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Abstract

The physical variables controlling crust-dominated lava flow have been investigated using laboratory experiments in
which molten polyglycol wax was extruded from a point source on to a horizontal plane under cold water. The wax
initially spread axisymmetrically and a crust of solid wax grew. Eventually wax broke out from the flow's periphery,
sending out a flow lobe which in turn cooled and produced another breakout. The process repeated itself many times,
building a `compound lava'. The time for the first breakout to form correlates well with the theoretically predicted time
(tc) required for cooling to form a crust thick enough for its strength to limit the flow's spreading rate. This time is
proportional to the product of effusion rate (Q) and initial magma viscosity (W) and inversely proportional to the square
of the crust strength at the flow front. The number of flow units and the apparent fractal dimension of the flow
perimeter increase with time normalised by tc. Our model illuminates the physical basis for the observation by Walker
[G.P.L. Walker, Bull. Volcanol. 35 (1972) 579^590] that compound lava flows form by slow effusion of low viscosity
magma, whereas faster effusion and higher viscosity favour lavas with fewer flow units. Because compound flows
require tEtc, and given that tcOQW and the relationship between volume and effusion rate is V = Qt, simple and
compound lava flows are predicted to fall in separate fields on a graph of W against V/Q2, all else being equal.
Compound flows plot at small values of W and large values of V/Q2, with the position of the simple/compound
boundary defined by field data implying a crust strength of order 104 Pa for basaltic to intermediate lavas. Whether a
flow remains as a simple flow or matures into a compound flow field depends on the combined effect of viscosity,
eruption rate and eruption duration (and hence volume) and these parameters need to be taken in to account when
using morphology to infer eruption conditions. In particular, compound flows form from terrestrial subaerial point
source eruptions on horizontal ground when W6 0.002V/Q2. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Some lava £ows consist of a single stream of
lava extending directly from the vent to the £ow
front. Such lavas are termed simple £ows [1]. In
the contrasting case of compound £ows, the lava
may comprise a few lobes or countless smaller
branches that have budded from the main stream
and each other. In this paper we model the con-
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tinuum of £ow types but pay most attention to
the conditions under which breakouts and com-
pound lavas form. Such insights are necessary in
order to predict the likely £ow behaviour of any
lava in the future and to interpret the e¡usion
conditions or magma properties of ancient £ows,
such as £ood basalts and extraterrestrial lavas,
from their observed features.

Importantly, ¢eld observations of £owing lavas
have shown that their progress and morphology
are strongly in£uenced by the growth, deforma-
tion and rupture of their cool skin or crust [2^5].
The role of the crust is also clear from analogue
experiments using wax that have shown how sol-
idi¢cation leads to £ow channelisation, the forma-
tion of breakouts and £ow lobes, and the develop-
ment of various surface textures [6^12]. In
particular, Fink and Gri¤ths [7,8,12^15] related
surface morphology to the time required for the
surface of a £owing lava to reach its solidi¢cation
temperature. In this paper we use theoretical and
laboratory models to investigate the parameters
controlling the growth rate of crust and the onset
of breakouts. Our study di¡ers from those of
Fink and Gri¤ths in that we concentrate on the
time scale for breakouts to form, the long-term
evolution of £ow ¢elds and the apparent fractal
dimension of lava £ow margins. We compare our
model with geological data and highlight the im-
portance of eruption duration, viscosity and e¡u-
sion rate on £ow morphology.

2. Transition to crust-controlled spreading

In general, the progress and morphology of a
lava £ow are limited by the rheology of the hot
lava and the rheology of the cold skin or crust
that grows over it. Here we concentrate on £ows
that have negligible yield strength when erupted
but which grow a cool surface crust that possesses
a mechanical strength. The £ow of the lava is
initially governed by the viscosity of the hot
erupted magma, W, but after some critical cooling
time the rheology of the lava crust becomes dom-
inant and the £ow behaviour enters a new regime.
To investigate this £ow transition we consider the
e¡usion of lava from a point source onto a £at

horizontal surface. The lava is denser than its en-
vironment by vb, and produces an axisymmetric
£ow with radius R(t) and height H(t). Its volume
is taken to increase as:

V � QtK �1�
where K is a constant and Q has dimensions of
(length)3(time)3K ; when K= 1, the e¡usion rate is
Q and has a constant value.

Following Gri¤ths and Fink [16], initial
spreading is governed by a balance between the
buoyancy force driving spreading [16]:

FBVgvbH2R �2�

and the resistive viscous force acting over the £ow
base:

F WV
WR3

Ht
�3�

which, using Eq. 1, gives the spreading laws
[16,17] :

RV
gvbQ3

W

� �1=8

t�3K�1�=8 �4�

HV
WQ
gvb

� �1=4

t�K31�=4 �5�

Cooling of the lava's surface causes a thermal and
hence rheological boundary layer of thickness N to
grow by conduction, thickening with the square
root of time:

N � skU t �6�

where s is a constant of order 1 whose value de-
pends on the details of the thermal exchange be-
tween the lava and its environment and the ther-
mal boundary conditions and U is the lava's
thermal di¡usivity [14,15,18,19]. The dependence
of crust thickness on kt has been measured on
active lavas [2].

