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Abstract Faulting processes in volcanic areas result from a complex interaction of pressurized ﬂuid-ﬁlled
cracks and conduits with the host rock and local and regional tectonic setting. Often, volcanic seismicity
is diﬃcult to decipher in terms of the physical processes involved, and there is a need for models relating
the mechanics of volcanic sources to observations. Here we use focal mechanism data of the energetic
swarm induced by the 2000 dike intrusion at Miyakejima (Izu Archipelago, Japan), to study the relation
between the 3-D dike-induced stresses and the characteristics of the seismicity. We perform a clustering
analysis on the focal mechanism (FM) solutions and relate them to the dike stress ﬁeld and to the scaling
relationships of the earthquakes. We ﬁnd that the strike and rake angles of the FMs are strongly correlated
and cluster on bands in a strike-rake plot. We suggest that this is consistent with optimally oriented faults
according to the expected pattern of Coulomb stress changes. We calculate the frequency-size distribution
of the clustered sets ﬁnding that focal mechanisms with a large strike-slip component are consistent with
the Gutenberg-Richter relation with a b value of about 1. Conversely, events with large normal faulting
components deviate from the Gutenberg-Richter distribution with a marked roll-oﬀ on its right-hand tail,
suggesting a lack of large-magnitude events (Mw > 5.5). This may result from the interplay of the limited
thickness and lower rock strength of the layer of rock above the dike, where normal faulting is expected, and
lower stress levels linked to the faulting style and low conﬁning pressure.

1. Introduction
Propagating magma-ﬁlled dikes induce abundant seismicity containing a wealth of information on the
dynamics of the magma and on its coupling with the host rock and the local tectonics. The earthquake
hypocenters in dike-induced swarms are often observed to migrate [Einarsson and Brandsdóttir, 1980; Aoki
et al., 1999; Keir et al., 2009; Rivalta, 2010; Dahm et al., 2010; Belachew et al., 2011; Grandin et al., 2011; Segall,
2013; Rivalta et al., 2014]. The pattern of migration has been linked to diﬀerent factors, including stress concentrations migrating with the dike’s tip [Hill, 1977; Einarsson and Brandsdóttir, 1980; Rubin and Gillard, 1998],
the history of dike geometry and pressurization [Roman, 2005; Uhira et al., 2005; Traversa and Grasso, 2009;
Dahm et al., 2010; Rivalta, 2010; Traversa et al., 2010; Traversa and Grasso, 2010; Segall, 2013], the host rock rheology [Rivalta and Dahm, 2004], and the presence of active preexisting faults [Rubin and Gillard, 1998; Rubin
et al., 1998; Toda et al., 2002; Rivalta and Dahm, 2004].
Given energetic seismic swarms and a good azimuthal coverage of seismic stations, focal mechanism (FM)
solutions can be derived. Volcanic areas are often linked to a broad range of observed FMs, generally explained
in terms of rock and stress heterogeneities. Hill [1977] discussed in a seminal paper the relation between focal
mechanisms and surface structural trends reported for some swarm-like sequences, including the Reykjanes
Peninsula in Iceland, Imperial Valley, and Hawaii. He derived a geometrical model involving oblique shear
cracks joining the tips of pressurized opening fractures with diﬀerent conﬁgurations of the most compressive,
intermediate, and least compressive principal stresses, 𝜎1 , 𝜎2 , and 𝜎3 , respectively. The model works both
in plan view (explaining strike-slip FMs joining the opening cracks) and in cross section (explaining normal
faulting FMs).
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Brandsdóttir and Einarsson [1979] derived FM solutions for the September 1977 dike intrusion at Kraﬂa
(Iceland). They found that most FMs were predominantly normal faulting with variable strike-slip component.
The nodal planes were steeply dipping, mostly striking parallel to the dike and consistent with most surface
faults, which deﬁned a graben with uplifted ﬂanks. The focal mechanisms were, however, more variable than
DIKE-INDUCED FAULTING STYLES

