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Abstract

CO, is relatively insoluble in basaltic magma at low crustal pressures. It therefore exists as a gas phase in the form of
bubbles in shallow crustal reservoirs. Over time these bubbles may separate gravitationally from the magma in the
chamber. As a result, any new magma which recharges the chamber from deeper in the crust may be more bubble-rich
and hence of lower density than the magma in the chamber. Using scaling arguments, we show that for typical recharge
fluxes, such a source of low-viscosity, bubble-rich basalt may generate a turbulent bubble plume within the chamber.
We also show that the bubbles are typically sufficiently small to have a low Reynolds number and to remain in the flow.
We then present a series of analogue laboratory experiments which identify that the motion of such a turbulent bubble-
driven line plume is well described by the classical theory of buoyant plumes. Using the classical plume theory we then
examine the effect of the return flow associated with such bubble plumes on the mixing and redistribution of bubbles
within the chamber. Using this model, we show that a relatively deep bubbly layer of magma may form below a thin
foam layer at the roof. If, as an eruption proceeds, there is a continuing influx at the base of the chamber, then our
model suggests that the bubble content of the bubbly layer may gradually increase. This may lead to a transition from
lava flow activity to more explosive fire-fountaining activity. The foam layer at the top of the chamber may provide a
flux for the continual outgassing from the flanks of the volcano [Ryan, Am. Geophys. Union Geophys. Monogr. 91
(1990)] and if it deepens sufficiently it may contribute to the eruptive activity [Vergniolle and Jaupart, J. Geophys. Res.
95 (1990) 2793-3001]. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Geophysical surveys [3,4] and measurements of
surface gas fluxes [1,5] suggest that basaltic mag-
ma is stored in shallow magma chambers, 2-4 km
below the surface and of volume 0.1-10 km? prior
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to eruption or emplacement along lateral dikes.
Owing to the low solubility of CO, at pressures
associated with the shallow crust, these chambers
contain a large number of exsolved CO, bubbles
[1,6,7]. The vertical distribution of such bubbles
can have a key impact on the style of eruption.
Volatile-rich magma is likely to lead to violent
fire-fountaining activity while volatile-poor mag-
ma may produce vesicular lava flows [6,8,9]. As
well as the relatively short-lived eruption episodes
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of explosive and lava flow activity, surface mea-
surements over several decades have established
that there is continual degassing of CO, through
the volcanic edifice [1,5]. Any vertical redistribu-
tion of bubbles within the chamber may therefore
also have a key impact on the resulting style of
eruptive activity. In fact, Woods and Cardoso [10]
have shown that the vertical separation of bubbles
from the magma may even elevate the pressure
sufficiently to trigger an eruption.

Owing to the importance of the bubble trans-
port and distribution within the chamber, the pur-
pose of this study is to examine the flow generated
in the chamber as it is recharged by a flux of
bubbly magma. Our main interest is in establish-
ing some understanding of the general fluid me-
chanical processes involved, rather than simulat-
ing a particular eruption. However, we do draw
some general conclusions about the possible im-
plications of our model for Hawaiian-style vol-
canism. As a conceptual model, it is assumed
that a sill or shallow chamber is recharged by
bubbly magma issuing from a dike [6,7]. The
dike acts as a linear source at the base of the
chamber. For large recharge rates and small bub-
bles, this flux may generate a coherent turbulent
bubble plume while for smaller recharge rates, it
may lead to the isolated ascent of individual bub-
bles through the liquid. Both of these scenarios
can lead to a complex range of eruption phenom-
ena, especially since the eruption dynamics de-
pend on the conditions in the chamber as well
as the flow in the overlying conduit.

