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Dynamics of coupled diffusive and decompressive bubble 
growth in magmatic systems 

Alexander A. Proussevitch and Dork L. Sahagian 
Complex Systems Research Center, Institute for the Study of Earth, Oceans, and Space 
University of New Hampshire, Durham 

Abstract. Bubble growth in an ascending parcel of magma is controlled both by diffusion 
of oversaturated volatiles and decompression as the magma rises. We have developed a 
numerical model which explores the processes involved in water exsolution from basaltic 
and rhyolitic melts rising at a constant rate from magma chamber depths of 4 and 1 km. 
While the model does not attempt to simulate natural eruptions, it sheds light on the 
processes which control eruptive behavior under various conditions. Ascent rates are 
defined such that a constant rate of decompression dP/dt is maintained. A variety of 
initial ascent rates are considered in the model, from 1 m/s to 100 m/s for basalts, and 
from a few centimeters per second to 10 m/s for rhyolite, at the base of the conduit. The 
model results indicate that for any reasonable ascent rate, basaltic melt degasses at a rate 
sufficient to keep the dissolved volatile concentration at equilibrium with the decreasing 
ambient pressure. Rhyolitic melt reaches the surface at equilibrium if its ascent rate is 
less than 1 m/s, but it can erupt with high oversaturation at greater ascent rates. The latter 
may lead to explosive eruptions. If the ascent rate of rhyolite is 10 m/s or more, then melt 
barely degasses at all in the conduit and erupts with the highest oversaturation possible. 
For the case of slow magma rise, bubble growth is limited by decompression. For the case 
of rapid magma rise, bubble growth is limited by diffusion. The results of our simple 
model do not accurately simulate natural volcanic eruptions, but suggest that subsequent, 
more complex models may be able to simulate eruptions using the insights regarding 
diffusive and decompressive bubble growth processes explored in this study. Numerical 
modeling of volcanic degassing may eventually lead to better prediction of eruption 
timing, energetics and hazards of active volcanoes. 

Introduction 

Volcanic eruptions have been studied in recent years by 
various methods including experimental investigations of 
degassing [Jaupart and Vergniolle, 1988; Mader eta!., 
1994; Woods and Caufield, 1992], numerical modeling of 
eruption mechanisms [Sheridan and Wohletz, 1992; Trial 
et al., 1992], analytical formulations of magma chamber 
and conduit dynamics prior to eruption [Anderson, 1991; 
Dobran, 1992; Tait et al., 1989; Vergniolle and Jaupart, 
1990], and the dynamics of eruptive columns after leaving 
the vent [Neri and Dobran, 1994; Sparks, 1986; Turcotte et 
a/., 1990; Valentine et al. , 1991; Wilson et al. , 1980; 
Woods, 1988; Woods and Wohletz, 1991]. These have been 
recently summarized in the review of Sparks et al. [1994]. 
We have also attempted to contribute to the under-standing 
of eruptions by developing a numerical model of diffusive 
bubble growth in volcanic systems [Proussevitch et al., 
1993b] because bubble growth plays a major role in 
controlling eruption behavior [Bottinga and Javoy, 1990a; 
Bottinga and Javoy, 1990b; Mangan et al., 1993; Sahagian 
and Anderson, 1991; Sparks, 1978; Thomas et al. , 1994; 
Toramaru, 1995]. Our preliminary work modeled bubble 

Copyright 1996 by the American Geophysical Union. 

Paper number 96JB01342. 
0148-0227/96/96JB-01342509.00 

evolution at constant pressure which revealed some 
important processes in oversaturation degassing. We now 
extend this model to include varying ambient (hydrostatic) 
pressure to determine the evolution of bubbles from 
nucleation at depth to eruption at the vent where the large 
size of growing bubbles can lead to foam disruption into 
gassy spray. We limit our present analysis to gradual 
decompression at a constant rate. This is an extremely 
conservative approach, because it does not account for the 
complex feedback between magma hydrodynamics and 
bubble growth, but even the constant decompression case 
serves to elucidate the important relations between 
decompression and diffusion during bubble growth. 