4130

Journal of Geophysical Research: Solid Earth

10.1002/2014JB011504

one would expect from the observations of the surface faulting. In particular, the oblique components of the
FMs remained unexplained.
Rubin and Pollard [1988] calculated the 2-D stress change due to an inﬂating dike in the presence of a vertical
pressure gradient. The dike opening increases tension in the region above the tip, favoring normal faulting,
and creates compression at the sides, inhibiting faulting. They also calculated the “slip tendency” by solving
the Coulomb’s law of friction ‖𝜏‖ ≤ 𝜇𝜎n , with 𝜏 shear stress, 𝜇 friction, and 𝜎n normal stress.
Ukawa and Tsukahara [1996] studied the swarm-like seismicity recorded in the time frame 1982–1989 in the
Izu Peninsula, Japan, including two large swarms in 1988 and 1989. Relocation of the earthquakes showed
migration of the seismicity from large (∼20 km) to shallow (∼3 km) depths, consistent with dikes nucleating at
and ascending from a deep dike-like reservoir. The P and T axes (pressure and tension axes, respectively) of the
earthquakes were found to be mostly close to horizontal, indicating predominantly strike-slip earthquakes.
The orientation of the P and T axes were deemed consistent with both the tectonic stress of the area and
the orientation of the dike (P axes aligned with the dike and T axes perpendicular to it). The strike-slip earthquakes were interpreted loosely based on the model proposed by Rubin and Pollard [1988] as resulting from
the regional stresses above the dike [Ukawa and Tsukahara, 1996, Figures 14b and 14c]. Such interpretation
explains the main characteristics of the observation, but the oblique FMs remained unaddressed.
Shuler and Nettles [2012] investigated an intense seismicity swarm that occurred in November 2010 in the
western Gulf of Aden. They derived moment tensor solutions for more than a hundred events with moment
magnitude between 4.5 and 5.5. The predominantly shallow normal faulting events and an almost perfect
alignment with the fault traces mapped for this ridge segment suggested that the swarm was triggered by
a lateral dike intrusion. The along-rift migration of epicenters in the ﬁrst few hours from the swarm onset
also corroborated the hypothesis of seismicity induced by diking. Only a few strike-slip mechanisms being
observed were interpreted as occurring onto a transform fault of the incipient rift-transform segmentation
in the Gulf of Aden. All the events were very shallow, and the largest was estimated to have downdip fault
dimension of about 5 km. The b value of the frequency-size distribution was estimated about 1.6.
Belachew et al. [2013] calculated the FMs of the earthquakes accompanying the November 2007 and October
2008 dikes in the Dabbahu-Manda Hararo rift segment in Afar, Ethiopia, with the purpose of clarifying how the
seismic strain is partitioned between the rock volumes around the propagating dike tip and above the dike.
The best double-couple mechanisms were mainly normal faulting with small strike-slip components, except
for two earthquakes with dominant strike-slip component. Most earthquakes were shallow and occurred during the propagation phase of the dikes, while the two strike-slip events were particularly deep. The nodal
planes struck parallel to the dike, consistent with the strikes of surface fault ruptures measured in the ﬁeld
and from satellite imagery. The conclusion of the study is that most of the seismic energy release during dike
intrusions occurs by faulting above the dikes. Again, no interpretation is given for the oblique components in
the FMs and for the two strike-slip events.
The examples above, which include some of the best studied recent dike-induced swarms, share some common features: (1) The vast majority of the earthquakes are normal faulting or strike slip, and often oblique
mechanisms or earthquakes of both types are present; 2) the T axes of the earthquakes are mostly perpendicular to the dikes; and (3) the P axes have a wider variability. These observations inspire questions about the
interplay between tectonic and dike-induced stresses in generating the observed FMs either dominated by
normal or strike-slip faulting.
In general, the observed geometries and variety of FMs are more complex than the 2-D models available
to explain them so that a generalization of geometries and models as done by Hill [1977] and Rubin and
Pollard [1988] are desirable to address the observed complexities. Additional studies relating seismicity rate
increases and decreases to Coulomb stress changes have been published recently [Toda et al., 2002; Hughes,
2010; Passarelli et al., 2013; Maccaferri et al., 2013], but these studies did not address the observed or expected
orientation of the FMs in space.
Schorlemmer et al. [2005] showed that for diﬀerent focal mechanisms of tectonic earthquakes, the slope of the
Gutenberg-Richter model (b value), which describes the relative frequency of large earthquakes over small
ones, is diﬀerent: thrust, strike-slip, and normal fault events have b < 1, b ≈ 1, and b > 1, respectively. This
mirrors seismogenic environments with diﬀerent levels of conﬁning stress [Scholz, 1968]. In volcanic areas a
large variability of b values both in space and time is often found, with a wide range of observed values and
PASSARELLI ET AL.
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Figure 1. (a) Prediking focal mechanisms (January 1997 to 25 June 2000) from the NIED catalog. Light gray circles are epicentral locations of seismicity in the
same time period from the JMA catalog. (b) Same as Figure 1a but for the period 26 June to 30 September 2000 (codiking period). Red focal mechanisms are the
ﬁve Ml > 6 events. Inset: map of Japan with red box indicating the studied area.

signiﬁcant anomalies in space and ﬂuctuations in time. In particular, b values signiﬁcantly larger than 1 are
not rare [McNutt, 1996; Wiemer et al., 1998; Wiemer and Wyss, 2002; McNutt, 2005; Farrell et al., 2009; Jacobs
and McNutt, 2010; Belachew et al., 2011; Shuler and Nettles, 2012], highlighting how volcanic seismicity is often
dominated by small-magnitude earthquakes. In general, the b value may be inﬂuenced not only by the conﬁning stress but also by material and other stress heterogeneities, including high density of fractures [Mogi,
1962], weak or ductile material rheology [Amitrano, 2003; Bean et al., 2014], limited thickness of competent
rock layers [Richardson and Jordan, 2002; Becker et al., 2010], thermal gradients [Warren and Latham, 1970],
and high pore pressure levels [Wyss, 1973; Hill et al., 1990; Wiemer et al., 1998; Farrell et al., 2009]. Often, some
of these mechanisms may work in concert: pockets of high b values underneath volcanoes often overlap with
anomalous low-velocity zones of seismic waves [Wiemer and McNutt, 1997; Sanchez et al., 2004]. This observation is interpreted as small-size brittle failures occurring in a ductile medium with a high fracture density and
permeated by ﬂuids exsolved from magma bodies [Murru et al., 1999; Wiemer and McNutt, 1997; Wiemer et al.,
1998; Sanchez et al., 2004].
Here we investigate the faulting geometry and the scaling properties of the earthquakes induced by the
Miyakejima dike and compare them with the faulting style expected for a penny-shaped crack model. We
use data from the 2000 Miyakejima intrusion in Japan, for which a large catalog of FMs is available. We group
earthquakes with similar focal mechanisms by applying a clustering procedure, describe the group properties
of the diﬀerent families, and discuss the oblique FMs in terms of a 3-D model of dike-induced stress changes.
Finally, we analyze the frequency-magnitude distribution for the earthquakes as a function of their FMs and
discuss the results in terms of faulting geometry, stress levels, and material heterogeneities.

