large component of normal faulting in the
focal mechanisms, it is expected that Model 3 produces a deformation pattern quite similar to Model 3(B).
Indeed, Figure 9 indicates that deformation predicted by the two models is very similar in the NE and SW
quadrants (with respect to the position of the source), where the displacement vectors point away from the
source. This orientation is expected for both normal and strike-slip focal mechanisms with T axis in the NE-SW
direction, such as those observed here. From the deformation on Nijima and Kozushima, the two models are
therefore difficult to distinguish. On the other hand, more pronounced differences can be seen in the NW
and SE quadrants. Dip slip on normal faults produces little deformation in these areas (which are close to the
nodal planes of the normal fault plane solutions), while Model 3 predicts displacements pointing toward the
sources. This is expected for vertical strike-slip mechanisms with P axis in the NW-SE direction, such as many
of the events shown in Figure 6. Therefore, the displacement observed in Shikinejima is more consistent with
Model 3, leading to the higher R̄2 value. Our preferred interpretation for the aseismic deformation is slow slip
on a set of nonaligned faults. Given the overall similarities of the deformation fields, we point out that without
additional information, such as focal mechanisms or direct observations of surface faulting, it may generally
be difficult to establish whether deformation is localized on few major faults or distributed across a more
complex fault system. Finally, we point out that these are only two examples of plausible slip models giving
rise to the observed deformation. Alternative models, including, for example, shear on a strike slip at the NW
end of the dike, have also been put forward [Hughes, 2010; Maccaferri et al., 2015].

We found that during the earthquake burst, the moment released by aseismic shear motion exceeded the
moment from opening by a factor of 2. This value is larger than previous estimates for other diking episodes
(by about 10–100%; see Figure S1 in the supporting information). Our study focuses on the short timescale
of the earthquake burst: the aseismic slip takes place within 24 h (the interval between GPS measurements),
and most likely in the ∼13 h during which seismicity is high. On the other hand, previous studies based on
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Figure 9. Comparison of surface deformation induced by the aseismic slip component of Model 3 and Model 3(B),
showing the different patterns expected from distributed slip versus slip on a set of normal faults. Large arrows are
values of surface deformation at the GPS stations, and small arrows indicate the modeled surface deformation
pattern (note the different scale).

InSAR evaluated the ratio of shear-to-opening moment over longer time intervals (days to weeks). The differ-
ence between these results may therefore indicate that aseismic slip preferentially occurs during intermittent,
short-duration events.

One possible explanation for the bursts is fluid flow through a highly fractured rock volume, as suggested
for previously observed seismic swarms [Hainzl et al., 2012, 2016; Shelly et al., 2013, 2016]. The existence
of fault-fracture meshes, composed of shear faults connecting opening fractures, has been invoked by
Hill [1977] to explain seismic swarms in extensional settings. Passarelli et al. [2015a] demonstrated that these
concepts explain the focal mechanisms of the Miyakejima dike intrusion: focal mechanisms indicate a NE-SW
"3 (consistent with the dike orientation) and a variable "1 determined by the stress field of the dike itself
(see also Figure 6). Such a fracture mesh controls rock permeability and preferential flow direction: Sibson
[1996] showed that permeability is enhanced in the "2 direction, along which opening and shear fractures
connect. For normal faults, this leads to preferential flow along strike; for strike-slip faults, enhanced vertical
permeability is expected. In our case, the mesh comprises both faulting styles, so that preferential fluid flow
paths may be highly heterogeneous; in general, we note that the direction of swarm migration is consistent
with the strike of normal faulting events, which are predominant (Figure 6).

Another feature of seismicity in a fault-fracture mesh is the occurrence of fault valve behavior [Sibson, 1990].
Inactive faults normally act as impermeable seals, trapping fluids until pressure reaches a sufficient level for
rupture to occur; then, slip on the faults causes a sudden increase in permeability, allowing fluid to flow. The
presence of faults with different orientation could enhance this process, since it is more likely that a given
fault would cross the preferential flow path established by other faults. This mechanism naturally leads to
episodic seismicity, as observed in this study. The spatial relationship between bursts (with sequences often
starting where a previous burst arrested) is in agreement with fault valve behavior: a seismic burst may stop
when fluid encounters a permeability barrier and remains trapped. This leads to pressure buildup, until the
fault slips allowing fluid flow and a new burst.
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On the other hand, we note that seismicity migrates much faster than in previously documented cases of
fluid-induced seismicity [e.g., Shelly et al., 2013, 2016; Shapiro and Dinske, 2009]. Assuming that seismicity is
driven by fluid flow, we fit a diffusion curve to the distance-time plot [Shapiro and Dinske, 2009]. At time t, the
position of the seismicity front (r) driven by pore pressure diffusion is given by

r =
√

4%Dt (3)

where D is the diffusivity. We find that the diffusivity inferred by fitting a diffusion curve to the 3 August
burst (D = 130 m2/s) is more than 1 order of magnitude larger than previous values. Talwani et al. [2007] col-
lected diffusivity estimates from over 90 instances of natural and induced seismicity and found D to be in the
range 0.03–3 m2/s. They argue that values of permeability outside this range lead to aseismic behavior and
in particular that higher diffusivities allow fluid to flow through fractures without inducing seismicity.

An alternative explanation is that seismicity is not directly driven by fluid flow but by an episode of aseismic
slip similar to those observed in other tectonic settings and sometimes associated with injected fluids [Bourouis
and Bernard, 2007; Wei et al., 2015]. In our case, this is supported by the occurrence of aseismic slip inferred
geodetically: our inversions, although not unique, indicate that aseismic slip located in the vicinity of the
earthquakes is plausible. Moreover, the migration velocity is similar to observed slow slip events. In this inter-
pretation, the relative location of the bursts can be explained by triggering by static stress transfer: each bursts
(or faulting episode) creates stresses around its perimeter, where displacement gradients and consequently
stresses are largest, determining the most likely location where the next bursts initiate.

The aseismic release may have been facilitated by several factors that have been previously associated with
slow ruptures: (1) weak rheology of upper crustal layers [see Passarelli et al., 2015a]; (2) presence of magmatic
fluids released during magma degassing increasing pore pressure; (3) low confining stress, also enhanced by
tensile stresses from the dike on faults above it (the latter tends to favor slow slip based on a linear stability
analysis [Ruina, 1983] and by numerical models [Segall and Bradley, 2012; Liu and Rice, 2007]); and (4) stress
heterogeneity (in our case, associated with the variability in fault orientation), which has been suggested to
facilitate a combination of aseismic slip and swarms over large seismic ruptures [Saffer and Wallace, 2015;
Holtkamp and Brudzinski, 2014].

8. Conclusions

In this study we document the occurrence of a mixed seismic-aseismic shear slip episode during a dike intru-
sion. The presence of fluids and low normal stresses on faults above dikes likely make them susceptible to
creep and seismic swarms, so that similar intermittent slip episodes may be common and account for a signifi-
cant fraction of strain release. The bursts have a duration and total (seismic + aseismic) moment comparable to
those associated with purely tectonic slow slip events but differ from them for the inhomogeneity of the focal
mechanisms. Thus, our analysis points at the existence of “volcanotectonic” seismic swarms indirectly caused
by volcanic processes but driven by a slow release of accumulated strain rather than directly by the propaga-
tion of magma. Further studies are needed to better constrain the factors leading to seismic or aseismic strain
release in these areas and how these events differ from slow slip episodes in other tectonic settings.
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