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The physical condition of the 1 February, 2011, vulcanian explosion at Shinmoedake volcano, Japan, is
estimated based on the size of impact craters created by ballistic ejecta, using a ballistic trajectory model and
a scaling law for impact crater formation. The initial velocity, impact velocity and mass of ejecta were estimated
at 240-290 m/s, 140 4 20 m/s and 1-3 ton, respectively. The gas mass fraction at the source was calculated to
be 0.04-0.1, using the initial velocity and a theoretical model of vulcanian explosion. This gas mass fraction is
higher than the petrologically estimated value for pre-eruptive magma. Low-angle jets from the explosion and
the estimated depth and size of a pressurized gas region suggest a shallow source inside the lava dome. The
observation and results imply that segregation and accumulation of gas in a shallow conduit played a role in an
increase of excess pressure immediately below the dome surface, prior to the vulcanian explosion.
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1. Introduction

A transient volcanic explosion is one of the typical erup-
tion styles of andesitic volcanoes. It is characterized by
explosions separated by intervals of minutes to days, and
a violent nature with an instantaneous release of pressur-
ized gas and solid/molten materials (e.g., Morrissey and
Mastin, 2000). This eruption style, called Vulcanian, oc-
curs as a consequence of magma ascent in a conduit and
a gas-rich accumulation region at the top of the magma
column (Self et al., 1979; Wilson, 1980). If pathways of
gas to the surface are efficiently sealed by a coherent rock,
gas pressure may increase to a point at which the sealing
rock fails catastrophically, so that the solid/molten materi-
als and gas are violently expelled in a transient explosion
(Self et al., 1979; Wilson, 1980). In certain cases, a lava
dome may act as a cap, and its failure may trigger tran-
sient explosions (e.g., Galeras volcano, Stix et al., 1997;
Soufriere Hills volcano, Robertson et al., 1998; Novarupta
volcano, Adams et al., 2006). Velocities of ejected materi-
als may become supersonic in the surrounding atmosphere,
as evidenced by the observation of shock waves (e.g., Nairn,
1976). The intensity, duration, and course of vulcanian-type
explosions are varied, and the transitional behaviors from/to
subplinian and strombolian eruptions are occasionally ob-
served. A discrete, short-lived explosion like a cannon and
a relatively-long, sustained explosion like a fire hose are
probably two end-member types of vulcanian explosions
(McBirney, 1973).

The determination of the initial physical condition, such
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as the initial velocity and ejection angle of materials, is im-
portant to constrain the mechanism and process of explo-
sion and to assess resultant hazards. Modeling studies of
this type of eruption furnish a relationship between the ve-
locity with which blocks are expelled from an explosion
site, and pressure in the trapped gas that produces the ex-
plosion (Minakami, 1942; Wilson, 1980; Fagents and Wil-
son, 1993; Woods, 1995). However, it is not easy to deter-
mine the eruption condition from direct observations (Nairn
and Self, 1978; Steinberg and Babenko, 1978; Druitt et al.,
2002; Formenti et al., 2003). In certain cases, geological
and petrological evidence for explosions offer constraints
on this condition (e.g., Stix et al., 1997; Robertson et al.,
1998; Adams et al., 2006).

Shinmoedake volcano is one of the active andesitic vol-
canoes in the Kirishima mountain range, Kyushu, Japan
(Fig. 1). A series of explosion events, accompanying sub-
plinian, vulcanian and dome-building stages, occurred at
the volcano between January and May in 2011 (Nakada et
al., 2013). In this paper, the initial condition of ballistic
ejecta expelled from the vulcanian explosion at a growing
andesitic lava dome on Shinmoedake volcano on 1 Febru-
ary, 2011, is estimated, based on the sizes of impact craters
created by ballistic ejecta. In this estimation, we use a bal-
listic trajectory model (Mastin, 2008) and a scaling law for
impact crater formation (Housen et al., 1983; Holsapple,
1993). The source condition is constrained using a vulca-
nian explosion model by Fagents and Wilson (1993). This
combined approach, and the results, will be useful for un-
derstanding the process of vulcanian explosions and related
hazards.
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Location map of the impact craters created by the vulcanian explosion of Shinmoedake at 07:54 on 1 February, 2011, lava dome and stations.

Source location is determined by an aerial photograph taken by the Japan Meteorological Agency (JMA). Plume directions are indicated by black
arrows, determined based on photographs taken by Camera I at Inokoishi and Camera II at Ohnamiike (see Fig. 2). Inset figure indicates the location

of Shinmoedake volcano, southern Kyushu, Japan.

2. Outline of the Vulcanian Explosion on 1 Febru-
ary, 2011

The Shinmoedake eruption in 2011 began with small pre-
cursory phreatomagmatic explosions on 19 January, fol-
lowed by successive subplinian explosions during 26-27
January. During the subplinian stage, the column height
of each explosion reached 6—7 km above the summit crater
(Maeno et al., 2012; Shimbori and Fukui, 2012). After this
stage, a lava dome began to grow upward at the center of the
summit crater beginning 28 January. The dome was initially
a small black-colored pile of diameter ~30 m, and then
it grew to fill the summit crater (Nakada et al., 2013). In
two days, the dome diameter reached about 500 m (Fig. 1).
Steam rose vigorously from the top of the dome, and lava
wrinkles strongly developed on its surface.

At 7:54 am on 1 February, 2011, there was a strong vul-
canian explosion on top of the dome (Fig. 1). It was the
first and largest of a series of transient explosions that con-
tinued over the next two months. Initially, a shock wave
was observed. Then explosion clouds (jets at the beginning)
started to rise up and were directed toward the west and east
at an angle 20—40° (Figs. 1 and 2) but within a few tens of
seconds, the column grew vertically and ultimately formed
a mushroom-shaped column. Plume development was ob-
served by two remotely-operated cameras. One camera was
located at Inokoishi (observed by the Japan Meteorological
Agency, JIMA), 7.7 km from the dome (Camera I in Fig. 1),
and the other was located at Ohnamiike (observed by the
Aira-Isa Regional Promotion Bureau, Kagoshima Prefec-
ture), 3 km west of the Shinmoedake summit (Camera II in
Fig. 1). Based on images from these cameras, the direction

of plume development was roughly determined using fixed
points (the location of a white steam plume and peaks called
Usaginomimi; Figs. 1 and 2).