2. Tectonic Setting and Chronology of the Intrusion
The Izu Islands chain lies on the Philippine Sea plate 100 km west of the triple junction of the Eurasian, Paciﬁc,
and Philippine Sea plates [Stein et al., 2006]. The rather complex tectonic setting is dynamically very active:
the Paciﬁc plate is subducting underneath the Philippine Sea plate with an annual rate of 8 cm/yr in the WNW
direction, and the Philippine Sea plate moves northwestward at about 3 cm/yr, subducting underneath the
Eurasian plate from the Suruga trough and the Sagami trough [Ozawa et al., 2004; Stein et al., 2006].
The area where the 2000 dike intruded lies in the northern part of the Izu archipelago NW of Miyakejima and
SE of Kozushima and Niijima (Figure 1). Most epicenters preceding the dike intrusion (January 1997 to 25 June
2000) located by the Japan Meteorological Agency (JMA) align NE-SW extending from Niijima to nearly 40 km
PASSARELLI ET AL.
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Figure 2. Codiking hypocenters projected on a vertical cross section along the segment AB in Figure 1b. The origin of
the coordinate system is at Miyakejima [34.079∘ N, 139.529∘ E]. The data are from the JMA catalog. Days since 26 June at
18:00 JST are color coded, marker size scales with magnitude. The large triangle indicates the position of Miyakejima
volcano. The solid line is the topography/bathymetry along the segment AB in Figure 1b magniﬁed by a factor of 5. The
large star is the Ml = 6.5 earthquake occurred on day 4.8 since the onset of the swarm. Light gray circles indicate all
seismicity after 4 of June (day 8 since the dike intrusion start) and for the whole codiking period as deﬁned in the text.
The dotted red box is the dike geometry of Ozawa et al. [2004] used to model dike-induced deformation. Dashed boxes
are dike geometries of Ito and Yoshioka [2002] and light gray, dark gray, and black colors refer to phases 1, 5, and 8,
respectively (see Ito and Yoshioka [2002], for more details).

SW of Kozushima (Figure 1a, light gray circles). More tectonic structures SE of Kozushima and Niijima and SSW
of Miyakejima are also visible.
On 26 June 2000 at approximately 18:00 (Japan standard time) a cluster of earthquakes struck at a depth of
about 3 km underneath Miyakejima [Nakada et al., 2005]. In the ﬁrst 3.5 h the seismicity was located within the
SW quadrant of Miyakejima showing ENE-WSW propagation [Uhira et al., 2005]. Then, the seismicity migrated
toward NW, in the direction of Kozushima and Niijima for nearly 5 days (Figure 2). The NW-SE emplacement
of the dike is broadly consistent with the NE-SW extensional tectonics inferred for the intrusion area [Ukawa,
1991; Fukuyama et al., 2001]. On day 4.8 from the onset of the seismic swarm, a Ml = 6.5 event occurred
near the propagating tip (Figure 2). (see other examples of large dike-triggered earthquakes by Buck et al.
[2006] and Passarelli et al. [2013]). After that, the dike stopped propagating and continued inﬂating and possibly extending vertically, as demonstrated by increased displacements at the GPS stations at Miyakejima,
Kozushima, Niijima, and on the Japan mainland [Ozawa et al., 2004; Nakada et al., 2005; Yamaoka et al., 2005;
Hughes, 2010]. The seismic activity continued with a high rate for nearly 3 months including ﬁve Ml > 6 earthquakes [Ozawa et al., 2004] (Figure 1b). Three struck approximately where the dike tip stopped, while the
other two occurred in the northern and southern branches of the seismicity [Uhira et al., 2005; Wright and
Sakai, 2005].
Several studies have focused on modeling the sources of deformation [Ito and Yoshioka, 2002; Irwan et al.,
2003; Ozawa et al., 2004; Yamaoka et al., 2005; Hughes, 2010]. The source parameters for the dike, however,
are not well constrained due to the unavoidably nonoptimal spatial coverage of the GPS stations. Irwan et al.
[2003] modeled the deformation recorded during the ﬁrst 12 h by the local GPS network. They found a satisfying match to the data by assuming a small NE-SW oriented dike, later deﬂating into a NW-SE oriented dike
which caused a submarine eruption in the morning of 27 June. When inverting the entire deformation through
to September 2000 [Nakada et al., 2005], more sources are needed: a large NW-SE oriented dike, a deﬂating
Mogi source underneath Miyakejima, and one or more creeping faults in diﬀerent areas [Ito and Yoshioka,
2002; Ozawa et al., 2004; Yamaoka et al., 2005; Hughes, 2010]. Almost all dike models dip vertical except for one
of Ito and Yoshioka [2002] who introduce a subvertical dike (dip ≈ 100∘ ). In Figure 2 we report the two diﬀerent dike geometries used by Ito and Yoshioka [2002] and Ozawa et al. [2004] in their time-dependent inversion
PASSARELLI ET AL.
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of deformation data. We refer to these models later on in the paper when we discuss the spatial distributions
of FMs of the Japan National Research Institute for Earth Science and Disaster Prevention (NIED) catalog.

3. Focal Mechanism Data
The primary data set for the present study is the double-couple FM catalog by the Japan National Research
Institute for Earth Science and Disaster Prevention (NIED). We use FMs in the period January 1997 to September 2000 and the area delimited by [138.6∘ , 139.9∘ ]E and [33.7∘ , 34.8∘ ]N with hypocentral depths between 0
and 30 km. The extracted catalog consists of a total of 1499 events with Mw >3. A grid spacing of 10−4 ∘ and
3 km in the horizontal and vertical directions, respectively, is used in the inversion procedure. The FM catalog
does not include a nominal uncertainty associated with the hypocentral locations of the inverted fault planes.
Errors in the locations, especially hypocentral depths, are expected to be in the order of a few kilometers.
We focus our analysis on the period from 27 June 2000 to 24 September 2000 (codiking phase) and compare it
with the tectonic seismicity before the dike intrusion (January 1997 to 25 June 2000, prediking phase). During
the prediking phase 46 FMs are available, shown in Figure 1a. The FMs show predominantly strike-slip mechanisms with a small, variable normal component. None of the events have pure reverse FMs, consistent with
the general extensional tectonics of the area [Ukawa, 1991; Ida, 2009]. Pure normal faulting events striking
predominantly N-S are conﬁned in a small region between Kozushima and Niijima; see Figure 1a.
For the codiking period, the catalog contains 1453 FMs, as in Figure 1b. A broad range of FMs were found,
but mostly FMs are oblique with strike-slip mixed to normal. Pure normal faulting FMs are present, while pure
thrust ones are absent.

