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Abstract 

The 2014 Mount Ontake eruption started just before noon on September 27, 2014. It killed 58 people, and five are 
still missing (as of January 1, 2016). The casualties were mainly caused by the impact of ballistic blocks around the 
summit area. It is necessary to know the magnitude of the block velocity and energy to construct a hazard map of 
ballistic projectiles and design effective shelters and mountain huts. The ejection velocities of the ballistic projectiles 
were estimated by comparing the observed distribution of the ballistic impact craters on the ground with simulated 
distributions of landing positions under various sets of conditions. A three-dimensional numerical multiparticle bal-
listic model adapted to account for topographic effect was used to estimate the ejection angles. From these simula-
tions, we have obtained an ejection angle of γ = 20° from vertical to horizontal and α = 20° from north to east. With 
these ejection angle conditions, the ejection speed was estimated to be between 145 and 185 m/s for a previously 
obtained range of drag coefficients of 0.62–1.01. The order of magnitude of the mean landing energy obtained using 
our numerical simulation was 104 J.
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Introduction
Ballistic projectiles are ejected during explosive erup-
tions, follow a parabolic trajectory in the air that is mini-
mally affected by wind, and ultimately land on the ground 
(Wilson 1972). These blocks can cause significant dam-
age, such as penetrating roofs (Blong 1981, 1984; Ui et al. 
2002), demolishing mountain huts, injuring humans 
(Blong 1984; Baxter and Gresham 1997), and causing fires 
if they are still hot when they land (Pistolesi et al. 2011). 
Our work on deducing the ejection conditions of ballis-
tic projectiles and estimating their landing velocity and 
energy is useful for reducing the risk of damage caused by 
ballistic blocks ejected during volcanic eruptions.

The phreatic eruption of Mount Ontake, located in 
central Japan, began at 11:52 a.m. on September 27, 2014. 
The eruption left 58 people dead, and five people are 
still missing (as of January 1, 2016). The high number of 

casualties was the result of the numerous hikers around 
the summit area. According to the October 18, 2014, 
issue of the newspaper Shinano Mainichi Shimbun, there 
were at least 340 people around the summit area at the 
start of the eruption. The weather was fine, and people 
had arrived to enjoy the beautiful view of the colored 
autumn leaves on the mountain (Shinano Mainichi Shim-
bun Newspaper, October 18, 2014). Figure  1 shows a 
map of Mount Ontake and the surrounding area, and the 
numbers on the map indicate the number of casualties at 
each site. Nagano Police Office announced that 55 people 
died from lesions (damage from impacts), another died 
from thermal trauma, and the others’ cause of death was 
unknown (Asahi Shimbun Digital on October 27, 2014). 
This implies that most of the casualties were caused by 
impacts from high-speed ballistic blocks. However, not 
all of the locations indicated on the map in Fig.  1 are 
the precise locations where the victims were struck by 
blocks. Some survivors explained that several of the vic-
tims were able to move themselves to other locations 
after they were injured (Shinano Mainichi Shimbun 
Newspaper, March 26, 2015).
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To avoid such a high number of ballistic block-related 
casualties, it is useful to make hazard maps (Crandell 
et  al. 1984; Alatorre-Ibargüengoitia et  al. 2012; MIA-
VITA Team 2012; Fitzgerald et al. 2014), construct shel-
ters around the crater of the volcano, and reinforce the 
roofs of mountain huts (Pomonis et al. 1999). To make a 
hazard map for volcanic ballistic projectiles, it is neces-
sary to estimate the travel distance, landing velocity, and 
landing energy of the ballistic projectiles. Therefore, the 
objective of our project is to estimate the impact veloc-
ity and energy of ballistic projectiles when they land on 
the ground or impact the mountain huts. These estima-
tions would also be useful in the design of shelters and 
the reinforcement of mountain hut roofs.

It is difficult to directly measure the impact speed and 
energy from monitoring data. Furthermore, no video 
equipment was set up in the summit area at the time of 
eruption. Although some hikers shot videos with their 
cameras or mobile phones, the location and time stamps 
of these videos were not clear or required calibration 
(Oikawa et  al. 2016). For this reason, we implemented 
numerical simulations and compared the results with 
the distribution of impact craters to judge which initial 
conditions are most plausible for reproducing the exist-
ing distribution of impact craters. Some input parameter 

values were defined based on field observations or meas-
urements of rocks sampled during the field observation.