Numerous ballistic ejecta were expelled from the summit
crater through the expanding explosion cloud. The explo-
sion cloud reached the rim of the summit crater (~300 m) in
afew seconds. Finer materials were entrained into the rising
plume. The plume height reached 2 km above a vent based
on visual observation by JMA, while Shimbori and Fukui
(2012) reported that the plume height reached 7 km above
sea level based on Doppler radar observation. The plume
then moved toward the southeast. Pyroclastic flows were
not observed. The maximum amplitude of seismicity (3767
um/s) was recorded at the Shinmoedake Southwest station,
1.7 km from the summit crater, and maximum air pres-
sure (458.4 Pa) was measured at the Yunono station, 3 km
southwest of the crater. The amplitudes of seismicity were
the largest in the historical record of Shinmoedake erup-
tions (Japan Meteorological Agency, 2011). In the city of
Kobayashi, over 10 km from the crater, roofs and windows
of buildings were partially destroyed by small fragments of
lava transported by the plume. In areas at the southern foot
of the volcano, windows were broken by the shock wave. In
some places to the southwest where ballistic ejecta and their
fragments were landed, fires were started. Tephra distribu-
tion was unknown; hence tephra volume is not constrained,
but probably is on the order of 10* m* based on a com-
parison to tephra data our group obtained for similar-scale
vulcanian explosions during February to March 2011 (Un-
published data of Earthquake Research Institute).

In the same morning after the vulcanian explosion, the
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Fig. 2. Snapshots of plume development of vulcanian explosion of Shinmoedake on 1 February, 2011. (a) Photographs taken by the JMA from Inokoishi,
7.7 km south of the dome center (Camera I in Fig. 1), at 2-s intervals. (b) Photos taken by Aira-Isa Regional Promotion Bureau (Kagoshima Prefecture)
from Ohnamiike, 3 km west of dome center (Camera II in Fig. 1), at 2-s intervals. Black arrow in the first frame of each figure indicates white steam
plume rising from the crater rim. Two white arrows indicate peaks called Usaginomimi at the southern rim of the crater.

lava dome diameter was measured at about 500 m by a JMA
airborne survey. This size was nearly the same as that on
31 January. The dome height was slightly reduced because
the explosion destroyed its surface. Although the change of
dome height was not precisely measured, it seemed very
small compared to the thickness of the lava dome. The
dome center was covered by blocky lava, but lava wrin-
kles at the outer part of the dome were still observed. The
observation indicates that the explosion site was confined
to the dome center, approximately within 250 m in diam-
eter (half the size of the dome). The Geospatial Informa-
tion Authority of Japan (2011) estimated the altitude of
the top of the lava dome to be 1360 m, based on Daichi
Phased Array type L-band Synthetic Aperture Radar (PAL-
SAR) intensity images on the same day after the explosion.
The dome growth then slowed and almost ceased the next
day. Based on these observations, we assumed that ballis-
tic ejecta were launched from the lava dome center at the
altitude of 1360 m. The thickness of the lava dome at the
explosion site was estimated to be about 130 m, based on
topographic data of pre- and post-explosion.

3. Impact Craters Produced by Ballistic Ejecta
During plume development of the vulcanian explosion on
1 February, numerous ballistic ejecta were expelled toward
the southwest flank of Shinmoedake volcano. We studied
two of the largest ballistic ejecta, found in the Shinyu area
at the southwest foot of the volcano (Figs. 1, 3 and 4).
They were the largest of all the erupted materials, except
for ejecta in inaccessible areas near the summit crater. The
JMA reported that these ejecta landed on this area immedi-
ately after the explosion and caused fires. The distances of

Fig. 3. Overview of impact craters at (a) location A, and (b) location B.
Fragments of lava and wood are scattered around the craters.
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Fig. 4. Schematic illustrations of impact craters at location A (a), and location B (b). CR: crater radius, CD: crater depth.

Fig. 5. (a) Interior of the impact crater at location A. The material filling the crater is a mixture of fragments of lava, wood and soil. (b) Magnification
of shattered andesitic lava inside the crater A. (c) Fragment of lava, and (d) underlying leaves burned outside the crater (location B).

locations A and B (Fig. 1) from the dome center are about
3400 m and 3100 m, respectively, with corresponding alti-
tudes 945 and 963 m above sea level. Two large ballistic
ejecta produced impact craters of radius 3.5 m at location
A, and 4 m at location B (Figs. 3 and 4). Lava fragments
were scattered inside and outside the craters (Fig. 5(a), (b)),
and some had underlying burned grasses (Fig. 5(c), (d)).
Soil ejected from the impact crater was radially distributed,
and wood fragments were also present (Fig. 4). Near both

craters A and B, the topmost few meters of trees were bro-
ken in the direction from which the ejecta came. Based on
the height of the broken trees, the impact angle of ballistic
ejecta was estimated to be 50-60°. Geological data of im-
pact craters are listed in Table 1. The maximum lava block
size at location A was about 70 cm along the long axis.
However, its original size is believed to be larger than ob-
served, because many lava fragments were scattered around
the impact craters. Ballistic ejecta were probably shattered
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Table 1. Characteristics of impact craters produced by ballistic ejecta.

Location A B
Distance (m) 3400 3100
Elevation (m) 945 963
Crater radius (m) 3.5 4
Crater depth (m) 2.0 2.7
Impact angle (°) 50-60 50-60

during impact, and cratering and lava fragments were pro-
duced (Fig. 5(b)). The original size of ballistic ejecta at
location B is unknown.

Ballistic blocks were dense but have a few bubble tex-
tures, and there was no evidence of delayed vesiculation
such as bread crust surfaces (Fig. 5(a)). This suggests that
ballistic ejecta found in this area originated from solid lava
that would seal pressurized gas beneath the dome but were
still at a high temperature, so they caused fires and burned
grass when they emplaced.