4. Clustering Analysis
We classify the seismic events according to their FMs by using the approach by Cesca et al. [2014] and
Maghsoudi et al. [2014]. Similar double-couple solutions are grouped based on the similarity of the normalized Kagan angle [Kagan, 1991, 1992]. The result of the clustering procedure depends on two parameters
(Nmin , 𝜖 ) that aﬀect the number and homogeneity of the identiﬁed clusters. For each cluster, a barycentric
focal mechanism is identiﬁed by minimizing the sum of its distances (Kagan angles) from the events within
a cluster. This clustering approach is preferable to a simple classiﬁcation based on single fault plane angles
(i.e., rake) because it accounts for the combined variation of strike, dip, and rake angles (or, alternatively, P, T ,
and B axes). Moreover, the algorithm requires no assumption on the true fault plane orientation.
We apply the clustering procedure separately to the prediking and codiking FMs, setting Nmin and 𝜖 to 5 and
0.95, respectively. Results of the clustering are reported in Table 1. Out of a total of 46 FMs in the prediking
phase, 20 are unclassiﬁed while the remaining 26 events are classiﬁed in four clusters (Figure 3).
For the codiking phase the clustering algorithm groups 1000 FMs into 13 clusters, while 453 remain unclassiﬁed (Table 1 and Figure 4). The number of events within a cluster varies between 5 and 565. To obtain more
robust statistical results, we focus our analysis on the four largest clusters, with more than 30 events (Table 1).
Within the four clusters of prediking FMs, one includes predominantly normal faulting and three include
predominantly strike-slip events diﬀering in strike or dip (Figures 3a and 3b). The T axes of all earthquakes
(clustered and unclustered) are approximately EW oriented (Figure 3c). The orientations of the P and B axes
vary over the entire range of possible values compatible with a ﬁxed T axis. This is consistent with the predominantly extensional tectonics of the area, resulting in a lack of reverse faulting events. All P, T , and B axes
of the strike-slip clusters are tightly clustered, suggesting that the strike-slip seismicity mainly occurs on subparallel fault planes with possible orientations NW-SE and NE-SW. The T axes of the normal faulting family
are very similar to the T axes of the strike-slip cluster. Since the normal faulting events striking NS are located
within a relatively small area oﬀ the east shore of Kozushima, the rotation of the axes is likely governed by a
local eﬀect that perturbs the balance of 𝜎1 and 𝜎2 , while 𝜎3 remains stable. On a strike-rake plot (Figure 3d) the
events align on an oblique segment, indicating a correlation between strike and rake resulting from a stable
T axis and unstable P and B axes.
Both the patterns of the epicenters and the FMs changed signiﬁcantly during the codiking phase (Figure 4).
The T axes of all clusters are rotated with respect to the prediking phase (Figure 4b). The tight clustering of the
T axes is maintained in the codiking phase, but now the T axes are oriented NE-SW, perpendicular to the dike
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Table 1. Number of Events and Barycentric Focal Mechanisms for Recognized Clustersa
Number of Events

Strikeb

Dipb

Rakeb

R-G-B Code

Color Name
Dark green

Prediking
8

133.0

90.0

−149.0

0-100-0

7

358.0

61.0

−103.0

139-61-139

Magenta

6

318.0

90.0

154.0

84-255-159

Sea green

5

42.0

90.0

−6.0

139-62-47

Dark coral

Codiking
565

363.0

88.0

−24.0

0-0-250

Blue

279

162.0

71.0

−50.0

255-0-0

Red

52

99.0

84.0

−164.0

0-255-255

Cyan

34

309.0

59.0

−93.0

255-140-0

Dark orange

18

154.0

81.0

−27.0

165-42-42

Brown

12

297.0

53.0

−104.0

142-35-35

Firebrick

7

141.0

52.0

−80.0

160-82-45

Sienna

7

288.0

54.0

−118.0

92-64-51

Dark brown

6

93.0

70.0

−151.0

72-61-139

Dark slate blue

5

302.0

54.0

−117.0

255-127-0

Coral

5

288.0

88.0

172.0

95-159-159

Cadet blue

5

283.0

62.0

−137.0

139-37-0

Orange red

295.0

67.0

−119.0

255-20-147

Deep pink

5

a In the last two columns the color code used in Figures 3 and 4 is indicated.
b Barycentric

values for stike, dip, and rake for each cluster. They are obtained by minimizing the sum of distances
(Kagan angles) of all events within the individual cluster.

strike (Figure 4c). The P and B axes, instead, take all possible orientations given the common T axis, reﬂecting
the large variability of focal mechanisms from strike-slip to normal faulting (Figure 4c).
Two of the four main clusters have predominantly strike-slip barycentric FMs, and two have predominantly
normal faulting. The P and B axes for the predominantly strike-slip events are not distributed around a speciﬁc
orientation as in the prediking phase but vary encompassing all possible orientations from the horizontal to
the subvertical. On a strike-rake plot, most events align on stripes similar to the prediking seismicity except
that the stripes are translated vertically to reﬂect the rotation of the T axis and that the events cover densely
the full range of oblique mechanisms between pure strike-slip and normal faulting (Figure 4d). The pure
normal faulting earthquakes (rake = −90∘ ) strike exactly parallel to the dike (horizontal dashed line, 310∘ N
according to the dike models published by Ozawa et al. [2004]). The pure strike-slip mechanisms (rake equal
to 0∘ and ±180∘ ) strike approximately 10∘ and 250∘ , about ±60∘ from the dike strike.
The most populated cluster (in blue) is composed of 565 events (Figures 4 and 5). They are mainly strike slip
with variable normal component, and only few have a thrust component. They strike ±70∘ around the dike
strike direction and dip from 30∘ to 90∘ . Four out of the ﬁve largest events registered belong to this cluster.
The pure strike-slip, cyan cluster (Figures 4 and 5) contains 52 events, including the northernmost Ml >6.
The oblique normal faulting mechanisms shown in red in Figure 4 are the second most populated cluster, with
279 events. They have large normal faulting component, dip between 30∘ and 80∘ , and strike subparallel to
the dike. Their strike-slip component is with rake angle between −30∘ and −70∘ or between −110∘ and −170∘
depending on the focal plane considered. The pure normal faulting events (orange cluster) strike parallel to
the dike and are located approximately in the middle of the seismic cloud (Figures 4 and 5).
The predominantly strike-slip events (cyan and blue clusters) start earlier in the sequence than the normal
faulting cluster; events are distributed in the whole area lit up by the seismicity (Figures 4 and 5). The mechanisms with predominantly downdip normal component (red and orange clusters) are more conﬁned in space
around the ﬁnal location of the dike (black/gray segments and red segment in Figures 5b and 5e) and at shallow depth (Figure 6). They activated about 2 days after the propagation onset and are less abundant during
the propagation (Figure 5).
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Figure 3. (a) Map view of the results of the clustering procedure for prediking FMs. Colors indicate diﬀerent families; black circles are unclustered events. (b) P, T ,
and B axes for the earthquakes. (c) Barycentric FMs for the four identiﬁed clusters. (d) Strike, rake, and dip distribution for the two focal planes of the FMs in the
NIED catalog.

