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Abstract

A series of analogue laboratory experiments were carried out to model melting and mixing processes occurring at
the roof and sides of a magma chamber when hot, dense mantle-derived magmas are emplaced in the deep crust. The
experiments investigated the influence of a viscosity contrast between crustal melts and input magma, the presence of
crystals in the input magma, and roof geometry. The crust was modelled by aqueous ice or a cold, low-melting point
wax, arranged as a flat roof or in an upside-down U. The input magma was modelled by a hot, dense aqueous
solution of NaNO3 or FeSO4, which was injected into the cavity between the walls. The experiments revealed the
potentially important role that side-wall processes may have in crustal melting and mantle magma contamination in
this environment. The walls melted back much faster than the roof and the melts from the opposite walls ponded next
to each other under the roof and mixed with each other only in the central region. When the input solution was able
to crystallise, it did so preferentially in the active side-wall boundary layers. The tiny, dense crystals, which were
dragged up in the melt boundary layer and then dropped into the interior fluid, enhanced hybridisation of the melt
and contamination of the input fluid and, through their influence on the boundary layer structure, reduced the
melting rate.
- 2003 Elsevier B.V. All rights reserved.

Keywords: magma chambers; analogue experiments; melting; magma mixing

1. Introduction

The diversity of igneous rocks in the Earth’s
continental crust arises from a diverse range of
processes, such as fractional crystallisation of
mantle melts, partial to complete melting of exist-
ing crustal rocks, magma mixing and hybridisa-
tion, assimilation of country rock, and liquid im-

miscibility. The heat required for crustal melting
may arise from radiogenic heating of thickened
crust or heat conducted from the mantle through
thinned asthenosphere (Thompson and Connolly,
1995), but the major source is likely to be under-
plating or intrusion of the crust by mantle-derived
ma¢c magmas (Huppert and Sparks, 1988; Ber-
gantz, 1989), because the proximity of hot mag-
mas to fuseable crust allows for e⁄cient heat ex-
change. Underplating is inferred in many tectonic
scenarios: in back arcs (Yanagi and Maeda,
1998), continental margins (Saleeby et al., 2003),
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£ood basalt provinces (Farnetani et al., 1996;
Wilson and Wheeler, 2002) and hot spots (CD-
ROM Working Group, 2002). In convergent mar-
gins the generation of silicic rocks during under-
plating is likely to be a multistage process, involv-
ing fractionation of hydrous ma¢c magmas and
remelting of hydrous cumulates by subsequent in-
trusions (Saleeby et al., 2003; Weinberg and Dun-
lop, 2000), though geochemical signatures some-
times indicate that the original crust is also
involved in the melting (Saleeby et al., 2003). Fur-
ther processes are involved in the transport and
emplacement of magmas (Brown, 1994; Petford et
al., 2000), which may be by dykes, pervasive £ow
through a network of channels (Brown, 1994;
Weinberg, 1999) or diapirs (Weinberg and Pod-
ladchikov, 1994), depending on the tectonics and
thermal structure of the crust (e.g. Leitch and
Weinberg, 2002).

Although heat from intruded mantle magmas is
likely involved in crustal melting, the dynamics of
the processes is uncertain. From a purely thermal
point of view, melting would occur most e⁄-
ciently directly at the contact between a mantle
magma and crust, when the latent heat of crystal-
lisation of the mantle magma could be used to
melt a similar volume of crust (Bowen, 1928).
Assimilation^fractional crystallisation (AFC) pro-
cesses, where the heat of crystallisation is used to
melt adjacent and incorporated crustal material,
were put forward to explain mixed crustal and
mantle signatures of continental margin rocks
(DePaolo, 1981; DePaolo and Farmer, 1984).
However, cross-contamination of crustal melts
and mantle magmas is perceived to be inhibited
by the di¡erent physical properties of the magmas
(Frost and Mahood, 1987) and the geometry of
the contacts. Campbell and Turner (1987) argued
that fractional crystallisation and crustal melting
in large layered intrusions would be separated by
one or more double-di¡usive interfaces at the top
of the magma chamber, and that limited contam-
ination on the ma¢c magma would occur due to
stoping or melting at a side wall. Melting at bot-
tom contacts, which would at least initially pro-
mote contamination (Kaneko and Koyaguchi,
2000), would be inhibited by the settling and
growth of crystals on the contact (Kerr, 1994).

In some circumstances, in£ux of felsic magma
into an overlying ma¢c chamber may overcome
these inhibiting factors (Weinberg and Leitch,
1998).

The purpose of the present work is to extend
experimental investigations on dynamical process-
es at the roof and walls of a magma chamber.
This work follows on from that of Campbell
and Turner (1987), Huppert and Sparks (1988)
and Kerr (1994). Campbell and Turner (1987)
modelled AFC processes by emplacing a hot, sa-
turated aqueous £uid (analogue to a ma¢c mag-
ma) beneath a mixed ice (analogue to the crust).
Huppert and Sparks (1988) modelled crustal melt-
ing at a horizontal roof during underplating using
unsaturated aqueous solutions as analogue mag-
ma and wax, which produces a high-viscosity
melt, as analogue crust. Kerr (1994) analysed
the melting of a sloping wax roof. The experi-
ments described here are a systematic investiga-
tion of the e¡ects of the geometry (sloping and
horizontal roof) of the melt-input contact, the vis-
cosity contrast of melt and input £uid (using ice
and wax as crustal analogues), and crystallisation
of the input £uid on the rates of melting, and
processes of mixing and contamination at the
contact. Neither Huppert and Sparks (1988) nor
Kerr (1994) included crystallisation of the ana-
logue basaltic magma in their experimental inves-
tigations, though they discussed possible rami¢ca-
tions. Campbell and Turner (1987) used aqueous
solutions of Na2CO3 as an analogue magma, and
this chemical tended to crystallise in situ on the
£oor of the chamber, so that, though latent heat
was released and the composition of the input
£uid evolved, the melt-input contact was crystal-
free. For this investigation, the crystallising input
£uids were concentrated aqueous solutions of
FeSO4 and NaNO3, and these nucleated tiny,
dense crystals (like a slurry of individual olivine
or pyroxene crystals) very close to the contact,
where they could and did a¡ect heat and mass
transfer.

In the sections below, the experimental setup
and results for the three di¡erent contact geome-
tries are given. The appendices contain mathemat-
ical analyses of the side-wall boundary layers,
which were central to the evolution of the experi-
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ments. Side-wall boundary layers led to e⁄cient
melting of the walls and simultaneously inhibited
melting of the roof. Low-viscosity melts produced
thinner boundary layers, which allowed chemical
di¡usion to modify the melt composition. Crystals
nucleating in the boundary layer a¡ected melting
and contamination di¡erently depending on ge-
ometry and viscosity contrasts, but almost always
led to a decrease in the melting rate.

2. Experimental setup and procedure

Nomenclature is given in Table 1. The experi-

ments were carried out in a rectangular tank with
front and back walls of perspex, and a roof, £oor
and two walls which can be heat exchangers or
perspex (Fig. 1). The bottom of the tank was ¢lled
with a tight-¢tting insulator, so the experimental
region was 8 cm high, 30 cm wide and 15 cm
deep. The top and one or two sides of this region
were ¢lled with a solid representing the crust,
leaving a cavity 5 cm deep. Alcohol was pumped
through the heat exchanger walls, maintaining
them at a few degrees below the melting temper-
ature of the solid. Keeping the boundary temper-
ature close to the melting temperature minimised
the in£uence of the proximity of the heat ex-
changers.

To prepare the solid, a dummy block was
placed in the position of the cavity and the tank
on either side ¢lled with (separately dyed) melts.
These were frozen from the heat exchanger walls,
and then the roof solution was emplaced and fro-
zen from above. The dummy block was then re-
moved.

At the start of an experiment the cavity was
¢lled, from a 1-cm diameter plastic pipe through
the roof or one side, with hot aqueous solution.
Another pipe through the centre of the roof al-
lowed the escape of air and the insertion of tem-
perature probes and sampling tubes. The position
of the probes was adjusted by hand to take ver-
tical pro¢les. Temperatures recorded by the
probes within the tank and the heat exchanger
walls were digitally logged, and the density of
£uid samples was measured by a densimeter.
The tank was back-lit by a projector and front-
lit by room lighting. Slide photographs were taken
at regular intervals and from these the melting
rate of the walls and roof were measured.