Impact craters are often produced when ballistic 
blocks hit the ground. Several studies on impact cra-
ters have been conducted regarding the distribution of 
the ballistic blocks after landing (Fitzgerald et al. 2014; 
Pistolesi et  al. 2008; Maeno et  al. 2013). For the 2014 
Mount Ontake eruption, Kaneko et  al. (2016) stud-
ied the distribution of impact craters of ballistics from 
photographs they took days after the start of the erup-
tion from a journalist’s helicopter. They defined A, B, C, 
and D zones around the vent depending on the number 
of impact craters per 5 m × 5 m. These impact craters 
were visible because they formed on the fine ash layer 
during the eruption. Ballistic blocks were ejected sev-
eral times on 27 September from 11:52 a.m. when the 
eruption started to 12:40 p.m. when the fall of pyro-
clasts ended (Oikawa et  al. 2016). For this reason, the 
distributions obtained by Kaneko et  al. (2016) likely 
exclude some blocks ejected before the ash deposi-
tion. To estimate the ejection speed of the ballistics, 
we compared the ground distribution of ballistic blocks 
simulated using our numerical model with the distri-
bution of the impact craters photographed by Kaneko 
et al. (2016).

The characteristics of ballistic impact crater distribu-
tion featured in Kaneko et al. (2016) were first, it is elon-
gated to the north-northeast direction, and second, the 
farthest impact crater is approximately 1  km from the 
vent around Ninoike pond. This is consistent with our 
field observation that the ballistic blocks that landed 
farthest from the vent were the blocks that fell on the 
Ninoike Honkan hut, which is located north of Ninoike 
pond.

The elongation of the distribution of impact craters 
may have been caused by a combination of an inclined 
ejection and topographic control. Topographic control is 
taken into consideration because the stretched direction 
of the Jigokudani valley is similar to the direction of the 
elongation of impact crater distribution and the eruptive 
vents are in the Jigokudani valley. Thus, the wall of the 
valley might have prevented the ballistic projectiles from 
flying out from the valley in some directions. An inclina-
tion is also considered in our study because no impact 
crater was found in the lower and southwest part of the 
vent (Kaneko et al. 2016). Ballistic blocks hardly drop on 
the south-southwestern slope if the ejection angle has an 
inclination. Although wind is another possible cause of 
this elongation, the wind at the height of the summit was 
weak (approximately 2–3 m/s) according to the weather 
monitoring data of the Japan Meteorological Agency. 
Therefore, it is unlikely that wind materially affected the 
transport of ballistic projectiles.
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Fig. 1 Map of Mount Ontake with approximate positions of casual-
ties based on journal reports (Asahi Shimbun Newspaper, October 27, 
2014, p. 35; Yamanashi Nichinichi Shimbun Newspaper, September 
26, 2015, p. 19). The numbers on the map represent the number of 
casualties at each site. The eruption left 58 people dead, and five 
people are still missing. The locations of the vents were taken from 
the Web site for the Geospatial Information Authority of Japan 
(2014). The position of the vent labeled “Center Vent” was used as the 
ejection position of ballistic blocks in our 3D multiparticle numerical 
simulations
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To clarify the reason for the elongated distribution of 
impact craters and deduce the ejection angles, we used 
our multiparticle three-dimensional numerical model 
which is able to calculate the trajectories and landing 
positions of ballistic projectiles based on the local topog-
raphy. The ejection speed was then estimated based on 
these ejection angles, and once these ejection conditions 
were obtained, the ballistic landing velocity and energy 
was calculated.

