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This study examines magma ascent processes of three basic types prior to intermittent explosions such as
Vulcanian or Strombolian types: specifically their relations to volcano ground deformation. Such repetitive
explosions eject magma from an open conduit at short time intervals. Consequently, magma pressure is
expected to decrease at the conduit and/or reservoir, and thereby deflate the volcano. Then, magma within
the conduit rises, exerting normal and shear stresses on the conduit wall, thereby inflating the volcano.

:fgﬁgdgéformation Diffusive mass transfer of water molecules from the melt to bubbles might occur subject to a sudden
eruption depressurization by eruption when magma includes numerous small gas bubbles. Such gas bubble expansion
open conduit lifts the magma in the conduit. Calculations of ground deformation on a semi-infinite medium for such rising
magma magma show that vertical and radial displacements and tilt motions recorded in the far fields are
gas bubble proportional to the 1.5 power of time. For low-viscosity magma, gas bubbles might rise in the melt because

of buoyancy force. The gas bubbles expand rapidly with time because of decreased ambient pressure,
pushing the magma upward in the conduit. Consequently, the volcano slowly inflates initially; then the rate
of deformation increases over time, eventually engendering a rapid inflation immediately before eruption.
These temporal changes in ground deformations contrast against cases in which magma does not include gas
bubbles. In such cases, amplitudes of ground deformation increase almost linearly or even decrease with
time at far fields. These differences, which are recognized as basic characteristics of temporal changes of
ground deformation, enable us to know the driving forces of magma in an open conduit and to evaluate the
gas bubble behavior quantitatively in magma before eruption.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Behaviors of volatiles included in magma are well known to play
important roles in volcanic activity, eruption styles, and intensities.
For that reason, many theoretical models, numerical calculations,
laboratory experiments, and geologic sample analyses have been
conducted intensively to elucidate volatile behavior. For example,
nucleation and bubble growth processes of volatiles in magma are
represented by equations incorporating physical parameters such as
the melt viscosity, diffusion coefficient of H,0/CO, molecules in the
melt, Henry's constant, surface tension, and confining pressure. These
processes are triggered and accelerated by magma depressurization
and crystallization (e.g., Toramaru, 1989; Prousevitch et al., 1993; Tait
et al., 1989; Lensky et al., 2004; Shimomura et al., 2006). Laboratory
experiments using geologic samples have elucidated the basic
processes of nucleation, gas bubble growth and deformation, and
degassing (e.g., Lyakhovsky et al., 1996; Takeuchi et al., 2005;
Okumura et al., 2006). Theoretical modeling of the conduit flow has
been conducted to characterize macro-scale phenomena of volcanic
explosions and eruptions (e.g., Jaupart and Allégre, 1991; Woods and
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Koyaguchi, 1994; Prousevitch and Sahagian, 1996; Yoshida and
Koyaguchi, 1999; Mason et al., 2006; Ida, 2007).

Volatile behaviors in magma are also discussed using geophysical
data observed at active volcanoes. The cyclic behavior recorded in tilt
records obtained at Soufriere Hills, Montserrat volcano (Voight et al.,
1999), has been examined for nonlinear behavior of conduit flow
attributable to crystallization and gas loss by permeable flow (Melnik
and Sparks, 1999) and viscosity dependence on the volatile contents
of the magma (Wylie et al., 1999). Such periodic behavior that is
displayed by continuous discharges of lava dome eruptions has been
examined also from nonlinear dynamics of conduit flows (Barmin
et al, 2002; Nakanishi and Koyaguchi, 2008). Models including
interaction of gas bubble growth processes with the surrounding
elastic rocks (Nishimura, 2004; Chouet et al., 2006; Shimomura et al.,
2006) enable us to relate microscale phenomena quantitatively with
seismic and geodetic data. Results of those studies suggest pressure
recovery processes in magma subject to sudden depressurization.
Voight et al. (2006), based on analyses of borehole strain meter data,
reported that such pressure recovery might have occurred at Soufriere
Hills, Montserrat when a large amount of lava dome collapsed from
the summit and reduced the static pressure of the magma chamber in
a deep region. Ground deformation immediately preceding volcanic
explosions has also been examined in terms of the gas bubble
expansion process. Nishimura (2006) presented a simple ascent
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model of magma in which gas bubble growth and out-gassing
processes are considered, demonstrating that accelerated ground
inflation precedes volcanic explosions, whereas gradual inflation is
observed during non-explosive eruptions. These characteristics in
temporal changes of ground deformation are recognized at four-fifths
of active volcanoes, such as Mount St. Helens, Merapi, Montserrat, and
Unzen (Dzurizin et al., 1983; Saito et al., 1993; Jackson et al., 1998;
Yamashina and Shimizu, 1999; Voight et al, 2000). The results
reported in those earlier studies strongly suggest that monitoring of
volatile behaviors by geophysical techniques is quite useful not only
to elucidate gas bubble growth mechanisms in magma but also to
predict volcanic explosivity. Moreover, these studies shed new light
on geodetic data that have been used mainly to determine the
locations and sizes of intruded dikes or volcanic pressure sources by
application of a spherical pressure source model (Mogi, 1958) or
tensile dislocation model (Okada, 1992).

Recently, volcano inflations preceding small explosions that occur
repeatedly have been reported at active volcanoes. Iguchi et al.
(2008), by deploying broadband seismometers set at near an active
vent, detected a small inflation of about 50 um that occurs, by a few to
10min, before small Vulcanian explosions at Suwanose-jima in Japan.
Similar miniscule inflations preceding explosions are also detected: at
Sumeru volcano in Indonesia, the repetitive tilt changes by about
0.1 prad, where small Vulcanian explosions occur repeatedly every 5-
10 min (Nishi et al., 2007; Iguchi et al., 2008). At Stromboli volcano in
Italy, Ripepe and Harris (2008) reported a strong tilt component in
broadband seismic signals that show conduit expansions at least 90 s
before the explosion of April 5, 2003. Tiltmeters embedded at about
6 m depth detect tiny changes of upward tilting toward the vent with
an order of 10nrad before small explosions (Ripepe et al., personal
communications). These ground deformations preceding small
Vulcanian and Strombolian explosions at active volcanoes often
seem to show slightly accelerated changes over time. On the other
hand, such characteristics are not included in tilt records observed at
Onikobe geyser (Nishimura et al., 2006). Because the mechanism of
water effusion at geysers (depressurization and boiling) reportedly
resembles that of volcanic eruptions, the difference recognized in the
ground deformations is probably attributable to the different
properties of magma and water. That is, temporal changes in ground
deformations preceding explosions can be useful to understand
internal or microscale processes of magma such as gas bubble growth
and out-gassing.