2.1. Geometry

The experiments were run in three geometries
(Table 4). The 2WR experiments were set up as
drawn in Fig. 1. Two walls sloped inward at 60‡
toward a £at roof, and each wall and the roof
contained dyes of di¡erent colours. The initial
aspect ratio A0 (width:height) of the cavity was
2.5. For the WR experiments, the right-hand cav-
ity wall was a vertical insulating boundary and

Table 1
Nomenclature

Symbol De¢nition Units

A surface area m2

c speci¢c heat at constant pressure J/kg/‡C
C (salt) concentration wt%
D chemical di¡usivity m2/s
f crystallisation fraction 1
g acceleration of gravity m/s2

h boundary layer thickness m, cm, mm
H vertical height cm, m
k thermal conductivity W/m/‡C
L latent heat J/kg
q heat £ux W/m2

Q volume £ux m3/s
t time min, s
T temperature ‡C
vT superheat/supercooling ‡C
U £uid velocity m/s
v melt rate m/s
V volume m3

x horizontal distance cm, m
X horizontal melt-back of walls cm, m
z vertical distance m
Z vertical melt-back of roof cm, m
K thermal expansivity ‡C31

L compositional expansivity wt%31

U thermal di¡usivity m2/s
W dynamic viscosity kg/m/s
b density kg/m3

Subscripts
0 initial value
m melt
D chemical di¡usion
f input £uid
s solid
sat saturation condition
T thermal
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A0W4. The R experiments had two insulating
walls, so the contact was at the horizontal roof
only.

2.2. Analogue materials

Three analogues (‘solids’) were used to repre-
sent the crust: a polyethylene glycol wax (PEG-
600), a eutectic ice of sodium carbonate and water
(Na2CO3^H2O) and a quasi-eutectic ice of ferrous
sulphate and water (FeSO4^H2O). Physical prop-
erties of these solids and their melts are given in
Table 2a,b. The experiments were named
(Table 4) according to the geometry, solid com-
position (P, F or N) and a number, which indi-

cates the order in which the experiments were
carried out.

The use of eutectic ices rather than water ice
simpli¢ed the dynamics (e.g. there was no density
minimum as there is at 4‡C for pure water) and
allowed dye to be incorporated into the solids as
they froze, so that melts could be tracked by their
colours. Sodium carbonate eutectic ice formed a
uniformly dyed homogeneous solid, but ferrous
sulphate solutions supercooled several degrees
under laboratory conditions and the solid was of
uneven composition (see Section 4.3). These ices,
like water ice, have a relatively large latent heat
and signi¢cantly di¡erent thermal properties (k, c,
U) than their melts. PEG-600 wax is more like a

Fig. 1. Diagram of tank used to run the experiments, with model crust (dyed blocks in upper part of tank) set up in the geome-
try used for 2WR experiments.

Table 2a
Properties of experimental and geological solids

Material bs cs ks Us Tm L
(kg/m3) (J/kg/‡C) (W/m/‡C) (m2/s) (‡C) (J/kg)

Na2CO3^H2O eutectic ice 968 1900 1.9 1.0U1036 32.1 3.3U105

FeSO4^H2O eutectic ice 1033 1900a 1.9a 1.0U1035 31.8 3.3U105a

PEG-600 wax 1210 2490 0.24 8U1038 19 1.46U105

Continental crustb 2700 1340 2.9 8U1037 850 2.9U105

a Guesses based on properties of Na2CO3^H2O eutecticice.
b Huppert and Sparks, 1988.

VOLGEO 2676 20-11-03 Cyaan Magenta Geel Zwart

A.M. Leitch / Journal of Volcanology and Geothermal Research 129 (2004) 173^197176



silicate in that the solid and melt have similar
thermal properties. The wax is arguably also a
better analogue crust in that the melt is much
more viscous than the analogue magmas.

Two analogue magmas (‘input £uids’) were
used: concentrated ferrous sulphate (FeSO4)
aqueous solutions, which were used only with fer-
rous sulphate ice, and sodium nitrate (NaNO3)
solutions, which were used with sodium carbonate
ice and PEG wax. The input £uids were all hotter
than the melting point of the solid and denser
than the melts. Some £uids never formed crystals.
Others (marked with * in Table 4) were saturated

and so crystallised immediately upon input.
Under laboratory conditions, the ¢rst-formed
crystals were so small that their individual sizes
could not be determined with the naked eye.

3. Dimensionless numbers

Key dimensionless parameters controlling £ow
and heat transfer in this study are given in Table 3.

The Prandtl number Pr is the ratio of the dif-
fusivities of momentum and heat. For the input
£uids, Pr is typically about 10, so the velocity

Table 2b
Properties of experimental and geological £uids

Material Tm;f bm;f cm;f km,f Wm;fU103
Km,fU104 Dm;f

aU1010

(‡C) (kg/m3) (J/kg/‡C) (W/m/‡C) (kg/m/s) (‡C31) (m2/s)

Melt
Na2CO3^H2O 32.1 1066 3900 0.55 2.6 2.1 5
FeSO4^H2O 31.8 1140 3725b 0.54 2.0 2.5 5
PEG-600 19 1128 2660 0.24 180 7.6
Continental crustc 850 2300 1340 2.9 109 0.5 9 0.1d

Input £uid
25^20 wt% FeSO4 35C8 1268C1220 3375C3515 0.58C0.54 0.8C1.6 5.4C4.1
63^34 wt% NaNO3 100C11 1515C1270 2673C3056 0.62C0.52 0.6C3.5 6.2C5.1 8
Basalt magmac 1200^1091 2700 1340 2.9 300 000 0.5 9 0.1

a Washburn, 1926.
b Guesses based on properties of Na2CO3^H2O eutectic ice.
c Huppert and Sparks, 1988.
d Hofmann, 1980.

Table 3
Dimensionless variables

Symbol De¢nition Units Models Magma chambera

Nu Nusselt number qvx/kvT
Le Lewis number U/D 150^300 102^105

Pr Prandtl number W/bU 3^21 (f), 103 (m) 104^107

R buoyancy ratio LvC/KvT 2^10 8
RW viscosity ratio Wm/Wf 1^225 102^104

Re Reynolds number Umbmhm/Wm 1033^0.5 1036

Raz Rayleigh number gabvTz3/WU 106^109 108^1020

Ram melt Ra g(bf3bm)z3/WmUm 106^107 109^1021

St Stefan number
b s½Ls þ csðTm3T sÞ�

b fcf ðT f3TmÞ
0.6^1.8 1.1

Stm melt St
b s½Ls þ csðTm3T sÞ�

bmcmðT f3TmÞ

St* St with crystallisation
b s½Ls þ csðTm3T sÞ�

b f ½f dL=dxþ cfðT f3TmÞ�
0.5^2.5 0.5

a Nilson et al., 1985; Huppert and Sparks, 1988; Kerr, 1994.
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boundary layer is thicker than the thermal bound-
ary layer (by a factor of Pr1=2). The Lewis number
Le describes the relative di¡usivity of heat and
compositional changes. The Reynolds number
Re compares momentum and drag. High-Re £ows
(ReE1) tend to be turbulent. The Rayleigh num-
ber Ra compares the thermal buoyancy forces,
which promote convection, with the in£uences
of viscosity and di¡usion, which retard it. The
buoyancy ratio R compares the positive composi-
tional melt buoyancy to the negative thermal
buoyancy in the boundary layers. The viscosity
ratio RW between the melt and the input £uid
a¡ected heat transfer (thus melt rate) in the
boundary layers. For icy solids, RW was V1,
whereas the wax melt was about two orders of
magnitude more viscous than the £uid.

The Stefan number St is the ratio of the heat
required to melt a solid, to the heat available to

cause melting. In these experiments, St is the ratio
of the volume of hot £uid to the maximum vol-
ume of melt produced (assuming no heat loss
from the system). St depended principally on the
latent heat Ls of the solid and the superheat
vTf =Tf3Tm of the input £uid relative to the
melting temperature of the solid. Ls for the wax
was half that of the ices (Table 2a,b), so for ex-
periments with the same vTf (all else being equal)
twice the volume of wax as ice would melt. The
melt rate depends on geometry and dynamics, but
all other things being equal, lower St implies high-
er melt rates.