Numerical models of ballistic projectiles have been 
developed since the 1940s. Minakami (1942) used an 
analytical ballistic equation to estimate the ejection 
speed of the 1937 Asama eruption. Wilson (1972) formu-
lated a discretized numerical model for the trajectories 
of pyroclasts for the first time. Using a phreatomagmatic 
eruption as an example, Self et  al. (1980) estimated an 
ejection velocity of 100–150  m/s for the 1977 Ukinrek 
Maars eruption. After these early studies, single-particle 
models mostly considered the drag effect of a vulcanian 
explosion (Fagents and Wilson 1993) or that of an erup-
tion with a volcanic jet (Bower and Woods 1996). In 
the 2000s, some studies were dedicated to multiparticle 
numerical models (Saunderson 2008; de’Michieli Vitturi 
et al. 2010). Recently, Tsunematsu et al. (2014) proposed 
a numerical model with interparticle collisions but with-
out drag. This model was the first to describe the two-
dimensional (2D) deposited particle distribution on the 
ground, making the output data much more suitable for 
application to hazard maps. This study aims to calcu-
late the particle trajectory and three-dimensional (3D) 
distribution on the ground, considering drag and topo-
graphic effects. Therefore, this model is adapted to eval-
uate the topographic effect which is not accounted for 
other numerical models. Using this improved numeri-
cal model, we estimated the ejection conditions and 
the landing velocity and energy of ballistic projectiles 
released during 2014 Mount Ontake eruption.

Methods
Our multiparticle numerical ballistics model consists of 
two calculations to determine the velocity and transport 
of the ballistic particles. The velocity equation is written 
with vectors for all directions as (Alatorre-Ibargüengoitia 
and Delgado-Granados 2006)

where m is the mass of a ballistic block, A is the cross-
sectional area of the block perpendicular to the flow 
direction, CD is the drag coefficient, ρa is the air density, 
g is the acceleration due to gravity, v is the velocity of the 
block, and u is the velocity of the ambient gas flow. The 
velocity equation is solved for each particle, location, 

(1)m
D�v

Dt
= −

ACDρa(�v − �u)|�v − �u|

2
−m�g ,

direction, and time step. Then, the transport of ballistic 
particles is calculated using the Lagrangian method as

where r is the location of each block and Δt is the time 
step, which is constant throughout the simulation. 
All particles are assumed to be spherical. The particle 
velocity was calculated using the explicit Runge–Kutta 
method.

In the proposed multiparticle model, parameter values 
are set based on certain distributions, including the uni-
form, Gaussian, and power-law distributions. However, 
to reveal the effect of the parameter value, most param-
eters were set as constants in the simulation. The input 
parameters related to the properties of the particles are 
the particle diameter, particle density, and drag coeffi-
cient. Among these particle properties, only the particle 
density is set using the Gaussian distribution; the particle 
diameter and drag coefficient are given constant values. 
Other input parameters describe the ejection conditions; 
these include the ejection speed and the polar angle θ 
and azimuthal angle φ of the ejection velocity ve (Fig. 2a). 
When a group of particles are ejected with a certain incli-
nation, the ejection axis for the group can be defined by a 
rotation angle γ from the vertical axis (Fig. 2b). The group 
is also given a certain planar direction using the direc-
tion angle α, which is defined with respect to north and 
increases as the direction rotates toward the east, i.e., 
clockwise (Fig.  2c). Only a single instantaneous burst is 
considered in the simulation because it is impossible to 
recognize which impact crater was made by the first or 
second ejection pulse. Another parameter called the 
“gas flow effect range” Lf was used in the simulation to 
reproduce the gas ejected from the vent (Fig.  2d). This 
parameter is introduced to more realistically represent 
an explosion, in that the flow of the ejected gas, if within 
a certain range from the vent, likely affects particles. All 
parameters input into the simulation are given in Table 1. 
The method for obtaining the value of each parameter is 
explained in the remainder of this section.

Drag coefficient
The drag coefficient CD, which is included in Eq.  (1), is 
one of the most important parameters. The drag coef-
ficient for a volcanic particle is strongly dependent on 
its shape (Wilson and Huang 1979) and Reynolds num-
ber (Mastin 2001; Alatorre-Ibargüengoitia and Del-
gado-Granados 2006; de’Michieli Vitturi et  al. 2010). 
It is also dependent on its Mach number Ma if the flow 
is compressible and if Ma  >  0.7 (Mastin 2001; Alatorre-
Ibargüengoitia and Delgado-Granados 2006). Alatorre-
Ibargüengoitia and Delgado-Granados (2006) measured 
the drag coefficient for ballistic blocks by conducting 

