78

[CH]

Earth and Planetary Science Letters, 101 (1990) 78—89
Elsevier Science Publishers B.V., Amsterdam

Convection and crystallization in magma cooled from above

M. Grae Worster *!, Herbert E. Huppert *° and R. Stephen J. Sparks °

¢ Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Silver Street, Cambridge CB3 9EW, UK.
b Institute of Theoretical Geophysics, University of Cambridge, 20 Silver Street, Cambridge CB3 9EW, UK.
¢ Department of Geology, Wills Building, University of Bristol, BS8 1RJ, U.K.

Received January 25, 1990; revised version accepted June 19, 1990

ABSTRACT

Calculations are presented for the cooling from above of melts in the Di—An system in which the kinetics of crystallization
are incorporated and play a dominant role. The results indicate that even with no initial superheat whatsoever, convection
plays an important role in the cooling of magma chambers and allows substantial internal cooling, crystallization and
differentiation. The calculations show, in agreement with observations, that in magma bodies hundreds of meters thick,
crystallization occurs predominantly in the interior or at the floor, even though heat is lost only from the roof. The ratio of the
final thickness of the layer formed at the floor to that formed at the roof increases as the overall size of the chamber increases,

owing to the effects of convection.

1. Introduction

Ever since the pioneering papers by Shaw [1]
and Bartlett [2] it has been widely appreciated that
convection is an important dynamical process in
magma chambers. When homogeneous magma is
cooled from above, the very large dimensions of
typical chambers ensures that the Rayleigh num-
ber based on the depth of the chamber H is much
larger than that required for vigorous convection
to occur. A large number of papers depending
upon this fact have appeared in the refereed litera-
ture since then (see, for example Carrigan [3]
Brandeis and Jaupart [4], McBirney [5] and refer-
ences therein). However, this picture has recently
been chailenged by Brandeis and Marsh [6] and
Marsh [7] who suggest in contrast that convection
is weak or nonexistent in almost all magma cham-
bers, which implies also that differentiation can-
not occur in magma chambers. The two principal
arguments they put forward are first, that magma
chambers are cooled predominantly from above
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by conduction through solid roof rocks and sec-
ondly, that crystallization at the roof largely pre-
vents the destabilization of the resulting cooled
magma from driving convection. The current paper
demonstrates that the second conclusion is unwar-
ranted.

Our work examines the application of a theo-
retical model for the cooling and crystallization of
a binary system from above in which the all-im-
portant kinetics of crystal growth are taken into
account. The results, as discussed in section 4,
demonstrate that vigorous convection, significant
internal cooling and differentiation can take place
in a magma chamber which is cooled by losing
heat by conduction to the overlying country rocks
even when there is no initial superheat. In ad-
dition, as we outline in section 5, the interpreta-
tions of our theoretical calculations are consistent
with many geological observations of intrusions.
In particular, the incorporation of kinetic effects
allows us to explain how solidification can take
place at the floor of the chamber even though the
cooling takes place at the roof. In fact, the desire
to understand this field observation acted as the
major motivation for the investigations reported
in this paper.
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2. Background

A study of the solidification of magma cooled
from above, that includes the effects of convec-
tion, was presented by Turner et al. [8]. Their
theoretical model assumed equilibrium crystalliza-
tion and so, with the absence of any kinetic under-
cooling, convection was driven solely by the tem-
perature difference between the liquidus and the
superheated magma. They showed analytically,
and confirmed experimentally, that the thermal
balance between conduction, convection and the
removal of superheat changes with time and, in
particular, that the rapid heat transfer associated
with turbulent convection causes the superheat to
be reduced to small values after a relatively short
time. Thereafter the dominant thermal balance
controlling the rate of solidification near the roof
is between conduction and the removal of latent
heat, even though there still remains vigorous con-
vection in the fluid interior of the chamber.