The dimensionless parameters for these models
are similar to those of previous analogue experi-
mental models (McBirney and Baker, 1985; Hup-
pert and Sparks, 1988; Kerr, 1994), since the
models are of similar scale and used similar ma-
terials. The parameters are compared with those

Table 4
Summary of experiments

Namea Cf
b Tf vTf bf Tsat vTsat vTs tfinc Prf RaHd R0 RW0 St0

2WR
P3 42 67.5^30 48.5^11 1301^1330 31 69^31 7 20 5^11 3E8^6E6 4.5 180 1.05
P8 39.5 62^30 43^11 1281^1306 313 75^43 8 20 5^9 3E8^5E6 4.6 180 1.20
P10 42 60^23 41^4 1307^1335 31 61^24 4 60 6^13 2E8^1E6 5.5 150 1.18
F6e 24.6^22.5 30^8 32^10 1263^1250 (25^19)f 5-(311) 2 30 5.5^10 2E8^2E6 5.7 2.2 2.52
F9e 22.3^20.3 35^13 37^15 1231^1220 (18^13)f 17^0 4 20 5^9 3E8^7E6 3.7 2.5 2.22
N7 38.5 45^3 47^5 1285^1315 317.5 63^20 2 30 7^21 2E8^1E6 6.1 2 1.75
N11e 63.5^47 100^20 102^22 1515^1387 99^20 1^0 4 30 11^17 3E8^9E6 5.3 1.1 0.60

WR
P13e 63^53 95^50 76^31 1510^1460 95^50 0 4 28 11^10 2E8^2E7 6.1 180 0.47
P14 45.3 99^45 80^26 1308^1352 13 86^32 4 25 4^9 6E8^2E7 2.8 225 0.62
N15 39 100^32 102^34 1246^1299 316 116^48 5 13 3^9 1E9^2E7 2.2 4.3 0.85
N16 39 60^11 62^13 1278^1314 316 76^27 5 40 5^16 4E8^4E6 4.4 2.6 1.36
N18e 55^45 60^12 62^14 1446^1374 58^12 2^0 4 50 11 2E8^4E6 7.4 1.2 1.23

R
P17e 62.75^54 100^53 81^1 1506^1424 95^53 5^0 4 57 10^12 3E8^8E7 5.6 82 0.45
P19e 55^50 60^34 41^15 1446^1411 58^34 2^0 4 70 11 1.3E8^4E7 9.8 82 0.94
P20 47 100^54 81^35 1325^1363 21 79^33 4 28 4^8 6E8^1E8 3.2 200 0.61
N12e 62.75^47.5 100^20 102^22 1506^1395 95^20 5^0 4 180 10^17 3E8^2E7 4.6 1.1 0.64

Units: concentration C in wt%, temperatures T, vT in ‡C, density in kg/m3, time t in min. vTf =Tf3Tm ; vTsat =Tf3Tsat ;
vTs =Tm3Ts.

a First letter of experiment name indicates analogue crust: P= PEG-600 wax; F = FeSO4^H2O ice; N = Na2CO3^H2O ice.
b Input £uids were solutions of FeSO4 for Fn, and NaNO3 for Pn and Nn.
c tfin is the time at the end of the experiment, when the second number in a range of values applies. It might be when the

model crust was melted back to the heat exchanger, or when measurements were terminated.
d 3E8 means 3U108.
e Means the input £uid crystallised.
f Non-equilibrium saturation temperature.
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for a basaltic magma chamber of height 100^1000
m in Table 3. Although there are di¡erences of
orders of magnitude in some values, key parame-
ters Ra, St and R overlap and others are either
‘large’ (Le, Pr, Ram) or ‘small’ (Re), so that qual-
itatively similar behaviour is expected. For exam-
ple, the low Re (6 1) boundary layers in the ex-
periments and magma chambers imply laminar
£ow.

Additional dimensionless parameters associated
with crystallisation of the input £uid are likely to
be dynamically important but have not been iden-
ti¢ed in this preliminary study, thus quantitative
comparisons with magma chambers are not yet
possible. Crystallisation a¡ected heat transfer
and mixing and allowed compositional evolution
of the input £uid.

4. Results for 2WR experiments

As listed in Table 4, seven experiments were
carried out in the 2WR arrangement (Fig. 1) :
three using PEG wax as the solid (P3, P8 and
P10), two using FeSO4^H2O ice (F6 and F9),
and two using Na2CO3^H2O ice (N7 and N11).
Results of these experiments, including degree of
wall melting, pro¢les of temperature and compo-
sition in the cavity, and photographs, are dis-
played in Figs. 3^13. The geometry and dimen-
sionless numbers Ra, Pr and R were similar in
these experiments. Di¡erences arose due to varia-
tions in St, RW and whether the input £uid crys-
tallised. As sketched in Fig. 2, common features
of these experiments were: the walls melted rap-
idly and the roof melted very little if at all ; buoy-
ant melt £owed up the walls and collected in a
layer under the roof; crystals formed in the £uid
very close to the melting walls ; and unless crystals

grew on the £oor, a stable thermal strati¢cation
formed in the input £uid. These features are re-
lated to the nature of the boundary layers on the
walls.

In Sections 4 and 4.2, the boundary layer struc-
ture and general evolution of the experiments is
discussed with reference to three representative
experiments, and in the succeeding Sections 4.3^
4.5 particular features of individual experiments
are described.

4.1. Boundary layer structure and cavity
strati¢cation

A boundary layer is a thin region between two
materials (in this case the solid and the input)
where material properties change rapidly. The
thermal boundary layer is the region where the
temperature changes rapidly next to the wall.
Heat must conduct through this boundary layer
in order to cause melting. The inner part of the
thermal boundary layer is embedded in the melt
boundary layer, where melt £ows upward adja-
cent to the wall, while the outer thermal boundary
layer extends into the input £uid. Cold £uid in the
outer thermal boundary layer will tend to £ow
downward (Fig. 2). Nilson et al. (1985) mathe-
matically describe counter-£owing boundary
layers on a side wall.

The thermal and compositional strati¢cations
which developed within the cavity (e.g. Fig. 3)
re£ect the thermal and compositional structure
of the side boundary layers. The strati¢cations
built up by the ‘laminar ¢lling box’ mechanism
(Worster and Leitch, 1985), in which £uid of a
given buoyancy in the boundary layer feeds into
the environment at its level of neutral buoyancy.
After an initial strati¢cation is set up, di¡erent
parts of the boundary layer fed out at di¡erent
levels depending on their densities (Fig. 2). The
parts of the melt boundary layer closest to the
wall were most compositionally light, so they
fed to the top of the cavity. Meanwhile, the down-
£owing outer thermal boundary layer generated a
stable thermal strati¢cation at the bottom of the
cavity. Allowing for mixing and di¡usion during
or after the expulsion of the boundary layer £uid,
the variation of density in the environment with

Fig. 2. Sketch of the evolution of experiment 2WR-N7.
Dyed melt from the walls fed out at various levels into the
contaminated melt layer at the top of the cavity. See text.
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distance from the top or bottom of the cavity
re£ects the systematic variation of the density of
boundary layer £uid with distance from the wall
(e.g. Leitch, 1987). (Note that the distance be-
tween two density levels in the environment de-
pends on the volume £ux of the intermediate den-
sities in the boundary layer, not their distances
from the wall.)

Estimates of the boundary layer thicknesses for
experiments N7 and P8 are found in Appendix A.
Thermal boundary layers in both experiments
were about 1^2 mm thick, with thicker values

applying for smaller superheats (later times).
The melt boundary layers in contrast became
thinner with smaller superheat. For experiment
N7 the melt boundary layer was one or two or-
ders of magnitude thinner than the thermal
boundary layer (V0.1 mm). For experiment P8,
on the other hand, the melt boundary layer was of
comparable thickness to the thermal boundary
layer at high superheat (early time) and became
an order of magnitude thinner at low superheat
(Fig. 24).

4.1.1. Experiment N7 ^ Na2CO3^H2O ice
For experiment N7 the melt boundary layer

generated a stable compositional strati¢cation ^
the region between 2.5 and 5 cm in Fig. 3a. There
was chemical di¡usion through the very thin melt
boundary layer as it rose (Appendix C) and the
collected melt had a smooth gradient of composi-
tions rather than a uniform eutectic composition.
Because the inner thermal boundary layer was
embedded in the melt layer, an associated unsta-
ble thermal strati¢cation developed at the top of
the cavity (between 2.5 and 5 cm in Fig. 3b). Since
compositional e¡ects dominated (the unstable
thermal buoyancy was less than 2% of the stable
compositional buoyancy) no double-di¡usive
layers formed.

The presence of this thick, cold, almost static
layer of £uid at the top of the cavity prevented the
roof from melting. Heat from the input £uid
could only reach the roof by the slow process of
conduction. In contrast, the walls beneath this
stable layer were always in direct contact with
the £uid through the thin boundary layer of
melt, and they melted back rapidly.

The maximum temperature in the cavity oc-
curred just underneath the melt layer at a height
of about 2.5 cm, and below this there was a stable
thermal strati¢cation (Fig. 3b), which was set up
by the down£owing outer thermal boundary
layer. (The temperature inversion at the very bot-
tom is probably due to heat released from the
perspex £oor.)

