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Abstract

Many volcanic eruptions are triggered by the injection of hot basic magma into a subsurface reservoir containing
cooler and less dense silicic magma. As the basaltic magma cools and crystallises, it may become volatile saturated
and exsolve bubbles. Here we present a new quantitative model and supporting laboratory experiments which identify
that if a sufficient number of bubbles remain in suspension, then the bulk density of the basalt may fall below that of
the silicic magma. However, if the basalt has sufficiently low viscosity, or the cooling rate is sufficiently small, then the
bubbles can rise through the basalt, suppressing the large-scale overturn, and forming an intermediate bubbly layer at
the interface with the more viscous silicic magma. As the small bubble plumes then rise from this foam and transport
vesicular basalt into the upper layer, the chamber now remains density stratified.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

When juvenile magma is intruded into the base
of an existing magma chamber in the crust, it
begins to cool, crystallise and convect. Typically
the intruded magma is dense and ponds below the
evolved, viscous magma already in the chamber
[1-3]. As the lower layer crystallises, the magma
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becomes saturated and volatile bubbles are ex-
solved. If all the bubbles remain in the lower con-
vecting layer, then the density of this layer may
fall below that of the overlying magma and large-
scale overturn of the two magma bodies may en-
sue [3-7]. However, if the bubbles rise out of
the basalt, they can form a foam at the interface
[8,4]. Since the foam is bubble-rich, it will be less
dense than the overlying liquid and a series of
plumes will rise from the foam into the upper
layer, mixing small inclusions of the juvenile mag-
ma into the more evolved, overlying magma
[1,4,8-10] although there is no large-scale over-
turn of the system. This mechanism enables ex-
solved volatiles resulting from recent recharge to
accumulate at higher levels in the magma cham-
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ber, possibly leading to elevated volcanic gas
emissions [10,11].

Geological evidence [1,5-7,9] suggests that each
of these mixing processes can occur in magma
reservoirs. The former may be manifest in the
eruption of mixed and co-mingled magmas [5,7],
while the latter is manifest in the eruption of
evolved magma containing inclusions of the newly
intruded magma [1,6]. Here we develop a new
theoretical model with supporting laboratory ex-
periments in order to establish some of the prin-
ciples that control which of these two regimes
may arise. We first develop a model of the density
evolution of the basalt as it cools and crystallises
beneath a layer of silicic magma, which is heated
by the basalt. We account for the change in pres-
sure of the chamber as the density of each layer
evolves [12]. Initially, we neglect the effects of
bubble separation from the convecting magma
to establish conditions under which overturn
could occur. Our calculations suggest that a re-
versal in bulk density of the two layers prior to
eruption is most likely in relatively shallow cham-
bers in which both the silicic and basaltic layers
are saturated in volatiles. We then extend the
model to examine the potential role of bubble—
magma separation in suppressing such an over-
turn. We establish that if the rate of bubble sep-
aration from the lower basaltic layer exceeds the
rate of bubble production through cooling and
crystallisation, then the large-scale overturn of
the two magmas may be suppressed. We then
present a series of new analogue laboratory ex-
periments, in which we verify that bubble-magma
separation from the lower layer may suppress
the large-scale overturn of the layers, in accord
with our model predictions. Our experiments
also indicate that if large-scale overturn is sup-
pressed, then plume-driven mixing from the inter-
facial foam is still able to generate some mixing
of the layers [4]. We then briefly discuss the ap-
plication of our results to specific historical erup-
tions.

It is worth stating at the outset that the main
focus of our work is to identify some of the phys-
ical balances which arise during the evolution of
two cooling and crystallising magmas in which
there are also exsolved volatiles. Our approach

is to take typical values, derived from the litera-
ture, for various properties and processes, which
illustrate the magnitude and typical evolution of
the magma as it cools and crystallises. We then
use these in the model to explore conditions under
which different general styles of behaviour may
arise. In our calculations, we have used simplified
parameterisations for the volatile exsolution and
the crystal production on cooling, which are con-
sistent with the general form of previously pub-
lished laboratory experiments and theoretical
studies on magmas [4,8,13-15]. We comment on
the limitations of this approach and the detailed
parameterisations required to simulate specific
volcanic eruptions in the discussion.

