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Abstract

In the shallow magma chambers of voicanoes, the CO, content of most basaltic melts is above the solubility limit. This
implies that the chamber contains gas bubbles, which rise through the magma and expand. Thus, the volume of the chamber,
its gas volume fraction and the gas flux into the conduit change with time in a systematic manner as a function of the size
and number of gas bubbles. Changes in gas flux and gas volume are calculated for a bubble size distribution and related to
changes in eruption regimes. Fire fountain activity, only present during the first quarter of the eruption, requires that the
bubbles are larger than a certain size, which depends on the gas flux and on the bubble content [1]. As the chamber degasses,
it loses its largest gas bubbles and the gas flux decreases, eventually suppressing the fire fountaining activity. Ultimately, an
eruption stops when the chamber contains only a few tiny bubbles. More generally, the evolution of basaltic eruptions is
governed by a dimensionless number, 7* = 7gApa’ /(18 uh, ). where 7= a characteristic time for degassing; a, = the
initial bubble diameter; w = the magma viscosity; and h, = the thickness of the degassing layer. Two eruptions of the
Kilauea volcano, Mauna Ulu (1969-1971) and Puu O’0 (1983—present), provide data on erupted gas volume and the
inflation rate of the edifice, which help constrain the spatial distribution of bubbles in the magma chamber: bubbles come
mainly from the bottom of the reservoir, either by in situ nucleation long before the eruption or within a vesiculated liquid.
Although the gas flux at the roof of the chamber takes similar values for both eruptions, the duration of both the fire
fountaining activity and the entire eruption was 6 times shorter at Mauna Ulu than during the Puu O’o eruption. The
dimensionless analysis explains the difference by a degassing layer 6 times thinner in the former than the latter, due to a 2
year delay in starting the Mauna Ulu eruption compared to the Puu O’o eruption.
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1. Introduction limit at depths of several kilometres [2-6], where
most of magma reservoirs are located. The very

When basaltic melts are formed, they contain existence of a gas phase makes models of basaltic
enough carbon dioxide to be above the solubility volcanoes difficult, as the erupted lava represents

only one component of the mixture issued from the
reservoir. However, eruption parameters and condi-
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ble for triggering eruption [7], one wishes to know
the initial spatial distribution of bubbles before an
eruption to infer their origin and initial depth of
formation.

A consequence of gas in basaltic magma cham-
bers is the formation of a gas-rich upper layer at its
roof and, hence, the presence of two different reser-
voirs of gas: one made of isolated bubbles rising in
the chamber interior and the other made of bubbles
trapped at the roof and forming a foam. This leads to
an intermittent behaviour during basaltic eruptions
with alternating phases of gas-rich explosions, called
fire fountains at Hawaii, and gas-poor lava effusion
[1,8,9]. A fire fountain, a gas jet driving lava clots, is
produced when the foam trapped at the roof becomes
unstable and collapses [1,10]. The duration between
two successive fire fountains, about 1 month, corre-
sponds to the time to re-build the foam. After ap-
proximately one quarter of the duration of the erup-
tion, the cyclic activity between fire fountains and
lava effusion gives way to continuous lava effusion.
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This sharp change in eruption regime occurs when
the gas flux decreases below a critical level [1].
However, the foam is still producing a few, smaller
gas pockets [1,8,9], called ‘gas pistons’ at Hawaii
[11,12], showing that some gas is still present in the
volcanic system. Even if one can estimate the bubble
size in the magma chamber when the fire fountain
activity stops [1,13], it is still uncertain whether the
end of this activity is due to a sharp change in the
magma chamber or results from a continuous pro-
cess.