4. Petrological Characteristics of Ballistic Ejecta

The chemical composition of lava is andesite with 57.9
wt.% of SiO,. The lava contains 30 vol.% of phenocrysts
(plagioclase, orthopyroxene, clinopyroxene and Fe-Ti ox-
ide). Detailed petrological features of erupted materials
from this explosion are described by Suzuki et al. (2013a).
They suggest that the andesite was produced by syneruptive
magma mixing before the explosion, and that the magma
temperature was 960-980°C based on phenocryst compo-
sitions and thermodynamic calculations. The temperature
inside the lava dome is unknown. We therefore assumed
that the gas temperature was almost the same as the magma
temperature (970°C) or much lower (770°C) in the calcu-
lation of the gas/mass fraction at the time of the explosion
(Subsection 5.4). The water content of the melt in the con-
duit magma is uncertain, but less than 3 wt.% is plausible.
This value is estimated from a phase equilibrium relation-
ship in a storage condition of pre-eruptive magma (at 125
MPa) and H,O analyses of melt inclusions, as discussed in
Suzuki et al. (2013a). The density of lava blocks expelled
from the dome surface is uncertain. Hence, we assumed this
to be 2100-2400 kg/m?. The minimum value of this range
is a one measured by Y. Suzuki (personal comm.).

5. Estimation of Eruption Conditions

Our intent is to estimate the physical parameters charac-
terizing the explosion and cratering processes, and to con-
strain the initial physical conditions of the vulcanian explo-
sion at 7:54 on 1 February. The definition of the physical
parameters is shown in Fig. 6. First, a relationship between
the initial conditions (velocity, v;; ejection angle, 6;; mass,
m;) of ballistic ejecta and the cratering conditions (distance,
D; impact angle, 0; impact velocity, vy) was determined
using the Eject! program (Mastin, 2008). This enabled cal-
culation of the launch conditions, based on a mathemati-
cal model for ballistic trajectories. Second, using a scaling
law describing the formation of impact craters (Housen et
al., 1983; Holsapple, 1993), a relationship between the im-
pact condition (mass and velocity) of ballistic ejecta and

613
Eruption
0. Y ,m;
A e
T 5
1 \
! \
: \
1 \
1 ”
’ !
. 1 I
1 1 ‘: /
‘.El D L
I 4
(b) 052000
=
£ OO
v; O o0 5 DO&C():%O o
" # &
/*—Do_q'_e Surface
20
“ high cube
> |©
=185
5 low cube
£ 1.0
(0]
o | r
(&]
o 05 -
o
(=)
0 1 1 1 LA 1 1 II 1 1 'l 1 1 11
0.1 0.5 1 5 10

Mach number

Fig. 6. (a) Definition of the physical parameters, characterizing the launch
and cratering processes, also used in the calculations. v;, initial ejection
velocity; 6;, ejection angle; m;, mass of ballistic ejecta; D, distance; 0,
impact angle; vy, impact velocity; R, radius of the impact crater. (b)
Py, initial (explosion) pressure; P,, atmospheric pressure; m,, mass of
solid material; mg, mass of gas; p,, the density of ambient air; py, the
density of solid material at source and r, the distance that solid material
has reached, are used in the Fagents and Wilson (1993) model. The
dimension of a conical-shaped gas region is characterized by r;, the
radius of the conical region; r;, the radius of the conical region plus the
solid carapace; r., the thickness of the carapace; €2, solid angle of cone;
260, apex angle. (c) Drag coefficients, C4, varying with Mach number
for two extreme cases for cubic shape blocks (high- and low-cube).
For a high cube, one face is perpendicular to the flow direction, while
a low-cube is oriented with a corner at the leading edge. The drag
coefficient for a sphere (gray line) is also shown as a reference. Modified
from Mastin (2008).

the crater size (R) was established. Based on these results
and the impact crater size, the initial condition of ballistic
ejecta was estimated. Third, applying a theoretical model
of vulcanian explosion (Fagents and Wilson, 1993) and us-
ing the estimated initial velocity, the mass ratio of gas (m,)
to solid material (m,) on the dome surface was calculated
(Fig. 6(b)).
5.1 Calculation of trajectories of ballistic ejecta

Lava blocks in flight are subjected to forces of drag
against the atmosphere, and of gravity. Physical parame-
ters and governing equations used in the trajectory model
are shown in Appendix A. One of the key parameters is the
size of ejecta, but the original size of ballistic ejecta that we
found in the Shinyu area (Fig. 1) is unknown, because of
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Table 2. Parameters used in the calculations of ballistic trajectories.

Atmospheric condition

Temperature at sea level 32 °C
Thermal lapse rate 6.6 °C/km
Speed of tailwind* -2 m/s
Initial condition

Diameter of cubic-shaped block 0.5~1.1 m
Density of block 2100, 2400 kg/m3
Initial velocity 200~400 m/s
Ejection angle 10~70 °

Extent of zone of reduced drag 300 m
Elevation of takeoff point 1360 m (a.s.l.)
Elevation of landing point 945 m (a.s.l.)

*An averaged windspeed component at a direction of ballistic trajectories
(250° clockwise from the north), calculated from wind profile data of IMA
(12 m/s at 1048 m above sea level with a direction of 316°, and 9 m/s at
1504 m above sea level with a direction of 344°.)

fragmentation during emplacement. The drag coefficients
of ejecta, which depend on their shape, are assumed to have
values of cubic-shaped blocks (Fig. 6(c)). There is a min-
imum value for a low cube, for which the vertex between
faces is at its leading edge. There is a maximum value for
a high cube, for which one face is oriented perpendicular to
the direction of motion (Mastin, 2008). The extent of a zone
of reduced drag, which is caused by a coincident plume,
was assumed to be 300 m (nearly equal to the radius of the
Shinmoedake summit crater) based on video images of the
explosion cloud (Fig. 2). This value generally has a range
of the order of 10 to 100 m (Mastin, 2008). In our calcula-
tion, a difference in this value produces a variation of only a
few percent in distance and is less influential than other pa-
rameters such as initial velocity, weight and ejection angle.
The atmospheric conditions in the calculation was based on
JMA data (temperature and wind speed/direction profiles)
for the Kagoshima area acquired at 9:00 on 1 February,
2011. Parameters used in the calculations of ballistic tra-
jectories are listed in Table 2.