2. Density evolution in absence of bubble
separation

We now explore the density evolution of a
chamber in which the lower layer cools, crystalli-
ses and becomes volatile saturated, assuming that
the layer is well-mixed by bubble convection ([8];
Appendix A). We first examine the evolution of
the densities of each layer as heat is transferred
from the basaltic to the silicic magma, assuming
that there is no separation of bubbles from the
melt. We illustrate conditions under which the
density of the basalt may decrease to that of the
silicic magma and trigger large-scale overturn and
mixing. We then examine the role of bubble sep-
aration from the magma, to explore how this re-
duces the density decrease of the basalt and may
thereby suppress overturn.

We examine the density evolution of a magma
chamber in which a basaltic layer of mass My,
temperature Ty, crystal content xp,, and total gas
content Ny underlies a silicic layer of mass Mj,
temperature T, crystal content x; and total gas
content Ng (Fig. 1). We assume that the two
bodies of magma lie in a chamber of volume V,
and that the bulk modulus of the wall-rock and
melt S, and B, taken to have values 10'' and
10'0 Pa, respectively [16]. We take the initial pres-
sure of the chamber to be p.

In order to develop some quantitative under-
standing of the evolution of the system, we re-
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Fig. 1. Schematic of the two-layer magma reservoir, with
dense basaltic magma underlying an evolved layer of silicic
magma.

quire some parameterisations of the different
physical properties of the magma [2,12]. The
mass of gas dissolved in the melt depends on
the pressure and the melt fraction according to
Henry’s law, which may be represented by the
approximate form:

n; :s,-pl/2 (1—x;) (1)

where i=s or b, denoting silicic or basaltic mag-
ma. Representative values for the solubility con-
stants for the silicic and basaltic magmas are
s;=4%107° and s, =3X107° Pa'/2, respectively
[17]. The crystal content of the basaltic and silicic
magmas may be approximated by the simple rela-
tions [18]:

x; = (T,—800)/150 and x; = (1200—T7),/200
(2)

The change in pressure of the system results from
the change in temperature of the two bodies of
magma and the associated change in the mass
of exsolved volatiles. This changes the bulk den-
sity of both the basaltic and silicic magmas and
hence the pressure in the chamber. The bulk den-
sity of each layer of magma is given by the rela-
tion:

po= (T 1m0

where o; is the bulk density of the melt and crys-

tal mixture, given by:

o= (1 x,+£>_1 (4)
Pmi Pei

Here p.; is the density of the crystals produced
from layer i, taken to have a typical value 2800
kg/m? in basalt and 2600 kg/m? in silicic magma
at a pressure of 150 MPa. p,,; is the density of
the melt phase i, taken to have the representative
value p,; =2300 kg/m? for the silicic magma and
Pmb = 2600 kg/m? for the basaltic magma.

Owing to the convection in both layers ([2];
Appendix A), we assume the main heat transfer
occurs between the basaltic and silicic magmas,
leading to cooling and crystallisation of the basalt
and heating and resorption of crystals in the silicic
magma. In the absence of significant heat losses
to the walls of the chamber, the conservation of
heat requires that the decrease in thermal energy
of the basalt matches the increase of thermal en-
ergy in the silicic magma:

dxp\ dT dxg\ dT
()

where dT;/dt is the rate of change of temperature
of the magma i, with i=s or b, and where L,
denotes the latent heat of crystallisation [12]. As
the magma cools and crystallises, the overall den-
sity and hence volume of magma in the chamber,
V, evolves. This leads to a change in pressure p,
owing to the deformation of the country rock
[19]:

BuwdV/dt =V dp/dt (6)

The change in volume may also be related to the
change in density of the upper and lower layers,
since the total volume of the chamber may be
written in the form:

Combining Egs. 5-7, it follows that the rate of
change of pressure, dp/dt, may be related to the
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rate of cooling of the basaltic magma, dT/dt, ac-
cording to the relation:

vV Mb 5Ph Ms aps dp_

Bv p: dp  p?ip)d

_ Mb apb + Ms de apx dTb (8)
pl T ' p2dT, oT ) di

We can thereby predict the evolution of the
density of both the silicic and basaltic magmas
as a function of the temperature or crystal content
(Eq. 2) of the basaltic magma. Snyder [15] showed
that the pressurisation generated by exsolution of
water from a silicic melt due to heating is sup-
pressed above a few hundred MPa. The applic-
ability of this model is thus limited to magma
chamber pressures less than about 300 MPa,
although we note this includes recent volcanic
eruptions such as Mount St. Helens, Pinatubo,
Soufriere Hills Montserrat and Unzen [15].