This paper presents extensions and applications
of a theoretical and experimental model developed
by Kerr et al. [9-12] for the crystallization of a
binary eutectic system cooled from above in which
the kinetics of crystal growth are taken into
account, the importance of which was already
realised by Brandeis and Jaupart [4]. In order for
crystals to grow, the temperature at the interface
between the crystals and the melt must be less
than the liquidus temperature of that melt. Usu-
ally the departures from thermodynamic equi-
librium are small in comparison with the typical
variations of temperature within the system and,
in the absence of convection, are confined to the
near neighbourhood of the interface. They can
therefore often be ignored, and good theoretical
results can be obtained by employing equilibrium
thermodynamics. However, convection can play
an important role in transporting (relatively dense)
undercooled fluid from the neighbourhood of the
solidification front into the interior of the cham-
ber, and this has significant consequences for the
evolution of the magma within the chamber. We
apply the model to cases in which there is initially
no superheat whatsoever, so that the kinetic un-
dercooling is the sole cause of convection as well
as the principal quantity of interest being trans-
ported by the flow.

During the solidification of a binary system,

partially solidified regions generally form. We as-
sume here that these take the form of mushy zones
of connected crystals. This contrasts with the in-
vestigations by Huppert and Sparks [13-15] in
which the authors implicitly assumed that crystals
grew in suspension in the form of a slurry and
were immediately swept away by the convection.
These two pictures represent extreme cases of
possible behaviour and must be analysed sep-
arately. The cases in which attached mushy layers
form differ in two important ways from cases in
which crystals grow in suspension. First, if there is
no transfer of crystals from a mushy zone to the
interior then any crystallization in the interior can
only result from undercooling and nucleation in
that region. Secondly, the temperature differences
available to drive convection are much smaller
when a mushy layer forms. Nevertheless, we shall
see that the temperature differences are suffi-
ciently large to produce vigorous convection. A
third distinction between the present paper and
those of Huppert and Sparks [13-15] is that our
assumption of no superheat prevents any possibil-
ity of remelting the mushy zone.

3. Analysis

A brief summary below describes the essential
physics and the principal results of the theoretical
analysis and supporting experimental observations
of Kerr et al. [9-12). The results are then specifi-
cally applied to the growth of diopside crystals
from a Di—An melt, because there is extensive
information on thermochemical properties [16] and
kinetic growth rates [17] for this system. While the
Di-An system is a simplification of naturally oc-
curring rock, it is the only system known to us for
which values of the appropriate physical parame-
ters have been evaluated.

A melt at its liquidus temperature placed against
a cold, solid roof will begin to crystallize as heat is
conducted into the overlying rock. If the tempera-
ture T, at the position of the initial contact be-
tween melt and country rock (z =0) is less than
the eutectic temperature of the melt 7, then a
crust of composite solid will grow (Fig. 1). Below
the level z=h, at which T=T,, a mushy layer
forms comprising crystals and depleted interstitial
liquid. Here we consider only the case when the
crystals remain attached to the roof to form a
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Fig. 1. Schematic diagram of an intrusion being cooled from

above. Heat is conducted into the country rock above the roof

at z = 0. As the magma is cooled it crystallizes to form a crust

of composite solid above a mushy layer. The molten magma

convects vigorously as it cools with internal crystallization

producing a solid layer near the floor. A sketch of the tempera-
ture field is indicated on the diagram.

connected matrix and the interstitial liquid is
buoyant so that it remains trapped within the
mushy layer. The crystals at the interface between
the mushy layer and the melt (z = &;) grow only
when the temperature there, 7, is below the
liquidus temperature of the melt T .

Crystal growth rates depend on local thermody-
namic factors related to attachment mechanisms
and vary from system to system. For diopside
growing into its undercooled melt, the growth law
for the rate of increase of crystalline solid, #;, is
given by
hi=Gu (4T, e))
where AT = T; — T, is the interfacial undercooling
and G=5.6x10"%cm s~ ! °C~2 poise [18, after
correcting a typographical error imaginatively
spotted and reported to us by Becky Renner]. This
growth law is expressed in terms of the dynamic
viscosity p of the molten diopside, which we ap-
proximate by the function

p = exp[(12 — 52.5x + 62.5x%)In 10], ()