Because the Vulcanian and Stromboli eruptions repeatedly occur at
short time intervals, the conduit is considered an open system: the
conduit is not closed, even if not filled with magma. Analyses of data
from such repetitive explosions might be useful for understanding the
magma dynamics because huge volumes of data can be obtained during
a short observation period. For example, we can apply statistical tests to
the data and examine models of magma migration in the conduit with
high reliability. Therefore, in this study, relations of magma ascent in an
open conduit to ground deformation are examined. We briefly explain
the relation of ground deformation to magma ascent processes in an
open conduit; subsequently, we formulate the ground deformation
caused by magma in a narrow open conduit following Bonaccorso and
Davis (1999). Temporal changes of ground deformation are affected by
changes in both the strength and location of the pressure source in the
conduit. Consequently, to elucidate relations of the basic process of
magma ascent with ground deformation, we specifically examine three
typical cases of magma ascent processes.

2. Source of ground deformation prior to intermittent volcanic
eruptions from an open conduit

A schematic illustration of volcanic eruption from an open conduit is
presented in Fig. 1. We presume that the volcanic conduit is connected
to a deep magma chamber (not presented in Fig. 1) and that the magma
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Fig. 1. Schematic illustration of eruption from an open conduit.

moves toward the shallow part of the conduit. Magma comprising
viscous melt and numerous gas bubbles is considered to be supplied
constantly from the deep magma chamber. Magma in the uppermost
part of the conduit is ejected within a few tens of seconds to minutes.
Then the magma remaining in the conduit is subjected to sudden
depressurization because of the loss of magma when the eruption
occurs. The pressure wave propagates downward with an acoustic
speed to decrease the magma pressure in the conduit, when the magma
viscosity is low and the conduit radius is large. Magma reservoir is
depressurized by the loss of magma within a relatively short time, and
the pressure drop in the reservoir may be almost the same to that in the
conduit. Hence, new magma supply from deeper parts, where the
depressurization due to the pressure wave caused by eruption is
negligibly small, is necessary for producing the following eruption. On
the other hand, when the magma viscosity is high and the conduit radius
is small, the pressure wave propagation is not a dominant factor to
reduce the magma pressure in the conduit. In this case, the magma
pressure in the conduit gradually decreases due to viscous flow: magma
starts to ascend at the top part in the conduit and then it propagates
gradually into deeper parts. The viscous magma takes a sufficient time to
balance the pressure difference between the top of conduit and deeper
part. In the Appendix, the conditions producing the former and latter
cases are quantitatively discussed by using a simple magma flow model.

Temporal and spatial changes of magma pressure are depicted
schematically in Fig. 2. Magma fills the entire conduit immediately
before eruption so that the magma pressure increases from a shallow
part to a deep magma chamber. Once an eruption occurs, normal
stress acting on the conduit wall decreases to the atmospheric
pressure down to the depth of the magma head (z10 in Fig. 2). When
the magma viscosity is low and the conduit radius is large, the magma
reservoir pressure also decreases after the propagation of pressure
waves triggered by a loss of magma at the top (Fig. 2b). When the
magma viscosity is high and the conduit radius is small, the magma
that is present at a deeper part (z>z,) is unaffected by the magma
release (Fig. 2d). The depth z; becomes deeper when the viscous flow
effect is small (i.e., the pressure wave propagation becomes relatively
dominant).

Volcano deflation is caused by these pressure decreases at the
surface ground to that depth or to the reservoir. Then, as magma
ascends gradually, the volcano starts to inflate because of the normal



180 T. Nishimura / Journal of Volcanology and Geothermal Research 187 (2009) 178-192

(a) Just before eruption

(b) Just after eruption

(c) Preparation stage

for low viscosity magma

Pam » P Pam )2 Paim P
Zl1
z10 Z10
z2 72
Y Y Y
z Z z
(d) Just after eruption (e) Preparation stage
for high viscosity magma
Pam P.Z . P Pamm P.2 P
£l
z10
z2

(o]

Fig. 2. Schematic illustration of spatio-temporal changes of magma pressure in an open conduit.

stress originating from magma pressure (Fig. 2c,e). Shear stress
caused by a drag force associated with the motion of viscous magma
might be another source for the ground deformation that is observed
close to the vent (e.g., Chadwick et al., 1988; Beauducel et al., 2000;
Green et al.,, 2006) when a counter force supporting the upward
motion of magma is considered to be too deep to detect. Normal stress
increases with depth because of gravitational force as well as pressure
caused by shear stress, while shear stress is constant for depth when
magma moves with a constant speed.

Several mechanisms can raise magma in the conduit. The first one
is the supply of magma from a deep area, as driven by a pressure
gradient generated by the removal of magma at the uppermost part
of conduit. The second one is the gas bubble growth in magma
associated with depressurization by eruption. Since the magma is
subject to a sudden depressurization, the gas bubbles probably start to
expand because of the pressure drop and diffusive mass transfer of
water molecules from melt to gas bubbles. Such gas bubble growth
can accompany the expansion of melt surrounding the bubbles.
Therefore, magma migrates upwards in the open conduit. The last

mechanism is gas bubble rising in a low-viscosity melt. The gas
bubbles can rise in the melt as a result of the buoyancy force when the
melt viscosity is low and the rising gas bubbles are large. Because the
ambient pressure decreases, their radii expand as they ascend. The
total magma volume increases with time, pushing the magma that
is above the bubbles upward in the conduit. These three magma
behaviors are the main factors generating the normal and shear
stresses on the conduit wall.