4.1.2. Experiments P8 and P3 ^ PEG-600 wax
Fig. 4 shows compositional and thermal pro-

¢les in the cavity for similar wax experiments P8

Fig. 3. Vertical pro¢les through the middle of the tank of (a)
compositional density and (b) temperature at the times indi-
cated for experiment 2WR-N7. Actual data points are indi-
cated by *. The solid lines are the author’s hand-drawn best
guess of the continuous pro¢les. The ‘compositional density’
b20 is the density of sample as measured by the densimeter
at 20‡C and so does not take temperature e¡ects into ac-
count. b0 and T0 are the initial properties of the input £uid.
The arrow underneath T0 emphasises that it is outside the
range of the temperature scale of the ¢gure.
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and P3. In contrast with Fig. 3, the melt layer,
between the roof and the interface at hV3 cm,
shows very little compositional strati¢cation and
the interface between the melt layer and the
underlying £uid is very sharp. This re£ects the
structure of the melt boundary layer, which was
relatively thick (0.5 mm compared with 0.1 mm
for N7), and contaminated only at its outer edge.

For the melt layer, Ra= gKbvTH3
m/WU=

8U108(vTH3
m), which for HmV2 cm and

vTV10‡C is about 5U104. This is an order of
magnitude higher than the critical Ra for a hori-
zontal layer, so we expect the layer to convect
thermally and produce the thermal pro¢le
sketched in Fig. 4b. The thermal strati¢cation be-
low the melt layer was much less pronounced than

in N7 (Fig. 3b) because it was set up by a weaker
outer thermal boundary layer.

Fig. 5 (plate I) is a shadowgraph photograph of
experiment P3. Dark lines in a shadowgraph in-
dicate sharp changes in refractive index, associ-
ated with changes in density and/or composition.
The thick horizontal band shows the sharp inter-
face between melt layer and input £uid, and ¢ne
striations within the melt layer outline a cellular
convection pattern. Dyed melt from the opposing
walls maintains separate cells, with mixing only in
the middle of the layer.

The ¢ne dark lines within the cells are too thin
and sharp to be due to thermal changes. PEG wax
is hydroscopic, and the absorption of water (fast-
er than the solute ions) across the bottom of the
layer would explain the thin rising sheets at the
edges of the convection cells. Convection is thus
driven by both thermal and compositional e¡ects.
The slight increase in compositional density of the
input £uid seen in Fig. 4a may be due to the
absorption of water by the wax.

4.1.3. Experiment F9 ^ FeSO4^H2O ice ^
crystallisation in the boundary layer

Experiment F9 was similar in many ways to
experiment N7, but melting and cooling rates
were substantially lower (Section 4.2). This is
best accounted for by di¡erences in the side
boundary layer structure due to the nucleation
of tiny FeSO4W7H2O crystals. These crystals
formed a dark cloud, in which individual crystals
were too small to be distinguished by eye, and
they settled out near the base of the wall
(Fig. 6). There was some in situ growth of slightly
larger crystals (V0.5 mm) by the end of the ex-
periment.

Compare pro¢les for F9 (Fig. 7) with those for
N7 (Fig. 3). The temperature below the melt layer
was much higher for F9, although the initial
superheat was lower (Table 4 and Fig. 2b), thus
cooling of the input £uid by the outer thermal
£ow was much less e⁄cient. The unstable temper-
ature gradient below the roof in F9 is also much
deeper (nearly 4 cm compared with 2.5 cm for
N7) and has a more complex shape. Figs. 7a
and 3a con¢rm that there was a deeper composi-
tional strati¢cation for F9, with a wide weak low-

Fig. 4. (a) Pro¢le of compositional density for experiment
2WR-P8 and (b) temperature pro¢le for similar experiment
2WR-P3 at the times indicated. The dashed line ‘interface’
indicates the position of sharp density change as indicated
from visual observations. See caption for Fig. 3.
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er half. (The destabilising temperature gradient in
the melt layer was 7.5^16% of the compositional
density gradient, insu⁄cient to generate double-
di¡usive layers.)

Evidently, the compositional (melt) boundary
layer for F9 was much wider than for N7. Sinking
crystals of FeSO4W7H2O would create a counter-
£ow on the outer edge of the melt boundary layer,
leading to strong shear and ¢ne-scale mixing-out
of the melt £uid. They would also release a light
residual £uid indistinguishable from contaminated
melt £uid. A rough estimate of the quantity of
crystals in Fig. 6 suggests that residual £uid might
account for about half of the depleted £uid in the
bottom 2 cm of the compositional strati¢cation.
The wider up£owing boundary layer insulated the
melting wall from the heat of the input £uid, re-
sulting in the low melt rates observed in Fig. 8a.

4.2. Evolution of X and vTf

Fig. 8 illustrates the distance the wall had
melted back (X) and the superheat in the input
£uid (vTf ) as a function of time t for three rep-
resentative experiments, N7, P8 and F9. X was
measured about 2^2.5 cm above the bottom of

the tank, about half-way up the wall. vTf was
measured about midway in the input £uid below
the interface. Over a timescale of 30 min, vTfC0
and X approached a limit.

A theoretical limit Xr can be calculated based
on St, geometry and the degree of mixing, and
assuming no heat gain from the environment, as
described in Appendix B. Values for Xr are
shown as arrows on the right-hand axis of
Fig. 8a. The predictions are in reasonable agree-
ment with the observations, given that there was
substantial heat gain from the environment
(about 10^30% of the total heat transfer at the
melting walls, mainly stored heat from the plexi-
glass walls and £oor). Xr was higher for F9 than
for N7 because the amount of input £uid was
higher (the walls were thinner and the cavity
wider by 36%); however, the observed amount
of melting was less, as discussed in Section 4.1.3.

The melting rate dX/dt and the superheat vTf

are linked, since melting is caused by superheat
and superheat is absorbed by melting. Melting
and cooling rates depend on the dynamics of the
boundary layer. Two simple end-member models
are described in Appendix C, and the results of
these models are compared with experiments N7

Fig. 5. Shadowgraph photograph from experiment 2WR-P3. Note the strong interface between the melt and input £uid, and the
pattern of convection shown by faint striations within the dyed melt. Time t= 18 min. Scale bar is 2 cm long.

Fig. 6. Closeup photograph of side wall at end stages of experiment 2WR-F9. Note the striated appearance of the wall
(Na2CO3^H2O ice had a similarly textured surface) and the layer of crystals on the £oor at the base of the wall. The deep green
colour of the FeSO4 solution made dyes di⁄cult to detect. t= 45 min, scale bar is 2 cm. (For interpretation of the references to
colour in this ¢gure legend, the reader is referred to the web version of this article.)

Fig. 9. Experiment 2WR-F6, where ice has melted from the cavity walls leaving a porous, refractory framework of FeSO4W7H2O
crystals. The dark patch in the upper central cavity shows where the dyes from the melted walls, individually hard to see, have
mingled. Because the input solution was more saturated than in 2WR-F9, more crystals formed (cf. Fig. 8). t= 32 min, scale =
2 cm.

Fig. 10. Front- and back-lit photograph of experiment 2WR-P10 (t= 25 min), in which the roof had a slope of 8.5‡. The yellow
dye in the central convecting cells is the result of roof melting. Scale bar = 2 cm.

Fig. 11. Front- and back-lit photograph of experiment 2WR-N11 (t= 1.2 min) showing clouds of tiny NaNO3 crystals in the hot,
saturated £uid next to the cavity walls, and accumulated in an uneven white layer on the £oor. A thin layer of melt lies against
the roof. Scale bar is 2 cm long.

Fig. 12. Experiment 2WR-N11 (t= 6.5 min) showing a layer of slowly interleaving melt from the two side walls, dark clouds of
tiny crystals forming and sinking from the receding walls, larger crystals descending further from the walls, and a thick pile of
settled crystals. The asymmetry in the melt rate of the two walls is not explained. Possibly, though there was an attempt to make
the plumbing symmetrical, the right heat exchanger was colder.
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and P8 in Fig. 8. Model 1, applied to N7, assumes
that heat transfer is controlled by the down£ow-
ing thermal boundary layer, and Model 2, applied
to P8, assumes that heat transfer is across an up-
£owing melt boundary layer. The good agreement
at early time, between the models and the obser-
vations, suggests that the melting behaviour is
well explained by these simple processes. The
fact that Model 1 ¢ts N7 and Model 2 ¢ts P8
agrees well with the di¡ering structure of the
boundary layers in the two experiments, as de-
scribed below. The less steeply curved shape of
the lines for vTf (and X) for P8 are a consequence
of the weaker dependence of thermal evolution on
superheat (vT3=4

f vs vT5=4
f see Eqs. 18 and 22).