where x =1 — 1000/7 and T is the absolute tem-
perature of the melt measured in Kelvin. We de-
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rived this expression by fitting a curve to the
graphical data of Kirkpatrick [18]). We use expres-
sion (2) in relation (1) for all our calculations of
diopside growing from a Di—An melt. In section 5
we shall discuss how the growth law might vary as
a function of composition and what effect such
variations would have on our conclusions. In the
absence of any superheat, it is the interfacial un-
dercooling that drives thermal convection in the
melt. The convection cools the entire region of
melt to cause internal growth of crystals in ad-
dition to those which form near the roof. These
may form and remain in suspension, may settle on
the floor or may simply form and grow at the
floor and other margins. We assume that the ad-
ditional crystallization below the roof occurs at
the bottom of the chamber to form a solid layer of
depth 4,(¢). The residual liquid released by the
growing floor layer is buoyant and rises convec-
tively to mix with the interior of the melt. Thus
the composition of the melt evolves with time in
such a way as to lower its liquidus temperature
and counteract the undercooling caused by the
thermal convection driven from above.

In order to understand the dynamical be-
haviour of the system described in Fig. 1 and the
preceding paragraphs, it is important to appreciate
the location and magnitude of the temperature
and compositional variations that exist. There is a
temperature variation of many hundreds of de-
grees centigrade across the composite solid layer,
which, from a dynamical point of view, is totally
inactive. A further variation, of up to a few
hundred degrees, which reflects the difference be-
tween the eutectic and liquidus temperatures, ex-
ists across the mushy layer. This partially solidi-
fied region has been considered by some authors
to be part of the thermal boundary layer at the
cooled roof of magma chambers and there have
been a number of discussions about how much of
this region participates in convection (see, for
example, Carrigan [3], Stengel et al. [19] and
Richter et al. [20]). Alternatively, one can assume,
as does Bruce [21], that this region is a mobile
slurry of unconnected crystals. He concluded that
much of this region is nevertheless stagnant, be-
cause there is a strong variation of the viscosity of
the magma with temperature. Here we take the
view that none of this region participates in con-
vection, either for the reasons stated above or
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because the mushy layer comprises a matrix of
connected crystals. This is the same interpretation
as that made by Brandeis and Marsh [6] and
Marsh [7]. Finally, there may be a temperature
variation AT across the narrow thermal boundary
layer ahead of the advancing interface between the
mushy layer and the completely liquid region. It is
this temperature variation which drives any ther-
mal convection in the liquid region. The existence
and strength of convection is determined by the
magnitude of a Rayleigh number Ra based on this
AT and the total depth of the liquid region, as
discussed further below.

If the assumptions of equilibrium thermody-
namics are made, then the temperature at the
interface of the mushy layer with the melt, T, is
equal to the liquidus temperature of the melt.
Only two possibilities then exist: either the melt is
superheated, in which case it has been shown
analytically [8-12] and experimentally [5,8-12]
that the melt cools rapidly by convection to tem-
peratures close to the liquidus temperature; or the
magma is not superheated, in which case there is
no convection. In the former case, references [8]
and [10] show that vigorous convection continues
for most of thé evolution of the chamber, even
though the temperature difference driving the con-
vection is very small and the convective heat
transfer from the melt is small in comparison with
the conductive heat transfer through the mushy
layer.

In the present paper the superheat of the magma
is assumed to be identically zero. Convection is
driven only by the kinetic undercooling associated
with the solidification of crystals at the edge of the
mushy layer, which causes 7; to be always less
than the liquidus temperature of the melt and
hence AT to be always non-zero. A feature of the
mushy layer is that it incorporates all of the com-
positionally depleted liquid generated by the solid-
ification. This is appropriate in the geologically
relevant parameter range in which the composi-
tional diffusivity is very much less than the ther-
mal diffusivity. The negative buoyancy due to the
thermal vanation AT is thus not counteracted by
any compositional buoyancy within the thermal
boundary layer. We shall also see later that the
kinetic undercooling AT is only a few degrees
centigrade at most, so it is appropriate to assume
that the viscosity of the melt is spatially (but not

