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Abstract. Volcanic tremor at Stromboli (Aeolian islands, Italy) is correlated to 
small infrasonic  transients [Ripepe  et al, 1996] which repeat almost rythmically in 
time in a range between 0.8 and 1.2 s. We demonstrate that infrasonic  transients are 
associated to small gas bubble (~0.5 m) burstings which produces no transients in 
the seismic signal. Tremor ground displacement attenuates with the inverse of  the 
distance from  the craters indicating that the source is shallow. Short-term energy 
release shows that infrasonic  and seismic signals aire linked to the same dynamical 
process, while at the long-term scale it is evident that the two signals are controlled 
by two distinctive mechanisms. We suggest that the possible physical model acts 
in two steps: first,  gas coalescence and, then, gas bursting. In our model, the 
seismic signal is related to the coalescence of  a gas bubble from  a layer of  small 
bubbles, while the infrasonic  signal is linked to the bursting of  the bubble when it 
reaches the magma surface.  Gas bubbles could form  by free  coalescence in magma 
or could be forced  to coalesce by a structural barrier. We calculate that forced 
coalescence induces in magma a pressure change (~104 Pa) 2 orders of  magnitude 
higher than free  coalescence, and it explains best the tremor ground displacement 
(10-5 m) recorded at Stromboli. Moreover, forced  coalescence evidences the role of 
a structural barrier, such as a dike, in volcanic tremor source dynamics. In this gas 
dynamic process, the delay time of  1-2 s between infrasonic  pulses could reflect  the 
gas nucleation interval of  basaltic magma [Thomas  et al, 1993; Manga,  1996]. We 
propose that the source function  for  the shallow volcanic tremor at Stromboli could 
be the viscoelastic reaction of  the magma to the pressure decrease induced by gas 
bubble growth rate under constant depressurization. The spectrum of  our source 
function  is controlled by the time duration of  the pressure pulse, which represents 
the viscoelastic relaxation time of  the magma and gas bubble growth rate. The 
predicted asymptotic decay of  the frequency  contents fits  the spectral behavior of 
the vocanic tremor ground displacement recorded at Stromboli. We show that the 
same spectral behavior can be found  in ground displacement spectra of  volcanic 
tremor recorded on different  volcanoes. 

1. Introduction 
The dynamics of  explosive volcanism is still far  from 

being understood. More than one model has been pro-
posed to explain the mechanism that could generate the 
different  kind of  seismic signals recorded on volcanoes. 
The numerous models of  the volcanic tremor source, 
from  simple resonance of  a magma body [Kubotera, 
1974] to complicated systems consisting of  a number 
of  vibrating conduits [Seidl  et al, 1981], have merely 
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highlighted the complex nature of  the volcanic tremor 
source. Nevertheless, in spite of  the diversity of  the 
source models proposed all the theories agree on the 
role of  gas as a possible energy source for  generat-
ing volcanic tremor. Many investigators [e.g., Chouet, 
1985; Schick,  1988; Okada  et al, 1990; Ferrazzini  et 
al, 1991; Ripepe, 1996] believe that the main source 
of  seismic energy has to be related to the degassing 
process of  magma. Great attention has been focused 
on the role of  gas dynamics to explain the explosive 
mechanism [Sparks  and  Brazier, 1982]. Magma frag-
mentation produced by instantaneous decompression 
induces a rapid gas nucleation which progressively ac-
celerates during the explosion [Toramaru,  1989; Mader 
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et ai, 1994; Sugioka  and  Bursik,  1995]. The amount 
of  gas produced by decompression probably generates 
large bubbles which explode at the free  magma sur-
face  [Manga,  1996; Ripepe, 1996; Vergniolle  and  Bran-
deis,  1996]. The main evidence for  such an explo-
sive mechanism at Stromboli comes from  infrasonic  sig-
nals [Braun  and  Ripepe, 1993; Vergniolle  and  Bran-
deis,  1994; Buckingham  and  Garces„ 1996; Vergniolle 
and  Brandeis,  1996; Vergniolle  et ai, 1996] recorded 
close to the active craters as simple pressure pulses 
[Gordeev,  1993; Okada  et ai, 1990; Braun and  Ripepe, 
1993; Vergniolle  and  Brandeis,  1994]. Seismic tran-
sients and infrasonic  waves are related at Stromboli to 
explosive volcanic activity, indicating that strong en-
ergy partitioning is acting at the source [Ripepe,  1996]. 
However small infrasonic  pulses (0.2-1.3 Pa at 150 m 
from  the crater) have been recorded at Stromboli with 
no associated volcanic explosion [Ripepe  et ai, 1996]. 
We will demonstrate that each infrasonic  pulse repre-
sents a single bursting of  a small gas bubble. There-
fore,  we assume that each infrasonic  pulse is represen-
tative of  the pressure change in the magma produced 
by the gas coalescence. On bubble dynamical bases, 
we will develop a source model for  gas bubble coales-
cence in magma induced by a structural barrier, like a 
dike, and we will suggest that seismic spectral content 
reflects  the viscoelastic reaction of  the pressure drop in 
magma induced by bubble growth under accelerating 
decompression. The spectrum of  our theoretical func-
tion shows the same asymptotic decay as the volcanic 
tremor, while the local frequency  peaks are explained 
as being due to the variable delay time between two 
successive infrasonic  pulses. 