When a magma containing gas bubbles is em-
placed rapidly in a chamber of finite thickness [14],
the bubbles rise, changing the vertical profile of the
gas volume fraction and hence of the density in the
chamber. Thus, the total volume of the chamber
changes with time, and inflation occurs, which may
be detected at the Earth’s surface. At the Kilauea
volcano (Hawaii), summit tilt deformations
[11,12,15,16], appear to be clearly correlated with
eruptive activity for both the Mauna Ulu (1969-
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Fig. 1. Summit tilt deformation (East—~West component) at Uwekahuna (Kilauea volcano, Hawaii). Above: since 1956, Points A and B are
the onset of inflation at Puu O’o and Mauna Ulu (see text). Below: for the last episodes of fire fountains during the Puu O’o eruption (from
[16]). The two eruptions of Mauna Ulu, 1969-1971 (studied in this paper) and 1972-1974, are shown by the same arrow.
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1971) [11], and Puu O’ eruptions (1983—present)
[12,16] (Fig. 1 above). Deformations are cyclic for
the first quarter of the eruption, with slow inflation
before each fire fountain and quick deflation at the
end of each fire fountain (Fig. 1 below). Such defor-
mations were previously explained only by liquid
movement into and out of the magma chamber
[11,17-19]; however, both the strong extension of
the summit during the Puu O’o eruption [19] and the
low level of seismicity before this eruption [17]
suggests that gas is partly responsible for deforma-
tions, as also proposed by [20). In addition, changes
in gas volume are not negligible compared to changes
in liquid volume [1]. It is therefore tempting to study
how gas volume in the magma chamber changes
with time.

It is possible, from a given bubble size distribu-
tion in the magma chamber, to calculate the evolu-
tion of gas volume and gas flux at the roof. These
coupled quantities change with time, reflecting the
evolution of the bubble population in the chamber.
By comparing the model predictions to measure-
ments of volume and flux during Puu O’o and
Mauna Ulu eruptions of Kilauea volcano, it is hoped
to constrain the temporal and spatial bubble distribu-
tion in the chamber, which is still poorly known.
This can then be used to understand factors which
control the duration of both the cyclic activity and
the eruption.

2. Physical framework

Due to the fact that the solubility of CO, (0.0543
wt% for a pure CO, phase at | kbar and 1200°C [4])
is much less than the total CO, concentration (0.32
wt% [21]) the magma is saturated everywhere in the
chamber, at least in CO,. Therefore, one can con-
sider the magma chamber as a reservoir containing a
liquid phase and an initial population of gas bubbles
(Fig. 2a). The part which contains exsolved bubbles
is called the degassing layer. The gas bubbles rise
and expand in response to the external pressure
gradient, here assumed to be lithostatic. Bubbles are
assumed to be in chemical equilibrium with their
surroundings, because the diffusion of chemical
species into the bubble, controlled by the local con-
centration of volatile species, cannot be easily as-
sessed. Hence, the bubble growth is mainly a conse-

quence of decompression due to rise, giving a lower
bound to both the bubble size and gas flux. The gas
is also assumed to behave ideally, which is valid at
depths of a few kilometres [14]. The gas volume
fraction in the magma chamber is small [1], and
hence each bubble may be treated as isolated. There-
fore, the evolution during time of the bubble diame-
ter depends only on the initial depth of each bubble
and its velocity.

2.1. Equations for a single bubble

Because bubbles are small, less than 1 mm [1],
and rise slowly, they are in permanent equilibrium
with the surrounding magma. Hence, assuming an
isothermal ascent path, the bubble diameter, a, at
depth z depends on initial bubble size, a,,, and initial
depth, z, (Fig. 2a):

0°
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where z_and (z, + h ) are the depths of the top and

bottom of the chamber, respectively. For a magma
viscosity p = 10 Pa- s, bubbles smaller than 5 c¢m,
as in magma chamber [1], can be considered as small
and rise with their Stokes velocity [22]. In addition,
because their surface is probably covered by tiny
crystals, bubbles can be considered as rigid spheres
and their velocity, V(z), is [22]:

dz a’gA
V(1) =0 =t 2)

t 18

where Ap is the density difference between liquid
and gas. As a bubble rises, its size increases and the
volume of displaced liquid around it increases. How-
ever, for small velocities (1.5%X 10™* m/s for a
bubble diameter of 1 mm), the acceleration of the
‘added’ mass can be neglected [22]. Using Eqs. (1)
and (2), time ¢ and bubble diameter a are related to
each other through the following equations:
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The maximum increase in the gas volume is
obtained for a bubble starting to rise at the bottom of
the magma chamber. It is limited to a factor of 2 in a
chamber 2 km deep and 2 km high, as at Kilauea,
and is faster for a large bubble than for a smaller

one.