Our model is analogous to that presented by
Folch and Marti [12], but here we focus on the
density evolution of each of the layers of magma
and the ability of the magmas to overturn. There
are a number of parameters which influence the
density evolution of each layer. One important
control is the compressibility of the upper silicic
layer which occupies the major part of the cham-
ber. If the upper layer is volatile saturated, then it
will be relatively compressible and a decrease in
the density of the basalt may be accommodated
with relatively little change in chamber pressure
(cf. [20]). Hence, the chamber may evolve towards
conditions in which overturn is possible before the
chamber pressure has become so elevated that it
triggers an eruption. Conversely, if the silicic layer
remains volatile unsaturated, then it is relatively
incompressible and the chamber pressure increases
much more rapidly owing to expansion of the ba-
salt as it cools, crystallises and exsolves volatiles.
In this case, the chamber pressure may increase
sufficiently to trigger eruption prior to any density
reversal. To illustrate these effects we present two
sets of calculations in Figs. 2 and 3.

Fig. 2 illustrates how the density and pressure
of the basaltic and silicic magmas evolve, assum-
ing that the bubbles and crystals remain in sus-
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Fig. 2. Model calculations of (a) the density of the basaltic
(solid) and silicic (dashed) layers of magma, and (b) the
chamber pressure, in a 5-km-deep chamber, as a function of
the crystal content of the basalt. In the calculations, the
chamber volume is 10 km?, the basaltic magma occupies
10% of the chamber volume, and the initial temperatures of
the basalt and silicic magmas are 1300 and 800°C. As indi-
cated in the different lines, the basalt is assumed to have
3 wt% volatiles, while the silicic magma has (a) 4 wt%;
(b) 3 wt% and (c) 2 wt%.

pension and well-mixed in the layer of magma in
which they form. Fig. 2 corresponds to a basaltic
layer containing 3 wt% volatiles and with no
initial crystals, and a silicic layer which is 40%
crystalline, containing (a) 4 wt%, (b) 3 wt% and
(c) 2 wt% volatiles. The more volatile rich silicic
magma (case a) is volatile saturated, and therefore
quite compressible. Initially, as the basalt cools
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and crystallises, it is volatile undersaturated, and
the formation of dense crystals increases the bulk
density of the basalt (Fig. 2a). However, it be-
comes volatile saturated when it has a crystal
mass fraction of about 0.1, and subsequently its
density falls, until dropping below that of the sili-
cic magma, when it has a crystal content of about
0.6. At this stage, the simple model would suggest
overturn of the two layers of magma. As the ba-
salt cools, the silicic magma heats up and resorbs
some crystals and volatiles. As a result, the den-
sity of the silicic magma increases gradually.
There is relatively little change in the chamber
pressure since it is highly compressible owing to
the presence of bubbles in the silicic magma (Fig.
2b). In case b, the silicic magma is assumed to
have only 3 wt% volatiles, and so in this case,
the silicic magma is initially denser owing to the
smaller mass of exsolved gas, and overturn is pre-
dicted at a crystal content in the basalt of about
0.35. We have in fact continued our calculations
beyond this point, neglecting any effects of the
overturn; our calculations show that when the
basalt reaches a crystal content of about 0.55,
the silicic magma has resorbed all the exsolved
gas initially in the silicic layer. The silicic layer
then becomes much less compressible, and any
subsequent heating of the silicic magma leads to
expansion of the silicic magma through resorption
of the dense crystals. As a result, the chamber
pressure begins to increase rapidly, and the den-
sity of the basaltic layer falls more gradually be-
cause of the increase in solubility of the gas and in
the density of the bubbles. In case c, the silicic
magma has only 2 wt% volatiles, and remains un-
saturated in volatiles. As a result, the chamber is
highly incompressible. Once the basalt becomes
volatile saturated, at a crystal content of about
0.1, the density of the basalt falls off much more
slowly owing to the rapidly increasing chamber
pressure, as in case b. In case c, overturn does
not occur because the density of the basalt in
fact remains greater than that of the silicic mag-
ma; by comparison with cases a and b, we deduce
that this is largely a consequence of the fact that
the silicic magma is unsaturated and hence rela-
tively incompressible, so that the chamber pres-
sure increases rapidly as the basalt starts to ex-
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Fig. 3. Model calculations of (a) the density of the basaltic
(solid) and silicic (dashed) layers of magma, and (b) the
chamber pressure, in a 5-km-deep chamber, as a function of
the crystal content of the basalt. In the calculations, the
chamber volume is 10 km?, the basaltic magma occupies
10% of the chamber volume, and the initial temperatures of
the basalt and silicic magmas are 1300 and 800°C. As indi-
cated in the different lines, the silicic magma is assumed
to have 4 wt% volatiles, while the basaltic magma has
(a) 4 wt%; (b) 3 wt% and (c) 2 wt%.

solve volatiles. Indeed, the level of overpressure
calculated in Fig. 2b are unrealistically high, and
we expect eruption to occur soon after the basalt
begins to exsolve volatiles. In contrast, for the
volatile saturated case a, there is relatively little
change in the chamber pressure, and overturn
may occur.