temporally) thermally) uniform throughout the
liquid region, including the thermal boundary
layer. The Rayleigh number governing convection
in the melt should therefore be based upon the
thermal buoyancy alone, the depth of the liquid
region H,= H — h;, — h;, and the kinematic viscos-
ity of the melt ». It thus scales as

agATH;}
Ky

Ra=

where a is the coefficient of thermal expansion, g
is the acceleration due to gravity and k is the
thermal diffusivity of the melt. The driving tem-
perature difference A7, due to kinetic undercool-
ing, is related to the rate of solidification of the
mushy layer through (1). The result of computing
this expression for the Rayleigh number is pre-
sented as a function of time in section 4. We
simply note here that, for typical magmatic
parameter values, its magnitude is very much
greater than that required for vigorous convection
within the melt.

The evolution of this system is thermally con-
trolled and in order to conduct a quantitative
analysis we need appropriate equations for each
region. Conduction governs heat transfer in the
country rock and the composite layer. Since the
country rock warms up from its initial, uniform
temperature 7., by heat transferred from the hot
magma, the temperature T, at the boundary with
the country rock varies with time as described in
the appendix of [13]. In the mushy layer, conduc-
tion balances the internal release of latent heat
caused by local increases in the solid fraction ¢,
which is determined in part by the local conserva-
tion of solute. Equations for this region were
derived by Worster [22]. At the interface between
the mushy layer and the melt, the conductive flux
into the mushy layer is given by

aT . .
k=; =¢Lh;+ c/ATh,+ F (3)

where k is a thermal conductivity for the mushy
layer. The first term on the right hand side of (3)
represents the latent heat released at the interface,
where L is the latent heat per unit volume of solid
grown. The second term represents the specific
heat in the thermal boundary layer ahead of the
growing mushy layer, where ¢, is the specific heat
per unit volume of liquid. The third term repre-
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TABLE 1
Values of physical properties used in the calculations

M.G. WORSTER ET AL.

Melt Solid Solid Country
diopside anorthite rock

Density o gem™? 2.60 2.69 2.65 2.60
Specific heat capacity G calg=leCc™! 0.380 0.273 0.274 0.380
Latent heat L calg™! - 159 94 -
Conductivity k calem™!'s™1°C™! 8x103 g8x103 8x103 8x1073
Kinematic viscosity v cm? 571 10 - - -
Coeff. of thermal

expansion a oCc? 1.1x1074 - - -

sents the convective heat transfer from the melt
and is given [23] by

F=2*"\k(ag/kv)"*AT*> (4)

where A is an empirical constant, taken to be
0.056, « is the coefficient of thermal expansion, g
is the acceleration due to gravity, « is the thermal
diffusivity and » is the kinematic viscosity of the
melt. We compute the kinematic viscosity from

the expression
1345 — T)ln 10]

122 (5)

where 7, here, is measured in °C and p, is the
density of the melt. This expression is derived by
fitting the graphical data for viscosities along the
liquidus curve given by Weill et al. [16].

The convective heat flux also serves to cool the
interior of the magma and to grow crystals there, a
process expressed by the equation

F= —CT,+ Lh;

1
= — 1.5+
g plexp[(

(6)
where T, is the uniform temperature of the melt
and C is the total heat capacity of the region
below z = h;. The second term on the right-hand
side of (6) represents the latent heat required to
produce internal crystallization, the rate of which
is determined implicitly by assuming that it is
sufficiently rapid to keep the melt at its liquidus
temperature. Thus

T,=T.(C) (7)

where C is the composition of the melt, which is
related to the depth of the floor layer by global
conservation of solute. This is expressed as

(Cf“c)ilf=(H_hi_hf)C (8)

where C; is the composition of the solid forming

the crystals at the floor (in this case pure diopside)
and H is the total depth of the system.