�r = �r0 + �v ·�t,
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wind tunnel experiments. They set the flow velocity to 
approximately 20  m/s, and the particles were blown by 
this flow in the wind tunnel. From these experiments, 
they obtained an average drag coefficient of 0.8, with 
the results of individual experiments ranging from 0.62 
to 1.01. This measurement was conducted in a hori-
zontal wind tunnel, and it was possible to mediate the 
effects of gravity, which usually create some noise in the 
measurement. Furthermore, the Reynolds number was 
kept within the turbulent range at all times, and drag 
separation was assumed not to occur during the experi-
ment. Therefore, this range can be assumed to accurately 
represent the range of possible drag coefficients for the 
ballistic blocks. Recently, many other models have been 
proposed for calculating the drag coefficient consider-
ing different particle shapes (Dellino et al. 2005; Bagheri 
et al. 2013). Because these models focus only on volcanic 

ash particles and do not consider the effects of the Mach 
number, they are not applicable to the calculation of our 
ballistic blocks.

Therefore, to determine the best fit for the ejection con-
ditions, such as the rotation angle (γ), direction angle (α), 
and ejection speed, the average drag coefficient CD = 0.8 
obtained by Alatorre-Ibargüengoitia and Delgado-Gra-
nados (2006) was mainly used. Possible ranges for the 
ejection speed, landing velocity, and landing energy were 
then discussed by varying the drag coefficient within the 
range of 0.62–1.01 obtained in the individual experi-
ments by Alatorre-Ibargüengoitia and Delgado-Granados 
(2006).

The gas flow may affect the particle transport when the 
explosion occurs, especially around the vent. To assess 
this effect, the gas flow velocity around the vent was 
included in the simulation. The range in which the gas 
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flow may affect the particle transport (Fig. 2d) is the dis-
tance from the ejection position in which the flow veloc-
ity is included in the particle velocity calculation. This is a 
type of drag effect, as the flow velocity is implemented in 
the drag term of Eq. (1).

The gas flow effect range was set to 100 m for all simu-
lations because the pyroclastic cone that formed around 
the center vent was approximately 200 m in diameter 
(vent “J4” of Fig. 2 in Kaneko et al. 2016). This suggests 
that the explosive gas flow affected the particles within 
this area. However, the gas flow effect range is outside 
the scope of this study because the objective of this study 
is to ascertain which parameters significantly affect the 
ejection and landing conditions. In fact, the gas flow 
effect range changes less than 10  % of maximum travel 
distance when it is doubled in our trial simulation.

Particle density
For the initial conditions of our model, the particle den-
sity was measured in a laboratory. Five blocks were sam-
pled by the joint observation group of the 2014 Mount 
Ontake eruption. Six rock samples, which were obtained 
by the members of the Joint Survey Team of the Japa-
nese Coordinating Committee for Prediction of Volcanic 
Eruptions, were weighed in ambient air and in water. 
Then, the density was calculated based on the method by 
Shea et al. (2010) but without wrapping film because our 
samples were not overly vesiculated. Furthermore, the 
blocks were not cut into pieces, as the purpose of obtain-
ing the particle density was to apply the values of the 
complete block to the numerical simulation.

The densities of the five samples ranged from 2020 
to 2700  kg/m3, and the average density was 2283  kg/

m3. Therefore, the mean density and its standard devia-
tion were set to 2300 and 300 kg/m3, respectively, in our 
simulator.

Particle diameter
The lengths along the three axes of the rocks sampled 
around the summit area were measured, and the arith-
metic and geometric means (Biass and Bonadonna 2011) 
of these three dimensions were calculated for each rock. 
The average of the arithmetic means was 17.4 cm with a 
standard deviation of 8.1 cm, and the average of the geo-
metric means was 16.8 cm with a standard deviation of 
8.1 cm.

During our field observation, the diameter of the larg-
est block we found was 70 cm, and particles of 10 cm in 
diameter were found on the wall of the mountain hut. 
Blocks that penetrated the roofs of mountain huts were 
approximately 20 cm in diameter.