The relationship between the initial and impact condi-
tions for the 1.2 ton cube-shaped ejecta is shown as an ex-
ample in Fig. 7. Figure 7(a) shows the relationship between
the distance D and the impact angle 6, for various launch
conditions (initial velocity v; and ejection angles §; = 10—
70°), where the results for high-cube shape ejecta with a
density of 2400 kg/m? (solid lines) and for low-cube shape
ejecta with a density 2100 kg/m? (broken lines) are shown
for each initial velocity. These results correspond to maxi-
mum and minimum distances for the various initial condi-
tions we examined. The errors caused by the variation of
density and drag coefficient are considered in the following
analyses. Figure 7(b) shows the relationship between the
distance D and the impact velocity vy for various launch
conditions (initial velocity v; and ejection angles 6, = 10—
70°). The relationship was affected by density and the drag
coefficient (compare solid and broken lines), as in Fig. 7(a).
Generally, the impact velocity takes a minimum value at an
ejection angle of about 20° for each case. Results for differ-
ent elevations (Location A, 945 m, and B, 963 m) produced
only <0.5% errors in flight distance, which are very small
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Fig. 7. Representative results of the calculation of ballistic trajectories
using Eject! (Mastin, 2008). (a) Relationship between distance (D)
and impact angle (6f) of ballistic ejecta (m = 1.2 ton) for various
launch conditions (initial velocity v; and ejection angles 6; = 10-70°).
Solid lines indicate results for high-cubic ejecta with a density of 2400
kg/m>. Broken lines indicate ones for low-cubic ejecta with a density
of 2100 kg/m®. Dots on lines indicate results for different ejection
angles (10-70°). Some of them are numbered. (b) Relationship between
distance (D), and impact velocity (vy) for various launch conditions
(initial velocity v; and ejection angles 6; = 10-70°) for 1.2 ton ejecta.
Both figures are for a range of initial velocity, ejection angle and drag
coefficients, for high and low cubic-shaped ejecta.

compared to errors from other factors such as the drag co-
efficients. Therefore, the same results were applied to both
locations. Figure 7(a) also shows that the ejection angle
could be approximately 20—40° to satisfy the observed dis-
tances (3100 and 3400 m) and impact angles (50-60°). It
is noteworthy that this ejection angle is consistent with the
angle of explosion jets observed in an initial few seconds
(Fig. 2). For other ejecta mass, results showed the same
tendency as in the 1.2 ton case.

Figure 8 summarizes the relationship between distance
and initial velocity for different ejecta mass m;, and that
between impact velocity and initial velocity for different
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Fig. 8. (a) Relationship between the initial velocity (v;) and distance (D)
for different ejecta mass (m = 0.3-3.2 ton). (b) Relationship between
impact velocity (vy) and initial velocity (v;) for different ejecta mass
(m). All calculations satisfy an impact angle (67) of 50-60°. Solid
circles indicate average values. Error bars include results for a range of
impact angles and use drag coefficients for different ejecta shapes (high
or low cubic).

ejecta mass. For example, to obtain a distance D = 3400 m,
v; must be 220-270 m/s for 3.2 ton ejecta, 250-350 m/s for
1.2 ton ejecta, and >360 m/s for 0.3 ton ejecta (Fig. 8(a)).
Also to achieve D = 3400 m, the impact velocity vy must
be 138-164 m/s for 3.2 ton ejecta, 126—150 m/s for 1.2 ton
ejecta, and 108—126 m/s for 0.3 ton ejecta (Fig. 8(b)). Error
bars are derived from ambiguity of impact angle (50-60°),
density and drag coefficients, for low or high cubic shape of
ejecta.
5.2 Scaling law for impact crater formation

The impact velocity vy of ballistic ejecta is correlated
with impact crater size r, using a scaling law for crater for-
mation (Housen et al., 1983; Holsapple, 1993; Housen and
Holsapple, 2011). This scaling law has been applied to a
wide range of cratering phenomena, such as water drops
(on the order of 1 m/s) to meteorite impact (on the order
of 1 km/s), when the impact angle 6 is >45° (Housen and
Holsapple, 2011). Impact processes are generally charac-
terized by an inverse Froude number gd/ (2v3¢), where g is
the gravitational acceleration and d is the impactor diame-
ter, assuming a sphere (Holsapple, 1993). When the inverse
Froude number is large and the effect of gravity is greater
than that of the strength of basal materials, the impact pro-
cess is categorized as the gravity regime (Holsapple, 1993).
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The impact of ballistic ejecta caused by vulcanian explo-
sions is generally thought to fall within this regime, because
the inverse Froude number (on the order of 10~%) is almost
equivalent to previously estimated values for cratering in
this regime (Holsapple, 1993).

The scaling law of crater formation within the gravity

regime (Housen and Holsapple, 2011) is written as:
I, = KI5, 9]

where I1, and I1, are non-dimensional parameters as fol-
lows:

I, = R (op/m)'?, )

M, = gd (2v7). 3)
K is constant and written in the following form:

K = H (os/p1)" . “4)

where R is the impact crater radius, p; is the basal mate-
rial density (here, 1500 kg/m3 is assumed for soil), m; is
the impactor mass, p; is the impactor density, and 8 is the
exponent and written as (2 + u — 6v)/[3(2 + w)]. v is
a constant (=0.4) that is independent of impact condition,
and n and H; are constants dependent on the porosity of
basal materials and determined by laboratory experiments.
For water or dense rock, u = 0.55 was used. The power of
o is —u /(2 + ). The basal material is soil, but appropriate
laboratory data are lacking. Thus, we assumed u = 0.41
as a minimum value determined for a dry granular mate-
rial with porosity 40% (Housen and Holsapple, 2011), and
© = 0.5 as a maximum value for relatively wet granular
material with less porosity. H; is 0.8, which was ascer-
tained by laboratory experiments using glass microspheres
with 4 = 0.45 (Housen and Holsapple, 2011). The rela-
tionship of impact velocity v, with mass (m; = 0.3-3.2
ton) and impact crater size (R) is shown in Fig. 9, where p
is assumed to be in the range 0.41-0.5.