Further details of the analytical model can be
found in [10-12] and an extended summary ap-
pears in [9]. The consequences of the model have
also been carefully tested and are supported by
the very good agreement between the theoretical
predictions and the results of experiments on the
cooling of aqueous solutions. Although the kinetic
growth laws for aqueous solutions can be different
in form from those in the Di—An system or a more
complex magma, the essential physical principles
are identical. The physical parameters we have
used 1n our calculations come from [16] and are
listed in Table 1. Properties of multi-phase regions
are calculated using local averages weighted by the
volume fractions of the constituent phases.

4. Results

One of the principal roles of convection is
illustrated by Fig. 2, which shows the depths of
solid grown at the roof and the floor as functions
of time from a melt of pure diopside in a layer
initially 100 m thick. A comparison is made be-
tween the predictions of the model with and
without convection. The non-convective case is
neither physically nor geologically relevant, since
the Rayleigh number is very large (~ 10'#), but it
serves as a basis for comparison. Convection re-
duces the time for complete solidification by about
30%. We note that the difference between the two
predictions for the growth of solid at the roof is
small, certainly in comparison with the uncertain-
ties in current field measurements. This demon-
strates the fact that the dominant thermal balance
governing growth of the roof solid is that between
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conduction and the release of latent heat [8]. De-
spite this observation, vigorous convection of the
melt persists and, most significantly, the convec-
tive mixing of undercooled liquid from near the
roof into the interior of the chamber causes some
45% of the chamber to solidify at the floor, even
though it is being cooled only from the roof.
Note that because the time scale for solidifica-
tion is not significantly altered by the presence of
convection in the melt, any argument for the ex-
istence (or absence) of convection that is based
only on an agreement between observations and
theoretical predictions of solidification rates can-
not be soundly based. The effects of convection in
the melt may only be clearly seen in the final,
differentiated product, as determined below.
Figure 3 shows results for the solidification of a
magma of composition DigyAn,, for three differ-
ent depths of chamber. There are several interest-
ing features. After a very early transient period,
not visible in the figures, a mushy layer develops
below a composite solid layer near the roof and a
pure solid layer develops at the floor. Each of
these evolves until the temperature of the liquid
region reaches the eutectic, after which time the
growing roof is completely solid, i.e. there is no
longer a mushy layer. Further removal of heat
from the interior by convective heat transfer to the
roof results in the internal crystallization of
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Fig. 2. The growth of solid as a function of time for pure
diopside at its melting temperature intruded as a layer 100 m
thick into country rock at 0°C. The dashed curve shows the
prediction of a purely conductive calculation for the depth of
the solid roof layer, A. The solid curves show the predictions of
a more realistic calculation in which vigorous convective heat
transfer is taken into account. Solid grows in the interior of the
intrusion to form a layer of height 4, at the base in addition to
a layer of thickness h; attached to the roof. The basal layer
forms even though the cooling is through the roof only.
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Fig. 3. The growth of solid as a function of time for a magma
of composition DigyAn,, intruded into country rock initially
at 0° C. The different phases are shown with different shadings
and labelled in (a). A composite solid of vertically oriented
diopside and anorthite crystals forms near the roof above a
mushy layer of diopside crystals and interstitial melt. A layer
of pure diopside forms near the base of the intrusion at early
times and is overlain by a composite layer of randomly ori-
ented crystals later on. The three diagrams indicate the differ-
ent evolutions experienced by intrusions of different initial
depths H. (a) H=10 m; (b) H =100 m; (c) H =1000 m.

anorthite in addition to the diopside crystals al-
ready forming. Thus, a composite layer whose
composition is equal to the eutectic (DiszAn,,)
forms at the floor, with the appropriate release of
latent heat, while the interior temperature remains
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Fig. 4. Results for a magma of composition DigyAn,, intruded
at its liquidus into country rock initially at 0° C. (a) The ratio
kto/H? as a function of the initial depth of the intrusion H,
where 1, is the time taken for complete solidification. This
ratio would be constant ( ~ 0.69) if the heat transfer were
purely conductive. The ratio decreases as H increases and
convective heat transfer becomes more important. (b) The ratio
of the final depth of the layer formed near the floor 4; to the
total depth of the intrusion H as a function of H.

fixed at the eutectice value (1274°C). The in-
creased crystallization that occurs once the inte-
rior magma has achieved the eutectic temperature
and concentration is reflected in the marked in-
crease in the rate of growth of solid at the floor.