Nucleation in the volcanic conduit is not considered in 
this study but has been addressed elsewhere [Hurwitz and 
Navon, 1994; Toramaru, 1989; Toramaru, 1995]. 
Nucleation of additional bubbles, as controlled by 
oversaturation, would tend to limit oversaturation by 
increasing bubble number density, thus imposing an overall 
effect roughly equivalent to increasing diffusivity. This is 
because additional bubbles between previous bubbles 
effectively reduces the diffusion distance of volatiles and 
allows more rapid growth of the total gas volume in the 
system relative to a case without any new nucleation. The 
net effect of nucleation would be to allow growth of the 
bubbles slightly earlier than otherwise and would cause the 
depth of maximum oversaturation to be greater, but the 
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extent of oversaturation to be less. This is qualitatively the 
same as if higher diffusivity were used. While nucleation is 
surely a real process in natural volcanic systems, the 
additional degree of freedom allowed by nucleation 
obscures the details of the coupling between diffusive and 
decompressive bubble growth, the processes we wish to 
highlight in this paper. 

Models of flow of magma and gas in energetic plinian 
eruptions [Dobran, 1992; Wilson et al., 1980] have 
assumed that the concentration of gas dissolved in the melt 
is always in equilibrium with the evolving pressure in the 
gas as the system decompresses. This is a key issue which 
bears on possible explosive behavior of the system at the 
vent. The assessment of the extent of oversaturation of 

volatiles in magma during such an eruption is a complex 
problem and requires numerical methods for solution. We 
take oversaturation to mean the amount of volatiles (wt %) 
dissolved in a supersaturated melt beyond the equilibrium 
saturation value. 

In the present study we have upgraded our former 
numerical model and developed codes for more realistic 
physical conditions of diffusive and decompressive bubble 
growth and quantify the contributions of each. We 
consider the diffusive contribution as exsolution in 

response only to oversaturation. Exsolution in response to 
equilibrium degassing while maintaining saturation during 
decompression is included in the decompression 
contribution. The fundamental mathematical treatment is 

similar to that of our preliminary study [Proussevitch et al., 
1993b], so the fundamental equations will only be 
summarized here (Table 1). 

A basic numerical model can be used to quantify bubble 
growth and magma degassing processes in a rising parcel 
of magma in a volcano conduit. The objectives of the 
model include (1) quantification of bubble growth 
dynamics, gas fraction evolution, and dynamics of volatile 
(H20) oversaturation during magma ascent and 
decompression; (2) quantification of the relations between 
magma decompression rate and volatile oversaturation 
prior to and at eruption as melt continues to degas (at 
atmospheric pressure) after reaching the surface; and (3) 
estimation of the character and dynamics of energetic 
eruptions driven by highly oversaturated magma based on 
rough extrapolation from individual bubble growth to the 
scale of a volcanic system. These must be considered only 
rough estimates because of the complex rheology of 
multiphase media and because rhyolite foam with high gas 
fraction involves different boundary conditions than those 

Table 1. Original System of Equations Which Has Been Solved Numerically in This Model 

Process Eouation* 
Equation 
Number 
Reference'½ 

Hydrodynamics of melt 
surrounding the 
bubble. Combined 

equation of 
momentum and 

continuity. 

pg=p/.+2o +4qvR - 
R 

in terms of contributions to total bubble pressure 
Pg =Pf +po+ Pr I 

(7) 

Mass balance at the bubble 
interface. Diffusive 

bubble growth. 
dt pg)=3 R Dp r--• (9) 

Volatile diffusion in the 
melt. •- + V r •rr = [Or 2 + 3 (11b) 

Initially uniform volatile 
distribution. 

Impermeability of outer 
cell border. 

Henry's law of gas 
solubility on the 
bubble interface 

Boundary Conditions 

c(r,0)=Co at r>R andt=0 (12a) 

•rr r=s = 0 at t > 0 (12b) 

c(R,t) = cR = •h pg)i/n at r = R and t > 0 (12c) 

Ambient pressure. It refers 
to constant 

decomvression rate. 
pt '= p g (ho- v h t) This rarer 

For details of numerical methodology and application to degassing at various constant pressures, see 
Proussevitch et al. [1993b]. 