Fig. 3 illustrates the influence of the volatile
content of the basaltic magma on the develop-
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ment of overturn. We present the evolution of the
density and the chamber pressure as a function of
the crystal content of the basalt for basaltic mag-
ma with (a) 4 wt%, (b) 3 wt% and (c) 2 wt%
volatiles, underlying a layer of silicic magma
with 4 wt% volatiles and an initial crystal content
of 0.4. Note that these volatile contents are the
total volatile content (not the dissolved volatile
content) and the values we have used are repre-
sentative of the range observed in natural samples
[21,22]. In case (a), the basalt is volatile saturated
before it begins to cool and crystallise, and so
once crystallisation begins, the density of the ba-
salt decreases through further bubble production.
Overturn with the silicic magma is then predicted
once the crystal content exceeds a mass fraction
of about 0.25. For cases (b) and (c), the basalt
remains unsaturated in volatiles until a finite
mass of the magma has crystallised. Therefore,
initially the density of the basalt increases, but
once the basalt becomes volatile saturated, the
density begins to decrease, and we predict over-
turn at somewhat larger crystal fractions. Al-
though we present graphs for crystal content in-
creasing to values of order 1.0, the model will
cease to hold for crystal content in excess of
about 0.6, when the basalt ceases to behave as a
fluid. In case (a), the chamber pressure gradually
increases owing to the bubble formation in the
basalt, even though the density of the silicic mag-
ma gradually increases through resorption of ex-
solved volatiles as it is heated. In cases (b) and
(c), the pressure actually falls during the early
phase of crystallisation of the basalt, while it is
volatile unsaturated. However, the system is re-
pressurised once volatiles begin to be exsolved in
the basalt.

3. Effect of bubble-magma separation

The above predictions of some of the controls
on overturn represent an extension of the work of
Huppert et al. [2], in which the chamber pressure
was assumed to remain constant during the crys-
tallisation. The main advance is the recognition
that if the silicic layer is volatile unsaturated,
then it is highly incompressible. As a result, we

find that as the basalt expands through exsolution
of volatiles, the chamber pressure builds up very
rapidly and an eruption may be triggered before
magma overturn occurs (Fig. 2).

However, since the basalt is of relatively low
viscosity it is possible that some of the bubbles
rise out of the basalt [23], and some of the crystals
settle from the basalt [24], thereby changing the
bulk density of the lower layer. Both of these pro-
cesses may also have an important impact on the
ability of the system to overturn, and we now
explore this in more detail.

Cardoso and Woods [23] established experi-
mentally that in a turbulently convecting liquid,
bubble loss (volume flux) occurs at a rate —v, A¢
where A is the chamber cross-section, v, the bub-
ble rise speed, and ¢ is the volume fraction of the
magma occupied by bubbles. We may include this
loss of bubbles and crystals from the layer of
basalt in the above model, through an equation
of the form:

doy/dt = P—vsp/hy 9)
where:
d RT
= E (pb (Nb—l’l},)) (10)

is the production rate of bubbles per unit volume
associated with the cooling and crystallisation, ¢
denotes the bubble volume fraction of the lower
layer, and /4, is the depth of the lower layer. By
combining Eq. 10 with the model for the cooling
and crystallisation presented in the previous sec-
tion, we have made some revised predictions of
the density evolution of the basalt. For simplicity,
in the present work we assume that the bubbles in
the silicic layer remain in suspension, as that layer
is typically much more viscous; however, in the
later section concerning our laboratory experi-
ments, we show that this simplification does not
affect our main conclusions.

Before presenting the results of our calcula-
tions, we first examine the time-scale for bubble
separation relative to that of cooling. If the time-
scale for bubbles to separate from the melt, A/vy, is
shorter than the cooling time over which bubbles
are produced, then the bubbles will not be effec-
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tive in reducing the bulk density of the basalt. For
bubbles of size 10-50 um, the rise speeds in ba-
salt, of viscosity 10-100 Pa, will lie in the range
1078-107°% m/s [13]. The time-scale for bubble
loss, h/vg, in a layer of depth A~ 10-100 m, will
therefore lie in the range 107-10'° s. This may be
comparable to the typical cooling time of the ba-
salt, which lies in the range 107-10'! s for a 10—
100-m-deep layer, depending on the efficiency of
convective cooling. Therefore, we anticipate that,
in some cases, bubble separation might be impor-
tant in suppressing overturn of the two layers of
magma.