In the discussion presented in subsequent sections, we first relate
the normal and shear stresses working on the conduit wall to the
ground deformation. Then, the three mechanisms described above
are modeled simply, with examination of their relations to ground
deformation.

3. Ground deformation due to normal and shear stresses acting on
the conduit wall

We first formulate the ground deformation attributable to the
normal stress, following Bonaccorso and Davis (1999). We presume
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that the cylindrical conduit extending along z-axis is deformed by the
magma pressure, p(z), and that the dislocation b(z) is normal to the
vertically oriented cylinder wall. We obtain the radial displacement
and vertical one u, on the surface of a half-infinite medium, as

r roor (32 2v
u =a b(z)(———(———))dz
r { R3 2 RS R3
r z z(32 2
u,=a b(z)(—(—))dz,
z { R3 2 RS R3

and a is the radius of volcanic conduit, v is Poisson's ratio of the elastic
medium, r is the distance from the exit of the cylindrical conduit (the
origin of the coordinate) to the station, u is the rigidity of the elastic
medium, and R = /r? + z? (Fig. 3). Furthermore, u, and u, are
positive, respectively, when the displacements are up and outward
from the conduit. Herein, we assume that the conduit radius is
sufficiently small compared with the distance from the conduit to a
station (i.e., a<<r).

Magma pressure at the shallow part of the conduit is expected to
increase almost linearly with depth from the top of magma in the
conduit. Consequently, we consider a case of vertical distribution of
the magma pressure in the conduit, as shown below.

at0<z<c,6<z

0
p@) = {Z_C]AP atc; <z<g¢,

GG

In that equation, AP signifies the pressure difference at depths c;
and c,. Note that we use symbols ¢; and c, instead of z;o or z, shown
in Fig. 2. The former symbols indicate the locations of the over
pressure characterized by a shape of right-angle triangle, while the
latter ones are used to represent the locations of the depressurization
caused by eruptions. Substituting Green's function of the ground

Conduit

Fig. 3. Coordinate system of calculation.

surface at a distance of r from the vent into Eq. (1) and integrating it,
we obtain the radial and vertical displacements as

mr [1(& & ¢ (& & 1 1

w= e ) el k) (kR
o-al2\BRr) 22\ R R, R,
_(]+V)C1<C72_671>

2 R, R
—_—m _Cg(cz_ﬁ) (& _a)_ 11
"= z<cz—c1>[ g TR TR) TR TR
o ¢, +R,
Qv Uln(c] R, (3)

where R; = /12 + ¢ (i=1,2) (Fig. 3) and m is the source strength
represented as
= AP

m

m

(4)

The tilt is expressed as shown below.

ou, mr 3¢ 2w G G
= - —r = — _— — Cy—C = — — 5
YT 2(62—61)[(R§ ) R R )

1 1
_(2V_1)<R2(R2 +o) RR + Cl))]

Therein, 7y is positive when the ground is up toward the vent.

Fig. 4 shows spatial changes of ground deformations caused by the
normal stress for different heights of the top of the magma (i.e., magma
head, c;). In the calculations, we normalize the variables relating
distance or displacement by c,, and those variables relating pressure by
1 Normalized variables are indicated with a prime, such as u},r",z,R;,m’.
The source strength of m’ = 1 is used in Fig. 4. The vertical displacements
increase with distance from the conduit, reach maxima at a distance less
than 1 (' <1), then gradually decrease concomitantly with increasing
distance. The distance r’ showing the maximum amplitude decreases as
the magma head c{ approaches the surface. Radial displacements and
tilt exhibit spatial changes that are more complicated than those of the
vertical displacement. Their amplitudes decrease concomitantly with
increasing distance from the vent, and reach the minimum. The
amplitudes increase, reach the maximum, and then gradually decrease
with distance. The distances 1/, showing the minimum and maximum
amplitudes in these components, decrease concomitantly with increas-
ing magma head height.

The ground deformation attributable to shear stress acting on the
conduit wall can be approximated as a vertical single force when the
conduit radius is small compared to the distance from the vent to
stations. So, we present analytical expressions of ground deformation
attributable to shear stress using the Boussinesque solution. We
presume 7 to be the vertical single force acting on the circular conduit
wall per unit area (i.e., shear stress). Then, the radial and vertical
displacements, which tilt because of shear stress acting on the conduit
wall at depths from c; to c,, are expressed as

&)
z 1-2v
—sRf(L ———2Y
U 5!(133 R(R+z)>dz

1 1
= sr[—R—2 + R—l—(Zv—])<

11 )
R, +¢, R +¢ (6)

5} 2
z 2(1-v) [ [ G <R2+Cz)}
u,=s||=— dz=s|——=* 4+ = + (2v—1)In
z £<R3 R > R, R, ( ) R, +

C 2 3
i 3z 2(1—-v) s (G cﬁ_q
Y= s!( = + g )dz = {2(1 V) (R_2 E) <R_§ R_§
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Fig. 4. Spatial variations of ground deformations caused by normal stress acting on the
conduit wall at different depths.

where
Ta
S= o (7)

Fig. 5 shows examples of spatial changes of deformations due to
shear stress for different magma head heights. The variables are
normalized, as they are in the case of normal stress. The displace-
ments and tilt are calculated for s’ =17’a’ /2 = 1. Amplitudes of vertical
displacements are larger than the horizontal displacements: the
maximum displacements appear at distances less than the magma
depth (r'<1). The distances r’ where the maximum amplitudes of
vertical displacements are observed decrease as the magma head cj
approaches the surface. Radial displacements and tilt show negative
values close to the vent, and gradually increase concomitantly with
increasing distance, except c;=0. The distances at which the
minimum and maximum amplitudes are observed to decrease
concomitantly with increasing position of the magma head.

Some components diverge at ' =0, as shown in Figs. 4 and 5. In
Eq. (1), the displacement field is derived from the Green's function for
a uniform elastic half-space in which no cylindrical surface is
considered. Therefore, we are unable to discuss the displacement
field behavior very close to the vent.