Model 1 (inappropriately) applied to P8 predicts
a much faster initial melting rate.

4.3. Experiment 2WR-F6 ^ refractory walls

When the walls for experiment F6 were pre-
pared (as described in Section 2) the side heat
exchangers were set to 312‡C and the eutectic
(13 wt%) FeSO4^H2O solution froze in about a
day. However, because of the nucleation barrier
for FeSO4 crystals, the walls near the heat ex-
changer were icy and the walls next to the cavity
rich in interweaving refractory FeSO4W7H2O crys-
tals. (To minimise this problem in experiment F9,
a wall solution of 5 wt% FeSO4 was used, the

Fig. 7. Pro¢les of (a) compositional density and (b) tempera-
ture for experiment 2WR-F9 at indicated times. There was
very little evolution of the composition from tW20 min. The
melting cavity walls evidently had a relatively enriched com-
positional density of about 1.1 g/cm3 rather than the ‘bulk’
b20 of 1.05 g/c3 (Section 4.3). See caption for Fig. 3.

Fig. 8. Plots of (a) the amount each wall has melted back X,
and (b) the superheat of the input £uid vTf as functions of
time for three experiments in the 2WR geometry. The dot-
dashed and ¢ne dotted lines are the predictions of models of
boundary layer heat transfer presented in Appendix C. Theo-
retical limiting values Xr were calculated as set out in Ap-
pendix B.
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walls were made straight, and before the experi-
ment the most refractory bottom corners sawn o¡
to create the usual 60‡ angle.)

As a consequence of their refractory composi-
tion, the walls did not melt back as they did in all
other experiments. As seen in Fig. 9, pockets of
ice melted from within and behind the refractory
region, and watery melt from the walls collecting
at the top of the cavity: despite its substantial
appearance in the photograph, the refractory
wall was quite porous. Meanwhile, ¢ne Fe-
SO4W7H2O crystals settled out of the thermal
boundary layer. Because the walls did not move
back with time, the crystals always fell in the same

position and formed a steep pile. The evolution
and pro¢les for F6 (not shown) were qualitatively
similar to those of F9.

4.4. Experiment 2WR-P10 ^ sloping roof

In experiment P10, the roof of the cavity was
higher by 1.5 cm on the right than the left. Just
after the ¢lling of the cavity, melt collected at the
high end of the cavity and included yellow-dyed
melt from the roof. In this early stage, the roof
was e¡ectively an extension of the sloping left
wall, with a shallower angle. As in experiments
P3 and P8, the melt layer broke up into squarish
convecting cells with a progression of colours in-
dicating the mixture of their sources (Fig. 10).
The yellow component in the middle cells shows
there is a larger contribution from the roof. Melt-
ing proceeded further on the lower end of the
sloped roof (because it took longer before it was
covered by the deepening melt layer), so the roof
£attened.

4.5. Experiment 2WR-N11 ^ crystallising input

The input £uid for experiment N11 was a very
hot, saturated solution of NaNO3. Unlike Fe-Fig. 13. Pro¢les of (a) compositional density and (b) temper-

ature for experiment 2WR-N11 at tV30 min, when melting
had almost ceased. br is the saturation density at tempera-
ture Tm =32.1‡C. The higher than expected temperature at
h= 4.7 cm probably comes about because a bubble of air lay
between the roof and the £uid where the temperature pro¢le
was taken. See caption for Fig. 3.

Fig. 14. Melt-back of the wall and roof with time for the
WR experiments. Data for wax experiments indicated by sol-
id symbols and unbroken lines. Circles indicate crystallisation
in the input £uid. Upper curves refer to wall melting. The
scale for the roof melting (right y-axis) is twice that for the
wall melting. Temperatures in brackets in the key are initial
superheats.
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SO4W7H2O crystals, NaNO3 crystals form with lit-
tle supercooling. As soon as the £uid was em-
placed, the entire cavity was opaque with tiny
suspended crystals. Fig. 11was taken a minute
after the start, when walls had already melted
back 1.7 cm each. The pattern of suspended and
settled crystals shows that most crystallisation
took place next to the cavity walls. A rain of
crystals fell from the sloping walls to carpet the
£oor directly underneath.

Because of the high superheat (St= 0.62) the
experiment ran very fast: the side walls melted
back dramatically while the roof did not melt.
Fig. 12, taken after 6 min, shows the bottom of
the left wall had melted back to the heat exchang-
er and melt from both walls had collected at the
top of the cavity. The aspect ratio of the cavity
below the melt has increased from 2.5 to 8. The
coloured melt layer resembles those in Figs. 5 and
10, but rather than forming a row of convecting
cells, melt in N11 £owed horizontally in from the
sides. The green centre of the layer is due to light
passing through a three-dimensional structure of
slowing interleaving ¢ngers of blue and yellow.

Fig. 12 shows that some growing crystals were
carried up by the melt boundary layer and fell
when the melt joined the coloured layer. These
larger crystals probably formed closer to the
melt boundary layer. A hint of colour in the input
£uid (bluer to the right) shows that some melt was
carried down with the crystals. Note that settled
crystals hindered melting of the bottom of the
right wall, as predicted by Kerr (1994).

Fig. 13 displays pro¢les late in the evolution
(tV30 min). The temperature pro¢le is almost
linear and shows that the input £uid had lost
about 85% of its superheat. The composition of
the input £uid had also evolved signi¢cantly to-
wards its asymptotic equilibrium value br. The
melt pro¢le di¡ers from those in N7 and F9.
The faster melting rate in N11 meant the melt
boundary layer was thicker, and it rose faster,
allowing less time for chemical di¡usion, so it
was closer to a pure eutectic composition. Con-
vection driven by the release of light residual £uid
from the the in situ growth of £oor crystals ho-
mogenised the £uid beneath the interface.

Although the melting rate was very high, it was

Fig. 15. Experiment WR-P14 at tV15 min. The wax melt is coloured red from wall melting and blue from roof melting. The in-
terface between melt and input £uid is very sharp. The wall (left) has melted unevenly, with more melting occurring at the front
and back faces of the tank. Scale bar = 2 cm. (For interpretation of the references to colour in this ¢gure legend, the reader is re-
ferred to the web version of this article.)

Fig. 16. Experiment WR-P13 at tV18 min. The wax melt colours as for Fig. 15. The dark wavy horizontal line dissipating to
the right in the melt indicates a second interface. Crystals carried up by the melt boundary layer form a thick pile with a steep
scarp. There is some in situ crystallisation on the £oor and front and back walls. Scale bar = 2 cm.

Fig. 17. Experiment WR-N16. Orange wall melt has collected in a strati¢ed layer under the roof. Whisps of blue roof melt are
distributed through the layer. The shadow to the left of the orange melt here and in Fig. 18 is due to a few crystals of the dou-
ble salt NaNO3WNa2CO3W10H2O. Scale bar = 2 cm. (For interpretation of the references to colour in this ¢gure legend, the reader
is referred to the web version of this article.)

Fig. 18. Experiment WR-N18. Strati¢ed orange wall melt underlies blue roof melt. Large crystals of NaNO3 grow on the £oor
and front wall. Scale bar = 2 cm. (For interpretation of the references to colour in this ¢gure legend, the reader is referred to the
web version of this article.)

Fig. 21. Experiment R-P17 at tV7.5 min, looking upward at the wax^£uid interface. The deep blue wax melt layer is about
8 mm deep. Note that the solid^melt interface is wavy on a centimetre scale, the melt^£uid interface is covered with crystals, and
that there is a layer of crystals on the bottom of the cavity. Two temperature probes pierce the roof and wax layer. Scale bar =
2 cm. (For interpretation of the references to colour in this ¢gure legend, the reader is referred to the web version of this article.)

Fig. 22. Final state of experiment R-P17. The wax has melted completely, there is a sharp interface between wax and input £uid
and a thick layer of crystals on the £oor. The crystals growing on the front wall are evenly distributed with height, suggesting
the input £uid was not compositionally strati¢ed. Scale bar = 2 cm.
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about a factor of two slower than predicted by
Model 1 (Appendix C). The thicker melt bound-
ary layer and the presence of crystals would have
contributed to this.

5. Results for WR experiments

Five experiments were carried out in the WR
arrangement: three using Na2CO3^H2O ice, and
two using PEG wax (Table 4). P13 and N18 in-
volved crystallisation of the input £uid. The larger
ratio of input volume to wall volume (compared
with 2WR experiments) meant that the wall usu-
ally melted completely, before the input ran out of
superheat. The larger ratio of roof-to-wall surface
area allowed roof melting to occur. Otherwise,
these experiments evolved similarly to the 2WR
experiments.