Because it controls the rate and amount of gas
emitted at the surface, which can be measured, the
gas flux at the roof of the magma chamber is an
essential quantity to be determined. If it is straight-

Fig. 2. (a) Sketch of a degassing magma chamber. (b) Time, from | month to 10 yr, to reach the roof for different initial bubbles starting
from different depths.
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forward to calculate when and how much gas reaches
the top of the magma chamber for a single bubble,
this becomes more difficult when bubbles of differ-
ent sizes and initial depths are present in the reser-
voir. At a given time, ¢, the gas flux at the roof will
result from small bubbles that started not far below
the top of the magma chamber and from large bub-

bles that originated at greater depths (Fig. 2b). For
instance, with initial bubble diameters between 0.1
and 1 mm, as for Kilauea [1], it takes a month to
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collect bubbles of all sizes from the uppermost 400
m. After 4 months, the largest bubbles (1 mm) that
started at the bottom of the chamber have reached
the roof. After 1 yr only bubbles with an initial
diameter less than 0.6 mm still arrive at the top. It is
therefore clear that the gas flux at the roof will
depend strongly on the size and number of bubbles
and that the duration of an eruption will depend on
the bubble size and the height of the magma cham-
ber.

2.2. Gas flux and gas volume for a bubble distribu-
tion

At some initial time, the mixture of stagnant
magma and bubbles, with a given size distribution, is
left to evolve by itself, without generation of new
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bubbles, for several years, the typical duration of a
Hawaiian eruption. Because there is a unique combi-
nation of initial diameter a, and depth z, which
gives a bubble diameter a at depth z and time ¢, the
number per meter height N(1,z,a) of bubbles having
diameter a at time 7 and at depth z is:

N(t,z,a) =N(0,z,,a, (5)

where a is given by Eq. (4). The gas volume dV(z,z)
between depths z and z+ dz, and the gas flux
0O(1,z) at depth z are given by:
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Fig. 3. (a) Measurements of mass gas flux at the roof during fire fountains of the Puu Qo eruption, 1983—1986. Dashed line is calculated
flux assuming an uniform initial diameter «, of 0.4 mm throughout the chamber. Errors bars reflect uncertainties in gas velocity (see text).
Solid lines are calculated flux assuming initial diameters of a, of 0.1, 0.3, 0.4, 0.5 and 0.8 mm, reflecting vertical pressure gradient. (b)
Sketch of a magma chamber in which initial average bubble diameter, a,, reflects decompression. (¢) Calculated gas volume in the
degassing layer for @, = 0.1, 0.4 and 0.8 mm. (d) Bubble size distribution at top of degassing layer for 4 different values (8, 15, 42 months
and 6 yr) of time elapsed since the beginning of the Puu O’o eruption.
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At time ¢, the volume of gas trapped in the foam
at the roof (Fig. 2a) is therefore:

V(1) = [50Q(7.h,)dr (8)

Then, the volume of gas due to rising bubbles,
V(1) is:

V(1) = [Zav(ns) — V(1) )

when ignoring gas leak and bubble exsolution.