* Notation is pg, pf, p{5 and pq, bubble, ambient, surface tension and dynamic pressures accordingly; R and S, 
bubble and elementary cell sphere radii, accordingly; {5, surface tension' q dynamic visco'sity; pg and p, gas and melt densities, accordingly; t, time; c, concentration; D, diffusion co•ffi'cient of water; r, distance variable in 
spherical coordinates; K h, Henry's law solubility constant; g, gravity acceleration; h0, initial magma depth; and Vh, 
initi•tl magma ascent velocity. 

't' Reference is Proussevitch et al. [1993b]. 
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used in our bubble growth model [Bagdassarov and 
Dingwell, 1993]. Nevertheless, despite these limitations, 
some useful qualitative estimates can be made in this 
regard. 

While the results of the present numerical model cannot 
directly predict volcanic activity, it is hoped that 
increasingly realistic numerical models can contribute to 
better understanding of eruption mechanisms and styles, 
and eventually lead to better prediction of explosive 
eruption timing, energetics, and consequent hazards. 

Model Conditions and Constraints 

The numerical model considers individual bubble 

growth dynamics. The dynamics of large volcanic systems 
are simply treated as the sum of the individual bubbles 
therein, despite any neglected differences in boundary 
conditions. Because the individual bubble growth model is 
robust, but the extension to large scale systems is only 
qualitative, we will discuss these two scales separately. 

Individual Bubble Growth Model 

The individual bubble growth model includes our 
previous (instantaneous decompression) model as a 
subroutine of the more complex linear decompression 
formulation. The conditions for the individual bubble 

growth model (Figure 1) are summarized as follows 
[Proussevitch et al. , 1993b]: 

1. A single bubble-melt system has spherical symmetry 
and is considered as an elementary cell of the large 
magmatic system. The effect of the difference between the 
spherical and real polygonal shape of the elementary cell is 

Pf 
3c/3r - 0 

- ----,Viscous flow 
--' of fluid 

- 
, 

. _ 
Gas _ 

Pg:Pf+P-+Prl :-' 
C I 

(KhPg) 1/2 
I • 

R S 

I' 
> 

Figure 1. The numerical model for the individual bubble 
growth considers it as an elementary cell for a large 
magmatic system. The bubble is surrounded by finite 
volume of melt as specified by spacing of neighboring 
nucleation sites, and it grows due to diffusive influx of 
oversaturated volatiles caused by reduction of ambient 
(hydrostatic) pressure depending on decompression rate. 
For more information on bubble pressure terms and 
concentration profiles, see Table 1 and text. 

2 orders of magnitude smaller than the main bubble growth 
effects and can therefore be neglected. 

2. Each bubble is surrounded by a finite volume of melt, 
as specified by spacing of nucleation sites. 

3. Bubbles grow in response to diffusive influx of 
oversaturated volatiles due to reduction of ambient 

(hydrostatic) pressure. Diffusivity is based on measured 
values in hydrous melts,and is considered constant 
throughout magma ascent and degassing. While there may 
be significant errors in such measurements, the coupling of 
diffusive and decompressive bubble growth is not sensitive 
to the value of the diffusivity coefficient. 

4. Total pressure within each bubble consists of 
ambient, surface tension, and dynamic contributions. 

5. Ambient pressure depends on magma ascent rate and 
controls volatile solubility decrease with time. 

6. Various additional conditions include the fluid 

dynamics of the melt around each bubble, advective 
species flux which alters volatile concentration gradients 
for diffusion, variable volatile saturation on the bubble 

interface in equilibrium with total pressure within the 
bubble, and several other factors. 

The individual bubble growth model extends the previous 
analysis in that the main module of the new model code 
includes a linear decompression routine reflecting 
decreasing ambient pressure during magma ascent with 
constant decompression rate (Table 1). Ascent rates are 
specified as the rate at the base of the conduit, unaffected 
by reduction in magma bulk density in response to bubble 
growth. 