Jaupart and Vergniolle [6,7] examined the re-
charge of the chamber by a source of large bub-
bles distributed over the base of the chamber.
Through a series of analogue laboratory experi-
ments and accompanying theoretical models, they
showed that the bubbles may rise through the
magma and pond to form a foam at the roof of
the chamber, while little motion is generated in
the magma itself. They developed a model for
the evolution of this foam, accounting for both
the recharge from below and eruption of the
foam along a conduit to the surface. Two main
types of activity may arise in such an open sys-
tem. In the first, the foam becomes unstable and
develops large slugs of gas which then ascend

from the chamber along the conduit to the sur-
face. Such activity is reminiscent of the discrete
explosions observed at Stromboli-style vents. In
the second, the foam remained stable, or exhibited
limited coalescence, and the bubbly mixture as-
cended along the conduit to the surface, leading
to fire-fountaining activity. Although this study
identified a range of interesting possible flow re-
gimes and eruption conditions, their experimental
observations concerned relatively large bubbles
which ascend individually through the magma.
However, if the rise speed of the bubbles is suffi-
ciently small then, instead of individual bubble
ascent, coherent convection of the buoyant bub-
bly magma mixture may develop [11]. We now
investigate the importance of such convection in
the redistribution of bubbles through a basaltic
chamber, focussing on the motions generated
from localised line sources of bubbly magma, as
would occur with magma supplied along a dike
intersecting the sill or chamber. Such convection
may retain a large number of bubbles in suspen-
sion. We also account for the observations of
widespread gas release on the flanks of the vol-
canic edifice [1] by allowing gas to leak from the
reservoir through the permeable host rock to the
surface. Both of these processes conspire to re-
duce the deepening of the foam layer which tends
to accumulate at the chamber roof and in some
cases may lead to eruption of the bubbly magma
rather than the overlying foam. First we present a
series of scaling arguments to identify conditions
under which bubble-driven convection rather than
the isolated motion of individual bubbles will de-
velop. We then describe a series of analogue lab-
oratory experiments to investigate the properties
of such bubble-driven plumes and we develop a
quantitative model of the flow. Finally, we use
this to model the evolution of a crustal basaltic
magma chamber as it is recharged by a mixture of
magma and bubbles. We consider both a closed
and an open system.

2. Turbulent bubble plume flow regime

When a flux of bubbles is supplied to the base
of a liquid layer, a range of flow regimes may
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develop depending on the rise speed of the bub-
bles through the liquid, and the flux of bubbles
supplied to the liquid. In order to determine the
typical flow regime associated with a localised lin-
ear source of bubbles, we present some scaling
relations in which we compare the speed of indi-
vidual bubbles with the speed of bulk convective
motions which may be generated by the bubbles.

We consider the case in which a dike of typical
width 1-2 m and lateral extent L~ 100-1000 m
produces a localised line source of magma into
the chamber. For a total volume flux recharging
the chamber in the range 1-10 m’/s [2,4], the flux
per unit length of the dike is Q=0.001-0.1 m?/s.
For a bubble volume flux @O, and magma flux
Om = 0—0p per unit length, the fraction of this
recharge composed of volatiles bubbles is v= Q/
Q. In the absence of any two-phase flow effects
deeper in the system, which may elevate the mass
fraction of CO; in the magma, the volume frac-
tion of exsolved CO; recharging the chamber is
approximately:

v=npm/((1=n)pg+npm) =npm/pg (1)

where n is the original CO, mass fraction in the
basalt, which has values of order 1 wt% [8], and
pe and py, are the gas and magma densities re-
spectively. In writing Eq. 1 we assume that at
shallow crustal pressures of order 108 Pa (2-4
km depth) only a small fraction of the CO,
(=0.1 wt%) remains in solution [12,13]. At such
pressures, the density of the CO, bubbles may be
approximated with the perfect gas law:

P
Pe=7%T (2)

where R=185 J/kg/K, and the temperature

=~ 1400 K. The density of the bubbles is there-
fore typically of order 5-10 times smaller than
that of the liquid magma, p,=~2600 kg/m3, so
that v=10n and the gas flux recharging the cham-
ber O, =0.0001-0.01 m?/s. The effective accelera-
tion of gravity of these bubbles relative to the
magma is known as the reduced gravity or buoy-
ancy, and has value g’ = g(om—ps)/Pm. The flux of
this reduced gravity or buoyancy is then given by:

B = 0vg(Pm—Pg)/Pm 3)

Using the above numbers, this flux has values in
the range B~0.001-0.1 m3/s>. Note that for sim-
plicity we neglect the small fraction of H,O
which, owing to the the presence of exsolved
CO,, may also come out of solution even though
the pressures associated with a magma reservoir
are relatively large in the context of H,O solubil-
ity [12].