These results indicate that magma locations in the conduit change
the spatial variations of ground deformations. Alternatively, depths of
1 and ¢, can be determined from spatial variations of horizontal and
vertical displacements and tilt records. In addition, because spatial
variations of the deformations mutually differ according to normal
and shear stresses, measurements of ground deformation at many
sites on the volcano enable us to estimate the contribution of the
strengths of normal stress source m and single force s.

4. Ground deformation due to ascent of magma without gas
bubble growth

We first examine the magma motion and ground deformation for
the ascent of magma that does not accompany gas bubble growth.
Such magma might not generate an explosion at the surface, but this
example is a good reference for understanding the ground deforma-
tion caused by magma migration in the conduit. We simplify the
magma motion in the conduit as follows (Fig. 6). The magma head
pressure at a depth z; is always equal to the atmospheric pressure
P.im. The magma at depths greater than z; is unaffected by eruptions;
the magma pressure at that depth is designated asP,. This is the case of
Fig. 2d and e: the conduit is mainly depressurized by the viscous flow
in a narrow conduit. The case of Fig. 2b and c is discussed later in this
subsection. The magma head locates initially at a depth of z,o; then it
ascends because of a pressure gradient that is formed in the magma at

0.931 -

0.465 - n

0.000

ur

-0.465

-0.931
0,

1.861

1.396

Z

¥ 0931

0465

0.000

1.397

0.699

- 0.000

-0.699

-1.397 . - !
0. ] :

Fig. 5. Spatial variation of ground deformations caused by shear stress acting on conduit
wall at different depths.
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Patm P2

z1-Z,. Magma ascent without gas bubble growth (i.e.,, no change in
bubble volume) is approximated as a Poiseuille flow in a circular pipe.
As a simplification, we designate the pressure gradient at depths z;-z,
as approximately linear. Consequently, the magma head depth z; is
expressible as

> P

dz, . @ AP

dt T 8nz—z

+ pg, (8)

where AP = P, — P,m, 1) is the melt viscosity, p is the magma density,
and g is the gravitational acceleration. Solving Eq. (8), we obtain

o, —(25—21)
t' = (z—1)—ay,log | L —= "~ 9)
P a,—(z,—1) I
L

= where t'=t/7, and

. A _8nzyp , _ AP
Fig. 6. Schematic illustration of temporal changes of magma pressure for magma T,= 5 0= . (10)

pga P9Z10

without gas bubble growth.
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Fig. 7. Temporal changes of ground deformation attributable to normal stress caused by the ascent of magma without gas bubble growth for the case of z, = 50, z;o =1, and o, = 60.
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Variables relating to the distances are normalized by z;o. The
solution indicates that low-viscosity magma can rise fast in a wide
conduit (see Eq. (10)) and that the migration speed is greatest at the
beginning and gradually decreases with time. Hence, s for the shear
stress changes with the magma head depth.

S_i(AP _ )_1 11
4 \z,—z P9 A9 \z,—2, o)

On the other hand, the source term m for the normal stress is
constant. Ground deformations of radial and vertical displacements and
tilt caused by normal and shear stresses are calculated from Egs. (3)-(6)
and (9)-(11).

Fig. 7 presents temporal changes of the ground deformation
caused by the normal stress for m’=1 and «,=60. The time is
normalized by 7, and the calculation is truncated when z; = 0.001.
Ground displacements and tilt at locations close to the vent (' <1,
hereinafter near field) show a slightly complicated change with time,
reversing their polarities. At far fields of ' >1, the temporal changes
are simple: radial and vertical displacements respectively indicate

(11)

T. Nishimura / Journal of Volcanology and Geothermal Research 187 (2009) 178-192

continuous outward and upward movements. Tilt is up toward the
vent. These changes are almost proportional to t. In the case of smaller
o, however, the ascent speed of magma level decreases because the
pressure gradient decreases with increasing time. For that reason, the
rates of changes in ground deformation decrease with time.

Fig. 8 shows the ground deformations due to shear stress for m’ =1
and o, =60. The characteristics of temporal changes in the displace-
ments and tilt are similar to those due to normal stress: complicated
behavior at near field and constant changes at the far field. The vertical
displacements at far fields (' >5) reflect ground subsidence resulting
from the slowing ascent of magma in the conduit.

Eq. (11) relates the strength of the source terms of normal and shear
stresses, which enables us to determine the contributions of the two
kinds of stress to the ground displacement. For example, at r’' =2, the
amplitude of vertical displacement caused by normal stress is about six
times larger than that by shear stress (see Figs. 7 and 8). Fig. 9 plots the
ground deformations caused by both normal and shear stresses. It is
found that the overall characteristic of temporal changes is similar to the
case of the ground deformation caused by normal stress (Fig. 7).

When the magma viscosity is low and the conduit is wide (the case of
Fig. 2b and c), the magma comes to be supplied from deeper parts. Hence,

Shear Stress, No Bubble Growth: z2= 50, zi0= 1, op=60
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Fig. 8. Temporal changes of ground deformation attributable to shear stress caused by the ascent of magma without gas bubble growth for the case of z, =50, z;0=1, and o, = 60.
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Fig. 9. Temporal changes of ground deformation attributable to both normal and shear stresses caused by the ascent of magma without gas bubble growth for the case of z, =50,

z10=1, and o, =10.

more complicated boundary condition is necessary. If the magma is
constantly supplied from the deep parts, the magma in the conduit will
migrate upward with a constant speed. In such case, the ground defor-
mations would be similar to the results shown in Figs. 7, 8 and 9, because
large o, makes the magma upward migration speed almost constant.