Multiple-Bubble Systems 

It is instructive to concatenate the results of many 
single-bubble systems in preparation for future volcanic 
simulations. Mass conservation in a rising system with an 
open top containing multiple growing bubbles demands 
that volume increase upward. This is because growth of 
each bubble is accommodated by displacement of 
overlying melt (and bubbles). In this and subsequent 
sections, we consider a model magmatic system which has 
some, but not all, attributes of a volcanic system. We 
designed our model system so as to most clearly reveal the 
manifestations of the interaction between diffusive and 

decompressire bubble growth, as described above. For 
instance. we did not allow feedback between bubble 

growth and decompression rate but held the latter at 
various constant values. We also disallowed nucleation in 

response to oversaturation during ascent so that no 
discontinuities in volatile concentration gradients would 
arise in mid-ascent. The conditions for a large multiple- 
bubble model system include those of each individual 
bubble and also include the larger scale conditions as 
follows: 

1. Two major melt compositions (basalt and rhyolite) 
are considered. The properties of basaltic and rhyolitic 
melts and some general parameters and constants used in 
the model are listed in Table 2. 

2. Magma ascent rate is defined such that there is a 
constant rate of decompression, dP/dt. While this is surely 
not true in volcanic eruptions, no generally applicable 
acceleration history of magma flow within a volcanic 
conduit has ever been documented [Toramaru, 1989]. At 
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Table 2. Properties of Rhyolitic and Basaltic Magmas at 1000 ø and 1200 ø C (0.1 MPa), 
Accordingly, and Other Constants Used in the Numerical Simulations 

Syrrbol Property Value Units Reference 

Rhyolitic Melt 

p Density 2200 kg m -3 1 
rl Viscosity 106 Pa s 2 
DH2 o H20 diffusivity 3x10-11 m 2 s-1 3a, 3b 
K h Henry constant 1.6x10-11 pa-1 4 
c• Surface tension 0.32 N m- 1 5 

Basaltic Melt 

p Density 2600 kg m -3 6 
rl Viscosity 50 Pa s 7 
DH20 H20 diffusivity 2x10-9 m 2 s-1 8 
K h Henry constant 9x 10-12 Pa- 1 4 
c• Surface tension 0.36 N m -1 5 

Constants and Parameters 

B Gas constant 8.31 J K- 1 mol- 1 
MH2 o Molecular weight 18x10 -3 kg mo1-1 
R o Nuclear radius 10 -5 m 
S O Separation 10-3 m 

References are 1, Clark et al. [1987]' 2, Shaw [1972]; 3a, Karsten et al. [1982]' 3b, Zhang et al. 
[1991]' 4, Burnham [1975]; 5, Proussevitch and Kutolin [1986]; 6, Murase and McBirney [1973]' 7, 
Shaw et al. [ 1968]; 8, Zhang and Stolper [ 1991 ]. 

the very least, rapid growth in gas fraction must produce 
significant acceleration during foam development near the 
vent [Wilson et al., 1980] in order to conserve mass flux, 
beyond the acceleration associated with bulk density 
decrease and the constant dP/dt condition. Thus bubbles 

grow in a feedback loop with decompression rate, as each 
is driven, in part, by the other. The problem of acceleration 
history of each bubble from nucleation to eruption is a 
complex problem that we will leave to a subsequent study. 
We maintain constant decompression rate in the model to 
allow the clear identification and quantification of the 
processes of diffusive and decompressive bubble growth. 

3. Starting depths of magma rise have been arbitrarily 
chosen to be 4 and 1 km, representing deep and shallow 
magma storage reservoirs, respectively. The analysis 
would be the same for any magma starting depth. 

4. At the initial depth, each bubble has a radius close to 
nuclear size. We do not consider the problem of nucleation 
but allow already nucleated bubbles (with a specified 
number density) to grow as the melt becomes 
oversaturated. The number density remains constant 
throughout bubble growth if it is defined as number of 
bubbles per mass of melt, rather than volume of the entire 
system. 

5. We assume that the magma is saturated with water at 
its initial depth, according to the solubility curve. As the 
melt rises, and ambient (hydrostatic) pressure decreases, 
and the melt becomes oversaturated leading to melt 
degassing and bubble growth. The extent of oversaturation 

depends on the relative rates of magma rise 
(decompression) and volatile diffusion. 