5. Coulomb Stress Change Analysis
In crustal deformation studies dikes are often modeled as rectangular opening dislocations. This choice has
at least two big advantages: ﬂexible analytical solutions for the stress and displacements ﬁelds in a half-space
[Okada, 1992] and a low number of free parameters. Such an approach, however, is not helpful when studying
the FMs of the induced earthquakes, as they originate from the stresses near the dike borders, which are very
sensitive to the geometry of the dike.
We now calculate the dike-induced Coulomb stress change (ΔCFS) with the purpose of showing that by taking into account a more realistic 3-D shape, we can explain the distribution of FMs, with particular regard to
the oblique mechanisms. We do not attempt to model the Miyakejima dike because the dike enlarged significantly throughout the emplacement process and its shape is not well constrained by deformation studies.
We instead design a generic model for a large dike intrusion with size similar to the 2000 Miyakejima dike by
building a boundary element model for a pressurized dike of elliptical shape in a homogeneous half-space
(Figure 7a). The eﬀect of the loading due to the volcanic islands is not considered, nor are the external tectonic stresses which we assume to be negligible in the near ﬁeld. We subdivide the dike ellipse, of semiaxes
10 km × 6 km, in rectangular tensile dislocations of sides 1 km × 1 km [Okada, 1992], prescribing an overpressure of 5 MPa at the center of each dislocation and inverting for the required opening of each patch [Crouch
and Starﬁeld, 1983].
The ΔCFS, calculated on optimally oriented planes, on a horizontal cross section through the center of the
dike (Figure 7b, calculated in position A in Figure 7a) is negative at the sides of the dike, where compressional stresses are strong, and positive in the tip region (Figure 7b). Two lobes with high Coulomb stresses
are visible at the side of the tip. These lobes are expected to host strike-slip earthquakes (due to symmetry,
the deformation will be approximately plain strain). The ΔCFS on a vertical cross section through the center
of the dike (Figure 7c, calculated in position B in Figure 7a [see also Rubin and Pollard, 1988]) with our choice
of parameters is more intense than the ΔCFS on the horizontal cross section. This is due mainly to the fact
that the dike is longer than higher so that the same pressure will cause a larger curvature at the upper and
lower edges. The free surface has the eﬀect to focus the stresses and modify the shape of the two lobes of
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Figure 4. (a) Map view of the results of the clustering procedure for the codiking FMs. Color-coded circles are diﬀerent clusters of FMs, and colors are reported in
Table 1. Black circles are events not clustered by the algorithm. Stars indicate Ml > 6 events, colored according to which cluster they belong to. (b) P, T , and B axes
for the FMs. (c) Barycentric FMs for the four families containing more than 30 events. (d) Strike-rake, dip-rake, and dip-strike plots and both focal plane solutions
for each event are plotted. Dashed lines represent the dike strike angle according to Ozawa et al. [2004].

high Coulomb stresses at the side of the tip. This will cause the normal faulting forming graben structures
often observed in correspondence of shallow dikes [Hill, 1977; Rubin and Pollard, 1988; Pallister et al., 2010].
We observe that along the entire dike border (see, for example, position C in Figure 7a) there will be a similar
stress concentration and two lateral lobes of high Coulomb stress.
The problem of predicting the 3-D surfaces where faulting occurs is nontrivial, and no models are current
available. The orientation of the potential shear fractures is determined by maximizing the Coulomb stress for
a given principal stresses conﬁguration. Two shear surfaces are obtained at each location. How the fracture
will propagate into the host rock depends on which of the two surfaces will be taken by the rupture surface
and cannot be determined by the Coulomb stress only. However, we know from geological investigation that
dikes produce faulting on graben structures with dip angles varying between 40 and 60∘ from the dike plane.
The intersection of this graben surfaces with the 3-D Coulomb stress ﬁeld produced by an elliptical dike, will
give two curved surfaces where it is likely to host most faulting events. This will be a hyperboloid-like surface as in Figure 7d departing from the dike border. These surfaces will host oblique FMs (oblique slip on
oblique planes).
This theoretical picture extends the 2-D models by Hill [1977] and Rubin and Pollard [1988]. It is consistent
with the FM catalog for the Miyakejima dike: the model predicts normal faulting events striking parallel to the
dike, strike-slip FMs striking at about 45–60∘ , and the whole range of intermediate FMs between those two
types. The model also expects normal faulting shallower (and possibly deeper) than strike-slip mechanisms at
any given time. For the Miyakejima dike, normal faulting events are conﬁned at shallower hypocentral depths
(Figure 6).