5. Ground deformation due to magma with gas bubble growth by
diffusive process

Rapid depressurization occurring in the uppermost part of the
magma in the conduit immediately after eruptions can trigger gas
bubble growth in magma. The magma volume expands so that the
free-surface level rises in the conduit. In this section, we simplify this
process by considering the gas bubble growth caused by the diffusion
mass transfer of water molecules from the bulk of the supersaturated
melt to the bubble-melt interface. We describe its relation to the
ground deformation. Fig. 10 presents a schematic illustration of the
model of magma ascent in an open conduit. The magma within
the conduit, which contains numerous gas bubbles in the melt, is
subject to sudden depressurization with amplitude of AP (for the case
of Fig. 2d, the amplitude is estimated to be (P, — Pam)z10/(222) on

average) immediately after eruptions. The top layer of magma, whose
height is ho=2z, —z;0, Starts to expand its volume because of gas
bubble growth driven by the diffusion mass transfer.

We first estimate the volume changes of magma; then we evaluate
the ground deformation that is attributable to them. Gas bubble growth
behaviors are fundamentally expressed by the equation of motion of
melt at the boundary of the melt and gas, a diffusion equation of H,O
molecules in the melt, the equation of mass conservation of H,0 in the
gas bubbles, the equation of a perfect gas, and the equation of pressure
balance between the magma and the surrounding medium (Shimomura
et al., 2006). Concentration of H,O at the gas-melt boundary obeys
Henry's law. Exact solutions of the gas bubble growth are obtained by
calculating these fundamental equations numerically for various
settings. However, analytical solutions in some simple cases elucidate
the physical parameters that control the ground deformation.

The Peclet number, Pe, is often used to indicate how gas bubbles
expand in magma that is subject to a sudden decompression. The
Peclet number can be expressed as (e.g., Lyakhovsky et al., 1996)

2
_ APR]

Pe D

(12)
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Fig. 10. Model of ascent for gas-bubble-containing magma in an open conduit. The gas
bubbles in magma expand by diffusion mass transfer of water molecules.

where R, represents the gas bubble radius and D is the volatile
diffusivity in the melt. Diffusion mass transfer is dominant in the
bubble growth process for small Pe (< 1), whereas the growth is
controlled by viscous expansion for Pe>>1.

We might estimate Pe from observations and simple consideration.
First, consider the case of the Stromboli volcano as an example of
basaltic magma. The magma volume for each small explosion is
estimated at 0.5-2.4m> (Harris and Ripepe, 2007). Hence, the
thickness of magma effused by one eruption is estimated at 0.2-
0.8 m for a conduit radius of 1 m. Assuming the magma density to be
1000 kg/m> (Lautze and Houghton, 2007), we estimate AP to be
1x10%Pa. For D of 10~ ®m?/s, 1) of 10*Pas and R, of 1 mm, Pe is
estimated to be about 10% For a high-viscosity magma such as
rhyolite, we might use the following typical values: 1=10°Pas,
D=10"""m?%s. In such a case, R; and AP might be distributed in a
wide range, but presuming R, of 10~ >m and AP of 0.1 MPa, we obtain
Pe of about 1. These estimations suggest that the bubble growth
process might be expressible by viscous expansion when the magma
is depressurized suddenly by eruption.

However, such a large Peclet number might immediately approach
a small value. As an extreme case, we consider that the bubble growth
is controlled by the equation of motion and that no diffusion mass
transfer occurs between the melt and gas bubbles. When the gas
bubbles are depressurized suddenly from Py to Py, the gas density, pq,
in bubbles follows the equation

31’[

Pz (6) =pg + (Pgo —Pg e ™, (13)

where pgo and pgrespectively signify the gas density at the initial and
final conditions. This result indicates that gas density p; does not
change so much after a characteristic time: 41)/3Py. That characteristic
time is estimated as much less than a second for basaltic magma and
as a few seconds for rhyolite magma, assuming P of atmospheric
pressure. The estimation suggests that a few seconds after the sudden
depressurization, then dpg/dt— 0 and Pe <1. We assume that the gas
bubble growth in magma at the uppermost part of conduit can be
expressed approximately by the diffusion mass transfer during the
most preparation stages of magma ascent before an eruption.

When gas bubbles in the melt are small and their separations are
approximated as infinite, the gas bubble radius resulting from the

diffusion mass transfer is expressed analytically as (Lyakhovsky et al.,
1996)

_ 2DpI(C0_Cf)

g (0) Dy

t, (14)

where pj is the melt density, and Cy and Cr denote the initial and final
water concentration in the melt, respectively. Introducing the gas
bubble number density n,, we obtain the height of the magma column as

o) = o1 + (T_fd)”) (15)

where

-1
T,z [2n§/3nzfg(co—cf)] . (16)

Characteristic time 74 becomes small for the magma highly
vesiculated and/or having large diffusion coefficient. The bulk density
and velocity of magma are

_ P
pt) = TF (t/7)15 (17)
and

o o) 3hy £\ 18
Vm()—T—T<T—d> . (18)

Fig. 11 presents examples of temporal changes of ground deforma-
tion by normal stress. Similarly to the magma without gas bubble
growth, the ground deformations observed at near field (1"<1) turn
their polarities during the magma ascent. On the other hand, the ground
deformation at a far field (r'>1) is simple: amplitudes of the
displacements and tilt increase with time. The rates of change are
recognized to increase with time because the graphs of Fig. 11 depict
concave shapes. The ground deformations in radial and vertical
displacements and tilt are proportional to t'° in a far field.

Shear stress resulting from the magma motion according to the gas
bubble growth must be exerted on the conduit wall. We may obtain a
relation between the strengths of normal and shear stresses, similarly
to Eq. (11) if the shear stress is proportional to the magma velocity,
similarly to a Poiseuille flow. However, for a more quantitative
discussion, it might be necessary to clarify the generation of viscous
drag force on the conduit when the magma expands in the conduit
because of gas bubble growth.

When the viscous effect is large in the conduit (Fig. 2d), the
pressure drop given at the uppermost part of the conduit might not be
constant: the pressure drop amplitude probably decreases concom-
itantly with increasing depth (see Fig. 2d). Such vertical changes in
the pressure drop might not be expressed completely by the bubble
growth process described above, in which only the behavior of gas
bubbles subjected to a constant pressure drop is examined. However,
even such vertical variation exists in pressure: the gas bubble growth
process can obey the diffusion mass transfer at each depth. Therefore,
the rate of ground deformation (ect'?) is inferred to be the same as
that in the case of a constant pressure drop.