Considering the above relationship (Fig. 9), for example,
to produce an impact crater of 3.5 m radius in soil with
w = 0.41, an impact velocity of 100 m/s is required for 3.2
ton ejecta, 155 m/s for 1.8 ton ejecta, and >190 m/s for less
than 1.2 ton ejecta. It is important to note that for producing
the same sized crater, heavier impactors require a smaller
impact velocity, but lighter ones require a higher impact ve-
locity. We neglected the effect of density difference (2100
and 2400 kg/m?) because it was very small compared to er-
rors from other factors (<2% error for impact velocity).
5.3 Initial condition of ballistic ejecta

Based on the results of trajectory calculations (Fig. 8), to
simultaneously achieve impact angles 50-60° and distance
3.4 km (location A), the impact velocity must be 138-164
m/s for 3.2 ton ejecta, 126—150 m/s for 1.2 ton, and 108—
126 m/s for 0.3 ton. However, to produce an impact crater
with R = 3.5 m, the impact velocity must be <100 m/s for
3.2 ton and >200 m/s for 0.3 ton (Fig. 9). Ejecta of 0.8-2
ton can satisfy the scaling relation for a 3.5-m crater. For
a 4-m crater at 3.1 km (location B), 1.2-3.2 ton ejecta can
satisfy this relation.

Based on Figs. 8 and 9, possible ranges of initial veloc-
ities for each ballistic ejecta were determined (horizontal
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ranges of initial velocities for each ballistic ejecta at two locations,
which satisfy the impact condition as shown in Fig. 9. Vertical broken
lines indicate the minimum and maximum values that two ballistic
ejecta could have the same initial velocity. (b) Relationship between
impact velocity (vy) and initial velocity (v;) for different ejecta mass
(m). Shaded regions indicate possible ranges of initial velocities for
each ballistic ejecta to produce observed the impact craters.

arrows in Fig. 10(a)). Furthermore, considering that two
ballistic ejecta could have the same initial velocity, the most
plausible initial velocity is estimated to be about 240-290
m/s, as indicated by vertical broken lines in Fig. 10(a).
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Shaded regions in Fig. 10(b) indicate possible ranges of
impact velocity for every mass, which satisfy the distances
3100 and 3400 m. Impact velocities for both locations are
120-160 m/s.

The distance D that a ballistic block travels is related to
the initial ejection velocity v;. Moreover, the velocity is re-
lated to the amount and pressurization of gas driving the ex-
plosion via an equation of motion. Here, the physical con-
dition prior to the vulcanian explosion was estimated, using
the model of Fagents and Wilson (1993). This model takes,
as its starting point, an amount of gas held at a pressure (Py)
in a conical-shaped region capped by a solid material that,
following sudden decompression, displaces and accelerates
a dense slug of caprock plus a mass of atmospheric gas
overlying the explosion site (Fig. 6(b)). As the caprock rup-
tures into fragments, individual blocks are launched into the
atmosphere, moving at approximately the same speed. The
equation of motion for the acceleration of the solid blocks
plus air is written in the following form (Fagents and Wil-
son, 1993):

d’r 3r2 [Py (ri /1) — P,] )
A2 p (13 = r3) + pa [r 107 =13

and the mass ratio of gas to solid material (m,/m;) can be

written as:
mg

3

S i — 6)
mg Ps (r 53 - )

where r is the distance that the solid material has reached,
r; is the radius of the conical region filled with gas at pres-
sure Py, r, is the radius of the conical region plus a solid
carapace, r. (= ry — r;) is the thickness of the carapace, y
is the specific heat capacity ratio, P, is the ambient atmo-
spheric pressure, p, is the density of pressurized gas, p, is
the density of ambient air, py is the density of solid material
which is the same as the impactor density, and ¢ is time.

If Eq. (5) is integrated twice, the maximum velocity of
the expanding envelope, corresponding to the initial ejec-
tion velocity, v;, in the trajectory model, is obtained. The
implication is that the initial drag forces acting on the blocks
are essentially zero, only becoming significant as the gas
velocity decays. Fagents and Wilson (1993) showed that
with allowance for this effect, pre-explosion gas pressures
completely compatible with rock tensile strengths were pre-
dicted for a number of well-documented examples. Our
approach is to infer the mass ratio of solid material (m;)
to volatile concentrations () responsible for the ejection
velocity of ballistic ejecta, calculated with Mastin (2008)
as discussed above. The vulcanian explosion would begin
once the gas pressure (Py) exceeds that from the overlying
dome mass, or when the cool outer dome material fails in a
brittle manner. Although Fagents and Wilson (1993) mod-
eled an explosion from a large pressurized gas cavity en-
closed by a solid caprock, this approach can also be adapted
to a system where gas and magma are intermixed (Robert-
son et al., 1998). In the following discussion, we focus only
on the case where a large gas cavity exists.