6. Frequency-Size Distributions of the Clustered Families
To study the scaling properties of the dike-induced earthquakes as a function of their FM (and therefore
stress) and of the 3-D dike geometry, we collect the four codiking clusters into two families, one predomiPASSARELLI ET AL.
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Figure 5. (a) Distance from Miyakejima volcano versus time of occurrence for the events in the codiking phase. The colors refer to the four codiking clusters
families as in Figure 4c. Distances are calculated along the AB segment in Figure 1 with origin in the Miyakejima as in Figure 2. Stars indicate Ml > 6 events. Seven
events that occurred after day 65 are left out, speciﬁcally three unclustered, two from the blue family, one from the cyan family, and one from the red family. (b–e)
Cumulative density of events per kilometer along the distance from Miyakejima (AB segment in Figure 1b, binning size is 2 km) for the four selected clusters. The
barycentric FM is indicated in each panel as beach ball. Each line represents the cumulative number of events/km in 5 day time lags from 27 June 2000. In
Figures 5b and 5e, the vertical thick bars are dike models as reported in Figure 2. (f ) The topography/bathymetry is plotted along the AB segment in Figure 1a.

nantly strike-slip (red and cyan clusters in Figure 4, 617 events) and one predominantly normal faulting (red
and orange clusters in Figure 4, 313 events). We ﬁt the Gutenberg-Richter model (GR) [Gutenberg and Richter,
1944] to the observed frequency-magnitude distribution to both data sets. GR is deﬁned as the number of
events exceeding magnitude M is given by N(M∗ > M) = 10a−bM , where a is the earthquake productivity and
b gives the relative proportion of small to large events.
We calculate the b value and magnitude of completeness, Mc , with the stability method of Cao and Gao [2002]
modiﬁed by Woessner and Wiemer [2005]. Uncertainties on the parameters are 1 standard deviation of the
empirical distribution of b values and Mc s resulting from bootstrapping with replacement the original catalog
1000 times [Woessner and Wiemer, 2005] (see Figure 8).
For the strike-slip clusters we ﬁnd b = 1.1, with a satisfactory ﬁt across all magnitudes above Mc , including
the largest events (Figure 8a). Hence, the statistics of the strike-slip family induced by the Miyakejima dike
is similar to that of pure tectonic earthquakes calculated on the global scale [i.e., Frohlich and Davis, 1993].
We ﬁnd the same value b = 1.1 for the normal families. However, the best ﬁt curve matches the observed
distribution rather poorly (Figure 8b). The distribution shows a marked roll-oﬀ on its right-hand tail associated

Figure 6. Depth distribution of FMs along the proﬁle AB in Figure 1 with origin at Miyakejima for (a) the prediking and (b) the codiking phases. Colors indicate
the cluster families and barycentric mechanisms as in Figures 3 and 4. The leveled distribution of depths results from the NIED inversion procedure with ﬁxed
grid space of 3 km in depth.
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Figure 7. (a) Numerical dike model and coordinate axes. The elliptical dike surface is subdivided in 1 × 1 km patches. An
overpressure of 5 MPa is prescribed at the center of each patch. (b) Horizontal cross section of modeled Coulomb stress
change on optimally oriented faults. The dike length is 20 km; only the tip region is shown here. (c) Vertical cross section
of the Coulomb stress change. The vertical extension of the dike is 12 km, only the tip region and the free surface are
shown here. The singularities in the stress maps shown in Figures 7b and 7c are due to the chosen discretization of the
dike model. (d) Perspective view (including coordinate axes) of the location and orientation of fault planes (oblique
surfaces departing from the dike border) favored by the dike stresses. The elliptical dike surface is pink shaded. Arrows
indicate the sense of slip.

to a lack of M > 5.5 earthquakes. This prevents a good ﬁt; using a diﬀerent method, giving more weight to
the large-magnitude events would have resulted in a high b value. The data could be ﬁtted by a piecewise
linear function with two diﬀerent slopes [e.g., Legrand et al., 2004]. We do not perform such a ﬁt because of
the limited magnitude range available and because it cannot give us additional insight into the mechanics
behind the observations.
Instead, we validate the departure of the data from the GR relationship by using the Goodness-of-ﬁt method
to infer Mc and b value simultaneously [Wiemer and Wyss, 2000; Woessner and Wiemer, 2005]. This method is
based on the statistical comparison of the empirical distribution of the data and the GR model by varying the
cutoﬀ magnitude. The minimum Mc and associated b value explaining more than 90% of the data are chosen
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Figure 8. (a) Frequency-magnitude distribution for the strike-slip clusters represented by their barycentric beach balls.
Dark green circles and light green diamonds are the absolute and cumulative frequency, respectively; the solid line is
the best ﬁt curve. The inference for b value and Mc are indicated in the ﬁgure and in parentheses are errors. (b) Same as
Figure 8a but for normal faulting events. The dashed line represents the best ﬁt GR curve estimated with the stability
method by Cao and Gao [2002] modiﬁed by Woessner and Wiemer [2005].

as best ﬁt parameters [Woessner and Wiemer, 2005]. We perform increments of the cutoﬀ magnitude until a
minimum number of 50 events is available for the inference. The increase of the b value with Mc indicates a
poor ﬁt of the model for the largest magnitudes (Figure 9).
As a ﬁnal test, we recalculate the statistics by grouping the entire FM catalog purely by the rake angle of the
earthquakes, considering the entire FM catalog. We group the events into two sets: (1) All the FMs with a dominant normal faulting component and (2) all the remaining ones. To do so, we select varying windows for the
data: we start forming the normal faulting group by collecting FMs with rake [−70, −110]∘ and then iteratively
extend it at both sides by increments of 10∘ [Schorlemmer et al., 2005] until we reach [−20, −160]∘ . We ﬁnd that
the departure from the ﬁt to a simple GR relation with a signiﬁcant lack of large earthquakes appears for rake

Figure 9. (a) Frequency-magnitude distribution of normal faulting events (red and orange clusters) as in Figure 8b. The
dashed lines are GR ﬁts for 0.1 increments of Mc . (b) Mc versus b values and color-coded Rstat as discussed in the text.
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angles between [−30, −150]∘ conﬁrming the results presented above. Conversely, the remaining strike-slip
mechanisms are well ﬁtted by the GR model with a b value = 1.1.