2. Experimental Constraints for  Source 
Modeling 

Since 1993, the Department of  Earth Sciences of  the 
University of  Florence has monitored the explosive ac-
tivity of  Stromboli volcano by a network of  five  Mark 
Products vertical components and one Mark Products 
three-component L-4C seismometers with a natural pe-
riod of  1 s and sensitivity of  1 V c m - 1 s - 1 . The seismic 
station FOS, at 150 m from  the active vents, (Figure 1) 
was provided with an acoustic pressure sensor realized 
by Istituto Nazionale di Ottica in Florence (Italy). The 
pressure sensor consists of  a Monacor condensator mi-
crophone MC2005 with an attenuation of-3  dB shifted 
back to 2 Hz and a sensitivity of  0.46 V P a - 1 . Data 
were transmitted via cables to the recording site located 
at Semaforo  San Vincenzo in the Geophysical Labora-
tory of  the University of  Florence at 1800 m from  the 
vents. The acquisition system was PC based and pro-
vided with a 16-channel National Instruments NB-MIO-
16H A/D converter at 12 bits; data were stored at a 
sampling rate of  100 samples s-1 channel-1 [Napoleone 
et ai, 1993]. During the experiments, the network was 
synchronized to a Hitachi VM-S7200E video camera 

with an objective of  52 mm, a sensitivity of  10, and 
spectral resolutions between 0.4 and 0.8µm. Seismic 
and acoustic signals were syncronized to the videocam-
era with a Deutschland C-band Frankfurt  (DCF) radio 
code. In the last years, this combined data analysis has 
allowed for  the definition  of  some of  the explosive dy-
namical features  at Stromboli [Blackburn  et ai, 1974; 
Chouet  et ai, 1974; Vergniolle  and  Brandeis,  1994; 
Ripepe, 1996], which could be summarized as follows: 
(1) volcanic explosions are produced by large gas vol-
ume; (2) gas volume fluctuates  during explosions with 
a period of  ~2 s; (3) gas fluctuation  during the explo-
sion controls the seismic energy fluctuations;  (4) seismic 
signal onset always starts 1-6 s before  the explosion; 
and (5) infrasonic  waves are generated by the explo-
sion of  a large gas bubble. However, we have also ob-
served that moderate degassing generates low-pressure 
(~1 Pa at 150 m distance) impulses but does not pro-
duce clear transients in the seismic signals (Figure 2). 
Delay time distribution between two successive infra-
sonic pulses shows that they repeat in time at a rate of 
almost 1 s (Figure 3) in a narrow range between 0.8 and 
1.2 s. These infrasonic  pulses have always been recorded 
during volcanic tremor. In order to verify  if  infrasonic 
pulses are linked to volcanic tremor, we calculated the 
mean square amplitudes (MSA) of  the infrasonic  and 
seismic signal in a 30-s time window every 10 min. Tran-
sients related to volcanic explosions have been removed 

from  seismic and infrasonic  records before  MSA func-
tions were calculated. MSA fluctuates  in time according 
to how energy is released in the atmosphere, as acous-
tic pressure, and in the ground, as seismic waves (Fig-
ure 4a). MSA functions  of  the five  seismic stations are 
strongly correlated (0.96) to each other, which demon-
strates that we are dealing with a coherent seismic sig-
nal produced by the same source. If  we detrend the 
long-term variations out of  the infrasonic  and seismic 
MSA functions  (Figure 4b), the superimposed energy 
fluctuations  are in phase with a correlation coefficent 
of  0.8. However, correlation between seismic and infra-
sonic MSA functions  in the long term reduces to 0.43, 
which indicates that infrasonic  and volcanic tremor are 
not always closely in phase. If  we carfully  analyze Fig-
ure 5, we observe (e.g., from  15 to hour 22 and from 
hour 32 to hour 38) that infrasonic  and seismic MSA 
sometimes show an inverse trend. This is clear evidence 
that the source of  energy for  the two signals is sensitive 
in the long term to different  physical conditions. Conse-
quently, we infer  that infrasonic  and seismic signals are 
somehow linked to the same dymamies process but con-
trolled by two different  sources. Ground displacement 
amplitude, calculated as the square root mean value of 
each MSA seismic function,  attenuates with the inverse 
of  the distance from  the craters (Figure 6). This in-
dicates that seismic source is shallow, and it confirms 
the presence of  body waves in the volcanic tremor wave 
field  [Chouet  et ai, 1997]. Analysis of  video camera im-



Figure 1. Map of  Strornboli volcano with the location of  the seismic stations, infrasonic  sensors, 
and video camera. 

ages reveals that infrasonic  waves and volcanic tremor 
were both recorded during moderate degassing activity 
which we suggest as the possible dynamical process for 
both signals. 

2.1. Gas Bubble Bursting as Source of  Sound 

We imagine the degassing process acting at Strorn-
boli as the bursting of  small gas bubbles at the top of 
the magmatic column. For large volcanic explosions, it 
has been suggested that infrasonic  waves are generated 
by the vibration of  a large gas bubble just before  the 
explosion [Vergniolle  and  Brandeis,  1994; 1996]. If  our 
small acoustic pulses are also generated by gas bubble 
burstings, acoustic pressure should be related to the fre-
quency of  the infrasonic  signed according to [Ltghthill, 
1978; Lu et al., 1989; Vergniolle  and  Brandeis,  1994] 

where Pg is the pressure inside the gas bubble, 7 is 
the ratio of  the heat capacity (1.1 for  hot gases), R is 
the radius of  the gas bubble, p is the magma density 
and h is the thickness of  the bubble film.  Analysis of 
400 infrasonic  pulses at Strornboli indicates that, in log-
arithmic scale, amplitude and frequency  of  the pressure 
pulses are directly proportional by a factor  of  2 (Figure 
7) according to the linear relation 

(1) 

where К is equal to 
stant term. This result points out that the radius of 
the gas bubble (R)  should remain almost constant dur-
ing degassing process and that frequency  of  the pres-
sure pulses is mainly controlled by gas overpressure Pg. 
Bubble overpressure Pg can be directly estimated by 
the amplitude of  infrasonic  signals assuming that pres-
sure decreases in the atmosphere by geometrical spread-

For example, 1 Pa recorded at a distance 

(2) 



Figure 2. Infrasonic  pulses and seismic signals recorded by the pressure sensor (PRS_1) and the 
three-component (Z,  R, and T)  station (FOS) located 150 m from  the active vent. No evidence 
of  transient signals is visible on the seismic signal. 