5.1. Evolution of X and Z

Fig. 14 shows the melt-back of the walls (X)
and the roof (Z) for the ¢ve WR experiments.
The experiments with wax solid are shown with
solid symbols, and for the experiments involving
crystallisation the symbols are circles. The upper
curves are for wall melting, the lower ones for the
concurrent melting of the roof. The limit on X
occurred when the wall melted back to the heat
exchanger.

Di¡erences in the melting rates of the walls can
be readily explained by di¡erences in St (vTf ) or
the presence of crystals. N16 melts about 60% as
fast as N15, and this correlates well with St (Ta-
ble 4). Based on St, N18 should melt faster than
N16, but it melted more slowly due to the crys-
tallisation of the input £uid (see Section 4). Sim-
ilarly, crystallising P13 melted more slowly than
P14. Melt curves for wax solid were less steeply
curved due to the di¡erence in boundary layer
structure (cf. Fig. 3a and Appendix C).

The roof melting curves in Fig. 14 show di¡er-
ent behaviour to the curves for wall melting. The
wax roofs melted more than the ice roofs, and
crystallisation in the input £uid retarded melting
of wax and enhanced melting of ice, as explained
below.

5.2. Melting and mixing of roof melts

Figs. 15^18 (plate II) are photographs from
four of the experiments, illustrating the range of

Fig. 19. Compositional density pro¢les for WR experiments
(a) P14, (b) P13 and (c) N16. See Fig. 3 caption.
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behaviours seen in the systems, and Fig. 19 shows
compositional density pro¢les for three of them.

The simplest scenario, P14, was a wax-melting
experiment with high vTf and no crystallisation.
Fig. 15 shows that melt from the wall (pink) and
the roof (blue) collected in a well-de¢ned layer.
The layer formed a series of adjacent convecting
cells, with the wall melt to the left, next to the
wall. The blue dye is deceptively intense: two-
thirds of the melt came from the wall.

Experiment P13 was similar to P14 except that
the saturated input £uid crystallised vigorously
(Fig. 16). The pattern of crystallisation was sim-
ilar to that in 2WR-N11, except that in P13 more
of the crystals were carried up with the rising side
boundary layer and dropped from the top of the
melting wall, as can be seen from the steep scarp
on the crystal pile. This is reasonable, since the
relatively thicker melt boundary layer in P13
would have dragged upward more of the thermal
boundary layer.

Particularly of note is the structure in the wax
layer: instead of a single convecting layer in the
vertical as in Fig. 15, there were two. The thinner
lower layer was contaminated by input £uid, as
demonstrated in Fig. 19b (cf. Fig. 19a). Since P13
and P14 were otherwise very similar, the crystals
in P13 presumably led to disruption of the lami-
nar melt^£uid interface, either directly as the crys-
tals moved away from the interface, or indirectly
(R.C. Kerr, personal communication) as residual
liquid released from the crystals impinged on the
interface. With two layers present, heat transfer
from the input £uid was less e⁄cient and hence
there was less melting of the roof (Fig. 14). The
initial roof melting rate is actually higher in P13
at early times. This may be due to latent heat
release or enhanced convection from crystals fall-
ing from the roof, while the melt layer was still
very thin.

There was little roof melting in experiment N16
because, as in experiment 2WR-N7 (Fig. 3), a
thick stable compositional gradient built up under
the roof, as shown in Fig. 17. The streaky hori-
zontal pattern of blue dye shows that there was
no overturning convection in the layer.

Density pro¢les for P14 and N16 (Fig. 19a,c)
reinforce these points. Experiment P14 had a con-

vecting layer of uniform melt composition and the
roof melted signi¢cantly, whereas in N16 there
was little roof melting and a broad region of sta-
ble compositional strati¢cation. There was some
exchange of water across the sharp interface in
P14, indicated from shadowgraph photographs
(not shown, but similar to Fig. 6) and from the
slight increase in the compositional density from
the initial value.

6. Results for R experiments

In the roof-only (R) experiments, the light roof
melt remained in a deepening horizontal layer at
the top of the cavity, a situation which was mod-
elled experimentally and mathematically by Hup-
pert and Sparks (1988). These authors showed
that once the melt layer reached a critical thick-
ness it would start to convect. To cause melting,
heat has to be transferred from the hot £uid to
the melt layer and then from the melt to the roof
interface and so it is inherently less e⁄cient than
melting at a wall.

Four R experiments were carried out, one using
Na2CO3^H2O ice as the solid, and three using
wax (Table 4). All but one (P20) involved crystal-
lisation of the input £uid, which Huppert and
Sparks (1988) discussed but did not model exper-
imentally. The experiments show some interesting
and unexpected variations in the melt rate with
crystallisation and melt viscosity.

Fig. 20 shows the melt-back of the roof and the
temperature evolution of the input £uid with time.
Experiments P17 and P19 (solid circles and pen-
tagons) were similar : both had saturated input
£uids, though in P17 it was hotter and more con-
centrated. As expected, in P17 the roof melted
and the input £uid cooled more rapidly ^ by
about a factor of two, in keeping with the di¡er-
ence in superheat.

P20 had the same superheat as P17 but no crys-
tallisation and, since crystallisation releases latent
heat, a higher St. On this basis, the melt rate in
P20 should be less than in P17. The signi¢cantly
greater melting rate in P20 may be partly due to
the lower viscosity (hence higher Ra) of the input
£uid, and partly due to the lack of crystals. Heat
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transfer across a horizontal convecting layer is
proportional to Ra1=3 (e.g. Turner, 1973), which
was 45% higher for P20.

At early times in P17, crystals of NaNO3

formed on the melt^input £uid interface, stuck
there for some time as shown in Fig. 21 (plate
II), then fell as little rafts. Crystals also grew in
situ on the £oor and walls of the cavity. After
about 30 min only very ¢ne crystals were stuck
to the interface and falling from it. Possibly the
crystals insulated the melt layer from the heat
(and water?) of the input £uid, and altered the
convection pattern, thus slowing the melt rate.
There are no data on compositional strati¢cation
for this experiment, but Fig. 22, taken at the end

of the experiment, suggests that the two layers
were compositionally uniform. The input £uid
would have been stirred by falling crystals, and
thermal and compositional convection.

Experiments N12 and P20 had similar St. The
melting rate depends on the heat transfer across
the melt layer (about 2.4 times greater for N12
based on Ra1=3) and the heat necessary to cause
a given volume of melting (about 1.7 times greater
for N12), thus the melt rate for N12 should be
slightly higher than for P20 for the same super-
heat, and since the superheat in N12 is greater,
the melt rate should be signi¢cantly higher. How-
ever, it is signi¢cantly less.

Unlike the wax-roof experiments, in N12 there
was a stable compositional gradient between the
roof melt layer and the input £uid, as indicated by
the unstable temperature gradients in Fig. 23b.
The front wall of the tank quickly became opaque
with growing crystals ; however, visual observa-
tion (through the crystal-free upper part of the
tank wall) con¢rmed that there was a region 1^2
cm deep where the blue dye concentration varied
from the deep blue of the pure melt to the much
paler colour of the underlying £uid. The mixed
region came about at least partly upon input,
when the cavity was ¢lled with clouds of tiny
crystals, and it may have been enhanced by later
stirring as crystals settled. Mixing between £uids
is optimised when the £uids have similar viscos-
ities : evidently this principle has important con-
sequences even in the melting of a £at roof.

7. Summary and discussion

The present experimental study was carried out
to investigate three factors which in£uence the
interaction of ma¢c magma and crustal melts at
the upper contacts of a magma chamber: the ge-
ometry of the contact, the viscosity contrast be-
tween melts and magma, and the crystallinity of
the ma¢c magma. The experiments were divided
into three groups, described in Sections 4^6, re-
spectively, depending on the contact geometry. A
rich variety of behaviours was observed.

For the 2WR experiments (Fig. 1 and Plate I),
melting of the boundaries and thermal and com-

Fig. 20. (a) Melt-back of the roof and (b) superheat of input
£uid with time for roof-only (R) experiments. Solid symbols
and unbroken lines are for PEG-600 wax roof, open symbols
for Na2CO3^H2O ice roof. Rounded symbols (circles and
pentagons) indicate crystallisation of the input £uid. Initial
superheat given in key.
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positional strati¢cation of the chamber were ex-
plained by heat and force balances in the bound-
ary layers and the ¢lling box mechanism (Worster
and Leitch, 1985). The strati¢cation could in fact
be used to infer the structure of the boundary
layer. The experiments demonstrate that side
boundaries (cf. a £at roof) can dominate the evo-
lution, because wall melting rates are much faster
(Kerr, 1994) and the layer of wall melt collected
at the roof can impede heat transfer to the roof. A
similar result was obtained by Kaneko and Koya-
guchi (2000), who showed that compositional gra-
dients set up by simultaneous crystallisation and
melting of a horizontal £oor could reduce heat
transfer to the roof. The WR experiments (Figs.
15^18) showed similar results except that, with a
larger initial aspect ratio of the cavity, more roof
melting occurred.