Based on our direct measurement of the sampled 
blocks and the field observation, the most damaging par-
ticles in the 2014 Mount Ontake eruption were those of 
20 cm in diameter. Thus, we used only 20-cm particles to 
investigate the ejection conditions and estimate the land-
ing velocity and energy.

Vent position and ejection points
Several vents opened on September 27, 2014, according 
to reports by the Geospatial Information Authority of 
Japan (GSI) and Kaneko et  al. (2016). Based on photo-
graphs of the summit area (Asahi Shimbun Newspaper, 
September 28, 2014; Kaneko et  al. 2016), only one vent 
located in the center of these vents emitted an ash-laden 
plume, whereas the others emitted only steam-domi-
nated plumes. The location of this center vent is shown 
in Fig. 1. We infer that the center vent was the only vent 
associated with the ejection of solid material by an ash-
laden plume. Moreover, there is a pyroclastic cone in 
the south slope of the vent labeled “J4” by Kaneko et al. 
(2016), which corresponds to our center vent. This pyro-
clastic cone suggests that the center vent emitted ballis-
tic blocks. Therefore, the center vent was set as the only 
vent that ejected ballistic blocks in our simulation. The 
location of the center vent was taken from the polygon 
file provided on the GSI Web site (Geospatial informa-
tion authority of Japan 2014), and its center was used as 
the ejection position of the ballistic blocks. Although our 
ballistic simulator can accept multiple ejection positions, 
only one position was used to focus on the effects of the 
topography and the ejection direction on the distribu-
tion of deposited particles. The center vent and two other 
vents were in the Jigokudani valley (Kaneko et al. 2016). 
The Jigokudani valley runs from northeast to south-
west. The shape of this valley and the ejection position 

Table 1 Input parameters, variable names, and values

In this model, the particle density and polar angle values are randomly selected 
from a Gaussian distribution with the given means and standard deviations 
(std), and the azimuth angle is randomly selected from a uniform distribution 
with a range of 0°–360°

Parameter name Notation Value

Particle diameter (m) Dp 0.2

Drag coefficient CD 0.0–1.2

Particle density (kg/m3) ρp Mean = 2300
Std = 300

Particle ejection speed (m/s) ve 100–200

Polar angle (°) θ Mean = 0
Std = 15

Azimuth angle (°) φ Uniform distribution 0–360

Rotation angle from the vertical 
axis (°)

γ 20–80

Direction angle from north to 
east (°)

α 10–30

Gas flow effect range (m) Lf 100
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may have strongly affected the transport of the ballistic 
blocks.

Digital elevation model
To include the effect of topography, we used the digital 
elevation model (DEM), which was downloaded from the 
Web site for the National Land Numerical Information 
Download Service (National Land Information Division, 
MILT, Japan, 1974–2014). The DEM segments the land 
in a grid of 10  m in longitude and 10  m in latitude. Its 
coordinate system was the World Geodetic System 1984 
(WGS84), and the coordinates were expressed as sets of 
latitude and longitude. The DEM based on WGS84 was 
converted into the Universal Transverse Mercator (UTM) 
coordinate system with the Geospatial Data Abstraction 
Library (GDAL) software using the bilinear method. This 
method is the recommended method for converting from 
WGS to UTM coordinates because of its small artifact in 
this type of conversion (Price 2013).

Results and discussion
Our multiparticle simulation calculated the trajectories 
of each particle using the DEM with given ejection con-
ditions (Table 1; Figs. 3, 4, 5, 6, 7, 8). To investigate the 
ejection conditions, simulations were first conducted 
with various direction and rotation angles. Simulations 
were then performed with the direction and rotation 
angles that best matched the observed particle dispersion 
to assess the effect of the drag coefficient and ejection 
speed on the deposition of ballistic blocks.

Direction angle
According to Fig.  6 of Kaneko et  al. (2016), the distri-
bution of impact craters was elongated in the north-
northeast direction. This elongation direction roughly 
measured on the map was approximately 17° from north. 
Presumably, the reasons for this elongation are the incli-
nation of the ejection axis and the topographic control 
around the vent. Therefore, simulations with various 
direction angles α (Fig. 2c) were first conducted. Figure 4 
shows the simulated distributions of deposit particles 
for direction angles of α = 10°, 20°, and 30°. The result-
ing particle distributions were confined along the eastern 
edge, especially in the case of a direction angle of α = 30°. 
The level of confinement decreased as the ejection direc-
tion shifted northward. Conversely, the distribution of 
deposited particles on the western side was dispersed.