The resistive force due to the strength c of cold
crust at the £ow front is [16] :

FcVcRN �7�
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It follows that the ratio of the forces due to crust
strength and interior viscosity changes according
to:

Fc

F W
V

c 2s2U
gvb WQ

� �1=2

t�13K=2� �8�

Thus, for K6 2 the strength of the crust becomes
more important with time, and the transition to
crust control is achieved after:

tcrustV
gvb WQ
c 2s2U

� �1=�23K �
�9�

Following the analogous argument for £ow from
a line source (¢ssure) with volume erupted per
unit length of source vVqtK yields (for K6 9/8):

tcrustV
�W 2�gvb �3q4�1=5

c sU 1=2

� �10=�938K �
�10�

Eqs. 9 and 10 (with s = 1) are the correct ver-
sions of Eqs. 11 and 12 of Gri¤ths and Fink [16]
which were wrongly printed in their paper (Grif-
¢ths, 1998, personal communication). In what fol-
lows we consider the case of constant e¡usion rate
(K= 1) from a point source, for which Eq. 9 be-
comes:

tcrustV
gvb WQ
c 2s2U

�11�

Once tcrust has been reached, two possible behav-
iours can be envisaged. The ¢rst is that axisym-
metric £ow continues but at a rate determined by
the strength of the thickening crust rather than
the viscosity of the hot interior. Thus, for con-
stant e¡usion rate, Gri¤ths and Fink [16] predict
a change from spreading described by
RV(gvbQ3/W)1=8t1=2 (see Eq. 4) to spreading de-
scribed by:

RV
gvbQ2

c sU 1=2

� �1=4

t3=8 �12�

The second possibility is that on entering the re-
gime limited by crust strength, deformation of the
crust is focused on isolated weak spots, allowing
breakouts of hot £uid lava to escape from rup-
tures in the retaining crust. Here, tcrust represents

the time at which the pattern of spreading
changes from even radial spreading to the spa-
tially irregular development of breakouts and
£ow lobes. This type of behaviour characterises
analogue laboratory experiments [7,8,16] and the
budding of pillows, tubes, pahoehoe toes and oth-
er breakouts in many lava £ows [2,20].

As already noted, the exact rate at which the
crust thickens depends on the thermal boundary
conditions and heat transfer mechanisms at the
surface and in the lava. Thus, the coe¤cient s in
Eq. 6 is a function of the dimensionless temper-
ature of the isotherm de¢ning the edge of the
rheological crust :

a s � T solid3Ta

Tm3Ta
�13�

and the Stefan number

St � L
c�Tm3T solid� �14�

where Tsolid is the solidi¢cation temperature of the
crust, Ta is the ambient temperature, Tm is the
e¡usion temperature of the magma, L is the latent
heat of solidi¢cation and c is the speci¢c heat
capacity of the magma [18,21]. In addition, the
outward movement of the spreading lava can ad-
vect cool surface material to the £ow front (as
seen by Stasiuk et al. [22] in experiments with
liquid syrup) increasing the rate at which the crust
at the £ow front thickens. The importance of this
e¡ect will increase with increasing Peclet number,
de¢ned as the ratio of the time scale required to
conduct heat through the £ow depth to that re-
quired to advect heat radially by a distance H [7] :

Pe � Q3gvb
W

� �
1=4 1

U
�15�

Lastly, s will also be in£uenced by the surface
heat £ux (F) due to conduction, free convection,
forced convection or radiation from the surface.
The dimensionless heat £ux, or Nusselt number,
is :

Nu � HF
U bc�Tm3Ta� �16�
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The separate in£uences of as, St, Pe and Nu are
compounded in the value of s in tcrust (Eq. 11).
The transition time scale can also be considered to
be described by the simpli¢ed time scale:

tc � WgvbQ
c 2U

�17�

together with as, St, Pe and Nu.

3. Experimental method

We conducted experiments with pharmaceutical
grade polyethylene glycol 600 wax (PEG) to sim-
ulate lava £ow emplacement, following the meth-
ods of Fink and Gri¤ths [7]. The solidi¢cation
temperature of our batch of wax was
Tsolid = 19.6³C. The viscosity (in Pa s) of PEG
was measured between 22 and 52³C by rotational
viscometry:

W � 1:262U1034T230:01340T � 0:4017 �18�

Other properties of PEG are U= 8.6U1038 m2 s31

[12], c = 2.5U103 J kg31 ³C31 (manufacturer's ¢g-
ure), L = 1.46U105 J kg31 (manufacturer's ¢gure),
strength of solid PEG c= 40 þ 20 Pa [16] (but see
Section 5.3), density (kg m33) as a function of
temperature [8] :

b � 1147:131:04T �19�

About 1, 1.5 or 2 l of liquid PEG was `erupted'
through a 1 cm diameter hole centrally located in
the base of a perspex tank measuring 0.90U0.90
m (internal dimensions) and ¢lled to a depth of
ca. 0.25 m with cold water. Before each run the
base of the tank was set horizontal using a spirit
level. A constant e¡usion rate was maintained us-
ing a peristaltic pump. The wax contained a few
drops of food colouring to help visualise the tran-

sition from transparent liquid to opaque solid.
The initial wax temperature (Tm) was varied be-
tween 27.7 and 48.2³C. The water temperature
(Ta) was varied between 5.9 and 11.5³C such
that 0.289 as 9 0.63 and 2.09 St9 7.2. In most
cases, we repeated each set of experimental con-
ditions (Table 1).

4. Description of the experimental £ows

All experiments started with hot wax £owing
radially away from the source. After 1^16 s, solid
crust appeared on the surface of the spreading
wax, or around its edge. The wax continued to
spread, but with an uneven outline. In all of the
experiments except those with the fastest e¡usion
rates, the solid crust either ruptured or was over-
ridden by liquid wax emerging from the vent be-
hind the frozen £ow margin. In both cases, a new
lobe of liquid wax budded from the original £ow
after 16^100 s and in turn partly crusted over and
spawned a further breakout. Eventually a com-
plex ¢eld of many overlapping £ow lobes or pil-
lows, analogous to a compound lava ¢eld, was
established (Fig. 1).

Breakouts formed more frequently for lower
e¡usion rates and higher values of as, as reported
previously [6,7,8,10]. At low e¡usion rate and
high as, the emerging wax crusted over almost
immediately (e.g. experiment CS1 illustrated in
Fig. 1a and with conditions given in Table 1)
and successive breakouts from the £ow margin
and surface built a pile of small lobes or pillows
(Fig. 1b). Places where liquid wax is £owing over
the surface from boccas in the solid wax surface,
presumably fed by an arterial system of tubes
within the wax, show up as darker regions. Dur-
ing the course of the experiment di¡erent surface
boccas became established and then shut down.

At a higher £ow rate (e.g. experiment VCT1)

C
Fig. 1. Illustrations of early and late morphologies in four experiments covering di¡erent values of as and Q. (a) CS1, as = 0.522,
Q = 6.9U1037 m3 s31 after time t = 25 s; (b) CS1 at t = 1 884 s; (c) VCT1, as = 0.554, Q = 3.37U1036 m3 s31 at t = 24 s;
(d) VCT1 at t = 385 s; (e) PSH1, as = 0.340, Q = 7U1037 m3 s31 at t = 28 s; (f) PSH1 at t = 1 857 s; (g) PR3, as = 0.351,
Q = 3.5U1036 m3 s31 at t = 25 s; (h) PR3 at t = 371 s. (b), (d), (f) and (h) show £ows after 1.3 l of PEG have been e¡used. Con-
centric circles are 0.8 cm apart; heavy concentric circles are 4 cm apart.
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Table 1
Summary of experimental data and results

Experiment Q Twater Twax Duration Final
volume

as St Pe Nu ts tb1 D

(cm3 s31) (³C) (³C) (s) (l) (U1033) (s) (s)