r=150 m would correspond to a pressure at the source 
of  2.2xl04 Pa. Considering a density of  2700 kg m-3 

for  the shoshonitic magma [Francalanci  et al, 1989] 
of  Strornboli and a thickness of  the bubble film  of  0.1 
m [Vergniolle  et al, 1996], we calculate from  (2) that 
the mean radius of  the bursting gas bubble is ~0.5 m. 
Therefore  small infrasonic  pulses (0.4-1.3 Pa) associated 
to volcanic tremor at Strornboli could be generated by 
small gas bubbles (~0.5 m) bursting at the surface  of 
the magmatic column. We propose a model where infra-
sonic signal is related to the explosion of  the gas bubble 
at the magma-air interface,  whereas seismic waves are 
generated when the gas bubble forms  in the magma. 
In section 3), we will consider the way gas bubbles of 
~0.5-m radius could form,  and we will try to quantify 
the pressure change in magma induced by this process. 

3. Gas Coalescence Models 
Gas dynamics is indicated as the main factor  in ex-

plaining volcanic explosions. In the last years, many 
theoretical and experimental investigations have pro-
duced strong evidence for  the role of  gas bubble co-
alescence in volcanic eruption dynamics. Gas bubble 
nucleation and coalescence have been studied from  a 
theoretical point of  view [Toramaru,  1989; Proussevitch 
et al, 1993] and have been experimentally reproduced 
in laboratory simulations [Mader  et al., 1994; Sugioka 

and  Bursik,  1995; Zhang  et ai, 1997]. Experimental 
conditions require that gas starts to nucleate and to 
coalesce when the gas-saturated liquid almost instanta-
neously undergoes a decompression process. The sud-
den decompression creates the conditions which lead to 

Figure 3. Frequency distribution of  ~3500 delay 
times between infrasonic  pulses. The data set has been 
smoothed with a five  data point filter  to reduce errors 
introduced by the threshold criteria used for  identify-
ing each single pulse. The delay times have a narrow 
distribution range of  0.8-1.2 s around a mean value of 

~1s. 



3.1. Free Coalescence Model 

Gas bubbles start to nucleate and to grow freely  in 
the magma because the hydrostatic pressure of  magma 
progressively decreases toward the surface.  Pressure in-
side the bubble is due to 

(3) 
where a is the surface  tension, R is the bubble radius, 

g is the gravity acceleration, p is the magma density, 
and h is the column of  magma above the bubble. There 
is no gas coalescence until a close packing of  bubbles 
is formed.  It has been demonstrated [ Vergniolle  and 
Jaupart,  1986] that in magma the minimum gas vol-
ume fraction  required to lead to coalescence is -70%. 
This percentage of  gas volume fraction  is reached at a 
depth of  a few  tens of  meters in the magma column. 
Considering the density of  the lava (pl=2700 kg m-3 

) during effusive  activity at Strornboli and the density 
of  the pyroclastic ejecta (pe=1500 Kg m-3 ) [Chouet  et 
al, 1974], it can be easly calculated from 

(4) 

Figure 4. (a) Mean square amplitude (MSA) fluctu-
ation of  the infrasonic  signals compared to the seismic 
MSA recorded at different  distance from  the craters (see 
map of  Figure 1). MSA functions  are proportional to 
energies and have been amplified  by a factor  of  2 (BST), 
2.5 (RNG), and 2.7 (SSV) to improve data representa-
tion. (b) Infrasonic  and seismic MSA functions  have 
been detrended in order to filter  out the long-term vari-
ations. Short-term fluctuations  are closely in phase, in-
dicating that the two signals are influenced  by the same 
dynamical process. 

the liquid being supersaturated and the gas to expand 
quickly. In our case, gats bubbles should form  with a 
rate close to 1 s, which corresponds to the delay times 
of  the infrasonic  pulses. This time is far  too short to al-
low the system to accumulate enough pressure to build 
up an overpressurized condition. If  the volcanic tremor 
is generated by the formation  of  gas bubbles, the follow-
ing mechanisms should be invoked. We explore here the 
possibility that volcanic tremor is produced by coales-
cence of  a cloud of  small bubbles, and we take into ac-
count two different  models: free  and forced  coalescence. 
For both models we will try to estimate the amount of 
pressure involved in the two processes. 

that gas represents (n) the 0.44 fraction  of  the magma 
volume during the explosions at Strornboli. In order 
to verify  whether the free  coalescence process could 
represent the source of  the volcanic tremor, we tried 
to roughly estimate the pressure drop induced in the 
magma by a sudden formation  of  a 1-m-size gas bub-

Figure 5. Infrasonic  (PRS-1) MSA are represented as 
function  of  the seismic (FOS) MSA recorded near the 
craters. From 0 to 15 hours, infrasonic  and seismic MSA 
are directly correlated, while the correlation shows an 
inverse trend from  hour 15 to hour 22, and from  hour 32 
to hour 38. Instability of  the long-term trend could be 
representative of  a physical change (e.g., gas overpres-
sure, magma column, or coalescence level in magma) in 
the dynamical process which has a direct influence  only 
on one of  the two parameters. 