If the Reynolds number, Re, of the resulting
bubbly magma flow is sufficient to produce a tur-
bulent plume, Re =10, then we may use dimen-
sional arguments to determine the bulk properties
of the motion. In particular, the speed of a turbu-
lent line plume scales as [14]:

u, ~2B'3 (4)

Hence the Reynolds number for such a flow at
height z above the source scales as:

Re = puir(z)/u=2epB'z/u (5)

where 7(z) =~ ez is the plume width and we expect
£=0.25 (see experiments below). The Reynolds
number increases with height z above the actual
source and as shown in Fig. 1, it has values in
excess of 10° at heights of order 10 m above the
source for low-viscosity Hawaiian basalt,
10=u=50 Pa s (Fig. 1) [15]. We deduce that
for low-viscosity Hawaiian magma, such bubble
plumes may be turbulent.
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Fig. 1. The Reynolds number associated with a turbulent
buoyant plume as a function of the source gas flux at a
height of 10 m above the source. Curves are shown for mag-
ma of viscosity 10, 100 and 1000 Pa s. For Re =103 the mo-
tion is fully turbulent and the model applies.
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Fig. 2. The mean vertical speed in a turbulent buoyant
plume as a function of the bubble size. Curves are given for
magma of viscosity 10, 100 and 1000 Pa s.

The dynamics and structure of a two-phase
bubble plume is in general complex and depends
crucially on the rise speed of the bubbles relative
to the bulk speed of the plume [16,17]. Although
the exact sizes of the bubbles in basaltic chambers
are not known, surface observations of vesicular
pumice suggest that they may be of order 0.01-1.0
mm [2,18-21], and so rise according to Stokes’
law [22,23] with rise speed:

_g(pm—pg)d®
Vs = 3/1 (6)

where d is the bubble diameter. The upward speed

A
+
25 cm
—
30 cm

of the turbulent plume has values in the range
0.1=u; =1 m/s according to Eq. 4. As seen in
Fig. 2, the bubble rise speed is several orders of
magnitude smaller than this. We deduce that the
recharge flux of magma and CO, bubbles can
generate a turbulent bubble plume within the
chamber, and that in such a plume, the effects
of liquid-bubble slip may be negligible.

If the Reynolds number falls below a value of
order 10°, for example in more viscous magma
(u=100 Pa s) or with smaller recharge fluxes,
(0=0.01 m’/s) then the motion will not become
fully turbulent and the entrainment flux will de-
crease, and eventually it becomes very small;
however, here we focus on the high flux limit.

3. Analogue experiments

The dynamics of turbulent buoyant plumes
driven by thermal or solutal anomalies is well
understood [14,24], and models of the bulk mo-
tion have been tested experimentally to constrain
the rate of entrainment and the return flows in-
duced in the ambient fluid in a confined geometry.
We expect the motion of a turbulent bubble
plume composed of bubbles with very small ve-
locity relative to the plume velocity to be similar;
however, we are not aware of any experimental
measurements of such bubble plumes. Experi-

Platinum anode

| — Nickel gauze cathode

75 cm

Fig. 3. (A) Schematic of the experimental apparatus. (B) Sequence of photographs showing the development of the turbulent
bubble plume and the return flow in the experimental tank. The upper 1 cm of the fluid in the tank was dyed red to enable visu-
alisation of the return flow. The bubble plume is viewed along axis in these photographs, and appears anomalously white relative

to the surrounding fluid.
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Fig. 3 (continued).

ments on bubble plumes have largely considered
plumes driven by rapidly rising bubbles in which
two-phase flow effects are important [16,17]. We
have therefore conducted an experimental study

of bubble plumes driven by relatively small bub-
bles.