To illustrate the effect of bubble separation, in
Fig. 4 we present two different calculations which
indicate how the density of the basaltic layer
evolves if bubbles are able to separate from this
layer according to Eq. 9. In Fig. 4a, we present a
calculation corresponding to case b of Fig. 2, in
which both layers have 3 wt% volatiles, and a
cooling rate of 107® K/s of the basalt is used.
Dashed curves show the bulk density of the basalt
for bubble rise speeds of 1077 m/s and 5x 107’
m/s, in comparison to the case of no bubble sep-
aration. It is seen that with the higher bubble rise
speed, the density of the basalt actually remains
greater than that of the silicic magma, and so in
this case bubble separation is able to suppress
overturn. However, for the smaller rise speed,
there is insufficient bubble separation to suppress
the overturn. Similarly, in Fig. 4b we illustrate
how the density of the basalt is affected by bubble
separation for case a of Fig. 3, in which both
layers of magma have 4 wt% volatiles. In this
case, we assume a cooling rate of the basalt of
1077 K/s, and the figure illustrates that overturn
may be suppressed if the bubble rise speed is of
order 3x10™% m/s. These two figures illustrate
that bubble separation can suppress overturn if
the bubble rise time is sufficiently short compared
to the cooling time.

In making these calculations, we have assumed
that the crystals remain in suspension in the ba-
salt. Although the density difference between the
crystals and magma is likely to be smaller than
that between the bubbles and the magma, crystals
may settle from the basalt [24,25]. Crystal settling
can lead to a decrease in the density of the resid-
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Fig. 4. Model calculations showing the effect of bubble and
crystal separation in the basalt on the density evolution of
the magma as a function of the mass fraction of crystals
formed from the basalt. The solid curves correspond to the
density of the basalt, assuming that bubble rise speed equals
the crystal fall speed; the dashed curves correspond to the
density of the basalt assuming that the crystals all remain
suspended in the melt, and the dotted curve corresponds to
the density of the silicic magma. In a, the simulation corre-
sponds to the case b of Fig. 2, with 3 wt% volatiles in both
the silicic magma and the basaltic magmas, and we now as-
sume a cooling rate of 107% K/s. Curves are given for bubble
rise speeds of 0 m/s (case 2, Fig. 2); 1077 m/s and 5x 1077
m/s. In b, the simulation corresponds to the case a of Fig. 3,
with 4 wt% volatiles in both the silicic magma and the basal-
tic magmas. We now assume a cooling rate of 1077 K/s.
Curves are given for bubble rise speeds of 0 m/s (case 2, Fig.
2); 1078 m/s, 3% 1078 m/s and 107 m/s.
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ual layer of basalt, and may therefore influence
some of the above results relating to bubble sep-
aration. We have therefore extended the model to
allow for crystal settling, using a second equation
of the form of Eq. 10, but now referring to the
crystal content of the mixture, following the re-
sults of Martin and Nokes [24]. In Fig. 4 we
therefore include a second set of curves (solid
lines), in which, for illustration, we assume that
the crystals settle from the basalt with a settling
speed equal to the rise speed of the bubbles. These
lines, which may be seen adjacent to the corre-
sponding dashed lines, illustrate that the com-
bined effect of bubble separation and crystal set-
tling from the basalt is to increase the density of
the basalt relative to the case in which the bubbles
and crystals are assumed to remain in suspension.
Although this increase in the density of the basalt
is a little smaller than for the case in which crystal
settling is ignored (dashed lines), the net effect
remains unaltered, the suppression of magma
overturn.