G1 1.50 11.5 39 1090 1.635 0.295 3.01 5.53 4.20 102 1.120
G2 1.50 8.6 39 975 1.463 0.362 3.01 5.53 4.23 3 28 1.090
G3 1.50 8.8 39 1265 1.898 0.358 3.01 5.53 4.23 6 53 1.130
G4 1.50 9.4 39 1151 1.727 0.345 3.01 5.53 4.22 5 62 1.150
G5 1.50 9.5 39 982 1.473 0.342 3.01 5.53 4.22 8 53
GR1 1.50 9.2 38.3 887 1.331 0.357 3.12 5.49 4.22 5 47 1.144
GR2 1.50 9.2 38.9 930 1.395 0.350 3.03 5.52 4.22 7 54 1.155
GR3 1.50 9.2 38 932 1.398 0.361 3.17 5.47 4.22 7 47 1.119
PP1 3.50 9.2 38.7 550 1.925 0.353 3.06 10.4 5.22 9 43
PP2 3.50 9.4 38.8 560 1.960 0.347 3.04 10.4 5.22 6 54
PP3 3.50 10 39.5 531 1.859 0.325 2.93 10.4 5.22 6 41
PP4 3.50 9.4 39.5 550 1.925 0.339 2.93 10.4 5.22 7 66
PP5 3.50 9.3 39.5 535 1.873 0.341 2.93 10.4 5.22 6 63
PR1 3.50 9.3 39.2 385 1.348 0.344 2.98 10.4 5.22 6 50 1.086
PR2 3.50 9.0 39 377 1.320 0.353 3.01 10.4 5.22 6 75 1.097
PR3 3.50 9.1 39 390 1.365 0.351 3.01 10.5 5.22 8 58 1.142
PR4 3.50 9.0 39 377 1.320 0.353 3.01 10.5 5.22 5 48 1.133
PR5 3.50 9.3 38.8 361 1.264 0.349 3.04 10.5 5.22 4 95 1.122
P4 1.50 6.9 36.3 510 0.765 0.432 3.50 5.37 4.22 1.091
P5 1.50 6.7 36 634 0.951 0.440 3.56 5.36 4.22 1.148
P6 1.50 7.1 37.8 490 0.735 0.407 3.21 5.46 4.23 6 36 1.102
P7 1.50 7.0 35.6 570 0.855 0.441 3.65 5.33 4.22 1 46 1.134
Y3 9.40 7.3 37.9 85 0.799 0.402 3.19 21.6 6.69 4 1.057
Y4 9.40 7.5 37.5 95 0.893 0.403 3.26 21.6 6.69 1 1.052
Y5 9.40 7.5 37.8 95 0.893 0.399 3.21 21.6 6.69 6 1.070
Y6 9.40 7.6 37.5 96 0.902 0.401 3.26 21.5 6.69 3 1.058
Y7 9.40 7.5 37.8 95 0.893 0.399 3.21 2.16 6.69 2 1.066
B1 17.0 7.6 37.1 66 1.122 0.407 3.34 33.5 7.75 1.061
B2 17.0 7.3 37.2 54 0.918 0.411 3.32 33.5 7.75 2 1.049
B3 17.0 7.1 36.8 75 1.275 0.421 3.40 33.4 7.75 2 1.061
B4 17.0 7.5 37.4 67 1.139 0.405 3.28 33.6 7.75 3 1.049
B5 17.0 7.5 37.7 66 1.122 0.401 3.23 33.7 7.76 3 1.049
B6 17.0 7.5 37.7 61 1.037 0.401 3.23 33.7 7.76 4 1.052
B7 17.0 7.4 38 62 1.054 0.399 3.17 33.8 7.76 2 1.049
PD1 1.50 6.4 29.9 1162 1.743 0.562 5.67 5.02 4.16 3 38
PD2 3.50 6.0 30.6 515 1.803 0.553 5.31 9.54 5.16 2 33
PD3 9.40 6.1 30.8 196 1.842 0.547 5.21 20.1 6.61 2 41
PD4 1.50 6.3 42.9 1120 1.680 0.363 2.51 5.73 4.26 3 29
PDR1 1.55 6.5 30.5 825 1.279 0.546 5.36 5.17 4.20 4 34 1.160
PDR2 3.40 6.3 31.2 385 1.309 0.534 5.03 9.40 5.13 1 47 1.139
PDR3 9.10 6.1 31 141 1.283 0.542 5.12 19.6 6.56 1 57 1.080
PDR6 9.70 9.0 39 141 1.368 0.353 3.01 22.4 6.74 7 33 1.076
VCS1 0.76 6.3 29.8 1996 1.517 0.566 5.73 3.01 3.51 4 27 1.188
VCS2 0.76 5.9 27.7 1986 1.509 0.628 7.21 2.94 3.48 3 18 1.191
VCS3 0.76 6.3 27.9 1970 1.497 0.616 7.04 2.95 3.47 2 16 1.171
VCT1 3.37 6.2 30.4 455 1.533 0.554 5.41 9.25 5.10 2 61 1.132
VCT2 3.45 6.2 28.1 437 1.508 0.612 6.87 9.19 5.08 3 91 1.143
VCT3 3.50 6.1 27.7 435 1.523 0.625 7.21 9.25 5.09 54 1.175
VCT4x 3.51 6.3 28.8 430 1.509 0.591 6.35 9.38 5.12 3 42
VCF1 15.8 5.7 27.8 120 1.896 0.629 7.12 28.7 7.44 2 1.062
CS1 0.69 6.7 31.4 2178 1.503 0.522 4.95 2.85 3.44 3 27 1.145
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the surface of the initial wax £ow solidi¢ed in-
completely, being divided into four (or sometimes
three) plates separated by narrow bands or rifts of
molten wax (Fig. 1c). As wax continued to be
erupted the plates were carried aside, similar to
the `rifting' morphology described by Fink and
Gri¤ths [7,8]. Breakouts from weak points on
the margin and surface produced lobes that were
broader and £atter than those seen at lower e¡u-
sion rates (Fig. 1d). The £ow morphology ma-
tured as surface £ows cooled or diverged into
streams with lower £ow rates, leading to a more
rugged £ow outline. Thus, in Fig. 1d, the smooth
lower part of the £ow was formed early in the
£ow history, whereas the more rugged upper
and right hand margins were fed from cooler
streams of diverted wax.