Little is known about the distribution of bubbles
diameters in a magma chamber. At the surface, lava
flows, with gas volume fraction as high as 30%.
exhibit complex size distribution, probably resulting
from the coalescence of closely spaced bubbles [23—
25]. At depths typical of magma chambers, the gas
volume fraction is less than a few percent, prevent-
ing bubble coalescence. The bubble size distribution
in the magma chamber should be comparable to the
Gaussian distribution observed in basalts of mid-oc-
eanic ridges [26], which are emplaced at similar
depths, albeit at lower pressures; therefore, the bub-
ble size distribution will be assumed to be Gaussian
in the magma chamber. The average number of
bubbles, N, per unit height, is assumed uniform
throughout the chamber and the number of bubbles
N, z,. a) is:

NGO N, (a—a)°

(0,z,.a) - exp 207 (10)
where a is the mean bubble diameter and o, is the
standard deviation. A Gaussian distribution extends
to infinity with negative values but, in practice, a
distribution truncated outside the range [a — 3.50,,
a+3.50,] is always used. o, is taken equal to
a/3.5, so that the minimum value of the distribution
is close to 0 and the maximum diameter is twice the
mean.

Two cases of Gaussian distribution can be envis-
aged. The first and most simple Gaussian distribution
is one for which the mean diameter, &, is uniform
throughout the chamber. Such a distribution pro-
duces a mass fraction of gas increasing with depth.
Shortly after the beginning of eruption, the bubbles
which arrive at the roof have had little time to grow.
Then, progressively larger bubbles reach the top
because they have grown for longer times. Because
bubbles which arrive at the roof of the magma

chamber come from progressively deeper layers,
which are richer in gas, the gas flux at the roof
increases steadily at the beginning of the eruption,
during 1 yr for a bubble diameter of 0.4 mm (Fig.
3a). After the last bubbles coming from the bottom
of the magma chamber have arrived at the roof, the
gas flux decreases because smaller and smaller bub-
bles, which make the left tail of the Gaussian distri-
bution, arrive at the top. This increase, followed by a
decrease in gas flux, does not depend on the average
bubble diameter a. Because such an initial increase
in gas flux is not observed (Fig. 3a), a uniform
Gaussian distribution with depth is, therefore, un-
likely.

It is more realistic to envisage that the average
diameter is depth-dependent, reflecting the vertical
pressure gradient and corresponding to a uniform
mass fraction of gas (Fig. 3b). This distribution
either simulates a re-injection of vesiculated liquid in
the magma chamber or is the result of the slow
evolution of an existing bubble population, initially
formed at the same depth, probably at the bottom of
the magma chamber long before the eruption. The
mean value, a(z), and the standard deviation, a,(z),
vary with depth as:

sth -z 1/3
a)=a(z=0)| —— 11
i) =a==0)| (1)
s+ h -\
)= =0 I — 12
o,(2) =0, ) :f+h<.—zf,) (12)

Since the initial distribution already reflects the
increase in diameter with the rise of the bubbles, the
number and sizes of bubbles which reach the top of
the chamber and, therefore, the corresponding gas
flux, remain constant. While the gas flux can remain
constant for some time, the volume of gas due to
rising bubbles decreases as soon as the eruption
starts (Fig. 3¢). This holds as long as the largest
bubbles which start from the bottom have not reached
the roof. When this happens, the bubble size distribu-
tion at the roof becomes truncated (Fig. 3d) and the
gas flux at the root begins to decrease (Fig. 3a).
Because large bubbles rise faster, this change, from
constant to decreasing gas flux, will occur sooner for
larger values of initial bubble diameter, a,, (typically
a few months after the beginning of eruption if it is
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larger than 0.8 mm), than for smaller ones (a few
years if the bubble diameter is equal to 0.4 mm).
Therefore, the value of the initial diameter influences
the shape of the evolution of the gas flux with time,
while the initial number of bubbles per meter height,
N;, merely controls the actual value of this flux.

It has so far been assumed that the liquid is
stagnant in the magma chamber. If there are strong
convective motions in the chamber interior, it con-
tains less and less bubbles with time as they escape
towards the upper boundary layer close to the roof
[27] with a velocity similar to those of the present
model. Existing measurements, however, are not suf-
ficient to suggest which model is the most appropri-
ate.