4. Analogue laboratory experiments

Our calculations have identified that if the ba-
salt is of sufficiently low viscosity, then bubbles
can separate from the melt on a time-scale shorter
than the cooling and hence bubble production
time. Under such conditions, our model predicts
that large-scale overturn may be suppressed.
However, for faster cooling rates or bubbles
with slower rise speed, large-scale overturn can
occur, as originally envisaged by Huppert et al.
[2]. In order to test our model, we have conducted
a series of analogue laboratory experiments in
which small bubbles were produced by electrolysis
as an analogue to bubble production by cooling
and crystallisation of magma. We used saline so-
lutions mixed with cellulose polymer to create two
liquid layers whose viscosity and density could be
controlled independently. Dense solutions of rela-
tively low viscosity were introduced into the base
of a Plexiglas electrolysis cell, below a layer of less
dense but more viscous solution. Small bubbles
of diameter 30-50 micron were produced on a
sheet of fine nickel gauze cathode at the base

of the tank, and these ascended into the lower
layer. A series of experiments were conducted us-
ing different viscosity and density contrasts over
which the initial bubble size remained approxi-
mately constant, with the upper layer always
more viscous. Our experiments identified that if
the lower layer viscosity is smaller than about
1.0 Pa s, then for the given bubble flux the lower
layer becomes well-mixed by vigorous bubble con-
vection. Evidence of this mixing included the stir-
ring of a localised streak of dye throughout the
lower layer.

For the cases in which the lower layer was mixed
vigorously by the bubble convection, we observed a
transition in behaviour as the viscosity was re-
duced. For the higher values of viscosity we ob-
served large-scale overturn and mixing of the two
layers of fluid. In contrast, for smaller values of
viscosity, there was no large-scale overturn, but
bubbles accumulated at the interface to form a
foamy layer, which periodically shed plumes of
bubbles into the upper layer (cf. [4]; Fig. 3).

We now analyse this transition in mixing be-
haviour by developing a model of the density evo-
lution of the lower layer of our experimental sys-
tem, which combines the effects of the bubble
production and bubble loss (cf. Section 2). In a
series of similar, but simpler experiments, using
only one layer of fluid, Cardoso and Woods [23]
confirmed that the bubble volume fraction, ¢ say,
evolved according to the relation:

dp 0 v¢
oA h (11)

where Q is the volumetric bubble production rate,
v is the bubble rise speed, / the depth of the lower
layer of liquid and A the area of the tank. There-
fore, the lower layer bubble volume fraction, ¢, is
expected to evolve according to the relation:

o1(0) =2 (1-exp( 1)) (12)

If the system evolves to equilibrium, the bubble
volume fraction converges to the value ¢ (eq)=
Q/vA. This produces a density change in the lower
layer Ap= ¢;(eq)p;, where p; is the liquid density,
and where we assume that the bubble density is
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overturn may occur if sufficient
bubbles are arrested at interface

model predicts overturn should
not occur even if bubbles are
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Fig. 5. A summary of the viscosity of the upper and lower layers used in the analogue laboratory experiments. In all experi-
ments, the bubble flux was 67 mm?® s~! and the ratio of upper to lower layer density is 1.02. The solid lines correspond to the
predictions of Egs. 13 and 18, which provide bounds on the viscosity of the lower layer for which we anticipate either turnover
or stable stratification. The experimental observations are shown with solid markers. Circles and triangles denote experiments in
which no overturn occurred, and squares denote experiments in which overturn was observed; these are consistent with the pre-

diction of our model.

negligible compared to the fluid density at labo-
ratory conditions.

To examine the phenomenon of overturn using
the present experiments, we need to consider the
fate of the bubbles which migrate from the lower
layer. In our experiments, the viscosity of the
upper layer was much larger than that of the low-
er layer, and so most bubbles escaping from the
lower layer tended to pond at the interface and
form a foam. As a result, the density of the upper
layer did not evolve significantly (cf. [4]), although
plumes of bubble-rich foam did break off and
convect into the upper layer. Although the bubble
budget in the upper layer is complex, owing to the
interaction of the foam and liquid layer, we can
compare two end-member models appropriate for
the density evolution of the upper layer. First, we
assume the density of the upper layer remains
unchanged, with all bubbles trapped in the foam
layer; second, we assume all bubbles supplied
from the lower layer rise into the upper layer
and become mixed into that layer.

The first model provides an end-member esti-
mate for determining when overturn cannot oc-
cur. Indeed, if:

9i(eq) = Q/vA<(pr—p.)/pi (13)

where p, is the density of the upper layer of liquid
in the experiments, then overturn cannot occur.
This condition is shown with a vertical line in
the regime diagram of Fig. 5.