Significant variations in the evolution of the
chamber depending on its total depth can be seen
by comparing the results in Fig. 3. Two important
variations are illustrated further in Fig. 4. Figure
4a shows the dimensionless time «t, /H?, for com-
plete solidification as a function of the initial
depth of the chamber, H, where ¢, is the actual
time taken for complete solidification. Since ¢, has
been scaled with the conductive time scale H?/k,
this ratio would be constant (~ 0.69) if conduc-
tion were the sole means of heat transfer. The
decrease of kt,/H? with increasing H, while not
large, is easily sufficient to demonstrate clearly the
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increasing role of convection as the depth of the
chamber increases. Convection has two effects on
the solidification. By increasing the heat transfer
from the melt to the roof, it inhibits growth of the
mushy layer and roof solid. By increasing the
cooling of the melt, it enhances the internal growth
of crystals (here at the floor). Thus as the height of
the chamber increases and the intensity of the
convective flow correspondingly increases, more
of the solidification occurs at the floor rather than
at the roof. This is illustrated in Fig. 4b, where the
fraction of the depth of the chamber occupied by
solid grown at the floor is plotted against the
depth of the chamber. Note that if the internal
crystal growth were to occur in suspension and the
crystals settled to the floor to form a loosely
packed layer then this fraction would increase.
The fraction would further increase if cooling also
took place through the floor.

The structure of the solidified magma chamber
can vary considerably depending upon the initial
composition of the magma. In Fig. 5 we compare
the evolution of three identical chambers of height
100 m which contain magmas of different initial
compositions (and thus also temperatures). The
time for complete freezing increases, though only
slightly, as the magma is more enriched in di-
opside. More significantly, we see that when the
initial composition is close to the eutectic con-
centration (Fig. 5a) most of the chamber has a
composite mineralogy, having formed either as
crust from the roof or as a eutectic composite
from the floor. By contrast, when the magma has
initial composition DigsAn (Fig. 5¢) there is no
eutectic composite grown at the floor.

The evolution of the temperature of the melt
for a 100 m thick layer of DigyAn,, is shown in
Fig. 6a. Since, by assumption, there is no super-
heat, the temperature can only decrease in con-
junction with the changing composition, and hence
liquidus temperature, of the melt caused by the
internal crystallization. No further decrease in the
temperature of the melt is possible below the
eutectic temperature, which is reached after about
130 years in the example illustrated. Also shown
in Fig. 6a is the temperature of the interface
between the mushy layer and the melt, which is
always less than the temperature of the melt itself.
The difference between these temperatures AT is
shown in Fig. 6b. Despite the fact that AT is so
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small, it leads to large values of the Rayleigh
number and is sufficient for there to be vigorous
convection in the melt. Figure 6c, in which the
Rayleigh number based on AT and the decreasing
depth of the liquid region is plotted as a function
of time, helps to determine the strength of convec-
tion within the chamber. When the magma is
initially emplaced it is quiescent, and a thermal,
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Fig. 5. The growth of solid as a function of time for magma in
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Fig. 6. (a) The temperatures of the melt, T}, and of the
interface between the mushy layer and the melt, T;, as func-
tions of time for a 100 m thick layer of DigyAn,, intruded into
country rock initially at 0° C. Note the discontinuity in slope
at 160 yr, after which time the interior temperature is main-
tained at the eutectic value of 1274° C. Even though T; is only

slightly less than T, the difference AT, shown in (b), is

sufficient to drive vigorous convective motions within the

molten magma. The corresponding values of the Rayleigh

number of the melt as a function of time are shown in (c). The

discontinuity at 160 years is due to the change in interior

dynamics when the eutectic temperature is achieved in the
melt.

conductive boundary layer develops at the cooled
roof. The thickness of the boundary layer & is
proportional to (xz)'/? and thus increases with
time. Once the local Rayleigh number based on §
exceeds a critical value, as determined by Smith
[24] for example, the boundary layer breaks down
and the magma begins to convect. For the magma
chamber considered here, this occurs after a few
hours, which is an insignificant time compared
with the overall time of evolution of the chamber.
The very large Rayleigh numbers displayed in Fig.
6¢c signify that the convection will be vigorous
after the early transient period just described,
until very near the end of the evolution when the
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Fig. 7. The bulk composition of a solidified intrusion as a

function of depth. The magma had an initial composition of
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height of 44 m indicates the level at which the solid grown

downwards from the roof meets the solid grown upwards from
the floor.