Figure 6. Attenuation law for  the tremor ground dis-
placement calculated as the square root of  the MSA 
mean value of  Figure 4a, The normalized ground 
diplacement attenuates following  the function  propor-
tional to 1/r. This indicates that the tremor source is 
shallow and that body waves are controlling the ampli-
tude of  the volcanic tremor wave field. 

ble. When gas starts to nucleate in magma, bubbles 
with a 10 -3-m radius are formed  [e.g., Sparks,  1978; 
Toramaru,  1989]. As soon as magma starts to rise in-
side the conduit, the pressure linearly decreases with 
depth; this process together with gas diffusion  controls 
bubble growth in magma. If  bubbles nucleate under a 
high-pressure regime, the growth rate will be slow, while 
if  they nucleate at low pressure, the growth rate will be 
fast.  In this way, the bubble size will tend to be uni-
form  [Scriven,  1959; Sparks,  1978]. For basaltic magma, 
Toramaru  [1989] calculated that the mean bubble ra-
dius is ~1 cm. Assuming that a 1-m-size gas bubble is 
instantaneously formed  by the free  coalescence process 
(Figure 8a), we can calculate the pressure drop Pw in 
the gas bubble as 

(5) 

where R is the initial radius of  the bubble, while Rn is 
the radius of  the final  bubble, which can be considered 
as proportional to 

(6) 
where N  is the number of  small bubbles with mean 

radius R that are coalescing in a larger bubble of  radius 
Rn. Substituting (6) into (5), we obtain 

(7) 

coalesce into a bubble with ~0.5 m radius, the pressure 
of  the gas will drop to 80 Pa. The free  coalescence can 
induce pressure changes of  no more than 8x102 Pa if  we 
consider bubble size as small as 1 mm. 

3.2. Forced Coalescence Model 
Large gas bubbles are freely  formed  when the gas 

rising in the conduit approaches the surface.  Bub-
ble growth rapidly increases mainly under the decom-
pression control [Sparks,  1978; Barclay et al, 1995]. 
It has been experimentally demonstrated [Jaupart  and 
Vergniolle,  1988] that if  the gas has the possibility of 
accumulating at a barrier, a large bubble can also form 
at depth. In their experiment, Jaupart  and  Vergniolle 
[1988] showed how different  magma viscosity could dras-
tically change gas flow  regime. We considered that such 
mechanism could be active also at shallow depth, where 
we imagine the gas could accumulate below a struc-
tural barrier (e.g., a dike) along the conduit (Figure 
8b). When gas reaches the critical volume of  ~70%, 
a large bubble starts rising in the conduit forcing  the 
magma to flow  downward around the bubble to free 
space for  the gas. The hydrostatic pressure will drop of 
a quantity equivalent to the bubble size 

which represents the pressure variation produced by 
free  gas coalescence in a magma-gas medium. We es-
timate that if  106 bubbles of  1-cm size (R)  will freely 

Figure 7. Logarithmic relationship between pres-
sure and frequency  content calculated for  400 infrasonic 
pulses recorded at 150 m from  the vent. Pressure ranges 
between 0.3 and 1.2 Pa, while frequency  ranges between 
2.3 and 5.7 Hz. Frequency of  the infrasonic  pulse is lin-
early linked by a factor  of  2 to pressure as predicted by 
the bubbling origin of  the infrasonic  waves (equation 
(2)). 

(8) 
Assuming that the bubble has a spherical shape with 

radius R of  0.5 m, the drop of  the hydrostatic pres-
sure will be of  2.2xl04 Pa. The upward gas flow  gen-
erates a force  in the magma which is directed verti-
cally downward [Kanamori  et al, 1984]. Laboratory 



Figure 8. Schematic illustration of  the two coalescence models considered, (a) Free coalescence 
model: bubble layers rising along the conduit freely  coalesce in a larger bubble when hydrostatic 
pressure drops below a critical value, (b) Forced coalescence model: a layer of  bubbles reaching 
a structural barrier is forced  to coalesce and starts flowing  in the above conduit inducing a 
hydrostatic pressure drop. We estimated that the free  coalescence model releases pressure 2 
orders of  magnitude less than the forced  one. 

experiments demonstrated [Delia  Schiava et al., 1996] 
that this downward force  generates oscillations in the 
magma, and it stops acting when the gas bubble stops 
flowing  in the conduit. A single force,  which represents 
a mass movement, and a seismic moment tensor, corre-
sponding to a volume change, was proposed by Uhira 
and  Takeo  [1994] as a source time function  of  explo-
sive eruption of  Sakurajima. Ground displacement и 
induced by an isotropic source of  radius R can be cal-
culated in the far  field  at a distance r >> R to the 
source as [Kanamori  et al, 1984] 

(9) 

where p is the density of  the medium, a is the P wave 
velocity and T is the wave period. Assuming density of 
2300 kg m-3 for  the ground and P wave velocity of 
1600 m s-1 [Braun  and  Ripepe, 1993] at a period of  0.5 
s, the pressure variation Ph of  2.2xl04 Pa, induced in 
magma by forced  coalescence, produces at a distance 
of  150 m a ground displacement of  1.4xl0-5 m. This 
displacement is of  the same order of  magnitude as the 
recorded ground displacement at Stromboli (Figure 2). 
In terms of  pressure release, a forced  coalescence model 
best explains the tremor ground displacement recorded 

at Stromboli, and it evidences the role of  a structural 
barrier in the volcanic tremor source dynamics. 

4. Theoretical Time Source Function 
Pressure time history under forced  coalescence will be 

controlled by the bubble radius growth under continu-
ous depressurization. The time of  bubble growth un-
der these conditions will be proportional to t1/2 [Tora-
maru, 1989; Mader  et al, 1994; Zhang  et al, 1997] 
and larger than the value t1/2  calculated for  diffusional 
growth under constant pressure and temperature [Tora-
maru, 1989]. At these strain rates, magma behaves as 
a viscoelastic medium with a characteristic relaxation 
time which depends on viscosity and elastic modulus 
[Mader  et al, 1994]. Following the theory of  the lin-
ear viscoelasticity [Bland,  1960], we can understand the 
magma around the gas bubble as a viscoelastic media 
formed  by the combination of  N  elements with the same 
viscous and elastic properties. During the forced  coales-
cence process, the volume of  the bubble increases and 
magma pressure decreases. This produces two different 
reactions in the medium in terms of  magma deforma-
tion and decompression. If  we consider an isotropic 
viscoelastic magma where the bubble grows almost in-



stantaneously, a constant strain (Maxwell model) will 
generate a pressure which will decrease in time accord-
ing to 