These formulations are derived based on the assumption that the
radius of each gas bubble is much smaller than the radius of the melt
surrounding the bubble (Lyakhovsky et al, 1996). The growth rate
decreases and converges to zero as the melt and gas bubbles approach
equilibrium when the gas bubbles expand (Prousevitch et al.,, 1993;
Shimomura et al., 2006). Inflations of the conduit cease before eruptions
if eruptions do not occur before such an equilibrium is attained.
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Fig. 11. Temporal changes of ground deformation at near and far fields attributable to normal stress caused by magma ascent as a result of diffusion mass transfer. The magma was

located initially from z; =2.0 to z; =1.0.

6. Ground deformation due to gas bubbles rising in magma

Gas bubbles can migrate upward in the melt with low-viscosity
magma and large gas bubbles. The gas bubble expansion can be
introduced by a decrease of the surrounding pressure instead of by
diffusive transfer of volatiles from the melt. The Peclet number for
such a condition is large (Pe>1) if the velocity is sufficiently high.

We consider that gas bubbles in magma are distributed non-
uniformly in the conduit and that, in some regions, large gas bubbles
group together. Such a situation might occur because the rise of a large
gas slug is used to interpret the mechanisms of explosions at Stromboli
volcano (Jaupart and Vergniolle, 1988); moreover, gas bubbles
apparently concentrate in some layers during ascent even if they are
initially distributed uniformly (Manga, 1996). To simplify the model, the
present study does not incorporate bubble coalescence in the following.

When gas bubbles ascend in the melt, they occupy the upper melt
space. The melt must descend to fill the empty space where the gas
bubbles reside before rising. However, because the gas bubble volume
increases as a result of the pressure decrease induced by the rise, some

of the melt will move somewhere else. Compressibility of magma is
low in deeper areas in the conduit. For that reason, the melt is inferred
to move upward more easily, pushing upward to the magma free-
surface level. Such a process continues during the gas bubbles’ ascent;
the magma level rises continuously to the surface over time. Sudden
depressurization of magma accompanied with the previous eruptions
is not related directly to the behavior of rising gas bubbles; that
intermittency of eruptions is controlled by vertical distributions of the
rising gas bubbles.

First, we examine the volume expansion of the gas bubbles
resulting from depressurization associated with the gas bubble ascent
in the melt. Applying principles of Stokes' flow, we express the gas
bubble velocity as

d R
T = - rp)s, (19)

where z, represents the gas bubble depth. Here, the gas bubble radius
is much smaller than the conduit radius. Assuming that the gas in the
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Fig. 12. Temporal changes of ground deformation at far fields attributable to normal stress caused by magma ascent as a result of rising gas bubbles.

bubbles follow the equation of a perfect gas and assuming that the
mass transfer between the bubble-melt interfaces is negligible, we
obtain

PePs | = PPz (20)

where subscript 0 on the right side of the equation represents the
initial value when the gas bubbles start to rise. The gas bubble
pressure can be related to the speed of a spherical gas bubble's rise.

dp, dz,
da - Pgg dt (21)

We consider that N, gas bubbles having the same bubble radius
migrate upward similarly in the melt; therefore, the total gas bubble
volume is expressed as V = 4ﬂNgR§ /3. Normalizing the parameters
in Egs. (19)-(21) using the relations of

V= V/V07 péO = ng/ph t'= t/Tn (22)

where V is the initial gas bubble volume and

3Nz

7= (23)
P91

we obtain

dv/ /é ! !

G = Viv—py). (24)

In a shallow region, the initial gas density is estimated at less than
one-tenth or one-hundredth of the melt density. Therefore, neglecting
the term of pjo in Eq. (24), we obtain the following solution.

=~ J— 5 ’ 7%
v _<1 §t > (25)

Eq. (25) represents that gas bubbles slowly increase their volume
initially, then gradually increase the rate of volume expansion with
time, and finally diverge at a time of ¢’ =3/5. The lapse time of gas
bubble rising becomes longer as the initial gas bubble radius becomes
smaller and/or as the magma viscosity increases (see Eq. (23)). Fig. 12

shows temporal changes of ground deformations for the normal
stresses in the far fields. For this calculation, we presume that the
rising bubble is always below z, and that magma that is present above
the bubbles is lifted by the volume expansion of ascending gas
bubbles. The pressure at z, increases with time. For that reason, we
substitute m’=1+2z5—z} into Egs. (3)-(5). The calculation is
truncated at a time of t’ = 0.41, when the magma level in the conduit
reaches the ground surface. Fig. 12 clarifies the degree to which the
deformations accelerate with time.

The source area in which shear stress operates is assumed to be the
magma above the bubbles. However, because no constraint is given in
the locations of magma in the conduit for the present simple model,
the contribution of a single force is not discussed.

7. Discussion

Three different models of magma ascent in an open conduit were
investigated through examination of their respective relations to
ground deformation. The simple models elucidate some important
aspects of the relation of volatile behavior in magma to ground
deformation. As has been estimated already at many active volcanoes,
the source depths (e.g., z; and z,) can be estimated using spatial
distributions of horizontal and vertical displacements and/or tilt
records. Sources of two kinds—normal and shear stresses—are
estimated from the data of dense geodetic networks deployed around
the conduit. Amplitudes of the deformations are also used to estimate
the source strength, m and s in Eqs. (4) and (7), which might be
related to the density and viscosity of magma, and the conduit radius.