At low as and low e¡usion rate (e.g. PSH1), a
narrow levee formed around the edge of the wax,
while the wax surface above the vent remained
molten (Fig. 1e). Breakouts through the £ow mar-
gin and frequent over£ows of wax from above the
vent led to broad £at lobes (Fig. 1f). Comparing
this with Fig. 1b shows that for a given e¡usion
rate, a decrease in as causes the £ow surface to be
smoother and the £ow margin to be less rugged.

Finally, at high e¡usion rate and low as (e.g.
PR3) the marginal levees tended to be discontin-

uous (Fig. 1g) and breakouts produced broad £at
lobes with occasional surface folds of large wave-
length (Fig. 1h). In this experiment the e¡usion
rate was su¤cient to keep the vent region from
crusting over and surface-fed £ows contributed to
the overall morphology of the model lava.

5. Analysis of the results

5.1. Spreading rate

Fig. 2 contrasts the spreading rate of one ex-
periment with a very high e¡usion rate and min-
imal surface solidi¢cation (B4, Table 1) with the
spreading rates in four experiments with low e¡u-
sion rate and considerable surface solidi¢cation at
various values of as. In experiment B4, the mean
radius was well-described by the theory for
spreading of isoviscous liquid. This contrasts
with the experiments at low £ow rate, which
grew with more ragged outlines and with mean
radius proportional to t3=8, as predicted by [16]
for the regime controlled by crust strength and
buoyancy (Eq. 12). The wax in these four experi-
ments spread more slowly than if solidi¢cation
had been absent.

The observation of viscosity-controlled spread-

Table 1 (continued)

Experiment Q Twater Twax Duration Final
volume

as St Pe Nu ts tb1 D

(cm3 s31) (³C) (³C) (s) (l) (U1033) (s) (s)

CS2 0.76 6.5 31.2 1974 1.500 0.530 5.03 3.05 3.52 3 20 1.134
CS3 0.77 6.3 30.3 1958 1.508 0.554 5.46 3.05 3.53 5 25 1.292
CF1 16.7 6.2 32.2 115 1.921 0.515 4.63 31.3 7.66 3 1.060
PSH1 0.70 9.2 39.8 2273 1.591 0.340 2.89 3.15 3.50 4 27 1.158
PSH2 0.77 8.7 37.3 1953 1.504 0.381 3.30 3.29 3.57 1 44 1.136
PSH3 0.79 8.6 38.8 1910 1.509 0.364 3.04 3.41 3.60 5 36 1.154
PFH1 17.5 8.7 40.7 97 1.698 0.341 2.77 35.5 7.84 16 78 1.041
PFH2 17.5 8.9 40.8 93 1.628 0.335 2.75 35.5 7.84 13 1.035
PFH3x 17.5 8.8 41.1 90 1.575 0.334 2.72 35.6 7.84 3 68 1.059
VHS1 0.78 8.6 47.6 1933 1.508 0.282 2.09 3.62 3.68 7 40 1.127
VHS2 0.83 8.5 46.7 1824 1.514 0.291 2.15 3.78 3.72 6 30 1.137
VHS3 0.76 8.5 48.2 1964 1.493 0.280 2.04 3.56 3.66 5 37
VHT1 3.66 8.4 49.1 420 1.537 0.275 1.98 11.6 5.46 9 72 1.154
VHT2 3.51 8.6 48.7 456 1.601 0.274 2.01 11.2 5.39 5 84 1.176
VHT3 3.60 8.5 48.7 424 1.526 0.276 2.01 11.5 5.42 3 62 1.188

In all cases, bwater = 997.1 kg m33. ts is the time at which crust was seen ¢rst.
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ing in B4 is important because it justi¢es the as-
sumption made in Section 2 that viscosity, rather
than inertia, controls the initial spreading of the
wax. Viscosity-controlled spreading requires su¤-
ciently low Q and high W such that the transition
time from inertia- to viscosity-control, (Qb2/
gvbW)1=2, is very short [17] or that the dimension-
less group S = (Q3b4gvb/W5)1=20 is of order 1 or
less [23]. In experiment B4 these parameters
have values of 1.8 s and 2.1, respectively, consis-
tent with the good match between observation
and viscous spreading theory. All other experi-
ments had smaller values (due to lower Q and/
or higher W) and are therefore inferred to have
started spreading under a viscosity^buoyancy
force balance, as assumed in the model.

5.2. Timing of the ¢rst breakout

The time at which the £ow margin ¢rst broke
and let a stream of wax £ow through the breached
margin was recorded (Table 1). We refer to this
time as the time of the ¢rst breakout, tb1. The
data show that for constant Q, tb1 decreases
with increasing as and that for constant as, tb1

increases with increasing Q (Fig. 3). Because tb1

was much greater than the time at which crust
¢rst appeared, we can consider crust to have

been growing throughout the £ow's history and
anticipate that tb1 scales with the time scale tcrust

at which crust-dominated £ow behaviour is estab-
lished. We therefore compare tb1 with the pre-
dicted transition time scale tc as a function of
as, St, Pe and Nu.