5.4 Gas/solid mass fraction and source condition

Ballistic blocks with a few bubble textures suggest that
the lava dome surface was degassed and solidified prior
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to disruption and ejection. The pre-explosion gas pres-
sure (Py) would therefore have had to overcome a bulk lava
strength consisting of the yield strength of the molten in-
terior and the tensile strength of the solid exterior of the
lava dome. For previously studied vulcanian explosions, it
was demonstrated that explosion pressure is on the order
of 1-10 MPa, entirely compatible with the expected range
of tensile strengths of caprock materials (e.g., Nairn and
Self, 1978; Self et al., 1979; Fagents and Wilson, 1993).
Field examinations of hot dacitic lava blocks have indicated
that their strengths may be low. These blocks were easily
shattered by blows from a hammer (Mt. St. Helens, Mel-
lors et al., 1988; Mt. Unzen, Sato et al., 1992). In fact,
fragmented and shattered ballistic blocks that we surveyed
also indicate that the strength of dome lava was very low
(Fig. 5(b)). These lower strengths may be attributed to ther-
mal stresses, trapped residual gas, or high strain caused by
the presence of a large proportion of crystals (30 vol.% in
the Shinmoedake case, Suzuki et al., 2013a) within the vis-
cous melt. It follows that caprock consisting of hot juve-
nile material should display similar failure properties. The
strength of silicic magma is not well constrained, but is
likely to be within 1-10 MPa (Romano et al., 1996) and
may be reduced by the presence of crystals and bubbles
caused by local stress amplification (Spieler et al., 2004).
Thus, it may be argued that maximum tensile strength is
on the order of 10 MPa. Given uncertainties in the bulk
strength of the dome material, we therefore adopted a range
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Fig. 11. Ejection velocity v; (m/s) as a function of confining pressure
(5, 50 MPa) at the source, calculated using Fagents and Wilson (1993).
(a) Relationship between the mass ratio of gas to solid material and
the initial velocity of ballistic ejecta. (b) Relationship between ratio of
caprock to gas region height and initial velocity (v;) of ballistic ejecta,
assuming a large pressurized gas cavity enclosed by a solid caprock.
Two extreme cases of initial conditions (solid lines for 2400 kg/m> and
970°C, and broken lines for 2100 kg/m3 and 770°C) were examined for
every confining pressure.
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of initial pressure Py = 5-50 MPa. Although this choice
of pressure is arbitrary, it allows us to bracket the range of
plausible explosion pressures.

Applying a theoretical model of vulcanian explosion (Fa-
gents and Wilson, 1993) and taking an initial velocity 240—
290 m/s, the mass ratio of gas (m,) to solid material () at
the source is estimated to be 0.04—0.1 for an initial pres-
sure 5-50 MPa (Fig. 11(a)), where we assumed that the
gas temperature is almost the same as the magma tempera-
ture (970°C) or much lower (770°C), and that the density of
ejecta is 2100 or 2400 kg/m>. In Fig. 11(a), results for two
extreme cases are shown for each initial confining pressure.

A mass ratio of gas to solid material (m,/m;) is estimated
by Eqgs. (§) and (6), if we assume a large pressurized gas
cavity with height r; enclosed by a solid caprock with height
re (= ry—r;). For the same variation of gas temperature and
ejecta density as in Fig. 11(a), the ratio of caprock height to
gas region height is calculated to be approximately 0.02—0.2
(Fig. 11(b)). In the calculations, we adopt results that the
initial acceleration of ejecta occurred over a short distance
(less than a few hundred meters), which lie on a range of
error for estimation of the flight distance of ballistic ejecta.

6. Discussion

The initial velocity of ballistic ejecta was estimated to be
240-290 m/s. This value does not contradict previous stud-
ies of vulcanian-type explosions, in which initial velocities
of ballistic ejecta were estimated to be 100-400 m/s (e.g.,
Morrissey and Mastin, 2000; Parfitt and Wilson, 2008). For
the Sakurajima volcano in Japan, those for representative
vulcanian explosions in 1982-1987 were estimated to be
110-240 m/s, based on analyses of ballistic trajectories, and
the explosion pressure was constrained to be 14—63 MPa
(Iguchi et al., 1983; Ishihara, 1985, 1990). For the Soufriere
Hills volcano, Montserrat, ballistic ejecta of the explosion
on 17 September, 1996, was expelled with a velocity of 180
m/s and an explosion pressure of 27.5 MPa (Robertson et
al., 1998). Druitt et al. (2002) and Formenti et al. (2003)
estimated the exit velocities of jet accompanying ballistics
at <150 m/s and the initial pressure at a few to 10 MPa for
other vulcanian explosions at the Soufriere Hills volcano.
Our estimation of the initial velocity of ejecta for the Shin-
moedake explosion is almost equivalent to the maximum
case for the Sakurajima volcano and higher than examples
from the Soufriere Hills volcano.

It is noteworthy that the initial velocity of ballistic ejecta
is not correlated with eruption scale, such as erupted vol-
ume and plume height. For typical vulcanian explosions ac-
companying ballistic ejecta at the Soufriere Hills volcano,
the plume height reached >10 km above sea level, and the
erupted volume was on the order of 10° ~ 10° m* (Robert-
son et al., 1998; Druitt et al., 2002). On the other hand,
for the vulcanian explosion at Shinmoedake on 1 Febru-
ary, 2011, the plume height was ~7 km above sea level
(based on Doppler radar observation, Shimbori and Fukui,
2012) and the erupted volume was probably on the order of
10* m3. Explosion events in Soufriere Hills created large
plumes sustained by a gas stream, and a large amount of
vesicular magma was erupted from a deeper part of the
conduit (a depth of 0.5-2 km or more; Druitt et al., 2002;
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Formenti et al., 2003). The explosion at Shinmoedake vol-
cano was more violent, but with a smaller volume and lower
plume height. Ejected material was probably derived from
the lava dome itself. The difference between these explo-
sion styles indicates two end-member types of vulcanian ex-
plosion (McBirney, 1973): ‘cannon-like’ (for Shinmoedake
volcano) and ‘gas-stream’ (for Soufriere Hills volcano).

A noticeable observation for the explosion at Shin-
moedake volcano was that the jet angle of the explosion was
very low (20—40°) and directed toward the east and west
(Fig. 2). This type of low-angle jet is likely to reflect the
source depth. Ohba et al. (2002) studied the relationship
between shapes of explosion clouds, explosion energies (J)
and scaled depths that are defined as the explosion depth di-
vided by the cube-root of the explosion energy (m/J'/?). In
their experiments, funnel-shaped, low-angle jets were ob-
served in shallow-depth explosions. Since cloud shapes
were similar at the same scaled depths, they asserted that the
scaling law is a good approximation for the shapes of explo-
sion clouds. The scaling arguments for explosion phenom-
ena are useful to constrain the source parameters, so that
they were applied to some examples of volcanic explosions
(e.g., Yokoo et al., 2005). Based on a comparison between
the shape of the observed eruption cloud (Fig. 2) and the
explosion experiments of Ohba et al. (2002), it is plausible
that the vulcanian explosion source was at a very shallow
depth, where the scaled depth is at least <0.002 m/J'/3.