An electrolysis cell was set up in a glass tank
75X 30X 25 cm containing 2 wt% saline solution,
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using a 1 cm wide strip of 20 mesh nickel gauze
with wire diameter 180 um as the cathode and a
platinum wire as the anode. The nickel gauze was
positioned centrally across the tank base, with the
platinum wire immersed just below the free sur-
face (Fig. 3A). A 12 V power supply was used to
drive the electrolysis cell, which produced bubbles
with diameters 20-50 um [25] at the nickel gauze.
This formed a turbulent line plume at an applied
current of 0.8 A (Fig. 3B). The bulk velocity of
the plume was of order 0.1-1.0 cm/s and was
therefore in excess of the individual rise speed of
the bubbles, 0.001-0.01 cm/s. The bubble flux
produced by this equipment was subsequently
measured by installing the anode and cathode in
a smaller tank which was sealed except for a | mm
diameter tube. The gas flux produced by the elec-
trolysis drove a liquid film up this tube enabling
its direct measurement [26].

A series of experiments was conducted to deter-
mine the rate of entrainment of ambient fluid into
the plume by measuring the return flow in the
ambient fluid (Fig. 3B) [27]. This return flow has
an important influence on the distribution of bub-
bles in the reservoir. The return flow is readily
measured by following the position z4(f) of a
dyed surface in the tank as a function of time ¢.
By conservation of mass, the downward volume
flux in a large tank of length L equals the net
upward flow in the plume:

—=—0(za) (7)

where L is the width of the chamber in the cross-
source direction, Q(z) is the flux in the plume at
height z, per unit distance along the source.

Plume theory [14,24] suggests that the volume
flux varies with height through entrainment ac-
cording to:

0(z) = AB'(z + zo) (8)

where z, is the position of the virtual origin of the
plume behind the actual source and A depends on
the rate of entrainment and may be determined by
experiment [14,24,28]. In the present experiments,
the location of the real source ahead of the virtual
origin, z,, was estimated from the plume shape to

be of order z, =21 0.2 cm. Combining Egs. 7 and
8 leads to the prediction that the position of the
dye surface in the ambient fluid z4(¢) decreases
with time according to:

Bl/3

z4(t) = (H 4 zo>)exp (— (l—to))—zo 9)

where H is the depth of the fluid and at the initial
time, =1, we set z4(0) = H.

In order to determine whether the bubble
plume satisfies the entrainment law (Eq. 8), we
have plotted the experimental measurements of
the descending interface in the form In(zq(#)+z,)
as a function of ¢ (Fig. 4). Comparison of the data
with the model identifies some differences partic-
ularly at early and late times in the experiment.
Differences at long times arise as the filling box
front approaches the region just above the source
of the plume, where the entrainment may not be
fully established in the plume (List, 1980) and this
leads to a reduction in the speed of the filling
front, as observed for 7> 600 s. Differences at
short times may be associated with the time re-
quired for the initial intrusion of fluid to spread
out at the top of the reservoir, before the return
flow becomes fully established. However, during
the main part of the experiment the data do ap-
pear to follow a straight line. This suggests that
the model entrainment law (Eq. 8) provides a rea-
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Fig. 4. Experimental measurements of the position of the fill-
ing front as a function of time. In the figure, we show
log(za(#)+z,) as a function of time. Using the calibrated
buoyancy flux, the best fit line to the data suggests that the
entrainment parameter A=0.37.
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sonable leading order description of the flow.
Measurement of the bubble flux produced by
the gauze suggests that the buoyancy flux per
unit length associated with the line plume has
value 5x 1071 m3/s®. The slope of the straight
line in Fig. 4 has value ~4+1x107% s~!, where
the error bar reflects the uncertainty in the dura-
tion of the early and long time transient flows.
According to plume theory this should equal
ABY3/L, and so we estimate that A=0.37+0.1.
This is consistent with measurements of saline
plane plumes for which 1=0.34 as reported by
List [28], suggesting that the horizontally aver-
aged properties of a turbulent small bubble-driven
line plume may be described using a similar model
to that for the classical single-phase turbulent line
plume.