To characterise the surface heat £ux, F, in each
experiment, we adopt the argument of Fink and
Gri¤ths [7] that the hot wax drives turbulent con-
vection in the overlying water, such that:

F � 0:1b aca
gb aK aU 2

a

W a

� �1=3

�Tm3Ta�4=3 �20�

Subscript a refers to the property of the ambient
water, Ka is the thermal expansivity of water. Val-
ues of Ka, ca, Ua, ba and Wa were taken from [12].

Given our values of Tm and Ta, St is very well-
correlated with as and Nu is very well-correlated
with Pe (Table 1). Consequently, we need only
compare tb1 with tc as functions of as and Pe.
The data show that the normalised time of the
¢rst breakout tb1/tc decreases with as and Pe
(Fig. 4). Because tb1/tc = (tb1/tcrust)/s2, these trends
require that, if tb1/tcrust is a constant, the value of
s increases as both as and Pe increase. A large
value of s indicates a thicker crust is achieved in
a given time, all else being equal (Eq. 6). From

Fig. 2. Graph of mean radius versus time. The line passing close to the data for experiment B4 is the theoretical prediction for
an isoviscous £uid, R = 0.6233(Q3gvb/W)1=8t1=2 [17], with the initial properties of experiment B4. The remaining four experiments
are described well by a line with a gradient of 3/8, which is the power law exponent for spreading limited by the strength of a
thickening crust [16].
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Eq. 13, the larger the value of as, the smaller the
temperature drop required to reach the solidi¢ca-
tion temperature, so the solidi¢cation isotherm
moves in to the £ow faster than for small as. In
other words, large as is expected to lead to large s,
as inferred from Fig. 4a. In Fig. 4b, the negative
trends between tb1/tc and Pe at constant as can be
compared with the forced correlation due to Q
appearing in the variables plotted on both axes.
This e¡ect would give a slope of 34/3, which is
somewhat steeper than shown by the data for
given as, so there is a real e¡ect of Pe on breakout
time, as already suggested by the correlation be-
tween tb1 and Q in Fig. 3b. This is most likely due
to the enhanced advection of cool surface material
to the £ow front at high Pe. It is concluded that

the ¢rst breakout occurred after the time scale tc,
which is a function of the parameters as and Pe
(and by inference St and Nu) that in£uence the
rate of crust thickening at the £ow front.

5.3. Estimation of crust strength

The normalising values of tc in Fig. 4 used
c= 40 Pa, estimated from the scale height of £ows
governed by a balance between buoyancy and
crust strength [16]. A di¡erent estimate can be
made by equating tb1 to tcrust and rearranging to
obtain

c � WgvbQ
tb1s2U

� �1=2

�21�

Fig. 3. The time of the ¢rst breakout is a function of (a) as at an e¡usion rate of 7.6U1037 m3 s31 and (b) e¡usion rate at
as = 0.55.
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In the limit Pe = 0, s can be estimated using a
model of conductive cooling of a wax layer whose
surface is held at Ta 6Tsolid 6Tm ([21], Eq. 25):

s � 2a s

�13a s�St

� �1=2

3
1

Stk3
�

13a s

8a sSt3

� �1=2 1
3
3

a 2
s

2�13a s�23
a s

13a s

� �
�22�

This equation gives values of s which increase
from 0.3 to 0.6 as as increases from 0.27 to
0.63. Calculating c from Eqs. 21 and 22, plotting
the result against Pe (Fig. 5) and extrapolating the

trend to Pe = 0 implies a value for c of between 10
and 15 Pa.

5.4. Long-term evolution of the £ow ¢elds

Most of our experimental £ows evolved past
the ¢rst breakout to construct a compound £ow.
We counted the number of times that a new £ow
unit extended beyond the £ow margin. No distinc-
tion was made between £ow units formed by
breakouts around the crusted margin, leaks of
wax from below the £ow margin, or wax reaching
the £ow margin from boccas in the surface crust.
The results for experiments with QW8U1037 m3

s31 (PeW3 240) are shown in Fig. 6 and reveal
that £ows with higher values of as produced more

Fig. 4. (a) Normalised time of ¢rst breakout, tb1/tc, versus as for ¢ve values of Pe. (b) tb1/tc versus Pe for four values of as. Cal-
culations assume c= 40 Pa.
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marginal £ow lobes than experiments with lower
as. For as = 0.62 the number of marginal lobes
increased almost linearly with time at a rate of
1/tcrust (hence the slope of 1 on Fig. 6) due to
the successive production of £ow lobes on a
time scale of tcrust. In experiments with lower as,
the rate at which new lobes were added to the
margin eventually diminished, most likely because
surface breakouts solidi¢ed before reaching the
£ow margin. On the other hand, the frequency
of breakouts exceeded 1/tcrust whenever a given
lobe branched into two lobes, each necessarily

with a £ow rate less than Q, such that each minor
lobe reached its breakout condition in a time less
than tcrust de¢ned by the total £ow rate.