Rayleigh number decreases rapidly due mainly to
the shrinking size of the remaining liquid region.

Finally, in Fig. 7, we show a typical variation in
final composition of the solidified intrusion.
Within the upper layer the proportion of diopside
decreases from the initial concentration of the
uniform melt to the eutectic composition. The
lower layer is mostly pure diopside, by assump-
tion. If the lower layer instead comprised an open
crystal pile then its bulk composition would be
lower and might vary with height. A more detailed
analysis of the formation of the lower layer re-
mains to be carried out. Between these two layers
there is a central layer of eutectic composition
(DisgAng,). Our results are quite dependent on
the specific phase diagram of the magma. Differ-
ent results might be expected for a solid solution,
for example, than for systems with an almost
vertical solidus such as the Di—-An system consid-
ered here.

5. Discussion

Our results indicate that the extent of internal
cooling and differentiation in magma chambers
depends on the chamber size as does the relative
amount of crystallization at the roof and floor.
For small bodies of magma such as lava flows,
lava lakes and thin sills, the relative amount of
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internal and bottom crystallization is small and
the predominant growth of crust occurs at the
roof. When cooling occurs at both the floor and
roof, as in a sill, a relatively symmetrical growth
could be expected with some limited internal dif-
ferentiation. Settling of phenocrysts which were
initially suspended in the magma should however
cause some asymmetry and enhancement of the
floor layer (as discussed in [25]). For large magma
bodies (hundreds to thousands of metres) the in-
ternal crystallization becomes substantial. As
chamber size increases, crystallization at the floor
will become increasingly important and significant
internal differentiation can be expected. Geologi-
cal observations help constrain the dimensions of
magma chambers where convection plays a pre-
dominant role in internal differentiation. The
Tasmanian dolerite [26] and the Palisades sill [27]
are intrusions about 300 m thick. Profiles of chem-
ical composition in these intrusions indicate that
floor crystallization was predominant over roof
crystallization and that substantial internal differ-
entiation took place. In the case of the Palisades
sill the floor rocks are approximately seven times
thicker than equivalent rocks at the roof and the
variation of Mg/(Mg + Fe) within the sill suggests
internal cooling of the order of 200°C. Similar
conclusions can be deduced from data on the
Tasman sill. In the highly differentiated
Skaergaard intrusion, the proportion of crystals
formed at the floor greatly exceeds those formed
at the roof [28], even though the cooling is pre-
dominantly from above [29]. Thus our results fit in
broadly with observations.