(10) 
where Ph is the forced  coalescence pressure and b rep-

resents the mean relaxation time for  the N  elements. 
The relaxation time b is defined  by the ratio K/µ,  be-
tween the bulk modulus К and the viscosity p. of  the 
magma. However, under a constant stress (Kelvin-Voigt 
model), gas bubble volume grows as t 1 / 2 or t 2 / 3 depend-
ing on magma viscosity. This behavior could be ex-
plained by the combination of  the Maxwell and Kelvin-
Voigt models, where the stress and strain are changed 
simultaneously [Bland,  1960]. In this case, the pressure 
variation can be written as 

(11) 

where the first  part of  this source time function 

where y is the ratio of  the heat capacity (1.1 for  hot 
gases) and P is the gas pressure in magma which is 
mainly hydrosatic pressure. Assuming that the bubble 
forms  at a few  tens of  meters, the bulk modulus (Kg) 
of  the gas will be ~106 Pa of  the same order as the 
hydrostatic pressure in magma. Considering that we 
calculated (equation (4)) a minimum gas volume con-
tent of  n=0.44, the bulk modulus of  the magma-gas 
medium at Stromboli can not exceed 2.3 Kg  and it will 
be of  the same order as that of  free  gas ( K m + g is ~106 

Pa). 

4.2. Viscosity of  the Magma-Gas Medium 

The viscosity (µ) of  the basaltic melting at Stromboli 
varies from  102 Pa s to 103 Pa s [Vergniolle  and  Jau-
part, 1986], but the effective  viscosity (µef)for  the fluid 
containing suspended small gas.bubbles is greater than 
the viscosity of  the ambient fluid  and can be expressed 
as 

(12) (15) 
represents the rate m of  pressure change in the magma. 

Laboratory experiments and theoretical calculations showed 
that during the degassing process under sudden decom-
pression [Zhang  et al, 1997] or at constant decompres-
sion rate [Toramaru,  1989] bubble radius grows as 
In homogeneous viscoelastic media under fast  process, 
the stress and the strain recover simultaneously, and 
the resulting relaxation time b is the characteristic vis-
coelastic parameter of  the media defined  as the ratio 
between bulk modulus К and viscosity µ of  the me-
dia. In order to estimate a value for  the relaxation time 
as close as possible to reality, we would consider the 
magma as a two-phase medium where the presence of 
gets drastically changes the physical parameters of  the 
liquid. 

4.1. Bulk Modulus of  the Magma-Gas Medium 

The elastic modulus of  a liquid-gas mixture is the 
bulk modulus (К) or coefficient  of  compressibility a, 
where (K=l/a).  The bulk modulus in closed liquid-gas 
system depends on free  gas content and decreases when 
gas content increases. For a gas volume fraction  n, the 
bulk modulus of  a two-phase gas-liquid system can be 
estimated as 

where с is the coefficient  which depends on gas bub-
bles concentration. For a liquid containing a large num-
ber of  suspended small bubbles with equal size, the co-
efficient  с is equal to 4/3a, where a, the volume concen-
tration of  gas bubbles suspended in the liquid, is given 
by 

(16) 

(13) 

where Vi is the volume of  the single ith bubble and 
V  is the total volume of  the liquid [Batchelor,  1967]. 
From (15), it can be seen that for  concentrations of  gas 
bubbles as low as 1% or 3% the coefficient  с changes 
from  100 to 40, respectively. Assuming for  Stromboli 
a mean magma viscosity of  103 Pa s [Vergniolle  and 
Jaupart,  1986], the effective  viscosity can increase up to 
105 Pa s with only 3% of  small gas bubbles suspended 
in the magma. 

4.3. Ground Displacement Induced by 
Pressure Variation in Magma 

Considering the influence  of  the gas on the magma 
physical properties we can write the general time source 
function  for  the pressure variation induced in the magma 
by gas bubble growth under forced  coalescence as 

where K1  and Kg  are the bulk modulus of  the liq-
uid and gas, respectively. The bulk modulus of  a 
basaltic magma (Kg) is generally estimated as ~10l0 

Pa [Chouet,  1985], while that of  the gas can be calcu-
lated as 

(17) 

(14) 

where К and µef  are bubbly magma bulk modu-
lus and effective  viscosity, respectively, and Ph is the 
maximum pressure change induced in the magma-gas 
medium by gas bubble forced  coalescence. Forced со-



alescence process generates in the medium a pressure 
drop (equation (8)) which is 2 orders of  magnitude 
higher than what has been calculated (equation (7)) 
for  the free  gas coalescence model. Forced coalescence 
of  a gas bubble with 0.5-m radius induces a pressure 
drop of  ~104 Pa in the magma, which is consistent with 
ground displacement of  ~10 - 5 m measured for  the vol-
canic tremor at Stromboli. In natural eruptions, bub-
bles should grow faster  because of  expansion and mass 
transfer  effect,  becouse of  the interaction between bub-
ble growth and ascent [Zhang  et al ,1997]. It means 
that accelerating decompression is more suitable than 
constant decompression. For this reason, as the first 
approximation we found  it more convenient to set m=1 
in our fhodel,  under the assumption that the bubble 
growth rate can be considered proportional to t (Fig-
ure 9a). At distances r larger than the bubble radius 

R, our spherical source can be considered as a point 
source [Jiang  et al} 1994] which produces a symmetric 
displacement in the surrounding solid half-space  pro-
portional to the first  derivative of  the pressure of  the 
point source [Aki  and  Richards,  1980]. Therefore  the 
pressure source function  produced by the forced  gas co-
alescence process of  (17) should be derivated in order 

to be compared to the ground displacement produced 
by volcanic tremor 

(18) 

where S(t)  is the first  derivative (Figure 9b) of  the 
pressure function  P(t). 