The characteristics of temporal changes in the ground deforma-
tions can constrain the mechanisms of magma's ascent in an open
conduit. Vertical displacements at far fields for the three different
mechanisms are compared in Fig. 13 using a logarithmic scale. The
time on the horizontal axis is normalized by the lapse time, tmax,
during which the magma head residing at z,o reaches the ground
surface (z=0), and displacements are normalized by the maximum
value in the displacements that are shown. It is plausible that magma
migration does not accompany gas bubble growth when the observed
ground deformation is proportional to time at far fields or when the
rate of change in deformation decreases with time (Fig. 13a). Ground
deformations that are proportional to the 1.5 power of time suggest
magma ascent with gas bubble growth caused by the diffusion mass
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Fig. 13. Comparison of vertical displacements caused by (a) magma ascent without gas bubble growth, (b) magma ascent with gas bubble growth because of diffusion mass transfer,

and (c) magma ascent because of rising gas bubbles, as plotted on logarithmic scales.

transfer of water molecules in the melt (Fig. 13b). Gas bubble ascent in
the melt might occur in the conduit when a rapid increase of the rate
of temporal change of ground deformation precedes basaltic magma
eruptions (Fig. 13c). These differences strongly suggest that the tem-
poral changes in ground deformation reflect the mechanism mainly
controlling the magma ascent.

The characteristic times (7,74 and 7,) of the models, which
characterize the physical parameters controlling the duration of the
magma ascent, can be estimated from the interval times of successive
eruptions as well as other parameters described above (e.g., z1, zo, a).
The characteristic time 7, is in the range of a few seconds to a few
hundred minutes for the magma with 1) of 10>~10°Pa s in the conduit
of a=2 m and z;o= 1000 m. Since the initial depth of magma head
can be estimated from the spatial distributions of volcano inflation,
we are able to evaluate the ratio of 1/ (pa?), which represents the
viscous effect in magma motion in the conduit. Regarding the magma
ascent attributable to diffusion mass transfer, the diffusion parameter
n2*D (Mason et al, 2006) may be estimated from Eq. (16) by
substituting the appropriate density of the melt and gas, and the
concentration of volatiles. This is an important parameter that is
related to the eruption duration, which may be in the range of about
10~ s~ 'to 0.5s~ ' (Mason et al., 2006). For magma having the melt
density of 2000 kg/m?, the gas density of 20 kg/m>, and Co — C;0f 0.01,
T4is estimated to be from 10 min to 1 s. Ground deformation data due
to the magma ascent by rising gas bubbles might enable us to estimate
the ratio of the initial gas bubble radius and the depth at which gas
bubbles start to rise in the conduit, as well as the total number of gas
bubbles. For p;=2000kg/m?, 1)=102Pa's, zgo = 100m, and rg of 0.1~
0.01 m, 7, is estimated to be from 2.5 min to 250 min. That is, tyax are
estimated to be about 1 min to 100 min, which are in the range of
interval times of repetitive eruptions observed at active volcanoes.
However, it is necessary for this model to explain the relations of the
rising gas bubble process to, for example, timings of eruptions and the
repeatability and mechanisms of explosions.

Some previous studies presumed the existence of a cap of some
kind at the top of the magma in the conduit to generate explosion
earthquakes that are often observed in association with Vulcanian and
Strombolian eruptions (e.g., Ishihara, 1985; Nishimura and Chouet,
2003; Tameguri et al., 2002; Ohminato et al., 2006). It is not well
known how such a ‘cap’ is formed at the top of magma head or in
the bottom of crater, but it might result from, for example, a combina-
tion of falling back of pyroclasts into the conduit after eruptions,

successive degassing that raises the melt viscosity, and solidification
of magma through cooling. The magma might be pressurized during
its ascent because of viscous drag or friction between the cap and
surrounding rocks if such a cap is formed at the top of magma in the
conduit. These magma pressurizations restrict gas bubble expansion
in the magma. Shimomura et al. (2006) numerically simulated the
gas-bubble growth process in magma surrounded by elastics. The rate
of change in the gas bubble radius is explained by diffusive growth
when the elastic effect is negligibly small (i.e., the radius increases in
direct relation to the root of time). However, the rate decreases as the
elastic effect becomes large. Their results suggest that formation of a
‘cap’ or high-viscosity layer at the top of the magma in the conduit can
decrease the gas-bubble expansion rate and temporal changes in
ground deformation.

Magma migrations in actual active volcanoes cannot be approx-
imated by one of the three models. For example, repeated eruptions
require the constant addition of new magma from a deeper region.
Consequently, ground deformations are caused by such additional
sources and by others such as bubble growth. Although this study
specifically examined investigating the characteristics of ground
deformation generated by each basic process of magma migration, a
better quantitative comparison can be made by numerically calculat-
ing the melt motion as well as the gas bubble expansion and motion
based on the fundamental equations controlling their behavior.
Through such numerical calculations, we are further able to incor-
porate some important aspects of magma properties, such as
degassing and crystallization, which engender spatial changes of
density and viscosity of magma in the conduit.

Figs. 4 and 5 in Iguchi et al. (2008) might be useful to examine the
characteristics of temporal changes in ground deformations observed
at active volcanoes. Because we must confront difficulty or ambiguity
in measurements of the start and end times of each eruption from
these figures, we are unable to measure the ground deformation rate.
However, increases in the rates of the deformation prior to explosions
strongly suggest the existence of bubble growth processes in the
conduit. Additional observations of ground deformation and mea-
surements of the start and stop times of each eruption can provide
important constraints on the conduit processes occurring prior to
volcanic explosions. When we compare such field observations with
results from numerical simulations, it is also necessary to evaluate the
effects of topography of the target volcano precisely, using, for
example, finite element methods or boundary element methods (e.g.,
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Cayol and Cornet, 1998). These further studies would enable us to
evaluate the gas bubble behavior in magma quantitatively from
observed geodetic data.