The return flow in the ambient fluid has an
important effect on the distribution of bubbles
in the ambient fluid. As a simple model, we would
expect the bubbles to be advected downwards in
the tank up to the point at which the rise speed of
the bubbles equals the downward return flow. Be-
low this level, the rise speed will exceed the return
flow speed. In order to test this model for the
depth of the bubbly layer, we conducted a series
of experiments in which the total depth of the
fluid layer was varied from 15 to 30 cm, while
the plume had the same source flux of bubbles.
In each experiment, the system was allowed to
evolve to steady state, with an upper bubble-rich
layer overlying a bubble-free layer of fluid. Ac-
cording to plume theory, the bubble-free layer
should be independent of the overall depth of
the fluid since the upward flux in the plume and
hence return flow only depend on the distance
from the source. As a result, the bubble-rich layer
should deepen with the depth of the fluid layer. In
Fig. 5 we present experimental measurements of
the depth of the bubble-free layer as a function of
the overall depth of fluid. Data are presented for
three experimental tanks, with areas 625 cm?,
1328 cm? and 2250 cm?. To good approximation,
in the two smaller tanks, the depth of the bubble-
free zone is independent of the layer depth. In the
largest tank, the effect of gravitational bubble sep-
aration from the horizontally intruding flow at
the top of the plume becomes more important

200
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g 107 PR :
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Fig. 5. Experimental measurements of the depth of the bub-
ble-free layer as a function of the depth of the liquid layer.
As predicted by the theory, the depth of the bubble-free
layer is independent of the overall fluid depth.

as the time for the intrusion to spread to the far
boundary of the tank increases. This modifies the
uniformity of the downward return flow, since the
bubble content in the horizontal intrusion far
from the plume may be much less than that
near the plume; as a result, the recirculation
flow is not uniform, and is not as efficient in
transporting bubbles downwards, in contrast to
the classical filling box process of Baines and
Turner [27]. The volume flux delivered to the
top of the plume scales as Q= B'/>H, the time
to spread to the end of the tank scales as 7, = L/u,
and the time for bubbles to rise through this hor-
izontal flow is 7, =/h/vs. The ratio of these time
scales 7./%, = LvJ/hu= Lv/B'/*H. The return flow
will only be uniform if 7. < 1,, and so in a suffi-
ciently large reservoir, L= B'/3Hlv,, the horizon-
tally averaged model for the return flow will
break down. However, this effect may not be rel-
evant in the magmatic context; indeed, for fluxes
of order 10 m?/s at the plume top, and for a
chamber of width 1 km and with bubbles with
rise speed 107> m/s, the ratio of time scales,
/T, is about 1073. Therefore, in a geological
context, we expect that the flow will reach the
end of the tank long before any bubble separation
occurs, and the classical filling box model for a
buoyant turbulent plume should apply, and we do
not expect two-phase flow effects in the plume to
be important [16].
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4. Implications for basaltic eruptions

The scaling arguments of Section 2 suggest that
as shallow basaltic sills are replenished with a
bubble-magma mixture, a turbulent bubble plume
may develop. This generates a large-scale flow in
the chamber which may have an important effect
on the bubble distribution within the chamber
(Fig. 6) so that the original volatile composition
in the magma may be very different from that in
the eruption products. It is therefore of interest to
study the time scales associated with the different
processes in order to determine whether, prior to
eruption, the bubbles may be effectively redistri-
buted throughout the magma as a result of the
formation of a bubble plume. This is an impor-
tant consideration since the volatile/bubble distri-
bution within the chamber can have an important
impact on the style of eruption [2]. Volatile-rich
magmas are likely to produce fire-fountaining ac-
tivity while more degassed magma will lead to
effusive bubbly lava flows [8,9].

In order to develop some general principles, we
consider the two idealised end-member models of
a closed and open magma reservoir. For the

closed reservoir, we assume the pre-existing mag-
ma is bubble-poor and we examine how the vol-
atile content evolves during the recharge. We as-
sume that the recharge leads to a gradual inflation
of the chamber until a critical overpressure is at-
tained when the surrounding rock fails and allows
magma to erupt at the surface. For the open sys-
tem, we assume that the gas and magma erupt as
the chamber is recharging. We also allow for the
possibility that some of the gas can escape
through fractures in the chamber roof and then
through the permeable overlying country rock
[29].