3. Applications to Kilauea volcano, Hawaii

3.1. The Puu O’0 eruption

As stated above, the only data which can con-
strain the model are the gas flux and gas volume
measured at the surface. Although the gas flux at the
roof of the magma chamber can vary with time, it
behaves essentially in a continuous manner, whereas
the gas flux at the surface is more discontinuous,
with sudden bursts during fire fountains separated by
quiet intervals. This behaviour has been explained by
the regular emission of large gas pockets formed by
the coalescence of the foam layer at the roof of the
magma chamber [1,8,9]. If one assumes that the
entire foam layer collapses during a fire fountain
episode [8], the mass of gas emitted during such an
episode must be equal to the mass of gas trapped in
the foam layer, which is, in turn, equal to the mass
flux of gas at the roof multiplied by the time interval
between two successive fountain episodes [1].

The gas volume flux at volcanic vents is esti-
mated from measurements of ejecta velocities [28],
usually assumed to be equal to the gas velocity. If
the motion of ejecta is purely inertial, the velocity at
the vent r is related to the height of fire fountains,
h, by ¢ =+/2gh [28]. Taking air friction into ac-
count, for ejecta as large as 20 cm, as observed in
1983 [29]. this velocity must be multiplied by a
factor of 3 [30]. This uncertainty could be enlarged

further by a factor of 2, because of the possible
exsolution of water vapour in the conduit above the
magma chamber [1]. The reservoir, with a thickness
h,.=2 km is located at a depth z =2 km, as
inferred from seismic studies [15,17,20,31,32]). Its
area is at least 10 km? [1], giving a minimum volume
of 2x 10" m*.

During the cyclic activity of the Puu O’o erup-
tion, the mass gas flux decreases from 5 X 10° to
3% 10° kg/s, or from 1.7 X 10% to 10 kg/s,
depending on the determination of gas velocity. This
slow decrease is best reproduced if the initial bubble
diameter at the bottom of the chamber is 0.4 mm
(Fig. 3a), corresponding to the theoretical diameter
for a bubble growing by decompression and diffu-
sion at a depth of 4 km [14,33]. Allowing for possi-
ble changes in ejecta size over that period of time
brings an uncertainty of 0.1 mm around the central
value of 0.4 mm (Fig. 3a). With these values, the
average number of bubbles per meter height in the
chamber is N, =7.5 X 10", giving initial gas vol-
ume fractions of 0.05% and 0.5% at the bottom and
the top of the magma chamber, respectively. These
values are comparable to the lowest estimates of gas
volume fraction in mid-oceanic ridges basalts [26],
which are emplaced at similar depths but lower
pressures. Plotting the evolution of the bubble size
distribution at the roof (Fig. 3d) shows that the end
of fire fountaining activity occurs when bubbles with
diameter above the mean value of 0.5 mm at the roof
have all disappeared from the degassing layer. Be-
cause bubbles remaining in the chamber are few and
small, and therefore rise slowly, the gas flux is now
too low to drive further fountain activity. It is still
capable, however, of generating gas piston activity
for several years, superimposed on quiet effusive
activity [11,12]. The calculated gas volume in the
degassing layer decreases strongly until it represents
less than 1% of its initial value at the end of the
eruption {Fig. 3c.d).