During our field observation, we found several ballis-
tic blocks that had penetrated the roof of the mountain 
hut Otaki Chojo Sanso (Cabinet Office, Japan 2015), and 
some hikers were hit by a shower at Otaki Chojo (Shi-
nano Mainichi Shimbun 2015). Furthermore, many large 
blocks were dispersed along the Hacchodarumi trail 

(Oikawa et  al. 2016). However, in the simulation with a 
direction angle of α = 30°, no particle reached the Otaki 
Chojo Sanso hut or the Hacchodarumi trail (Fig.  4c). 
Conversely, many particles reached the Otaki Chojo 
Sanso hut and the Hacchodarumi trail when the direc-
tion angle was set to α = 20° (Fig. 4b). When the direc-
tion angle was set to α =  10° (Fig.  4a), fewer particles 
were deposited in the area around the Hacchodarumi 
trail, and more particles were deposited in the northwest 
of Ichinoike depression, where few impact craters were 
found in aerial observations (Kaneko et al. 2016). Given 
these results, the simulation with a direction angle of 
α = 20° best reproduced the actual distribution of depos-
ited ballistic blocks.

Rotation angle
The rotation angle γ (Fig.  2b) was then varied to assess 
the effect of the inclination of the ejection axis. Simula-
tions were conducted with the rotation angle varying 
from γ = 20° to 80° (Fig. 5). The dispersion of the depo-
sition decreased with increasing rotation angle, i.e., with 
increasing ejection axis inclination. The particle distribu-
tion in the Ichinoike depression was concentrated in the 
northeastern part when the rotation angle was between 
γ = 40° and 80° (Fig. 5b–d). The cause of this inhomoge-
neity may be the uphill slope on the western side of the 
Ichinoike depression. When the particles were ejected 
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northeastward, some particles could not go beyond the 
southwestern ridge of the Ichinoike depression and were 
thus deposited on its southwestern slope. Other particles 
which were able to go beyond that slope were deposited 
in the northern region of the Ichinoike depression. Thus, 
only a small number of particles ejected with a rotation 
angle of γ = 80° were deposited in the Ichinoike depres-
sion (Fig. 5d).

Based on the photographs taken by Kaneko et  al. 
(2016), impact craters were homogeneously dispersed 
in the Ichinoike depression. Among the results shown in 
Fig. 5, only those of the simulation with a rotation angle 
of γ = 20° show a homogenous dispersion of the depos-
ited particles in the Ichinoike depression. As stated in 
the previous section, many ballistic blocks fell along the 
Hacchodarumi trail and around the Otaki Chojo Sanso 
hut during the actual eruption. In the simulations with 
rotation angles of γ = 40°, 60°, and 80°, few particles were 
deposited around the Hacchodarumi trail and the Otaki 
Chojo Sanso hut. Thus, the rotation angle that yields the 
distribution most closely resembling the observation is 
γ = 20° from the vertical axis.

Ejection speed
Because the air drag on the particles was difficult to esti-
mate, as described in Introduction, we performed simu-
lations with various drag coefficients.

In Fig.  6, the 99th percentile of the travel distance is 
plotted for particle ejection speeds ranging from 100 to 
200  m/s and drag coefficients ranging from 0.0 to 1.2. 
In theory, to consider the maximum travel distance, the 

100th percentile of the travel distance should be calcu-
lated from the simulated deposition locations. However, 
in some cases, an outlier particle travels much farther 
than other particles. To reduce the influence of outlier 
particles, the 99th percentile was used to show the long-
est travel distance. To calculate the 99th percentile of the 
travel distance, the travel distances of the ejected parti-
cles were measured from their distances from the vent. 
When the number of counted particles reached 99 % of 
the total number of particles, this particle’s travel dis-
tance was defined as the 99th percentile of the travel 
distance.