4.1. Closed system

4.1.1. Time for pressure build-up

The continuing flux of magma and bubbles into
the system leads to a gradual increase in the
chamber pressure. As a simple model, we can as-
sume that the chamber walls expand elastically,
until reaching a critical overpressure of order
107 Pa, comparable to the strength of rock, at
which point the walls fail and eruption ensues
[12]. Bower and Woods [30] have shown that at

A

v

Foam layer

hy

collects below roof

Return flow in
chamber forms an
upper bubbly layer

Lower bubble
poor layer

Recharge from dike:
plume virtual origin is
distance z, below base

Fig. 6. Schematic of the mixing and bubble redistribution in a magma chamber produced by the turbulent line plume.
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pressures of 108 Pa, volatile-magma mixtures
with a CO, volatile fraction of order 1 wt%
have a bulk modulus value of order 10°-10'
Pa, and so we estimate that the fractional increase
in volume of the chamber necessary to trigger
eruption is of order 107>~1073. For a chamber
of volume 1-10 km?, and recharge rate of 1-10
m?/s, this requires 103108 s.

4.1.2. The return flow time scale

Prior to the eruption, the bubble plume supplies
a low-concentration magma-bubble mixture to
the top of the chamber where it spreads out and
forms a bubbly layer at the chamber top. The
return flow in the interior of the chamber, which
is driven by the entrainment, draws down this
bubbly plume fluid, which then deepens from
the top of the chamber (Fig. 6). However, even
if there is unlimited time, the bubbles may only be
drawn down to form a layer of depth /, above the
floor at which the downward speed equals the rise
speed of the bubbles (Section 3). This is expressed
by the relation (cf. Eq. 7):

ABYV3(H—hy + z,)/L = v, (10)

where L is the width of the chamber in the cross-
dike direction, v is given by Eq. 6 and z, is the
depth of the virtual origin below the point at
which the dike intersects the chamber (cf. Section
3). This is typically of order 1 m for Q =0.001-0.1
m?/s. It is interesting to note that the depth of the
bubble-poor layer, H—hy, is independent of the
depth of the chamber, since it only depends on
the upward flux in the plume at that level, the
width of the chamber and the bubble rise speed
(cf. Fig. 5). In Fig. 7 we show how the depth of
this lower bubble-poor layer scales with the gas
recharge flux and the rise speed of the bubbles. In
the parameter range of interest for basaltic sys-
tems, this layer is extremely thin, of order 1-10
m, so that once steady state has been attained, we
expect the main body of magma in the chamber
to be bubble-rich.

The time required for the first front, associated
with the downward return flow, to reach this level
may be found from the equation for the conser-
vation of mass, Eq. 9 [27]:

v =1 0* mss

depth of bubble free layer (m)

0.01

T T T
0.0001 0.001 0.01 0.1 1
gas flux at base of chamber (m2/ s)

Fig. 7. Calculation of the equilibrium depth of the bubble-
free layer at the base of the chamber as a function of the
gas flux at the base of the chamber. Curves are shown for
chambers of cross-dike width 1.0 km, and bubble rise speed
of 107> m/s and 10™* m/s.

d
LS = —AB3(z + z,) (11)
dr
Using Eq. 10 in the solution of Eq. 11 identifies
that the time for the first front to reach the point
z=H—hy is given by:

L ]CH+%MBW)

7 31/3‘n . (12)

T =

For a typical buoyancy flux 1073 m?/s, in a cham-
ber of width L= 1-10 km, this front requires 10*-
10° s to pass this point. However, since the rise
speed of the bubbles becomes comparable to the
speed of the first front near z=hy,, the bubbly
layer grows more slowly. A simple expression
for the rate of deepening of the bubbly layer,
h(?), may be obtained by adding the rise speed
of the bubbles, v, with the return flow:
1/3

%:%(H—}H—zo)—vs (13)
which identifies that the time 7 required for the
bubbly layer to attain depth A <</, is:

_ L Iy
T~AB‘/3ln(hb—h> (14)

For example, for a typical buoyancy flux 1073
m3/s, in a chamber of width L=1-10 km, the
time scale for half of the bubble layer to become
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established (L/AB'/)In(2)=105-10° s. Since this
time is shorter than or comparable to the time
until eruption, we deduce from Fig. 7 that at
the point of eruption, the bubbly layer will con-
stitute a significant fraction of the chamber depth.
Being the upper layer, it is likely that at the onset
of eruption this bubbly layer will erupt. The style
of eruption depends on the volatile content; we
now explore how this depends on the input flux
as well as the loss of bubbles at the top of the
layer.