4.4. Spectral Characteristic of  the Source 
Function 

Assuming m=1, the cosine Fourier transform  of  the 
theoretical pressure time function  for  the forced  coales-
cence process from  (17), is given as 

(19) 

while for  the first  derivative of  (18) S(w) be calculated 
as 

where w=2πf.  It can be demonstrated that in the 
high-frequency  side of  the theoretical density spectrum 
of  (19), the asymptote decays as af-2,  while the low-
frequency  side has a constant asymptote. The first 
derivative density spectrum from  (20) shows the same 
asymptotic decrease af-2  in the high-frequency  side, 
while in the low-frequency  side it has the asymptote 
proportional to f2  (Figure 10). The theoretical source 
spectrum has then been compared to the displacement 

Figure 9. (a)Theoretical source function  calculated 
from  equation (9) for  different  time relaxation (curve 1) 
b=0.08 and curve 2) b=0.04) and same bubble growth 

parameter m=1. (b) First derivative (equation (18)) 
of  the two pressure functions,  assumed to be represen-
tative of  ground displacement induced by the bubble 
growth in magma. 

Figure 10. Theoretical spectra of  ground displacement 
calculated for  the two pressure functions  of  Figure 8b. 
The different  frequency  content depends on different  b 
values: curve 1) b=0.08 and curve 2) b=0.04. Spectral 
amplitudes decay in the high- and low-frequency  range 
as af-2. 



spectrum at Stromboli. Seismic records were first  cor-
rected for  the instrumental response functions,  and 
then the ground velocity was integrated. Spectra rel-
ative to ground displacement recorded at each of  the 
five  seismic stations of  the Stromboli's network were 
calculated every hour for  2 days (Figure 11a). The 
240 ground displacement spectra were stacked together 

to enhance spectral source characteristics and to re-
duce the path/site effects.  This procedure allowed us 
to neglect the propagation effects  of  the medium in 
our theoretical treatment and to compare directly the 
tremor to our theoretical spectrum. The general trend 
of  the stacked spectral functions  does not depend on 
the transfer  function  (0.5-50 Hz) of  the short-period 

Figure 11. (a) Ground diplacement density spectra calculated for  five  seismic stations of  the 
Stromboli's network. Each spectrum is the average of  48 spectra calculated every hour for  2 
days. Spectral density has been normalized to different  values, according to their distance from 
the craters in order to improve data representation, (b) Volcanic tremor ground displacement 
spectrum obtained by stacking the five  spectra of  Figure 9a. This mean spectrum is representative 
only for  the tremor source spectral content. The spectrum is compared with three different 
theoretical source spectra calculated assuming the same relaxation time (b =0.076) and three 
different  gas bubble growths in magma: curve 1) m=l/2, curve 2) m=2/3 and curve 3) m=l. 
Gas bubble growth under constant acceleration (m= 1) seems to be more suitable for  volcanic 
tremor at Stromboli. The two asymptotes decay as a f-2.following  our theoretical assumptions 
and defining  a "corner" frequency  of  2.1 Hz. 



(1 s) seismometers used. In fact,  broadband exper-
iments at Stromboli [Neuberg  et ai, 1994] have re-
vealed how even if  volcanic activity irradiates seismic 
energy at frequency  far  below (~0.1 Hz) the typical fre-
quency responce of  short-period instruments (> 1 Hz), 
tremor shows small energy in the low-frequency  band 
(< 1 Hz). Polarization analysis and wave propagation 
have revealed that the low-frequency  band (0.1-0.4 Hz) 
of  the tremor spectral content has no volcanic origin 
but is generated by ocean microseisms [Braun  et ai, 
1996]. Therefore  we infer  that ground displacement 
spectrum calculated as the average (Figure lib) of  dif-
ferent  spectra calculated from  short-period recordings 
at stations with variable azimuth and distance to the 
source is a reliable representation of  the tremor source. 
The averaged ground displacement spectrum shows the 
predicted asymptotic behavior we calculated assuming 
m=l (Figure lib). The intersection between the two 
asymptotes defines  a frequency  (F=l/27πb) which corre-
sponds to the mean duration of  the single pulse (Figure 
9). According to our model, this frequency  should de-
pend on the viscoelastic properties of  the magma. At 
Stromboli, it corresponds to ~2.1 Hz which is equiva-
lent to 6=0.076. Considering that we have calculated 
the bulk modulus as ~106 Pa and the effective  viscos-
ity as ~105 Pa s, the b coefficent  should be ~0.1, and 
consequently the predicted frequency  for  the volcanic 
tremor at Stromboli should be 1.6 Hz. 

4.5. Wave of  Bubbles and Source Time Rate 

Volcanic tremor shows significant  peaks in the spec-
trum which are consistent in time and space [Schick, 
1988]. These spectral peaks have been often  explained 
as source properties induced by resonating magma [Aki 
et ai, 1977; Chouet,  1985] or as path effects  due to res-
onant scattering of  media [Gordeev,  1993; Correig  and 
Vila,  1993; Kedar  et ai, 1996]. It is not our aim to 
discriminate between source and/or path effects  in the 
tremor spectral contents at Stromboli. However, infra-
sonic records suggests that spectral peaks of  volcanic 
tremor could be produced by a source which repeats in 
a quasi-stationary way in time. Infrasonic  pulses are 
indicating that small gas bubbles are bursting at 
s rate which represents the source time signature and 
coincides with the formations  rate of  the gas bubbles 
in magma. Pressure pulses repeating at the same rate 
of  s have been recorded inside the conduit of  Old 
Faithful  geyser by Kedar  et ai, [1996]. The origin of  the 
pressure pulses was explained as the collapse of  small 
( ~5 cm of  radius) bubbles in the geyser hot water, 
while the delay time is produced by regular thermody-
mamic instability of  the air-water two-phase system. In 
magma-gas systems, the pattern of  the two-phase flow 
is controlled by the volume fraction  of  the gas phase. 
Bubble size distribution and coalescence process affect 
the hydrodynamics magma behavior which is closely re-
lated to the vesiculation process. Vesiculation can be 