The second end-member model provides a
bound on conditions under which large-scale
overturn is expected to occur. We consider the
limit that the upper layer is much more viscous
than the lower layer, so that over the time-scale
for equilibration of the bubble content of the
lower layer, the upper layer essentially retains all
bubbles supplied from the lower layer. In this
case:

dg, vid;
i hy (14)
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300 s

240 s

480 s

360 s

Fig. 6. Observations of the flow regimes identified in laboratory analogue experiments. In each case, the lower layer fluid is dyed,
and the tank width is 100 mm. (a) Lower layer viscosity =0.05 Pa s, upper layer viscosity =5 Pa s. The density of a convecting
lower layer decreases, and its dominant mode of propagation into the upper layer is as a single axisymmetric convecting lobe,
which leads to large-scale convective overturn. (b) Lower layer viscosity =0.05 Pa s, upper layer viscosity =50 Pa s. Bubbles accu-
mulate at the interface above a convecting lower layer, forming a foam layer, which propagates into the upper layer as discrete

bubble plumes.

In the experiments, /1, ~/h; and so we find that:

0 :A%“M’) (15)

Therefore, the net change in density between the
two layers associated with the bubble transfer be-

tween the layers evolves as:
Ot
Ap = 20— |
p=ri (205 (16)
with a maximum value:

_9
Ap = (1=in) (17)
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If the initial density difference between the two
layers is smaller than this value:

(1=n2)Q/vA>(pr—pu)/ pi (18)

then overturn is expected to occur as a result of
the bubble generation. This model prediction, as
applied to our experiments, is shown as the sec-
ond vertical line in Fig. 5.

In the intermediate range of initial density dif-
ferences:

(A%) (1=n2)<(pi—p.)/p1< (A%) (19)

the precise mode of mixing is more complex and
depends on the foam dynamics (cf. [4]). We have
found that in our experiments, the mixing in this
intermediate regime tends to fall into the bulk
overturn regime. This is consistent with the large
viscosity contrast across the two layers which
tends to cause formation of a large foam layer
at the interface.

For the higher viscosity experiments with lower
layer viscosity 0.05 Pa s, we observed large-scale
overturn, as would be expected from Eq. 18
for the experimental conditions. Fig. 6a illustrates
the nature of the mixing driven by this large-scale
overturn. For very low viscosity experiments,
0.001 Pa s, Eq. 13 is satisfied and so we expect
that bubble separation will suppress large-scale
turnover, again consistent with the observa-
tions. Indeed, Fig. 6b illustrates the formation
of foam and subsequent mixing of plumes into
the upper layer rather than a large-scale overturn
event.

5. Discussion

Our work provides a new model with which
field observations of magma mixing following in-
trusion of a dense basic magma into a reservoir
charged with more evolved cooler magma may be
interpreted. The key principles that we have estab-
lished through our experimental and theoretical
analysis, are:

1. large-scale overturn is likely with high cooling

rates and intrusions of relatively viscous juve-

nile magma into a chamber of volatile satu-

rated silicic magma;

2. if the silicic magma is volatile unsaturated,
then the magma is much less compressible
and so, prior to any overturn event, the pres-
surisation associated with the expansion of the
basalt might be sufficient to trigger an erup-
tion;

3. magma-volatile separation is likely to be very
significant in either a low viscosity lower juve-
nile layer or with a low cooling rate, and
this may suppress large-scale magma overturn.
Instead, magma mixing now occurs across
the interface, through localised bubble-rich
plumes.

These general principles have been established
using a simplified model for the evolution of two
cooling and crystallising magmas, in which vola-
tiles can exsolve and be resorbed. We have not
attempted to simulate specific volcanic eruptions,
since for a given eruption there is insufficient data
on a number of factors (chamber geometry and
size, mode and intensity of convection, magma
rheology, compressibility of the host rock, geo-
chemistry of the magmas, etc.). In general, there
are a range of magma types which may have a
range of different crystallisation sequences with
different volatile exsolution laws. We note that it
is possible to use more detailed parameterisations
of the magma petro-chemistry in this model fol-
lowing the approach of Snyder [15], who used the
MELTS algorithm [26] to model the thermal equi-
librium of a two-layer magma chamber. A more
detailed parameterisation of magma crystallisa-
tion and volatile exsolution will not change the
broad conclusions of our study and such a level
of detail would not be consistent with the other
simplifications in building the model. Even with
simplified parameterisations, our calculations
identify under what general conditions the
coupled effects of bubble and crystal production
and resorption due to cooling and pressurisation,
and bubble and crystal separation by buoyant
separation from the melt, will lead to magma mix-
ing and pressurisation.