In Fig.  6, the different lines show the results of simu-
lations with different drag coefficients CD, and the black 
dashed line shows the largest observed distance between 
an impact crater and the center vent, which is approxi-
mately 1000  m (Kaneko et  al. 2016). Thus, the ejec-
tion speed that is read from the intersections between 
the black dashed line and the solid colored lines gives 
the estimated ejection speed for each considered drag 
coefficient.

Assuming the drag coefficient was in the range of the 
experimental results obtained by Alatorre-Ibargüengoitia 
and Delgado-Granados (2006), which is 0.62–1.01, the 
estimated ejection speed was between approximately 145 
and 185 m/s. This estimation is based on the assumption 
that no particle was transported by the plume. However, 
there were many photographs showing plumes between 
11:52 a.m. and 12:40 p.m. when pyroclasts were falling 
(Oikawa et  al. 2016), and the ballistic blocks may have 
been blown upward by the plume. The travel distance 
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Fig. 4 Simulated distributions of deposited particles with direction angles of a α = 10°, b α = 20°, and c α = 30°. Numerical simulations were per-
formed with an ejection speed of ve = 150 m/s, a rotation angle of γ = 20° from the vertical axis, and a drag coefficient of CD = 0.8. Each simulation 
used 3000 particles. Black lines in the map are the boundaries of the zones based on the concentration of impact craters, as reported by Kaneko 
et al. (2016) in order to compare simulated particle distribution with actual distribution of ballistic impact craters. Zone A is the area inside line 1. 
Zone B is the area between lines 1 and 2. Zone C is the area between lines 2 and 3. Zone D is the area outside the line 3



Page 8 of 11Tsunematsu et al. Earth, Planets and Space  (2016) 68:88 

may have increased if the ballistic blocks were affected by 
the uprising plume. Therefore, the model could be over-
estimating the ejection velocity.

In contrast, Kaneko et al. (2016) estimated an ejection 
speed of 108 m/s using the program Eject! because they 
used a drag coefficient of approximately 0.1 based on the 
temperature at sea level (25  °C) and the thermal lapse 
rate (6.5  °C/km). To illustrate that our model is consist-
ent with Eject!, the ejection speed was estimated to be 
approximately 110 m/s in the case of CD = 0.1 as shown 
in Fig. 6. Given that the variation in the estimated ejection 
speed with a varying drag coefficient is large, defining the 

drag coefficient is very important for discussing the travel 
distances of ballistic projectiles. In addition, the effects of 
the plume or gas velocity should be seriously considered 
in numerical simulations in future studies.

Landing velocity and energy
Figures  7 and 8 show the mean landing velocity and 
energy, respectively. To estimate the landing velocities 
and energies, only drag coefficients in the range of 0.6–
1.2 were used based on the range obtained by Alatorre-
Ibargüengoitia and Delgado-Granados (2006). The mean 
landing velocity was calculated based on the simulation 
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Fig. 5 Simulated distributions of deposited particles with rotation angles of a γ = 20°, b γ = 40°, c γ = 60°, and d γ = 80°. Numerical simulations 
were performed with an ejection speed of ve = 150 m/s, a direction angle of α = 20° from the north, and a drag coefficient of CD = 0.8. Each simula-
tion used 3000 particles. Black lines are the boundaries of the impact crater zones, as reported by Kaneko et al. (2016) (see the caption of Fig. 4)
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results for 10,000 particles with the estimated rotation 
angle γ  =  20° and direction angle α  =  20°. The mean 
landing velocities with all considered drag coefficients 
were lower than the ejection speeds (Fig.  7). The parti-
cle velocity was significantly reduced by the drag effect in 
our simulations.

Based on our estimation of the ejection speed in the 
previous section, the ejection speeds were approximately 
ve = 145 and 185 m/s with drag coefficients of CD = 0.62 
and 1.01, respectively. In Fig. 7, the results for CD = 0.6 
and 1.0 at ejection speeds of 145 and 185 m/s give mean 
landing velocities of 83 and 85 m/s, which correspond to 

299 and 306 km/h, respectively. These landing velocities 
are smaller than the ejection velocities estimated with the 
given drag coefficients because the drag reduces particle 
velocity.