characterized by several parameters, such as nucleation 
pressure, nucleation interval and total number of  nu-
cleated bubbles. Toramaru  [1989] showed numerically 
that for  basaltic magma rising with a velocity of  1 m 
s-1 , gas nucleation occurs at almost 2 km depth and 
with an interval of  2 m. Nucleation layers at 1-m inter-
val had been, in fact,  observed [McMillan  et ai, 1987] 
in Columbia River basaltic lava flows.  Manga  [1996] 
showed how bubble interactions could lead to a gravi-
tationally unstable bubble waves with 3 to 30 m wave-
length in basaltic magma such as Stromboli. Wave in-
stability could also be produced when gas bubbles rising 
in the magma are trapped beneath a high-viscosity con-
trast [Thomas  et ai, 1993]. In this case, the wavelength 
of  the bubble layers instability has been predicted to 
be in the range of  1 cm to 1 m [Thomas  et al.,1993]. 
Assuming a magma velocity of  cm s~l [Parfitt  and 
Wilson,  1995], layers of  bubbles could rise with a mini-
mum time interval of  1 s. This value is of  the same order 
of  magnitude of  the mean delay time measured for  the 
infrasonic  pulses recorded at Stromboli. Hence we in-
fer  that infrasonic  waves are produced by the degassing 
process which occurs at a rate proportional to the min-
imum wavelength of  the bubble layers instability. We 
simulate the whole degassing process, taking into ac-
count also the way in which source time history repeats 
in time. This has been represented as a sequence of 
single pulses with a random distribution of  amplitudes 
and phases. The general time function  of  the pressure 
fluctuations  can be written as 

where Pn is the pressure changes induced in the 
magma by bubble growth, 6 is the magma-gas time 
relaxation, and rn is the delay time of  the nth single 
pulse. Random distribution of  the source pulse ampli-
tudes (pressure drop) and time delays rn (nucleation 
interval) (Figure 12a) produces peaks randomly dis-
tributed in the spectrum (Figure 12c). If,  however, the 
delay times follow  a regularly equispaced distribution 
(Figure 12b), the resulting spectra will have stable spec-
tral peaks (Figure 12d) typical of  the harmonic tremors. 
Spectral peaks will be stable in time and space, but their 
origin will not be due to resonance of  the source but to 
the regular occurrence of  an impulsive source. However, 
the general shape of  the spectra will be always the same 
because it is controlled by the time relaxation b of  the 
magma-gas medium (equation (20)), which depends on 
the bulk modulus and viscosity ratio. Since the dura-
tion of  the single pulse in our theoretical consideration 
depends mainly on the parameter of  the fluid  (equa-
tion (18)), we conclude that the general shape of  the 
volcanic tremor spectra is determined by viscoelastic 
characteristic of  the magma. 



Figure 12. Source time history simulated as series of  pressure drops (equation (19)) with (a) 
randomly distributed amplitudes and delay times and (b) normally distributed delay times around 
the mean value of  1 s. (c) and (d) the two spectra show the same asymptotic behavior and the 
same 2-Hz frequency  at the asymptotes intersection. Distribution of  peaks in the spectra reflects 
delay times between source events. This is more evident in Figure 12d where the strong peak at 
1 Hz comes from  the ~l-s delay time source distribution. 

4.6. Comparison With Volcanic Tremor of 
Other Volcanoes 

Tremor is a continuous signal common to all the ac-
tive volcanoes and with the same spectral characteristic 
of  low-frequency(1-3  Hz) content [McNutt,  1989]. Sim-
ilar asymptotic behavior of  the ground displacement 
spectrum has been found  also for  the seismic tremor 
recorded at different  volcanoes (Figure 13). Therefore 
we infer  that the same process as described for  Strom-
boli is acting also on other volcanoes and that different 
viscoelastic magma parameters and bubble growth rate 
m are responsible for  the different  values of  the "corner" 
frequency  defined  by the intersection of  asymptotes. 
We cannot quantitatively demonstrate the relationship 
between volcanic tremor spectra and magma parame-
ters because no accurate informations  exists about the 
"in situ" characteristic of  magma, unlike at Strom-
boli. However, a qualitative relationship seems to exist: 
Mount Hekla has very low viscosity magma (basaltic) 
and volcanic tremor spectrum shows a higher frequency 

(Figure 13c), while Mount Avaehinsky that has an high 
viscosity magma (andesitic) shows a lower frequency 
(Figure 13d). Our model emp hasizes the role of  gas 
dynamics and the importance of  viscoelastic properties 
of  magma compared to previous tremor models, and it 
does not need to include any geometrical constraint on 
the magmatic conduits to define  the spectral character-
istic of  the source. Besides, rhythmicity of  the infra-
sonic impulses recorded at Stromboli support a strong 
evidence of  the instability rate of  the two-phase sys-
tem. This instability induces the source to repeat at 
a rate of  s which could explain harmonic tremor 
recorded at several volcanoes. With this point of  view, 
it appears as a strong coincidence that harmonic tremor 
at volcanoes with different  magmatism such as Sakura-
jima, Japan [Kamo  et al, 1977], Langila, New Guinea 
[Mori  et al, 1989], Semeru, Indonesia [Schlindwein  et 
al, 1995], and Arenal, Costa Rica [Benoit  and  McNutt, 
1997] have harmonic spectral peaks around 1 s. Ac-
cording to our model, these harmonic frequencies  should 
be related to a degassing process more regular than at 
Stromboli. 



Figure 13. Example of  volcanic tremor at (a) Mount Avachinsky (Kamchatka, 1991 eruption) 
and at (b) Mount Hekla (Iceland, 1991 eruption). Avachinsky is an andesitic volcano with a 
magma viscosity higher than Stromboli and as predicted shows (c) a "corner" frequency  of 
Hz lower than at Stromboli. However, Hekla is a basaltic volcano with a magma viscosity lower 
than those of  Avachinsky and Stromboli and has (d) a "corner" frequency  (~4 Hz) higher than 
at Avachinsky and Stromboli. 