The impact of bubble separation in suppressing
overturn of two viscous liquid layers is shown in
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laboratory analogue experiments. We note that
while these experiments do not simulate all as-
pects of the behaviour of magmatic systems and
show behaviour more complex than that parame-
terised in our model, the general principles iden-
tified above still hold. For example, in experi-
ments with a very viscous upper layer, a foam
can form at the interface between the liquid layers
due to bubble separation from the lower layer. In
magmatic systems, this foam layer may not form
due to viscous coupling between the basaltic and
silicic layers or resorption of bubbles at the inter-
face by the silicic magma. However, the purpose
of our study is to explore conditions under which
overturn may occur, and whether the bubbles
form a distinct foam layer, pass into the silicic
layer, or are resorbed, the outcome is the same:
the lower layer density remains unchanged, and so
the bubble separation suppresses overturn. The
experiments also show that with more viscous
layers channelised flow of bubbles can develop,
in contrast to the turbulent suspension that we
assume for our model. In viscous crystal-rich
magma we expect channelised flow to enhance
melt-bubble separation and suppress overturn,
compared with the conditions identified in the
model.

Although it is difficult to ascertain all the key
quantitative parameters for real field examples,
there are a number of field observations in which
large-scale magma mixing has occurred that are
broadly consistent with the principles outlined
above. For example, the 1875 eruption of mixed
magma from Askja Volcano was preceded by rap-
id cooling of the basic magma, which had re-
charged a shallow crustal magma chamber [5]. A
high cooling rate was also inferred for the 1991-
1995 eruption of mixed magma from Mount Un-
zen [27]. Hybridisation was also observed in py-
roclastic products of the 18.4 ka Cape Riva erup-
tion of Santorini Volcano; here the basic magma
was highly crystalline, resulting in a more viscous
lower layer and hence a slower bubble rise speed
[28].

Similarly, there are observations of cases in
which the basalt does not mix fully with the over-
lying more evolved magma, but volatile gases ex-
solved from the crystallising basalt separate and

rise through the overlying magma. These volatile
gases may then be emitted from the volcano dur-
ing eruption of the evolved overlying magma. For
example, mafic inclusions observed in the prod-
ucts of the 1991 eruption of Mount Pinatubo
were associated with recharge of a deep magma
chamber by a low viscosity basalt, with the erup-
tion preceded by high sulphur gas emissions
which originated from the basaltic magma [11].
Similar high sulphur gas emissions have been re-
ported for the 1995-1999 eruption of the Sou-
friere Hills Volcano, Montserrat [10].
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Appendix A. Conditions for bubble-driven convec-
tion

As the basalt cools and crystallises, it may be-
come volatile saturated, and exsolve volatile bub-
bles. If the volume concentration of bubbles in the
basalt is ¢, and the temperature anomaly in the
magma associated with the cooling and crystalli-
sation is AT, then the convective rise speed of a
parcel of the bubbly magma scales as:

_ 2
Y ZAT)gh (A1)

where Ap is the density contrast between the bub-
bles and magma, u is the magma viscosity (cf. [8]),
and « is the thermal expansion coefficient, includ-
ing the effects of liquid-solid phase change. With
typical magma compositions it has been shown
that pAp> oAT [2] and hence the density change
associated with the bubbles dominates the effects
of cooling and crystallisation of the magma [§8]. In
order to estimate the bubble volume fraction ¢ in
Eq. Al, we note that if Q is the bubble produc-
tion rate per unit area, then, in the absence of
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convection:
¢~ Q/vs (A2)

Vigorous bubble-driven convection will develop in
the magma [8] if the rise speed of bubbles is much
smaller than the convective velocity of a parcel of
buoyant magma:

vy <<u (A3)

Combining Eq. A1-A3 we deduce that the basalt
will convect vigorously if the bubble production
rate per unit area satisfies:

IR

0>0. = W (A4)

The bubble production rate depends on the rate
of cooling and crystallisation of the basalt and the
solubility of volatiles in the melt. The mass of
dissolved gas in the magma may be written (Eq.
1) n;=sP'/2(1—X;), and so the rate of bubble pro-
duction per unit area has the form:

hidn;/dt = hisP"*(dx;/dT)(dT /dr) (A5)

where /; is the layer depth. This has value:
hi dnildt ~10~* dTldt.

For cooling rates of order 107°-107% K/s we
expect a bubble flux of order 1078-1071" in a
100-m-deep layer. In contrast, for a magma of
viscosity 10 Pa s and bubble rise speed of 50
um/s, Eq. A4 suggests that Q. has the value of
order 1076, We deduce that Q. <<h;dn;/dt and so
we expect vigorous bubble convection in the ba-
saltic layer.
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