6. The volatiles exsolve into bubbles and do not leave 

the magmatic system (through country rock) during magma 
rise. Thus the volatiles are partitioned between bubbles 
and melt until complete exsolution at atmospheric pressure. 

7. If the melt is not degassed to equilibrium at 0.1 MPa 
by the time it reaches the surface, the model assumes that 
the melt continues to degas at atmospheric pressure until 
exsolution is complete. In this case, bubbles grow by 
diffusive increase of gas mass but not by decompression. 

Based on the above conditions and constraints, physical 
and mathematical procedures were applied to develop 
Fortran codes for running numerical "experiments." Using 
standard input parameters from Table 2 in combination 
with one of the chosen starting depths and with a specified 
starting ascent rate, the numerical model provides us with 
the following output parameters as a function of time: 
depth, bubble radius, average volatile oversaturation in the 
melt, gas fraction in the system, thickness of the bubble 
wall, pressure terms within the bubble (ambient, surface 
tension, and dynamic terms), and volatile concentration 
profile across the bubble wall. These output parameters are 
used to quantify bubble growth and degassing processes in 
a rising and decompressing parcel of magma. 

It should be noted that foam disruption [Cashman and 
Mangan, 1994; Proussevitch et al., 1993a] is not 
considered in this analysis. For all model runs, the final 
gas fraction in the system at atmospheric pressure is about 
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Figure 2. Bubble growth and H 20 oversaturation dynamics for model runs with basaltic magma. Initial 
depths (and pressures) are (a) 4 km (102 MPa) and (b) 1 km (25.5 MPa). Initial concentrations at 
saturation are 3.03 wt % and 1.52 wt %, respe. ctive!y. Rise rates always refer to rate at base of conduit. 
As a bubble grows during linear decompression, rise rate increases as overlying magma bulk density 
decreases. 

99.8 %. In actual volcanic systems, there can be neither 
bubbles nor foam at this gas fraction because the foam 
would have disrupted into gassy spray (leading to pyroclast 
formation) at some lesser gas fraction. The threshold value 
is commonly taken to be around 80% because this is the 
vesicularity limit for most common volcanic scoria and 
pumice, but there is considerable variation [ Gardner et al., 
1991; Houghton and Wilson, 1989; Mangan et al., 1993; 
Thomas et al., 1994]. In our present model, the melt 
continues to degas after foam disruption as if there was no 
change in bubble geometry, so that dissolved volatile 
concentration evolves toward equilibrium with ambient 
pressure, and finally with atmospheric pressure. Fortran 
codes for the numerical model are available from authors 

upon request. 

Results for Basaltic System 
A number of model runs were performed for the 

basaltic system with initial magma ascent rates between 0.1 
and 100 m/s. These ascent rates apply to the magma at 
depth before significant bubble growth. Bubble growth 
causes great accelerations so that much higher rates are 
observed at the vent [Sparks, 1986]. The results of model 
runs are illustrated in Figure 2. It was found that for typical 
ascent rates between a few meters per second and tens of 
meters per second [Head and Wilson, 1987] the melt 
maintains equilibrium volatile concentration as it 
decompresses. Only in the case of very small bubbles is 
there even a minor delay of bubble growth and degassing 
[Sahagian et al., 1994; Sparks, 1994] which leads to 

oversaturation of about 0.6 wt % (10 m/s ascent rate). This 
time delay arises from surface tension and viscous 
resistance to bubble growth at small bubble sizes. For 
typical ascent rates of less than 10 m/s, the dissolved 
volatiles are in equilibrium with gas in the bubbles, and the 
bubble growth curve is not affected by kinetic factors. 