The viscosity contrast between melt and input
£uid had a strong in£uence on the boundary
layers and consequently the strati¢cations in the
chamber. Inviscid melt formed a very thin bound-
ary layer, through which chemical di¡usion
occurred, strongly modifying its composition
(Fig. 3a). In contrast, chemical di¡usion was
much less signi¢cant for the thicker viscous melts,
and a layer of almost pure melt built up at the top
of the cavity (Fig. 4a). Uncontaminated melt
formed a convecting layer (Figs. 5 and 15), where-
as the stable gradient was stagnant (Fig. 17).
Whether the melt accumulated at the top of the
cavity was contaminated or not, mixing of the
melt from the two sides of the cavity (or from
the side and the roof) was a slow process, as at-
tested by the distinct colours in the melt layers,
preserved from their sources in the separate walls.

The liquidus^solidus intervals for basalts and
crustal rocks are such that at a common temper-
ature the basaltic magma will be more crystal-rich
than the crustal melt (e.g. Bergantz and Dawes,
1994). The experiments with crystallisation share
this property. In these experiments, there was a
rapid burst of nucleation upon emplacement of
the input £uid (Fig. 11), followed by continued
nucleation of tiny crystals near the active melting
boundary layers, principally at the side walls.
Some crystals were carried up by the melt bound-
ary layer £ow before being expelled (Figs. 12 and
16), so piles of crystals accumulated at the base of
the walls (Figs. 6, 9, 12 and 16). In situ growth of
these accumulated crystals continued with time,
and crystals also nucleated and grew on the walls
and £oor of the tank (Figs. 16, 18 and 22).

In almost all cases the presence of crystals
slowed the melt rate. In the limit of high crystal-
linity, a mantle of crystals would prevent convec-
tive heat transfer to the interface. Such mantling
may have played a role in the reduction of roof
melting in experiment R-P17 (Fig. 21), where a
thin layer of crystals was attached to the horizon-
tal melt^£uid interface. In other experiments the
slower melt rate was apparently due to: (1) a
broadening of the side-wall thermal boundary
layer as the crystals moved away from the inter-
face, and (2) the related development of a broader
compositional strati¢cation under the roof (com-

Fig. 23. Pro¢les of (a) compositional density and (b) temper-
ature for experiment R-N12. b0 is an extrapolation, since the
£uid would be supersaturated at 20‡C. See caption for Fig. 3.
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pare Figs. 3 and 7). The Bagnold e¡ect (e.g. Nil-
son et al., 1985), where crystals move to regions
of lower shear, may have operated in the bound-
ary layers as well as gravitational settling. The
only situation where crystals enhanced melting
was in the initial stages of melting the wax roof
of Experiment WR-P13 (Fig. 14), perhaps due to
latent heat release or the peeling away of the ¢rst-
formed crystals on the roof. After that initial
burst, roof melting slowed dramatically due to
the insulating layer of contaminated melt
that formed at the melt^£uid interface (Fig. 16).
These melt-inhibiting e¡ects were, except in ex-
periment R-P17, associated with cross-contamina-
tion of melt and input £uid caused by physical
mixing.

The e¡ects described here rely on a dynamic
melting environment, where convection allows ef-
¢cient heat transfer from magma to crust, and so
may be restricted to early stages after emplace-
ment and/or a warm, hydrous crustal environ-
ment such as continental margins. Fluid move-
ment during emplacement, which can be seen as
‘forced’ convection rather than the ‘free’ convec-
tion due to local buoyancy di¡erences, may be
important in providing such a dynamic environ-
ment. In forced convection the orientation of the
contacts (roof, £oor or wall) would not initially
be of such importance in determining melting
rates.

In both forced and free convection, an impor-
tant parameter is the size of a magma injection.
Relatively small injections of basaltic magma into
the crust or into silicic chambers chill on both top
and bottom margins and in the main retain their
integrity. In contrast, Wiebe (1974, 1996) de-
scribes larger basaltic injections into silicic cham-
bers as having bottom chills and then grading
upward to a more silicic composition. Evidently
there is mixing across the upper boundary of such
injections, perhaps related to the mechanisms de-
scribed above. Basalts rising through continental
crust are inferred to be crustally contaminated
(Campbell, 1985). Contamination may occur at
the sides of £owing dykes or within magma cham-
bers. In particular, very large in£uxes of magma
associated with £ood basalts may maintain the
dynamic contacts where melting and contamina-

tion accompany fractional crystallisation as
shown in the experiments.

Crustal rocks melt over a range of tempera-
tures, and so there may be a tendency for a wall
to disaggregate rather than melt completely. Nil-
son et al. (1985) argue that the position of the
‘wall’ may still be quite sharply de¢ned by viscos-
ity of the slurry. Kerr (1994) calculated melt rates
for such a wall, and showed that settling velocities
of individual refractory crystals within such a melt
boundary layer would be negligible. However, it
would be possible for clumps of crystals of several
centimetres scale to sink through and lead to crus-
tal contamination of the magma. Irregularities
such as compositional banding in the crustal
rocks might encourage such behaviour.

Experiment 2WR-F6 (Fig. 9) shows an interest-
ing alternative to melt-back and/or disintegration
of the walls by the input magma. With su⁄cient
refractory material to form an interlocking frame-
work, a low melting-point component may melt
out from within the framework and rise through
it. This has similarities to models of pervasive
felsic magma migration proposed for other tec-
tonic scenarios (Brown, 1994; Leitch and Wein-
berg, 2002). Once the low melting-point compo-
nent had been extracted, the residual framework
of more refractory crystals would be available for
melting or partial melting by a fresh in£ux of hot
mantle magma. Such a sequence of events is sug-
gested by Emslie et al. (1994) to account for the
variety of magmas seen in anorthosite terrains.

Processes observed in the melt boundary layers
in the experiments may also occur in crystallising
boundary layers, for example, nucleation within
the boundary layer and broadening of the thermal
boundary layer by physical mixing. Deposition of
crystals from cooling boundaries has been sug-
gested to account for sedimentary structures in
ma¢c and silicic magma chambers (Wager and
Deer, 1939; Wiebe, 1974) and continued in situ
crystallisation of settled crystals is also thought to
occur.

The experimental systems in this study are
much simpler than geological systems, and can
model only a subset of possible processes. Addi-
tional processes include: the deformation of the
crust during emplacement, multiple intrusions,
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venting of the magma (which probably would
lead to removal of melts before a thick layer could
build up), partial rather than complete melting of
the crust, much more extensive crystallisation of
the input magma, and late-stage melt percolation
and alteration. With these provisos, the experi-
ments help to reveal the roles that viscosity con-
trast and crystallinity may play in hybridisation of
magmas at roof and wall contacts in magma
chambers.
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Appendix A. Properties of the side-wall boundary
layers

A.1. Boundary layer thicknesses

Rough estimates of side boundary layer widths
are made from simple energy balances for two
representative experiments. A laminar thermal
boundary layer on a £at, vertical, isothermal
wall adjacent to a homogeneous environment
has, for Prs 2 (Worster and Leitch, 1985), a
width:

hTV
2z

Ra1=4
z

ð1Þ

where z is distance in the direction of £ow, and
transition to turbulent £ow starts at about
Pr Ras 109. (Since RazVz3, hTVz1=4.) For the
experiments RazV109^106 and Pr RaV1^3U109

to 0.2^1U108 (decreasing with time) so for z of
5^3 cm, hTV0.6^2 mm and £ow might be transi-
tional at the beginning.

This estimate does not take into account the
inner up£owing melt boundary layer. Another
way of estimating hT is from a heat balance at
the interface (Kerr, 1994):

km
T f3Tm

hT
¼ ½b sLs þ b scsðTm3T sÞ�v ð2Þ

The left-hand side is heat conducted across the
boundary layer and the right-hand side is heat
absorbed by the melting solid. Fig. 24 shows the
measured melting rate v (unbroken line) and hT

calculated from Eq. 2 (dashed lines) for experi-
ments 2WR-N7 and 2WR-P8. The measurement
uncertainties (error bars in Fig. 24a) are large, but
the results show that hTV1^2 mm, increasing as
vTf decreases. In fact, hT is similar to predictions
for a pure thermal boundary layer, 0.6^2.5 mm
for 2WR-N7 and 0.75^1.3 mm for 2WR-P8.