3.2. Mauna Ulu eruption

The Mauna Ulu eruption shares several features
with the Puu O’0 eruption [11,12,16]. The values of
gas flux at the roof at the beginning of the eruption,
10* kg/s, and at the end of fire fountain activity,
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2 X 10% kg /s, are of similar orders. The time inter-
val between two successive fire fountains is also
similar, about 1 month. The major difference be-
tween both eruptions is that the Mauna Ulu eruption
was approximately 6 times shorter than the Puu O’o
eruption, both in terms of duration of fire fountain
activity (7 months versus 42 months) and the total
length of the eruption. If the average initial bubble
diameter at the bottom of the degassing layer were
also 0.4 mm, the Mauna Ulu eruption would result
from the degassing of a much thinner layer, 330 m
instead of 2 km for the Puu O’o eruption and with a
number of bubbles per meter height, N, equal to
5% 10" (Fig. 4). Because both eruptions were lo-
cated not far from each other in the East Rift zone
[12], it is probable that they have been fed by the
same magma chamber, 2 km high at a depth of 2 km.
In that case, accounting for uncertainties in gas flux
measurements, the average initial bubble diameter at
Mauna Ulu is 1 + 0.2 mm (Fig. 4), 2.5 times larger
than at Puu O’0 and the number of bubbles per meter
height is 1.5 X 10", Unless independent constraints
are brought in, for example from studies on the
nucleation and growth of bubbles [33-35], it is
difficult at this stage to decide whether the degassing
layer was 330 m with a bubble diameter of 0.4 mm,
or 2 km with a diameter of 1 mm, before the Mauna
Ulu eruption.
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3.3. Characteristic time

The trade-off between the bubble diameter and
the height of the magma chamber can be easily
understood. Neglecting its increase in volume, a
bubble of initial diameter a, takes on average time
‘o

o

h 18 1h,

3

V() " @edp {13)

to rise from the bottom to the top of the chamber, 4.
If 7, is the duration of fire fountain activity, it has a
non-dimensional equivalent 7,”:

T, a,gdp

7=t = (14)
‘. 18 uh,

From values of the initial diameter, a_, and height of

the degassing layer, 4., which fit best the gas flux,
7, has values of 1.1 and 1.3 for Puu O’0 and
Mauna Ulu eruptions, respectively. Similarly, if one
scales the total duration of the eruption 7, by the
same factor 7, one has 7,” equal to 4.2 and 4.3 for
Puu O’o and Mauna Ulu eruptions, respectively. The
fact that 7,” is about four times 7,7 suggests that an
eruption stops when bubbles with an initial diameter
of half the average diameter a, have reached the
roof. This near coincidence in both 7,7 and 7,
suggests that basaltic eruptions are fundamentally
controlled by the same physical process: the com-
plete degassing of the magma chamber, regardless of
its dimensions and of the size of bubbles.

4. Discussion

The natural diameter of bubbles at a depth of 4
km is around 0.4 mm [14,33], an initial diameter of
1.0 mm at the same depth could be explained, for
instance, by coalescence. This would reduce the
number of bubbles by a factor of (1/0.4)" = 16.
Accounting for uncertainties in gas flux measure-
ments, this could explain part of the approximately
50 times decrease in the total bubble number be-
tween the Puu O’o and Mauna Ulu eruptions. How-
ever, given the low gas volume fraction (at most 1%)
coalescence is unlikely [22].

It has been shown that taking bubbles with an
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initial diameter between 0.4 and 0.5 mm at Mauna
Ulu provides a total number of bubbles similar to
that calculated at Puu O’0 but implies a much thin-
ner degassing layer: 300~500 m, instead of 2000 m.
This can be explained by the following scenario:
Although the initial bubble population at Mauna Ulu
was similar in size and number to that of Puu O’o, it
stayed a longer time in the chamber before the
eruption started. Therefore, the bubbles had time to
grow slightly and rise in the chamber. From Eq. (2),
a 0.4 mm large bubble takes about 2 yr to rise from a
depth of 4 km to a depth of 2.5-2.8 km. One can
note that Puu O’o eruption started in 1983, 6 years
after an eruption in 1977 (point A, Fig. 1a), marked
by a sudden and strong deflation (= 100 urd) of the
Kilauea summit, and that the Mauna Ulu eruption
started about 8 years after an eruption in 1961 (point
B, Fig. la), also marked by a sudden and equally
strong deflation. In addition, the total number of
bubbles in the chamber prior to eruption was N, X h_
=1.5x 10" at Puu O’0 and N, X h, =165 X 10'®
at Mauna Ulu. Although it may be a pure coinci-
dence, this has the merit of explaining both eruptions
within a single framework with one slight difference,
which is supported by observations.