Only for extreme ascent rates (100 m/s) is there any 
oversaturation depending on the starting depth of magma 
rise (maximum oversaturation of 0.9 % and 1.0 wt % 
which occur at depths of 1.5 km and 60 m for the 4-and 1 - 
km starting depths, respectively) (Figure 2). These 
modeled values of H20 oversaturation are in close 
agreement with independent analyses [Greenland, 1988; 
Head and Wilson, 1987]. Such extreme ascent rates are 
possible in natural volcanic systems. Lava fountain heights 
of 400 m were observed during the Pu'u O'o, Kilauea 
eruption of 1984 [Wolfe et al., 1987] which implies a 
magma ascent rate of about 100 m/s [Head and Wilson, 
1987]. However, even for this extreme ascent rate, volatile 
concentration in the melt can maintain equilibrium with 
decreasing pressure so that very near the vent, there is 
virtually no additional exsolution, and bubble growth is 
dominated by decompressive expansion. 

Results for Rhyolitic Systems 
Diffusive transport properties of rhyolitic magma 

(Table 2) are very different from those of basaltic magma. 
This leads to contrasting degassing behavior, especially in 
the upper part of the conduit [Sparks et al., 1994]. Starting 
depths for rhyolitic magma rise were chosen as 4 and 1 km 
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Figure 3. Bubble growth and H 20 oversaturation dynamics for model runs with rhyolitic magma. Initial 
depths (and pressures) are (a) 4 km (86.3 MPa) and (b) 1 km (21.6 MPa). Initial concentrations at 
saturation are 3.72 wt % and 1.86 wt %, respectively. 

[Marsh, 1989; Williams and McBirney, 1979]. The 
numerical model results are very sensitive to the choice of 
magma decompression rate. We refer to ascent rate as that 
of the magma before or below the level of significant 
bubble growth, and adjust this rate to maintain constant 
dP/dt throughout modeled bubble growth. Ascent rate is 
chosen on the basis of data from field measurements and 

estimates of magma discharge during various eruptions of 
silicic volcanoes. The highest rates are found for energetic 
Plinian eruptions. These are 2 and 1 m/s for initial and 
intermediate episodes of the Bishop Tuff eruption 
[Gardner et al., 1991], 3 m/s for the 79 A.D. Vesuvius 
eruption [ Carey and Sigurdsson, 1987; Sigurdsson et al., 
1990], and 7 m/s for the 1980 Mount St. Helens eruption 
[Carey et al., 1990]. The same range of rates follows from 
modeling of magma withdrawal from crustal reservoirs 
[Spera, 1984; Trial et al., 1992] and from estimates on the 
basis of fluid inclusions from the Bishop Tuff [Anderson, 
1991] for comparable initial depths and ascent rates. If the 
actual conduit radius is significantly smaller than that of 
the vent, inferred maximum magma ascent rates would be 
several times higher than those cited above. We have 
conducted a number of numerical model runs for initial 

ascent rates of 0.01 to 10 m/s in an attempt to quantify 
bubble growth and degassing dynamics in magmatic 
systems. 

The character of degassing of the rhyolitic system can 
vary widely, depending on magma initial ascent rate 
(Figure 3). We can distinguish four different degassing 
styles on the basis of volatile oversaturation at eruption 
(Table 3): 

1. Ascent rates under 10 cm/s. For slow rates of magma 

rise, there is no volatile oversaturation as the magma 
approaches the vent (Figure 3). However, there are some 
variations in oversaturation history for different slow 
ascent rates. For example, at 1 cm/s there is never any 
water oversaturation, while for 10 cm/s, there is 
oversaturation of 0.5 and 0.6 wt % H20 at depths of 0.4 
and 2.3 km for the starting depths of 1 and 4 km 
respectively (Figure 3). In either case, the melt comes to 
equilibrium before reaching the vent, so the dominant 
bubble growth mechanism near the surface is 
decompression. 

2. Ascent rates between 0.1 and 1 m/s. In this range of 
initial ascent rates, there is virtually no oversaturation at 
the surface, but there is significant oversaturation at 
shallow depths in the volcanic conduit (1.1 wt % at 100 m 
depth) (Figure 3). With this level of oversaturation at such 
shallow depth, eruption may be more energetic than would 
predicted for this ascent rate range if there were no regard 
for the evolution of oversaturation with magma rise. The 
implications of this will be addressed below. As is the case 
for lower ascent rates, bubble growth in the vent is 
predominantly caused by decompression. 