7. Discussion
7.1. Volcanotectonics
The dike intrusion caused a signiﬁcant change both in the spatial distribution of the epicenters and in the
direction of the FM principal axes.
The area SW of Kozushima was very active before the intrusion, and it became later completely silent (Figure 1).
Hughes [2010] calculated the Coulomb stress changes induced by the dike on left-lateral strike-slip receiver
faults, showing that the dike induced a negative Coulomb stress change on the area and explaining the postdiking lack of seismicity SW of the dike. A similar abatement of seismicity due to a large dike injection was
reported for the Tjörnes Fracture Zone, North Iceland [Stefansson et al., 2008], and attributed by [Maccaferri
et al., 2013] to a strong stress shadow induced by the 1975–1984 Kraﬂa rifting episode.
The area NE of Kozushima was active both in the prediking and codiking phases, but the orientation of the
stress axes in the two period of times diﬀer signiﬁcantly, with a rotation of the T axes of about 40∘ –50∘ .
Figures 3b and 4b show that not only the rake changed with the dike intrusion but also all couples strike dip
(at least for the large earthquakes for which a FM could be inverted), suggesting that none of the prediking
geometries was activated in the codiking phase. In order to explain the distribution of FMs in the codiking
phase, a wide range of preexisting structure orientations must be available (this may be quite common for
volcanic areas, where stresses and materials are heterogeneous). It appears that the dike-induced stresses
overprinted eﬃciently the regional stresses in this area and triggered earthquakes encompassing the entire
range of optimally oriented focal planes.
The area between Miyakejima, Kozushima, and Niijima was relatively inactive before the intrusion, except
for some seismicity halfway between Miyakejima and Kozushima, aligned on NE-SW trends [Fukuyama et al.,
2001] (Figure 1). The only focal mechanism available for that area has a NE-SW T axis (Figure 1). The stress
ﬁeld within the Izu block has been modeled by Ukawa [1991], showing a fan-shaped orientation around N-S
direction of the P axes in the northern part of the Izu block (Izu Peninsula). In the emplacement area, the
inferred stress ﬁeld has an average NW-SE P axis and NE-SW extension. The ﬁnal geometry of the 2000 dike
intrusion conﬁrms the prediction of the model presented by Ukawa [1991].
This could also explain the rotation of the dike in the ﬁrst hours of the emplacement [Irwan et al., 2006]. Initially,
the dike orientation was likely governed by local stress ﬁeld dominated by the topography of Miyakejima.
The radial distribution of ﬁssures on the volcano ﬂank [Ida, 2009] is consistent with the volcano load dominating over the regional stresses [Dahm, 2000; Maccaferri et al., 2011]. After that, the dike entered the regional
controlled NE-SW extension regime and rotated perpendicular to it.
7.2. Coulomb Stress Model and Focal Mechanisms
Previous FM inversions for dike-induced earthquakes revealed either prevailing normal faulting or prevailing
strike-slip mechanisms and unexplained oblique focal mechanisms (see section 1). According to our model,
oblique mechanisms occur due to oblique stress concentrations generated where the curved border of the
dike is inclined. Long shallow dikes that have propagated laterally in rifts, with no signiﬁcant preexisting
strike-slip fault zone on their path, generate predominantly normal faulting earthquakes and a few smaller
magnitude strike-slip earthquakes at the propagating tip. Ascending deep dikes generate many predominantly strike-slip earthquakes along vertical sides and a few pure normal faulting at the upper portion of
the edge.
The intense stress changes due to large dikes may mask or even eﬃciently overprint the tectonic stresses and
induce a mix of normal faulting, strike-slip, and oblique mechanisms, the latter located close to the curved
borders of the dikes. This conceptual model is consistent with and extends previously proposed models [Hill,
1977; Rubin and Pollard, 1988].
The Miyakejima dike oﬀers a great opportunity to test such a 3-D model due to the magnitude of the induced
earthquakes, the quality of the observations, the relative complexity of the propagation phase, and the existence of a previously active fault zone intersecting the dike path. As mentioned above, the stresses induced
by the large Miyakejima dike prevailed over the prediking stresses, and the dike-induced optimally oriented
faults according to the 3-D Coulomb stress pattern. Other diking events in stronger tectonic settings, such
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as in rift segments in Iceland or Ethiopia, may have been less eﬃcient in overprinting the tectonic stresses.
This interpretation may explain why normal faulting mechanisms dominated during dike intrusions there
[Belachew et al., 2013; Shuler and Nettles, 2012].
Since our model is based on the assumption of pure opening on the dike, it cannot explain observations
for dikes with a signiﬁcant shear component on the dike plane. A signiﬁcant shear component was inverted
from geodetic data associated with a 50∘ dipping 2007–2008 Kverkfjöll dike intrusion (North Volcanic Zone,
Iceland) [Hooper et al., 2011]. The dike likely propagated obliquely in a complex stress ﬁeld inﬂuenced by
ice cap melting following the end of the last ice age. White et al. [2011] found that most hypocenters were
conﬁned on a single plane. The simplest interpretation is therefore that the dike intruded into a preexisting, tectonically preloaded fault, and that the fault plane solutions of the induced earthquakes reﬂected the
shearing process on this fault while the dike was advancing.
7.3. Departure From the Gutenberg-Richter Scaling
The scaling properties of earthquakes are inﬂuenced by the level of conﬁning stress and correlate with the
faulting style. An anticorrelation between conﬁning stress and b value for diﬀerent rocks was found by Scholz
[1968] and conﬁrmed by Schorlemmer et al. [2005]. Maccaferri et al. [2013] modeled numerically the stress
transferred by a large dike on the strike-slip Husavík Flatey Fault in North Iceland. They found a correlation
between the intensity of the modeled compression and the b values for diﬀerent sections of the fault: b < 1
for segments of the fault under compression and b ≥ 1 for segments that underwent decompression.
For the Miyakejima dike, rather than a correlation between faulting style/stress levels and b values, we ﬁnd a
correlation between faulting style and how well the earthquakes follow the GR model. The strike-slip earthquakes are well described by the usual tectonic statistics, while the normal faulting events show a poor GR
ﬁt with a lack of Mw > 5.5 events, with the magnitudes in the range 3.5 to 5, sharing the same b ≈ 1 of the
strike-slip faults. The GR model has often provided an unsatisfying match to volcanic earthquakes [Main, 1987;