4.1.3. The upper foam layer

In the laboratory experiments, as the bubbly
layer forms, and the bubble concentration in-
creases, the bubbles tend to rise against the down-
flow, driving bubbly convection and producing a
well-mixed layer, in a similar fashion to that de-
scribed by Cardoso and Woods [11]. The rate of
loss of bubbles from this layer, per unit length,
then depends on the concentration, ¢, the rise
speed of the bubbles, vs, and the width of the
chamber according to the law [11,31]:

Fy, = —Lvgc (15)

Assuming that the layer becomes well-mixed, then
the concentration of bubbles, ¢(¢), in this layer of
depth A(f) evolves according to the balance be-
tween the flux supplied by the plume, Qp, and

the loss, Fy, so that:
dhe
L= 0t Fy (16)

If we couple the equation for the deepening of the
bubbly layer (Eq. 13) with this bubble conserva-
tion relation (Eq. 16), we obtain the expression
for the evolution of the bubble concentration:

Lhy[1—exp(—A Bl/3z/q% =

Ov—Lvyc[l + (AB"3hy/Lvy) X exp(—A B3t/ L)]
(17)

where H* = H—v,L/AB'3 and F=AB'3/L=107°.
Fig. 8 shows the increase in bubble concentration
¢ of the bubbly zone as a function of time for a
recharge gas flux of 0.001 m?/s in chambers of

0.14—
0.12-f
b 0.5 km
0.1
0.08+
0.06 4 1.0 km

0.04

bubble concentration

0.02+ 5.0 km

Fig. 8. Calculation of the variation in concentration of the
bubbly layer in a 500 m deep chamber as a function of time,
for chambers of cross-dike width 0.5, 1.0 and 5.0 km for a
source of magma and bubbles with buoyancy flux 1073 m3/s3.

width L =5000, 1000 and 500 m and depth 500
m, and with a bubble rise speed, vy =107 m/s.
For comparison, the eruption time, based on the
time for pressure build-up in the chamber,
7.~(1072-10"%)HL/Q, has values of order
2x10°-2x 107 s, with the larger values corre-
sponding to the larger chambers. We deduce
that, at the point of eruption, the bubbly layer
may occupy a significant part of the chamber
(Eq. 14) although the concentration of the bubbly
layer may be considerably smaller than the steady
value. Owing to the low concentration, there is
only a small flux of bubbles to the upper foam
layer from the bubbly layer (Fig. 6) before the
eruption occurs. Depending on the precise
strength of the country rock and the compressi-
bility of the bubble-magma mixture at the point
of eruption, the additional bubble volume fraction
associated with the recharge may only be of order
0.01-0.05, corresponding to a mass fraction of
about 0.2-1.0 wt%. Our results suggest that, in
some situations with magma of low volatile con-
tent, the eruption may initially involve bubbly
lava effusion. However, as the system evolves
and the bubble content rises then the style of ac-
tivity may also evolve into more explosive activ-

1ty.
4.2. Open system

If the magmatic system is open to the atmos-
phere, or a surface lava lake, then there may be a
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continual flux of material erupting from the
chamber. However, as the eruption proceeds the
volatile content of the chamber may also evolve,
especially if, prior to eruption, the magma in the
chamber has partially degassed so that the volatile
content of the magma recharging the system is
greater than that in the chamber. This, in turn,
may lead to an increase in the eruption rate, and
possibly a transition from effusive to fire-foun-
taining activity. This is a complex process, since
the evolution of the eruption depends on the evo-
lution of the conduit shape and size as well as the
conditions in the chamber. However, if the bubbly
layer continues to erupt for some time, with an
eruption rate Q.(f), then the concentration of this
layer will evolve according to (cf. Eq. 16):