3. Ascent rates between 1 and 10 m/s. In this range of 
initial ascent rates, rhyolitic melt erupts with significant 
levels of water oversaturation. However, the maximum 
oversaturation is still at some shallow depth beneath the 
vent (200 to a few meters ). For example, for an ascent rate 
of 5 m/s, maximum oversaturation (2.5 wt % H2 O) occurs 
at a depth of 100 m. Oversaturation at the vent can vary 
between 0 and 3 wt % H20 (2.2 for 5 m/s ascent rate). 
Diffusive bubble growth near and at the vent is extremely 
rapid so that the diffusive contribution to bubble growth 
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Table 3. Degassing, Bubble Growth, and Volcanic Eruption Character for Different Initial Rise Rates of 
Rhyolitic Magma 

Rise Rate Oversaturation at the Moment Maximum Oversaturation and Mechanism of Bubble Growth 

Melt Reaches the Surface Its Depth Near or at the Vent 

under 10 cm/s none up to 1 wt. % decompression 
at 1.5 km 

0.1 - 1 m/s very small up to 2.3 wt. % mainly 
at 200 m decompression 

1 -10 m/s 0 - 3 wt. % > 2.5 wt. % at depth decompression as 
under 200 m well as diffusion 

10 m/s and over 3.5 wt. % or equal to the surface diffusion 
saturation on starting depth of 
magma rise 

Starting depth of magma rise is 4 km. Volatile is H 20. Initial rise rates at base of conduit, before bubble growth 

rate becomes comparable to the decompressive 
contribution. 

4. Ascent rates greater than 10 m/s. High initial ascent 
rates lead to extremely energetic eruptions caused by 
explosive shallow degassing. Some data and field 
measurements suggest the possibility of such ascent rates 
in nature [Carey and Sigurdsson, 1987]. For these high 
ascent rates, silicic magma does not significantly degas 
until it reaches the surface regardless of magma starting 
depth. Thus oversaturation at the vent is approximately the 
water saturation value at the starting depth. For example, 
for an ascent rate of 10 m/s and starting depth of 4 km 
(saturated with 3.72 wt % H 20), oversaturation at the vent 
is 3.0 wt % (Figure 3). High eruptive dissolved water 
concentrations of 4 wt % and greater have been suggested 
for explosive Plinian eruptions [Anderson et al., 1989; 
Dunbar and Kyle, 1992; Eichelberger and Westrich, 1981; 
Melson et al., 1990; Newman et al., 1986]. For high 
decompression rates, maximum oversaturation is at the 
surface, and the dominant bubble growth mechanism is 
diffusion of volatiles into the bubble at atmospheric 
pressure. Because there is no significant degassing of the 
melt en route to the surface for such high decompression 
rates, the melt is already at its maximum possible 
oversaturation, and increasing decompression rate cannot 
significantly increase oversaturation. However, greater 
starting depth can increase surface oversaturation and 
consequent bubble growth dynamics causing the most 
energetic explosive eruptions. 

A scenario of high oversaturation at the surface brings 
into question our condition of no further bubble nucleation 
during magma rise. This is the most likely case for in- 
conduit nucleation which would lead to a reduction of the 

average distance traveled by volatiles and thus 
oversaturation. We do not allow this in our model because 

the complexities introduced by the additional degree of 
freedom would obscure the processes of decompression 
and diffusion we wish to highlight. However, this effect 
may be partially offset by our artificial condition of 
constant decompression rate. Whereas some energetic 
silicic eruptions may be supersonic at the vent, we maintain 
a maximum case of 10 m/s. If we were to allow magma 

and bubble decompression rate to reach near realistic 
values, the time available for nucleation and diffusion 
would be greatly reduced, likely more than offsetting the 
effect of late-stage nucleation. Quantification of this is left 
for subsequent studies. 