Although it is not easy to determine the explosion energy
precisely, taking the simplest approach that approximates
a gas region with a pressure vessel, the explosion energy
E can be roughly estimated from the following Brode’s
equation (Baker et al., 1983):

Py— P,
E = v,
y —1

where V' is the volume of a pressure vessel and is calculated
fromV =1/ 3(Q)ri3, assuming a conical-shaped gas region
(Fig. 6(b)). 2 is the solid angle of the cone with an apex
angle 26y, which is the area of a spherical cap on a unit
sphere, so that €2 is written as 2w (1 — cos ). P, is the
ambient atmospheric pressure, and y is the specific heat
capacity ratio. The relationship between explosion energy
and r; and r, for various conditions can be calculated using
Eq. (7). Results for Py = 50 MPa, r./r; = 0.2 and for
Py = 5 MPa, r./r; = 0.02 are shown in Fig. 12(a) and
12(b), respectively, both of which satisfy the initial velocity
of ballistic ejecta (250-290 m/s) and correspond to two
extreme cases of r./r; (Fig. 11(b)). In calculations, 6; was
set to be 20—40°, so that the apex angle 26, is 100-140°.
Even if we assume isentropic, or isothermal, expansion for
a pressurized gas cavity, instead of using Eq. (7), the results
are of the same order of explosion energy.

Although the explosion crater was not clearly observed
at the dome surface, the dome height was slightly decreased
and the dome center was covered by blocky lava due to the
explosion. Our interpretation is that the area within a half
of dome diameter (~250 m in maximum) was destroyed
and fragmented by the explosion and the depression was
buried by fallback, because lava wrinkles were still well de-
veloped, except for the dome center. To further constrain

)

F. MAENO et al.: BALLISTICS AND ERUPTION CONDITION OF SHINMOEDAKE VULCANIAN EXPLOSION

T T ,’..-.n/
LN
10"L(a) Ie/s ry
E ' 3
F P, 50 MPa i /
- ' ! -
—_—~ - ' —
D rdr; 0.2 Ay
L ol -
> i ' .
6 "
c 13 ’.rl
o 107} : .
S E ' -
r— b L 9
2 L P .
—_ ~ i “
S L u 4
gt ° o
w 3 Sav| &/ 1
/N ] I
1012 %\’1‘1%\ Q\ m’\
E ¥} 3
C ] Z/ 2
LALALL ' AL A LIl LA L LLLL L
1 10 100
Depth (r,, r,) (m)
T T —TTTTT 7
]
1014 _(b) ate Fs
E ‘ ’t'l E
f P, 5MPa, :
- ' -
= rir;0.02/, I
- L po .
5 i rl.l, I "l
Q N
c 13
o 107°L r :
c F ] -
g - . -
L i .
9 - ) E
-3 oo it ; o [[s .
! Lt K1 ¥ i S/[® 1
] uffu
10" |23 /" | EN LN
E | 3
C | -
W7 sl TN ERET i
1 10 100

Depth (r,, r,) (m)

Fig. 12. Relationship between depth which characterizes the dimension
of the conical-shaped gas region (r. and r) and the explosion energy £
calculated from Brode’s equation. (a) Results for the initial condition
Py = 50 MPa and r./r; = 0.2. (b) Results for the initial condition
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the source condition, we assume that the (hidden) explo-
sion crater was in the area of blocky lava, and also that the
explosion follows the scaling law describing the relation-
ship between explosion energy E and explosion crater size
Deyp, (Goto et al., 2001; Ohba et al., 2002).

The scaling law is written as log Dex, = 0.32log E —
2.06. In order to produce the diameter of the explosion site
(<250 m), E should be < 8 x 10'3 J. Moreover, according
to the relationship between the scaled depth (m/J'/3) and the
scaled distance of the ballistic ejecta (m/J 173 found in field
experiments (figure 4 in Yokoo et al., 2005), the maximum
scaled distance should be 0.2-0.3 m/J'/? when the scaled
depth is <0.002 m/J'/3, which corresponds to near-surface
explosions. Based on this relationship, the explosion energy
produced ballistic ejecta flying at least 3400 m is estimated
to be > 1 x 10'2 J. The estimated range of the explosion
energy (1 x 10> < E < 8 x 10'3) constrains the dimension
of the conical-shaped gas region characterized by r;, r. and
rs through Eq. (7). The depth of the gas region top 7. could
be 4~20 m for Py = 50 MPa (Fig. 12(a)), or 1~4 m for
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Py = 5 MPa (Fig. 12(b)). These depths indicate that the
pressurized gas region was in a very shallow level inside
the lava dome with a thickness of approximately 130 m.

In fact, the mechanism of the violent explosion at Shin-
moedake volcano on 1 February, 2011 is still ambiguous,
because tephra deposit (grain size variation, etc.) and petro-
logical characteristics are not constrained enough. Nev-
ertheless, the estimated physical condition provides infor-
mation of the explosion source. The mass ratio of gas to
solid material, 0.04-0.1, estimated in this study exceeds
the volatile content of andesitic magma beneath the Shin-
moedake volcano (approximately 0.03—0.04 at 115 MPa)
estimated from petrological analyses (Suzuki et al., 2013a).
In fact, the volatile content could be less than 0.03 in a shal-
lower conduit or lava dome. The discrepancy between the
estimated mass ratio and the volatile content may be ex-
plained by vaporization of external water in porous country
rocks in contact with the magma (e.g., Self et al., 1979),
and/or by the concept that excess gas for driving the ex-
plosion is contributed by the degassing and crystallizing
magma body (e.g., Stix et al., 1997; Druitt et al., 2002).