5.5. The fractal dimension of the £ow margin

Bruno et al. [24,25] showed that the margins of
basaltic lava £ows are fractal, with shapes that
can be quanti¢ed by a parameter called the fractal
dimension (D). They used the `structured-walk'
method, entailing rods of various lengths being
`walked' along the £ow margin. For each rod

Fig. 5. Calculated crust strength, derived using Eqs. 21 and 22, plotted against Pe.

Fig. 6. The number of marginal £ow lobes in experiments of given as versus time normalised to tcrust calculated with s given by
Eq. 22 and c= 13 Pa.
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length (r), the £ow margin length (L) is deter-
mined according to the number (N) of rod lengths
needed to approximate the margin (i.e. L = Nr). A
linear trend with slope 6 0 on a log(L) versus
log(r) plot (a `Richardson plot') indicates fractal
behaviour, and D is simply 13m, where m is the
slope of the linear least squares ¢t to the data.
The D value is a measure of the area-¢lling char-
acter of the margin, the more rugged the margin,
the greater its fractal dimension. Bruno et al. [25]
found that aa lavas had D = 1.05 to 1.09 whereas
pahoehoe £ows had D = 1.13 to 1.23. Using an
alternative technique (`box-counting') Gaonac'h
et al. [26] found the perimeters of basaltic lava
£ow ¢elds had 1.129D9 1.42, although they
combined £ows from individual eruptions or en-
tire volcanoes.

To shed light on the physical origins of the
fractal characteristics of £ow margins we used
the structured-walk method to measure D values
of the wax £ows (Table 1 and Fig. 7). Fig. 8a
shows D as a function of time normalised to tc

for experiments with as = 0.35. The data extend to
a normalised time of about 102 and show an in-
crease in D value with time. Plotting the D value
obtained at the end of each experiment (Fig. 8b)
shows D increasing with time until reaching a
`steady state' after t/tcV10. These results indicate
that a growing wax £ow ¢eld matures over time
to reach a constant D, with no suggestion that as

determines the ¢nal `steady state' value. The mean

and standard deviation of the 35 data at t/tc s 10
in Fig. 8b is 1.145 þ 0.037.

6. Application to lavas

The wax experiments and the theory that de-
scribes them indicate that, given su¤cient time,
any lava spreading over a £at surface will even-
tually attain the condition where the strength of
the lava crust limits the spread of the lava, caus-
ing breakouts to form. In this section we interpret
the morphologies of basaltic £ows and silicic
domes in terms of the parameters controlling the
timing of breakouts.

Lava £ow eruptions that continue for a time
less than the breakout time tcrust will form a
roughly circular dome, whereas those that last
much longer than tcrust will undergo several break-
outs and form a rock mass composed of several
lobes, pillows or toes. Walker [1] made the point
that compound lava £ows are the typical result of
slow e¡usion of low viscosity magma whereas
simple lava £ows result from higher e¡usion rates
and from slow e¡usion of high viscosity magma.
This is explained by our experimental results :
lavas with many £ow units form when the break-
out time scale is much shorter than the duration
of the eruption. Because tcrustOviscosityUe¡usion
rate, conditions for compound £ows are favoured
by small viscosity or small e¡usion rate, as postu-

Fig. 7. The Richardson plot for the ¢nal £ow outline of experiment PDR1.
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lated by Walker [1], but the duration of the erup-
tion must also be considered. Furthermore, the
criterion that a compound lava £ow forms when
the eruption continues to a time ts tcrust can be
expressed as:

W6
c 2s2U
gvb

� �
V
Q2

� �
�23�

The reverse of this inequality de¢nes the condi-
tions for simple lava £ows.

Data on the morphology, viscosity [27,28], vol-
ume and e¡usion rate of lavas erupted onto fairly
£at ground from localised vents are collated in
Table 2 and plotted on Fig. 9. Simple domes oc-
cupy the top left part of Fig. 9, separated by a

band of unit slope from compound lavas occupy-
ing the bottom right. This result is anticipated by
Eq. 23 for the case of constant c and implies that
the primary controls on £ow development are
the viscosity of the erupted magma and the ratio
V/Q2. Data for small lava lobes at the point they
burst and fed another lobe plot on or close to the
boundary between the ¢elds of compound and
simple £ows, as expected. Uncertainties in W, V
and Q, and unavoidable departures from the as-
sumptions of constant Q, perfectly horizontal
ground and a point source vent make it unsurpris-
ing that the boundary between compound and
simple £ows on this diagram is a narrow band
rather than a precise line. The position of the
transition band implies that compound lavas are

Fig. 8. Plots of D versus dimensionless time tc2U/gvbWQ at (a) 1 min intervals in four experiments with as = 0.35 and (b) the end
of experiments with asW0.285, 0.349, 0.412, 0.548 and 0.621. Calculations assume c= 13 Pa.
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formed when W6 0.002V/Q2 and hence (c2s2U/
gvb)W2U1033 kg m2 s33. Substituting represen-
tative values sU1=2 = 1.3U1033 m s31=2 [2], g = 9.81
m s32 and vb= 2.6U103 kg m33 gives cV104 Pa.
Although all of the plotted points are consistent
with this value, it is constrained only by informa-
tion from basaltic to intermediate compositions.