It is interesting to note that at depths where bubbles are 
very small (postnucleation) there is very little bubble 
growth regardless of magma ascent rate (Figure 3). Bubble 
growth differences due to differences in decompression 
rate become apparent only after bubbles reach a radius of 
about 0.5 mm. This suggests that the melt does not begin to 
degas at a significant rate until bubbles reach this threshold 
radius and bubble separation distance (wall thickness) is 
reduced. This geometrical effect, in combination with very 
low oversaturation at these depths, makes for sluggish 
diffusion of volatiles into the bubbles. This applies to both 
rhyolitic and basaltic systems (Figure 2). In real volcanic 
systems with nucleation and interactions between bubble 
growth and decompression rate, the threshold radius is 
effectively reduced by high oversaturation buffered by 
nucleation, as a result of rapid ascent rates in upper levels 
of the conduit. 

Figure 4 illustrates bubble growth dynamics near and at 
the vent, and after eruption when the melt degasses at 
constant atmospheric pressure. Regardless of 
decompression rate, there is very rapid bubble growth at 
the vent. For low ascent rates, bubble growth at the vent is 
caused solely by decompression (note low oversaturation 
for 0.1 m/s case in Figure 4). At high magma ascent rates, 
the primary mechanism for bubble growth is 
oversaturation-induced diffusion of volatiles into bubbles. 

In this case, when magma is at the surface (dimensionless 
time > 1.0), the situation approximately reduces to the 
simpler case of oversaturation degassing at atmospheric 
pressure considered in our preliminary study [Proussevitch 
et al. , 1993b]. 

Conclusions 

Our simple parametric model reveals some of the 
characteristics of the processes which control bubble 
growth in volcanic systems. The relationship between 
diffusive and decompressive bubble growth depends on 
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Figure 4. Bubble growth and H20 oversaturation versus 
dimensionless time to reach the surface for rhyolitic model 
runs starting at 4 km. Note that most bubble growth and 
magma degassing occurs near or at the vent (vent is at 
time=l). 

decompression rate as well as various magma parameters. 
The simple elementary cell geometry with a finite volume 
of melt around each bubble and characteristic number 
density defined by initial cell radius allows us to extend our 
analysis and make some inferences regarding large-scale 
processes in multiple-bubble systems. We account for the 
growth of multiple bubbles in a horizontal layer across the 
conduit and maintain constant decompression rate and 
neglect effects such as variations in rheology for a two- 
phase medium or inertial effects that may arise at high 
accelerations. This artificial condition causes modeled vent 
velocities to be much less than those in natural systems 
which have more cylindrical geometries and in which 
growth and decompression rate are in constant positive 
feedback. The feedback between interacting bubble growth 
dynamics, decompression rate, and conduit geometry is a 
complex problem to be addressed in a subsequent study. 

Several conclusions can be drawn on the basis of our 

simple parametric model. These bear on the processes 
which occur in volcanic systems but do not represent an 
attempt to simulate any natural system, as explained above. 

1. Volatile (water)concentration in basaltic melt 
reaches equilibrium with ambient pressure long before it 
reaches the surface regardless of initial ascent rate (even up 
to 100 m/s). 

2. Volatile concentration in rhyolitic melt reaches 
equilibrium before eruption if its initial ascent rate is less 
than 0.1 m/s. 

3. If the initial ascent rate of rhyolitic melt is greater 
than 10 m/s, the model indicates that it erupts before any 
appreciable degassing can occur, and thus erupts highly 
oversaturated, the extent of which depends on the starting 
concentration of volatiles dissolved in the melt. In a natural 

system, the decompression rate would be much greater at 
the vent, greatly increasing oversaturation. However, this 
increase would be at least partially compensated by late- 
stage nucleation in response to the high oversaturation. The 
highly oversaturated conditions may produce explosive 
volcanism. 

4. In all cases of basaltic or rhyolitic magmas at 

reasonable decompression rates, water degassing does not 
even begin until the magma rises to at least 1500-200 m 
(depending on starting depth of rise). 

5. Our simple model results may serve as a basis for 
expansion to more complex and realistic models involving 
acceleration histories of each bubble in the system, 
nucleation, feedback between bubble growth dynamics, 
decompression rate, and conduit geometry, and the thermal 
effects of bubble growth [Sahagian and Proussevitch, 
1996]. 
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