L% = Qp—Qcc—Lvsc (18)

dr

where the additional term on the right-hand side
denotes the loss of bubbles in the erupting mix-
ture. Eventually, the system may evolve towards a
quasi-steady state in which the volume concentra-
tion of bubbles in the chamber is c¢.= Qy/
(Qet+Lvs)=0.1 (Eq. 18). Although the system
may not reach this steady state, it is of interest
to estimate ¢, and hence determine the possible
bubble concentration in the chamber. Indeed, be-
fore reaching this steady-state concentration at
which the bubble flux to the chamber matches
the loss from the chamber, the magma eruption
rate may exceed the recharge rate to the chamber,
thereby leading to a complex sequence of eruption
cycles. During a maintained eruption, the flux of
gas escaping from the mixed layer and ponding at
the top of the chamber, ~ vsc per unit area, will
increase to values of order 10~7—107° m/s per unit
area of the chamber roof for bubbles of rise speed
107°-1073 m/s. Depending on the details of the
bubble size and recharge flux, this may represent a
significant fraction of the recharge flux of gas.
Indeed, after about 10°-107 s, this foam layer
might then become sufficiently deep to interrupt
the eruption of the underlying bubbly magma, as
envisaged by Vergniolle and Jaupart [2], leading
to a period of gas-rich eruptive activity. It is also
possible that some of the gas in the foam may
leak from the chamber through fractures in the

chamber roof and crust. Field evidence shows
that volatiles issue from a wide region around
the summit of Mauna Loa [1], suggesting that
the crust may be quite permeable. For permeabil-
ities K in the range 107'>-107'% m?, and for a
chamber of depth D below the surface, the flux
of gas escaping from the chamber at pressure P
may be as large as F, = (K(P—P,)/uD) per unit
area, where P, is the atmospheric pressure. This
flux has magnitude in the range 10~7-10° m/s for
chambers a few kilometres below the surface with
pressures of order 10% Pa. Therefore, the gas loss
rate may represent a fraction 0.01-1.0 of the sup-
ply to the foam. If the gas loss represents the
majority of the flux supplied to the foam, then
the eruption will continue to be dominated by
eruption of the bubbly layer of magma, whereas
if the crust is less permeable, then a significant
foam layer may develop following onset of the
eruption.

5. Discussion

We have shown that as basaltic magma cham-
bers are recharged from relatively volatile-rich ba-
salt, a turbulent bubble plume may develop within
the chamber. This can lead to formation of a deep
bubbly layer of magma. Owing to magma-bubble
mixing, the original volatile content of the magma
may then be very different from that in the erupt-
ing material. On eruption, the upper bubbly layer
may issue from the vent leading to either fire-
fountaining or passive lava flow activity depend-
ing on the bubble concentration in this layer. As
the eruption proceeds, the bubble content in the
chamber may increase gradually, leading to an
intensification of the activity. However, at later
stages in the eruption, the thin foam layer which
develops above the bubbly layer of magma may
deepen, leading to some more complex eruptive
activity as envisaged by Vergniolle and Jaupart
[2]. Tt may also act to supply the quiescent out-
gassing through the flanks of the volcano [1].

It is important to stress that the various models
of eruptive activity described herein are highly
simplified, and that the actual system is more
complex; the modelling is designed to explore
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some of controlling processes in order to build up
a more detailed understanding of basaltic volcan-
ism. Particular issues which require more detailed
attention include the model of the conduit flow,
including two-phase flow effects and controls on
the conduit size and geometry as well as improved
field data on the permeability of the country rock
and chamber roof and also the shape and size of
the magma sills. However, the key message of this
paper is that convective mixing within the magma
reservoir may lead to suspension of bubbles in the
magma for some time, and this may delay the
formation of the foam layer at the roof of the
chamber. Depending on the relative time scales
of chamber pressure build-up and foam growth,
this could lead to a diverse range of eruption re-
gimes involving either the relatively low-volatile-
content bubbly magma or the highly explosive
foam.
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