The idea of vaporization of external water is supported
by the geological background that a shallow hydrothermal
system is developed beneath the Kirishima Volcano Group
(e.g., Kagiyama et al., 1996). This is also supported by
the facts that most of the historical explosive activities in
the Shinmoedake volcano is characterized by phreatic and
phreatomagmatic eruptions (Imura and Kobayashi, 2001).
Even for vulcanian explosions at the later stage of the 2011
event, magma-water interaction is suggested based on a mi-
croscopic analysis of ash particles (Suzuki et al., 2013b).
However, this idea is questionable for the 1 February vul-
canian explosion because it is likely that the shallow hy-
drothermal system had been mostly dried up during the sub-
plinian and dome-building stages in January.

The vulcanian activity on 1 February, 2011, was the first
explosive event of a series of transient explosions that con-
tinued over the next several months. The lava dome rapidly
grew in the summit crater within a few days after subplinian
explosions, so the overlying dome might efficiently seal a
vent and prevent gas emission. Although there were some
fumarolic activities on the dome, no open conduit or crater
was observed on the dome surface before 1 February. Ac-
cumulation of gas inside the dome, or near the dome sur-
face, might cause excess pressure. A system where gas and
magma are intermixed is also possible for gas accumula-
tion. With time, pressure eventually increased by further
accumulation of gas and finally overcame the bulk strength
of the lava dome, then catastrophically broke the dome
surface. One of the plausible mechanisms of a pressuriz-
ing lava dome is the exsolution of magmatic volatiles from
rapid microlite growth (e.g., Stix et al., 1997; Druitt et al.,
2002). Even small amounts of crystallization (<20 vol.%)
can produce overpressures of 5-20 MPa, which are suffi-
cient to fracture rocks (Tait ez al., 1989). Detailed petrolog-
ical analyses of dome lava will be needed for further inves-
tigations of this scenario.

A vulcanian explosion from an unconfined, horizontal
dome surface, as observed in Shinmoedake volcano, is
probably common for andesitic volcanoes but has not been
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studied well. Further studies on the mechanism and dy-
namics of this type of vulcanian explosion will be inter-
esting. They should be constrained based on geophysical
observations such as seismic records and acoustic signals
(shock waves), that we did not focus on in this study, as
well as petrological studies on the vesicularity, crystallinity
and volatile content of juvenile material which will be use-
ful to constrain the physical condition of explosion. Deter-
mination of the initial physical condition, such as the initial
velocity and ejection angle of materials, is important not
only to constrain the mechanism and process of the explo-
sion, but also to assess resultant hazards. Impacts of ballis-
tic ejecta is one of the most hazardous phenomena in vul-
canian explosions, as witnessed in recent eruptions at Col-
ima volcano, Mexico (1999), Popocatepetl volcano, Mex-
ico (2003), Asama volcano, Japan (2004), etc. The physical
condition will contribute to the determination of a distri-
bution of ballistic ejecta and their impacts around the vol-
cano quantitatively. The combined approach using geolog-
ical data of ballistic ejecta and modeling results will also
enable making hazard zonation and establishing more so-
phisticated assessments of hazards.

7. Conclusions

Impact craters were created by ballistic ejecta during the
vulcanian explosion of Shinmoedake volcano, on 1 Febru-
ary, 2011. Based on the size of impact craters and a ballis-
tic trajectory model and scaling law for impact crater for-
mation, the initial velocity and impact velocity of ballistic
ejecta were estimated to be 240-290 m/s and 140 £ 20 m/s,
respectively. The mass of ballistic ejecta was estimated to
be 0.8-2 ton for a location 3.4 km distant, and 1.2-3.2 ton
at a location 3.1 km distant. The gas mass fraction at the
source was calculated to be 4-10 wt.%, using a theoretical
model of vulcanian explosion. This fraction is larger than
the petrologically-estimated value for pre-eruptive magma
(0.03-0.04 at 115 MPa, Suzuki et al., 2013a). Assuming a
large pressurized gas cavity enclosed by a solid caprock, the
ratio of caprock height to gas region height was computed to
be 0.02-0.2. Low-angle jets of the vulcanian explosion and
the estimated depth and size of the gas region indicate that
the explosion occurred at a very shallow depth inside the
lava dome. The observation and results imply that segre-
gation and accumulation of gas in a shallow conduit played
a role in increasing excess pressure prior to the vulcanian
explosion.
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Appendix A. Physical Parameters and Governing
Equations Used in Eject!
This appendix briefly summarizes the physical param-
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eters and governing equations used in the Eject/ model
(Mastin, 2008). In this model, blocks in flight are subjected
to forces (F') of drag against the ambient air, and of gravity.
The governing equations in the horizontal (x) and vertical
(z) directions are written as:

dv, F, —V,paVACy
=—=——, (A1)

dt m; 2m;

dvz F: _vzpavACd Pi — Pa

- ~g . (A2

dt  m; 2m; Pi

where p, is the air density, p; is the density of the ballistic
block (=impactor density), A is the cross-sectional area
of the block, C, is the drag coefficient on the block, m;
is the mass of the block (impactor), g is the gravitational
acceleration, v is the block’s velocity and ¢ is time. The
effect of a horizontal tailwind of velocity on block motion
is introduced into v, and v in both Eqgs. (A.1) and (A.2). The
impact angle and velocity are also calculated from these
equations.

The air density (p,) varies with elevation and is recalcu-
lated at each point in the trajectory using the equation for a
perfect gas. The density of the ballistic block (p;) is fixed as
2100 or 2400 kg/m? in this study. A depends on the shape
and mass (or density) of the block, A = d? (where d is the
length of a side) for high-cubes in which one face is per-
pendicular to the flow direction, and V/3d? for low-cubes
oriented with a corner at the leading edge. For a sphere,
(1 /4)71(112 (where d is diameter) is used. C, varies with
two dimensionless parameters: Reynolds number (Re) and
Mach number (M). Eject! calculates Re (= p,vd/n) and
M (= v/c) and determines C; at each point in the trajec-
tory, where 7 is the air viscosity calculated taking an atmo-
spheric temperature based on the empirical relation and c is
the sound speed in air.
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