A fundamental hypothesis of the model proposed
here is that there is no addition of gas in the chamber
as the eruption proceeds. The net volume change
between the beginning and the end of the eruption
should thus be negative. Summit deformations show,
however, that there is almost no volume change
during the Puu O’o eruption and that the Mauna Ulu
eruption is superimposed on a general inflation (Fig.
la), suggesting that there is indeed re-injection of
magma or formation of tiny bubbles at depth.

Measurements of volumes of gas, calculated at
the pressure of the chamber, and of liquid expelled
during each fire fountain at Puu O’0o [1], show that a
total of 56 + 11 X 10" m* were expelled during most
of the fire fountain phase. Therefore, 16 + 3 X 107
m® should be injected per year to balance the loss at
the surface during the 3.5 year long Puu O’o fire
fountain activity. This is slightly above, but compa-
rable to, the magma supply rate of 13 X 107 m*/yr
calculated by [12].

From volumes of liquid and gas expelled during
fire fountains of the Mauna Ulu eruption and associ-
ated tilt variations [11], there is a deflation of 1.4 +

0.6 wurd per 10° m’ of expelled volume. Taking this
rate to hold during the general inflation observed
during the Mauna Ulu eruptions, the =20 urd
cumulated during the 7 months of long cyclic activ-
ity results from a net increase of 1.4 + 0.6 X 10" m®.
Given a total expelled volume of 12.4 + 3.2 X 10’
m®, over that period [11], the volume injected at
depth should be 13.8 + 3.8 X 107 m’, giving a yearly
average of 24 + 7 X 10" m®. This is a little higher
than what was obtained for the Puu O’0 eruption, but
probably not significantly, given the various uncer-
tainties discussed above. In both cases, the volume
re-injected per year represents only 1% of the esti-
mated volume of the magma, =2 X 10" m? in the
chamber.

The exact partitioning between gas and liquid in
the =2 X 10® m®/yr influx rate at depth cannot be
easily constrained. The proportion of gas must not be
too high, however, otherwise the cyclic activity
would never stop. The critical gas flux, calculated at
a depth of 4 km, necessary to feed fire fountains at
the top is = 1.5 X 10" m®/yr [1]. Therefore, the
volume fraction of gas does not exceed 7.5% of the
=2 X 10® m®/yr re-injected at depth. In fact, it is
probably much lower than that. Typical gas volume
fractions at 4 km are at most 1% [36]. The gas influx
rate at depth is therefore of the order of 10° m’/yr.
Since it is not enough to trigger and maintain fire
fountains, it is necessary to call for another mecha-
nism capable of generating enough bubbles: for in-
stance, long-term cooling and crystallisation in the
magma chamber can produce gas in amounts large
enough to trigger eruptions [7].

5. Conclusion

The evolution, in a closed reservoir, of a Gaussian
population of bubbles, with the average diameter
decreasing with depth, provides a simple explanation
for the dynamics of Hawaiian basaltic eruptions. The
cyclic activity lasts until the largest bubbles have
risen from the bottom of the magma chamber. At
that time, the gas flux, which has decreased continu-
ously since the onset of eruption, becomes too low to
feed fire fountains. After that, a quiet effusive activ-
ity with gas piston events takes place, until about 1%
of the initial gas volume remains in the chamber.
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From measurements of gas flux during the Puu O’o
and Mauna Ulu eruptions, the initial diameter of
bubbles was 0.4 + 0.1 mm, in a 2 km thick layer for
Puu O’0 and in a 300-500 m thick layer for Mauna
Ulu. This difference can be explained by the fact that
bubbles had 8 years to evolve prior to the Mauna
Ulu eruption instead of 6 years for Puu O’0 eruption.
At Puu O’0o, the gas volume fraction is between
0.05% and 0.5%. From summit tilt deformations and
volumes of gas and liquid expelled during fire foun-
tains, an estimate of 2 X 10® m? of magma is re-in-
jected each year into the magma chamber.
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