To estimate the thickness hm of the melt bound-
ary layer (Kerr, 1994), we ¢rst ¢nd the melt vol-
ume £ux:

QVUmhmvz ð3Þ

where Um is the characteristic upward velocity.
Balancing the viscous and buoyancy forces in
the boundary layer gives:

WmUm=h2
mVgðb f3bmÞ ð4Þ

Combining these two equations gives:

hmV
Wmvz

gðb f3bmÞ

� �
1=3 ð5Þ

For the ice-melting experiment 2WR-N7, the
dotted line in Fig. 24a shows that hmV0.1 mm,
an order of magnitude thinner than hT. This in-
creases to two orders of magnitude for small
superheats vTf . Basically, hmVv1=3 whereas
hTVvTf /v. Since v increases faster than linearly
with vTf in these experiments, hT decreases with
vTf whereas hm increases.

The signi¢cantly di¡erent scales of the bound-
ary layers is probably the reason that calculated
hT agrees well with predictions for a £at isother-
mal wall. When the boundary layers have similar
scales (Kerr, 1994), the melt rate decreases in the
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direction of melt £ow (upward) because the
boundary layer thickens and the thermal gradient
decreases. In experiment 2WR-N7, however, the
melt rate increases upward (the wall slope
steepens with time) because the gradient in the
down£owing thermal boundary layer increases
upward, and because of the thermal strati¢cation
in the £uid (Fig. 3b).

From Eqs. 3^5 UmV0.5^2 cm/s for experiment
2WR-N7 and Re=Umbmhm/WmV0.5, con¢rming
that boundary layer £ow should be laminar.

For experiment 2WR-P8 (Fig. 24) hmV0.5 mm,
a factor of ¢ve wider than for 2WR-N7, basically
because the higher-viscosity wax cannot £ow up
the wall as quickly as the aqueous melt. At early
time hmVhT, so the thermal boundary layer is
dragged upward by the buoyant melt (the buoy-

ancy ratio R is 4.3^5.3) and for at least 10 min the
wall slope does not steepen. After 15 min the
driving temperature di¡erence vTf drops to
15‡C, the boundary layer widths diverge and the
melting wall quickly becomes almost vertical.

For experiment 2WR-P8, UmW0.1^0.5 cm/s
(faster for higher vTf and v) and ReW0.002^0.02.

A.2. Boundary layer structure

In experiment 2WR-N7 melt collects in a com-
positionally strati¢ed layer against the roof (Fig.
3a). There may be some physical mixing, partic-
ularly in the initial stages, but most of this strat-
i¢cation is likely due to chemical di¡usion across
the very thin melt boundary layer. For NaNO3,
DW8U10310 m2/s, so in the 5 s it takes the
boundary layer £uid to £ow up the wall the dif-
fusion distance is:

hDVkðDtÞV6U1035 m ¼ 0:06 mm ð6Þ

similar to hm.
For experiment 2WR-P8 (Fig. 5a), at the top of

the cavity there is a layer of about 2 cm thick of
almost pure molten wax underlain by a region of
strati¢ed £uid a few millimetres thick. It may be
inferred that only the outer part of the melt
boundary layer is contaminated with the NaNO3

input £uid, either due to di¡usion or to physical
mixing promoted by countercurrent £ow.

Appendix B. Maximum melt-back of walls

The maximum melt-back Xr of the walls can
be calculated for the geometry shown in Fig. 1
assuming no heat gain from the environment, no
roof melting, and that the walls beneath the melt
layer are vertical most of the time (Fig. 2).

The height of the cavity is H0 and the original
widths along the bottom and top are wb and wt.
When the walls ¢rst become vertical, the melt^
input interface is at height H1, the underlying
cavity has constant width wb and between H1

and H0 the width varies linearly from wb to wt.
Then by conservation of the volume (assuming no
mixing with melt):

Fig. 24. Wall melt-back velocity v and boundary layer thick-
nesses hm and hT for experiments 2WR-N7 (a) and 2WR-P8
(b). Error bars indicate uncertainties. Note that the right-
hand scale in panel a is in mm for hm.
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H1 ¼ H0

2wb
ðwb þ wtÞ ð7Þ

If the walls below the interface (height H) re-
main vertical and w is the cavity width, conserva-
tion of melt volume gives:

Hdw ¼ 3wdH ð8Þ

H ¼ H0

2w
ðwb þ wtÞ ð9Þ

and the amount of melt generated is given by:

dAm ¼ Hdw ð10Þ

AmðwÞ ¼
1
2
H0ðwb þ wtÞ

wb3wt

2wb
þ ln

w
wb

� �� �
ð11Þ

The maximum amount of melt generated by the
heat available and the asymptotic width of the
cavity are:

Amr ¼ H0 ðwb þ wtÞ
2St

ð12Þ

wr ¼ wbexp
1
St
3
wb3wt

2wb

� �
ð13Þ

If a fraction f of the melt is mixed with the
input £uid, such that the amount of £uid above
the interface is actually (1+f)Am, a similar analysis
gives:

ð1 þ f ÞAmðwÞ ¼

1
2
H0ðwb þ wtÞ

2wbð1 þ f Þ½ðwb=wÞf31�3f ðwb3wtÞ
f ½2wb3f ðwb3wtÞ�

ð14Þ

wr ¼

wb
2St wb3ðwb3wtÞf 3 þ ðwb þ wtÞf 2 þ ðð2 þ 3StÞwb3St wtÞf

2ð1 þ f ÞSt wb

� �31=f

ð15Þ

Appendix C. Melting and cooling rates

Approximate rates for both cooling of the input
and melting of the solid can be calculated from
the heat transfer at the walls. For a con¢ned liq-
uid of volume V, conservation of heat gives:

b fcfV
dT f

dt
¼ Aq ¼ 3kfA

vT f

H
Nu ð16Þ

where q is the heat £ux per unit area and A is the
combined area of the walls. H is the height of the
walls and Nu is the dimensionless heat transfer
coe⁄cient.

C.1. Model 1 ^ Down£owing thermal boundary
layer

If hmIhT, heat transfer is similar to that for a
thermal boundary layer at a constant temperature
wall (Appendix A and Schlichting, 1979):

Nu ¼ 0:670 Ra1=4
H ð17Þ

For two walls Eqs. 16 and 17 give:

dvT f

dt
¼ 3

1:34
wH1=4

gK f b fU
3
f

W f

� �1=4
" #

vT5=4
f ð18Þ

where w is the width of the cavity. All variables
(except g) vary with time, particularly w and H.
Taking averages for w and H, Eq. 18 has the so-
lution:

vT fðtÞ ¼ 256vT0 ½4 þ avT1=4
0 t�34 ð19Þ

where the constant a (of order 1033) is the quan-
tity in the square brackets in Eq. 18. Equating
heat loss of the £uid to heat absorbed by melting
gives:

X ðtÞ ¼ w
2St0

vT fðtÞ
vT0

ð20Þ

where St0 is the initial Stefan number. If allow-
ance is made for changing w and H with time,
coupled di¡erential equations for X and vTf can
be solved numerically. The unbroken lines ‘Mod-
el1-N7’ in Fig. 8 are such numerical solutions
calculated for experiment 2WR-N7. They di¡er
little from Eqs. 19 and 20.

C.2. Model 2 ^ Up£owing melt boundary layer

If the thermal boundary layer is mostly em-
bedded in the melt layer, then kf in Eq. 16 is
replaced by km and Kerr (1994) gives:

Nu ¼ 4
3
KSt1=4

m Ra1=4
mH ð21Þ
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where K is a constant (9 1/k2) that depends on
the strength of viscous coupling between the melt
boundary layer and the outer thermal boundary
layer. Then Eq. 18 becomes:

dvT f

dt
¼

3K
8

3wH1=4

1
b fcf

gvbk3
mb sðLs þ csvT sÞ

Wm

� �1=4
" #

vT3=4
f ð22Þ

Assuming averaged values for w and H :

vT fðtÞ ¼
1

256
½Kbt34vT1=4

0 �4 ð23Þ

where b (of order 1033) is the quantity in the
square brackets in Eq. 22. X(t) is given by Eq.
20. Again, numerical solutions can be found al-
lowing for changing w and H (dashed lines in Fig.
8).

Here and in Section C.1, heat transfer varies
with height along the wall ^ as z1=4 in a homoge-
neous environment, and in a more complex way
for a strati¢ed environment ^ so Eq. 20 represents
a vertical average. Better agreement at longer
times for Model 2 and P8 (Fig. 8) may be related
to the direction and smaller magnitude of the
thermal strati¢cation in the cavity (compare
Figs. 3b and 4b).
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