Our results contrast with recent opinions pre-
sented by Marsh [25] and Brandeis and Marsh [6].
The essence of their view is that once the interior
of the magma chamber is at or below the liquidus,
convection ceases or becomes so weak that signifi-
cant cooling and differentiation cannot occur in
the interior. Their argument appears to be that
high values of the dynamic viscosity in the thermal
boundary layer prevent the formation of plumes.
However, a non-dimensional criterion to de-
termine whether this is the correct conclusion is
needed. Our investigations demonstrate that the
appropriate Rayleigh number is easily large
enough to drive vigorous convection and that their
view is therefore incorrect. It is true that the
convective heat flux from the interior to the roof
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quickly becomes small in comparison with the
conductive flux through the roof —the flux F plays
only a minor role in equation (2) describing the
heat budget near the roof. This was discussed at
length in [8]. However, the convective heat flux F
plays a dominant role in equation (4), which de-
scribes the heat balance in the interior of the
chamber. It is erroneous to conclude that convec-
tion is non-existent simply because the convective
heat transfer contributes little to the heat budget
at one particular location (the roof). Convection is
a dynamic phenomenon, it keeps the magma
stirred, it may keep crystals in suspension and it
transports other properties than just heat. As was
shown in [1], even very small temperature dif-
ferences yield extremely large Rayleigh numbers
given the large dimensions of typical magma
chambers. Vigorous convection is therefore nearly
always a feature of the dynamics of magma cham-
bers and its effects must be taken into account.
For example, we have shown (Fig. 2) that if the
convective heat flux were zero (as Marsh would
have us believe), then the magma would not cool
below its liquidus, there would be no internal
crystallization and the magma would not differen-
tiate. We have shown further that convection,
coupled with the effects of kinetic undercooling,
can cause cooling of the magma below its initial
liquidus, internal crystallization and differentia-
tion. These effects have been observed and quanti-
fied in the laboratory and are features of many
magmatic intrusions. In addition, the erroneous
arguments put forward by Marsh [25] and Brandeis
and Marsh [6] are not consistent with the observa-
tions cited earlier that many intrusions solidify
predominantly at the floor despite being cooled
mainly through the roof and that they are highly
differentiated. This is discussed in greater detail
by Sparks [30].

There are several reasons for believing that our
model, which incorporates crystallization at the
roof in a mushy zone, underestimates the amount
of internal cooling, differentiation and floor crys-
tallization. First, in all geological situations there
will be additional cooling through the floor. Sec-
ondly, the intensity of convection and associated
heat fluxes will be substantially larger if crystalli-
zation near the roof forms a suspension that can
be swept away. With larger convective heat fluxes,
crystallization at the roof and growth of the crust
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Fig. 8. The growth of solid as a function of time for a magma
of composition DigyAn,, intruded into country rock initially
at 0°C. The growth-rate parameter G was calculated in terms
of the viscosity of the melt, given by eqn. (5). This figure
should be compared and contrasted with Fig. 3b, for which the
results were computed using a growth-rate parameter calcu-
lated in terms of the viscosity of a melt of pure diopside, as
given by eqn. (2).

will be inhibited and internal cooling, differentia-
tion and bottom crystallization enhanced. For ex-
ample, Huppert and Sparks [31] demonstrate that
the chilled margin can eventually be melted back
if the roof region is treated as a suspension zone.
The complete absence of a roof sequence is a
characteristic of the largest intrusions [28,32-34].
Thirdly, there is the pressure effect on the liquidus
which should increase crystallization at the floor
relative to that at the roof [32]. Fourthly, the
settling out of pre-existing phenocrysts will en-
hance the proportion at the floor.

We have made computations of a solidifying
Di-An melt in which we used a kinetic growth
law measured for pure diopside [17]. We note that
if p = p,», with » given by equation (5), is used in
the growth law (1) in place of expression (2) then
the results presented in Fig. 8 are obtained for the
case of a melt of composition DigyAn,, solidify-
ing in a chamber 100 m deep. These are signifi-
cantly different from the results obtained and
illustrated in Fig. 3b; in particular, a much greater
proportion of the chamber is predicted to have
solidified at the floor. Since the viscosity of a
Di—An melt increases appreciably as the propor-
tion of An increases between a melt of pure di-
opside and a melt of eutectic composition, the
computed growth rate is much smaller for a given
undercooling, which causes the growth at the roof
to slow down relative to the growth at the floor.
However, it is not known how the growth parame-
ter G varies with composition, so we hesitate to
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conclude that the system would evolve at rates
closer to those shown in Fig. 8 than to those
shown in Fig. 3b. This calculation does, however,
indicate the need to measure kinetic growth rates
for a wider variety of mineral systems before
accurate quantitative predictions can be made.

We conclude that even in the least favourable
situation of a mushy zone forming at the roof,
convection has a significant role in the internal
cooling and differentiation of magma in a magma
chamber. Similar dynamics will control the evolu-
tion of lava lakes, though the details will be differ-
ent because the top of the crust of the lake is
maintained at a fixed temperature. We plan to
present a quantitative investigation of such situa-
tions in the future.
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