The experiments described in Section 4 showed

that once a compound morphology becomes es-
tablished, the £ow from the vent becomes distrib-
uted to several di¡erent regions. The size and life-
time of each breakout is then determined by the
local supply rate, rather than the eruption rate at
the vent, and by the local viscosity of the interior
magma, which may be higher than that at the
vent because of cooling or degassing. As the local

Table 2
Lava £ow data

Volcano and data source Eruption Volume E¡usion
rate

Viscosity Composition Type

(106 m3) (m3s31) (Pa s)

Galunggung [34] 1918 8.5 7.6 1.0U107 andesite simple dome
Tarumai [35] 1909 20 s 116 107 andesite simple dome
Barcena [36,37] 1952-3 lava 23.5 8.0 2.4U104 trachyte simple £ow
Soufriere, St. Vincent [22,38] 1979 dome 47.3 3.7 107 andesite simple dome
Mt. St. Helens [39,40] June 1980 4.7 8 3U1010 dacite simple dome
Mt. St. Helens [39,40] August 1980 0.7 6.5 3U1010 dacite simple dome
Mt. St. Helens [39,40] October 1980 1.5 35 1010 andesite simple dome
Par|̈cutin [41,42] Taqui £ow 1944 64 3.5 103 bas. andesite compound £ow
Par|̈cutin [41,42] Quitzocho I 1943 7 13.5 103 bas. andesite simple £ow
Par|̈cutin [41,42] July^October 1948 14 2.3 1.1U104 andesite simple £ow
Piton de la Fournaise [43,44] 28/12/85^8/2/86 7 2 44 basalt compound £ow
Piton de la Fournaise [43,44] 10/6/87^29/6/87 1.5 0.9 44 basalt compound £ow
Etna [45,46] June^September 1763 28 4 170 basalt compound lava
Wudalianchi [47,48] 1719^1721 1000 10 100 phonotephrite compound £ow
Kilauea [2] 23 January 1988 lobe 0.0134 0.65 32 basalt single sheet
Etna [49,50] 1975 0.5 m3 5U1034 104 hawaiite single toe
Etna [49,50] 1975 5 m3 2U1033 104 hawaiite single tongue
Kilauea unpublished video 0.1 m3 8.3U1034 102 basalt single toe

Fig. 9. Data for lava £ows in Table 2 coded according to £ow morphology. The band separating compound and simple £ows
covers a range of one order of magnitude in W and V/Q2.
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£ow rate is reduced, so the size of the breakouts
decreases and their frequency increases. A large
eruption rate can, if sustained for su¤cient time,
produce a mature compound £ow with morpho-
logical elements re£ecting low £ow rates. This
may explain why voluminous £ood basalts often
show compound morphology with small pahoe-
hoe toes and lobes [1,29^31]. While this morphol-
ogy has been taken as evidence of low eruption
rates [29], our results indicate that it is actually
the integrated e¡ect of viscosity, eruption rate and
time (or erupted volume, because V = Qt) that is
critical. Flood basalts can show compound mor-
phology at least partly because of large volume,
and hence large V/Q2, and not necessarily because
of low Q. In particular, for basalts with WV102^
103 Pa s erupted from a point source a compound
morphology is predicted to be present as long as
V/Q2 s 105 m33 s2 (Fig. 9). Likewise, for picrites
and komatiites (W6 10 Pa s), the condition
V/Q2 s 103 m33 s2 will be su¤cient to generate
compound £ows such as those described in [32,
33].

7. Conclusions

Experiments in which molten PEG wax is ex-
truded from a point source under cold water are
analogues of compound lava £ows. The experi-
ments produced breakouts on a time scale that
is proportional to the product of lava viscosity
and e¡usion rate divided by the strength of the
lava crust squared (Eq. 11). The number of break-
outs and the fractal dimension of the £ow margin
increased with time normalised by breakout time
scale. When more than one breakout is active, the
local £ow rate for each breakout is less than the
total eruption rate at the vent. This increases the
rate at which more breakouts occur and the £ow
¢eld matures into a complex collection of chan-
nels, lobes and pahoehoe toes. Central-vent erup-
tions of compound and simple £ows on horizontal
ground occupy separate ¢elds on a plot of magma
viscosity versus volume/(e¡usion rate squared).
Compound lavas are formed when W6 0.002V/
Q2. Thus, morphologies associated with low £ow

rates can develop whatever the total e¡usion rate
if su¤cient time (volume erupted) is available.
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