8. Conclusion

We examined basic characteristics of temporal changes of ground
deformation generated by magma ascent in an open conduit that
produces small repeated and intermittent explosions. Theoretical
considerations clarify the following points. Magma ascent, derived as
a Poiseuille flow without gas bubble growth, generates an almost
constant increase or gradual decrease in amplitudes of ground
deformation at far fields. In contrast, gas bubble behavior in the
melt accelerates ground deformation. The amplitudes of displace-
ments and tilt are proportional to the 1.5 power of time when gas
bubbles in magma expand by diffusive mass transfer of water
molecules in the melt. Rapidly increased volcano inflation is observed
when gas bubbles rise in a low-viscosity melt because of buoyancy.
These predictions of temporal changes in ground deformations aid the
interpretation of the observed inflations accompanying intermittent
eruptions and ease understanding of the mechanisms of magma
ascent in open conduits. Furthermore, data from dense geodetic net-
works are used to evaluate some physical parameters that quantita-
tively control microscale phenomena such as diffusion parameters of
magma.
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Appendix A. Initial magma pressure distribution in the conduit
after eruptions

Spatio-temporal distribution of magma in the conduit just after
eruptions shown in Fig. 2 is examined from numerical calculation results
obtained from a simple magma flow model. Here, we assume com-
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pressible magma in a cylindrical pipe without gas bubble behavior,
although magma behavior in the conduit during the eruptions includes
complex processes of gas bubble growth, coalescence and collapse. The
basic equations of the flow are the conservation of mass and the
conservation of momentum, which are written as:

op 0

F T _g(p")v (A1)
ov v _ 19dp 8

a + Ve, = 0oz g WV, (A2)

where z represents the depth of magma, t is the time, p, v and p are
the density, velocity, and pressure of magma, respectively, 7 is the
magma viscosity, a is the conduit radius, and g is the gravitational
acceleration Downward direction is positive in the z-axis. Compress-
ibility of magma is expressed as a relation between the pressure and
density:

p_pr)7 (A3)

p=pr(1+ 5

where p;, is the reference magma density at the pressure p,, and K is
the bulk modulus of magma. Normalizing the parameters in
Egs. (A1)-(A3) by using z’ =z/L, t' =t/(L/co), p' =p/pr, P’ =p/(prgl)
and K'=K/(p:gL), where co=\/K / pr and L is the conduit length, we
obtain

o _ 9 .
5 = 0V (A4)
ov' oV 10y 1 pv
ot TV T por TK Kp (A3)
where
8ncy

= A

b p,ga (A9)

is the non-dimensional parameter determining viscous property of
the magma flow system: large and small 3 represents high and low
viscous flow, respectively.

Just before eruption, the magma pressure at the top is pressurized
at parm + 0p, and the magma pressure almost linearly increases with
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Fig. A1. Spatio-temporal changes of the magma pressure in the conduit after the eruption. (a) 8= 720 and K’ = 10 and (b) B =230 and K’ = 1.
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depth due to the overburden pressure of magma itself. An eruption is
triggered by setting the magma pressure at the top of the conduit to
be pam at t=0. At the bottom of conduit, magma velocity is always
set to be zero, that is, no supply of magma from a deeper part.

Two parameters 3 and K’ determine the behavior of magma
motions in the conduit as indicated in Eqgs. (A4)-(A5). Fig. A1 shows
examples of spatio-temporal changes of the magma pressure in the
conduit: (a) B=720 and K’=10 and (b) =230 and K'=1. The
overpressure of 6p’ =0.3 is assumed. Fig. Ala shows an example of
rapid decrease of the magma pressure. The magma pressure at the
bottom starts to decrease almost at t’ = 1, which is the time when the
pressure waves propagating with the acoustic velocity of magma
arrives at the bottom. In this case, the pressure wave propagation is
the main factor decreasing the magma pressure in the conduit. On the
other hand, Fig. Alb indicates that the magma pressure slowly
decreases with time from the top to the bottom of the conduit. Even at
time t' = 18, lower half portions of the conduit keep the initial magma
pressure, which is similar to the spatio-temporal distribution shown
in Fig. 2d. These results suggest that the spatio-temporal changes of
magma pressure in the conduit depends on the magma property and
conduit radius.

To quantitatively understand the effect of magma property on the
depressurization in the conduit, we measure the start time of
depressurization at the bottom of conduit by substituting plausible
physical properties of magma and conduit in Eqs. (A1)-(A3). The
conduit radius of 2 m, the magma density of 2000 kg/m?, the conduit
length of 5000 m and g of 9.8 m/s? are assumed. We vary the magma
viscosity from 10 to 10°Pa s. The bulk modulus of liquid magma is
about 10'°Pa, but tiny gas bubbles in magma can significantly
decrease the bulk modulus of magma. For example, the bulk modulus
of magma with a gas volume faction of 0.05 is about 108 Pa at shallow
parts (e.g., Aki et al., 1978). Supposing that these tiny gas bubbles do
not affect the magma flow in the conduit, we change the bulk modulus
of magma from 108 to 10'°Pa. As a result, the acoustic velocity of
magma is ranging from about 200 to 2000 m/s. Fig. A2 plots a contour
map of the start time of depressurization for the viscosity and bulk
modulus of magma. The start time of depressurization is defined as
the time when the magma pressure at the bottom decreases 0.1 %
from the initial value. We set the overpressure 6p to be 30 MPa (this
value corresponds to 6p’=0.3). It is found that the start time of
depressurization is quite small for the magma with a low viscosity and
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Fig. A2. Start times of depressurization of the conduit bottom for various magma
viscosity and bulk modulus. Thin and thick lines represent contour lines with an
interval of 1 min and 10 min., respectively. The contour lines of 1 min interval are
abbreviated over 10 min.

large bulk modulus. The start time of depressurization is less than
1 min for, for example, 1<10*Pas and K>10°Pa (right and lower
part of Fig. A2). In these ranges of magma property, the magma
pressure in the conduit rapidly decreases just after eruption, which
corresponds to Fig. 2b. On the other hand, when the magma is
characterized by high viscosity and low bulk modulus, the start time
of depressurization becomes longer. For example, for 17> 10%Pa s and
K<5x108Pa, the start time of depressurization increases from a few
minutes to several tens of minutes. The start time of depressurization
decreases (or increases) for the conduit with a larger (or smaller)
radius, as suggested from Eq. (A5).
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From a musical recorder to insights of volcanic tremor
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Fig.1 Recorder sound for changing blow pressure.
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Fig.2 Recorder sound for changing length.
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Fig.3 Volcanic tremor recorded at Sakurajima
(HTB type).[Maryanto et al,2008]
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