Utsu, 1999; Legrand et al., 2004; Jacobs and McNutt, 2010; Bean et al., 2014]: bimodal frequency-magnitude
distributions or a relative lack of larger magnitude earthquakes are often observed. Since the slope of the
best ﬁtting straight line steepens if the largest magnitude events are lacking, such observations may be often
mapped into larger-than-needed b values.
Regardless of whether it is interpreted as a high b value or as a poor GR ﬁt, a lack of the largest magnitude
events in a frequency-magnitude distribution is generally explained by a limited ability to accumulate large
stresses. As previously mentioned, faulting style and low conﬁning stress are possible mechanisms behind
the lack of large normal faulting events. High pore pressure may also decrease the stress threshold for rupture
initiation and be a common feature in volcanic areas. Magmatic dikes are known to release ﬂuids in the hosting
rock matrix, and the intense stresses focused around the dike borders will interact with the ﬂuids already
present in the rock. Material inhomogeneity, linked to intense fracturing or weakness of the shallow crustal
layers, may also decrease the likelihood that fractures will grow large.
Laboratory-based experiments on rock fracturing provide hints on the dependency of the b value on physical parameters and rheological properties of crustal rocks. Systematically large b values characterize the GR
distribution of thermally induced microcracks. High spatial heterogeneities in stressed rock samples mirroring spatial variation of stress ﬁeld show larger b value than more homogeneous rock samples [Mogi, 1962].
Scholz [1968] investigated the inﬂuence of the rheology of rocks on earthquake scaling and concluded that
ductile rocks tend to have larger b values than brittle ones. Experiments on granite rock samples subjected
to increasing conﬁning pressure by Amitrano [2003] resulted in decreasing b values of acoustic emissions.
Using of a numerical model, the author argues against the role of the conﬁning pressure in lowering the b
value and attribute b value changes to the rheological behavior (brittle versus ductile) instead. Following
Amitrano [2003], Bean et al. [2014] simulated the frequency-size distribution for earthquakes induced in typical near-surface volcanic rock by uniaxial stressing. The resulting curve shows a non–power law scaling typical
of ductile processes and deviates signiﬁcantly from the GR relation. The curve is compared with observations
of long-period earthquakes on Mount Etna and Turrialba volcanoes which show large b values with marked
roll-oﬀ, indicating a departure of the largest events from power law scaling.
Lastly, the normal faulting events may have been limited in their dimension by the volume of the layer
where they nucleated, between the dike upper edge and the surface of the Earth. The hypocentral depths
of the FMs (Figure 6) show that the normal faulting events are located shallower compared to strike-slip
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mechanisms. Considering the upper tip of the dike at 5 km depth with 15–20 km lateral extension as in Ito and
Yoshioka [2002] and Ozawa et al. [2004], the maximum normal faulting event occurring above the entire dike
length can have a rupture area of 75–150 km2 (single patch with dipping angle 45∘ –60∘ ). This corresponds
to Mw = 5.7–6.2 [Wells and Coppersmith, 1994] and is about 0.5 magnitude points higher than the observed
largest normal faulting in the catalog. In mining environments, a similar explanation (ﬁniteness of the seismogenic layer above the mining stope) is invoked to explain a similar observed roll-oﬀ in the GR relationship for
events located in speciﬁc layers [e.g., Richardson and Jordan, 2002; Becker et al., 2010].
Most mechanisms described above involve low-stress drop fracturing, either directly because of lower stress
levels, or indirectly because high stresses cannot accumulate on weak materials. The speciﬁc role played
by pore pressure, crack density, quasi-ductility, or conﬁning/transferred stress is diﬃcult to separate in the
Miyakejima case and in other situations because these factors are often correlated and may act in concert.
7.4. Conclusions
The analysis of the outstanding database of FMs accompanying the Miyakejima 2000 dike intrusion shows
important insight on the interaction between diking and faulting in a tectonically active area. Our conclusions
are as follows:
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1. The ﬁnal dike orientation and the rotation from the radial trajectory beneath Miyakejima to the ﬁnal NW-SE
orientation is consistent with the stress ﬁeld modeled by Ukawa [1991] for the region between Miyakejima
and Kozushima. The stresses induced by the dike signiﬁcantly changed the seismicity in the area and
modiﬁed the average orientation of the P and B axes.
2. We provide a 3-D conceptual model for the observed variability of FMs. Our model is a 3-D extension of
available 2-D models. The model accounts for a more realistic penny-shaped geometry for the dike and
provide a better representation of the stresses originating at the dike borders.
3. Strike-slip FMs occur in front of the shorter edges of a laterally propagating dike and normal faulting events
crown the dike along its upper edge. The curved portion of the propagating edge of the dike is associated
to oblique mechanisms. The T axis of the earthquakes is consistently perpendicular to the dike plane. This
being ﬁxed, the P and B axes orientations of the oblique earthquakes cover densely the transition between
strike-slip and normal faulting earthquakes.
4. For the seismicity induced by the Miyakejima dike, we ﬁnd no evidence for b values signiﬁcantly larger
than 1. Instead, we ﬁnd that the statistics of strike-slip earthquakes matches the one of global tectonic
earthquakes with a perfect GR ﬁt and b = 1.1, while the statistics of normal faulting events is dominated by
small to moderate earthquakes and lacks large-magnitude events. The GR model does not seem to describe
satisfactorily the observed statistics for normal faulting events. Forcing a GR ﬁt on the normal faulting events
gives a b value signiﬁcantly larger than 1, but we reckon this would be a misinterpretation due to a wrong
choice of model.
5. Several physical mechanisms involving not only stress (faulting style, conﬁning stress, and pore pressure
increases) or material heterogeneity (fracturing, ductility, and weakness) but also a physical limit of the
thickness of the layer where the earthquakes occur may be behind the lack of large normal faulting events
and the poor GR ﬁt. In the Miyakejima case, it is diﬃcult to separate these eﬀects because they are all correlated, as they all characterize the shallowest layers where the normal faulting earthquakes occur. Likely,
they act in concert resulting in the strong statistical evidence we provide.
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