5. Conclusions 

We present a model for  the volcanic tremor source at 
Stromboli which is strongly constrained by the record-
ing of  small infrasonic  pulses. As previously inferred 
[Ripepe  et al., 1996], we demonstrated (equation (1)) 
that these small infrasonic  pulses are generated by the 
bursting of  small gas bubbles (~0.5 m) in one of  the ac-
tive vent. Long-term energy fluctuations  have shown 
that volcanic tremor and infrasonic  pulses are inti-
mately linked to the same dynamical process. Seis-
mic and infrasonic  signals are coherent in time indi-
cating that the two process are part of  the same phe-
nomenon which has two phases separated in time and 
space. We argue that the dynamical process responsi-
ble for  the seismic signal is gas coalescence which pro-
duces the bubbles that reaching the magma surface  ex-
plode and generate infrasonic  pulses. We propose two 
different  ways for  the gas coalescence process to occur 

in magma: a free  coalescence and a forced  coalescence 
model. Both models could really be applicable, and 
are supported by numerical and experimental simula-
tions [Jaupart  and  Vergniolle,  1988; Mader  et al, 1994; 
Manga,  1996; Sahagian  et al, 1989; Zhang  et al., 1997]. 
We tried to estimate the pressure change produced by 
the two coalescence models. Pressure produced by sim-
ple free  coalescence (equation (7)) is more than 2 orders 
of  magnitude smaller than pressure drop produced by 
the forced  coalescence model (equation (8)). Gas could 
be forced  to coalesce [Jaupart  and  Vergniolle,  1988] in 
the magma at a structural barrier such as a dike. When 
gas volume concentration reaches the critical value of 
0.7, a large bubble will form  and will start to flow  in the 
conduit. Absolute pressure drop will be proportional to 
the bubble size (equation (8)), while the pressure time 
history in magma will depend on the bubble growth rate 
which we assumed as proportional to t. We propose that 
the volcanic tremor source function  could be the vis-



coelastic reaction of  the magma to the sudden pressure 
decrease induced by the gas bubble growth rate under 
constant depressurization (equation (18)) [Mader  et al, 
1994; Zhang  et al, 1997]. A bubble in magma grows un-
der two conditions: diffusion  and decompression. When 
a gas bubble forms  at depth, it slowly grows mainly by 
diffusion,  and the size of  the bubble remains as small 
as 1 cm. Only approaching the surface  (100-200 m) 
does the decompression effect  exceed the diffusion  effect 
[Sparks,  1978], and the bubble reaches larger size. As a 
consequence, the source of  the volcanic tremor should 
be shallow, and it should be confined  in the last 100-200 
m [Chouet  et al, 1997]. Therefore  the structural bar-
rier, where small gas bubbles are forced  to coalesce in a 
larger bubble, could be located between the surface  and 
200-m depth. Correlation between the seismic and in-
frasonic  MSA functions  (Figure 4b) indicates that the 
time elapsed during bubble growth and burst is very 
small, and it cannot exceed the MSA time window of 
30 s. Considering that the gas bubble moves along the 
conduit with a velocity of  ~2 m s-l [Batchelor,  1967; 
Sparks,  1978; Vergniolle  and  Jaupart,  1986] we could 
calculate that the magma column above the coalescence 
level could be no more that 60 m. If  we assume that 
a gas bubble is stable and it moves upward in the con-
duit with constant velocity, then no seismic signal will 
be irradiated by the bubble during its uprising. As a 
consequence, the magma column above the forced  coa-
lescence level will not contribute to tremor generation. 
This seems to be confirmed  by laboratory experiments 
[Delia  Schiava et al, 1996] where oscillations induced 
by gas bubble growth stop as soon as the bubble moves 
in the liquid at constant velocity. However, we cannot 
exclude that length of  magmatic column or geometry 
of  the structural barrier does not contribute to gener-
ate part of  the tremor wave field.  At Stromboli, tremor 
is dominated by SH  waves [Chouet  et al, 1997] which 
strongly support this hypothesis. Our model evidences 
the importance of  gas bubble growth in bubbly magma 
as the origin of  the pressure change in the magmatic 
column and the contribution of  the viscoelastic reac-
tion of  magma as a potential source of  the tremor fre-
quency content. Moreover, infrasonic  recordings indi-
cate that the source repeats in time at a rate of  almost 
1 s supporting the evidence that magma is degassing 
through repeated bursting of  bubbles which represents 
a reasonable mechanism of  the generation of  sustained 
tremor. We indicate that the delay time between two 
successive infrasonic  pulses could reflect  cyclic gas bub-
ble formation.  Layers of  bubbles could occur cyclically 
under a wave-like instability [Manga,  1996]. A viscosity 
contrast in the shallow magma portion could produce 
instability with a wavelenght of  some meters to few  cen-
timeters [Thomas  et al, 1993]. Therefore,  we assume 
that gas bubbles (~0.5 m) are formed  by coalescence 
of  a layer of  small bubbles (~1 cm) at a rate of  ~l-2 
s. This quasi-cyclic behavior does not change the spec-
tral characteristic of  the volcanic tremor but introduces 

local frequency  peaks according to the delay times be-
tween the growth of  successive bubbles. The ground 
displacement spectrum of  volcanic tremor recorded at 
Stromboli shows the same asymptotic decay as the first 
derivative of  our theoretical source function.  We have 
demonstrated that the low-frequency  asymptote and 
the high-frequency  asymptote define  a frequency  (2.1 
Hz) that we named "corner" frequency,  which depends 
on the time duration of  the source function.  We con-
clude that the volcanic tremor spectrum at Stromboli 
is controlled by the viscoelastic reaction of  magma to 
the sudden decompression produced by gas bubble flow 
in the magmatic conduit. 
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