The mean landing energy was also calculated based on 
the simulation results with 10,000 particles. The landing 
energy was calculated as

where El is the landing energy and vl is the landing veloc-
ity. Based on Fig. 8, the landing energy was estimated to 
be 3.8 × 104 and 4.5 × 104 J for ve = 145 m/s and CD = 0.6 
and for ve =  185  m/s and CD =  1.0, respectively. These 
energies are the same order of magnitude (104 J) as the 
critical value of ballistic blocks penetrating the reinforced 
concrete (RC) roof, as estimated by Spence et al. (2005). 
Spence et  al. (2005) also presented a plot of the critical 
energy of ballistic blocks penetrating a plywood roof and 
demonstrated that the order of magnitude of this energy 
is in the range of 102–103 J. All huts around the summit 
area of Mount Ontake are made of wood, and the ener-
gies estimated by our simulations are much larger than 
the critical energy required to penetrate a wooden roof. 
Therefore, in theory, most blocks would have penetrated 
the roofs of the mountain huts. However, some 20-cm 
blocks did not fully penetrate the roofs they struck and 
were still lodged in the roofs when we investigated the 
huts around the summit area. The mean value of par-
ticle mass is 9.6  kg calculated based on the mean value 
of density of 2300  kg/m3 and the particle diameter of 
0.2  m assuming that the particles are spherical. If the 
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particle diameter is 0.1  m, the particle mass would be 
1.2  kg. Thus, the landing energy could be roughly one 
order smaller if the particle size is half because the land-
ing energy is proportional to the particle mass as shown 
in Eq. (2). It is possible that some particles are not pen-
etrated the roofs because the particle size was small and 
the impact energy was also so small that the particle did 
not penetrated the roof.

Spence et al. (2005) did not discuss whether the energy 
is dependent on the particle size; however, it should be 
noted that the energy likely varies with the particle size, 
as the drag term in Eq. (1) depends on the particle mass 
and the cross-sectional area of the block. So far, crite-
ria for roof penetration can be found only in studies by 
Blong (1984), Pomonis et  al. (1999), and Spence et  al. 
(2005), and similar values were found in all three studies. 
To discuss the possibility of roof penetration, more real-
istic critical values must be derived from observations or 
laboratory experiments (Williams 2016).

Furthermore, our estimation did not consider varia-
tion in the block size, and we ignored the possibility of 
particles being blown upward by volcanic plumes or the 
blasts, which may have affected the transport of blocks. 
One future objective may be to find the block size distri-
bution on the ground and combine our ballistic model 
with a plume or blast model to obtain a more realistic 
estimation of the landing energy.

Conclusions
Using a 3D numerical multiparticle model of ballistic 
blocks, the ejection conditions of the 2014 Mount Ontake 
eruption, such as particle speed and rotation and direc-
tion angles, were estimated by comparing the simulated 
landing position distributions obtained using various sets 
of conditions with the distribution of ballistic impact cra-
ters obtained by Kaneko et al. (2016). The mean landing 
velocity and energy were then calculated for a range of 
possible drag coefficients using the estimated ejection 
conditions.

The topographic control is considered with our modi-
fied numerical model, and a rotation angle of γ  =  20° 
from the vertical axis and a direction angle of α =  20° 
from the north were successfully derived by comparing 
our simulated particle distribution with the shape and 
axis of distribution of the impact craters observed by 
Kaneko et al. (2016).

The ejection speed was determined to be between 145 
and 185  m/s for drag coefficients ranging from 0.62 to 
1.01; this range was proposed by Alatorre-Ibargüengoitia 
and Delgado-Granados (2006) based on their laboratory 
experiments. The mean landing velocity is always lower 
than the ejection speed, and the estimated mean landing 
velocity of 10,000 particles with ejection speeds ranging 

from 145 to 185  m/s was found to be between 83 and 
85 m/s. The simulated mean landing energies were larger 
than the critical energy of roof penetration for a plywood 
roof, and the value ranged from 3.8 × 104 to 4.5 × 104 J.

These values, estimated by comparing the simulated 
distribution of deposited particles with the observed dis-
tribution of impact craters, do not consider all the ballis-
tic projectiles released from the vent of the 2014 Mount 
Ontake eruption because the impact craters were formed 
after fine tephra was deposited on the ground, which may 
have occurred after the initial ejection of ballistic blocks.
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