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ABSTRACT 

Huppert, H.E., Shepherd, J.B., Sigurdsson, H. and Sparks, R.S.J., 1982. On lava dome 
growth, with application to the 1979 lava extrusion of the Soufri~re of St. ' Vincent. 
J. Volcanol. Geotherm. Res., 14: 199--222. 

A theoretical analysis is presented for the spread of a viscous liquid flowing under its 
own hydrostatic pressure on a horizontal surface in order to model lava dome formation. 
Two situations are considered in detail: the spreading of a constant volume of liquid and 
the case where the amount  of liquid is continually increased. Experiments with silicone 
liquids show close agreement with theory. The formation of a basaltic andesite lava extru- 
sion in 1979 on the crater floor of the Soufri~re of St. Vincent (West Indies) provided the 
motivation for and an application of the model. The extrusion reached a diameter of 
868 m and a height of 133 m over a period of 150 days. Over the first 90 days the growth 
relationships were consistent with those predicted by theory. Application of the theory 
to the Soufri~re dome suggests an effective viscosity of 2 × 1012 poise for the basaltic 
andesite lava. The large effective viscosity calculated for the lava may be attributed to the 
dominant  influence of a high-viscosity skin which forms at the margins of the flow as it 
cools. After 70 days, the rate of growth of the extrusion markedly decreased because a 
substantial collar of rubble accumulated at the flow front. Due to this collar the growth 
of the extrusion ceased after 150 days. From approximately two weeks after the initia- 
tion of the extrusion, the discharge rate of lava decreased approximately tineariy with in- 
creasing dome height. This observation suggests that the lava ascended under a decreasing 
hydrostatic driving pressure and that extrusion ceased when the lava column reached 
hydrostatic equilibrium. 

0377-0273/82/0000---0000/$02.75 © 1982 Elsevier Scientific Publishing Company 
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1. INTRODUCTION 

Lava domes  and coulees are among the most  familiar features of  calc- 
alkaline volcanoes. The morphological characteristics of  domes are of ten 
at t r ibuted to  the  high viscosity of  the andesitic and dacitic magma which 
form them. More recently,  it has been recognised that extrusion rate is also 
an important  factor  that  controls lava shape (Walker, 1973). 

In order to  model  the processes of dome growth we present in this paper a 
theoretical analysis o f  the radial flow of a viscous fluid on a horizontal sur- 
face. The analysis considers the change in shape of  the fluid with t ime for 
two cases. First, a calculation is presented for a constant volume drop of  
liquid which flows under  its own hydrostat ic pressure. Second, a calculation 
is presented for a liquid continually fed onto a horizontal surface from a 
central source at a constant  rate of  influx. In this case the volume of  the 
radially spreading drop increases linearly with time. A series of  experiments 
was performed using two different silicone oils (13.2 and 1110 poise), the 
results of  which agreed closely with the theoretical predictions. 

During the 1971 and 1979 eruptions of  the Soufri~re Volcano, St. 
Vincent  (West Indies), basaltic andesite lava extrusions were observed to 
form on the floor of  the  crater. In 1971 much of  the initial growth took  
place underwater .  However,  in 1979 the crater was dry and the crater floor 
relatively flat and the growth of  the extrusion was observed from less than 
4 days after  its initiation until its final explacement after five months.  The 
spreading of  the  lava extrusion over the first 90 days of  growth is consistent 
with the simple theory  despite the complicating effects of  cooling at the lava 
margin and non-Newtonian theology. The model  is used to  estimate the 
effective viscosity of  the Soufri~re lava. 

After  August  4 (day 90) the volume of the extrusion did not  change great- 
ly. However,  a small increase in diameter occurred up to October  2 (day 
149) which we at t r ibute partly to  the observed avalanching of  loose material 
from the flow front.  In this later phase the behaviour of  the lava clearly 
departed from that  predicted by  the viscous model.  We at tr ibute this to the 
increasing importance of  cooling effects, notably an accumulation of  a sub- 
stantial collar of  rubble at the flow front.  

After  approximately the end of  May, the volume discharge rate decreased 
almost linearly with the height of  the flow. This observation is shown to  be 
consistent with the  concept  that  the pressure from below, forcing the lava to  
erupt  into the  crater, was increasingly balanced by  the hydrostat ic  pressure 
of  the  lava extrusion itself and that  lava s topped flowing into the crater 
when the lava column reached hydrostat ic  pressure equilibrium. 

New lava domes  occur with reasonable f requency and it is hoped observa- 
t ions on future extrusions will be made and analysed with the current model  
in mind. 
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2. THEORY 

Consider a Newtonian fluid of constant kinematic viscosity v spreading 
radially on a rigid horizontal surface. Assume that  the Reynolds number 
R = U d / v ,  where U is a representative propagation velocity and d a repre- 
sentative thickness of the resulting current, is sufficiently small that  inertial 
effects can be neglected. Then the spreading occurs under the balance of two 
forces: the driving force proportional to the horizontal gradient of the 
hydrostatic pressure due to the weight of overlying fluid and the viscous 
retarding force. 

With the co-ordinate system sketched in Fig. 1, the pressure, p ,  in the 
fluid is given by: 

P =Po + P g (h - z )  (2.1) 

where P0 is the constant  pressure at the surface, p is the density of the fluid 
and g is the acceleration due to gravity. The equation of motion of the fluid 
is thus: 

Oh 02u 
l ~ p = g ~ r = V  (2.2) 
p Or 0z 2 

where u( r , z , t )  is the radial velocity and the radial derivatives in the viscous 
term on the right-hand side of (2.2) have been neglected on the assumption 
that  the thickness of the flow is very much less than its radial extent. The 
boundary conditions to be added to (2.2) are those of zero velocity at the 
bot tom of the flow: 

u(r ,O,t)  = 0 (2.3) 

and zero stress at the top: 

Ou (r ,h , t )  = 0 (2.4) 
0z 

The solution of {2.2)--(2.4) is: 

1 Oh 
u(r , t )  = -~ (g/V)~r z ( 2 h  - z )  (2.5) 

Relationships of the form (2.5) are known as lubrication theory approxima- 
tions, a general discussion of  which is presented in Batchelor (1967). 

7/ / / / / / / / / / / / / / / / / / / / / / ' / / / / / / / / / / / / / / / / / / / / / / / / / / / /~  
r =  r N ( t )  r 

Fig. 1. The co-ordinate sys tem used in this paper. The fluid ex tends  radially from r = 0 to 
r = r N ( t ) .  



2 0 2  

Another  relationship connecting the unknowns u and h arises from the con- 
t inui ty equation applied on a vertical sheet of radius r in the fluid. This is: 

h 

(r fudz):O (2.6) 
0 

which becomes, on substitution of (2.5): 

~h 
~tah 3(g/v) r _ l ~  ( r h , ~ r )  = 0 (2.7) 

the nonlinear partial differential equation for h(r,t). To (2.7) must be added 
a global continui ty condition, such as: 

rN(t) 
2~ f rh(r,t)dr = V (2.8a) 

0 

if the flow results from the release of a volume V of fluid; 
o r  

rN(t) 
2~ f rh(r,t)dr = Qt (2.8b) 

0 

if a constant  flux of fluid is released at a rate Q from t = 0; 
o r  

rN(t) 
2. f rh(r,t)dr = S t ~ (2.8c) 

0 

if the volume of newly introduced fluid is given by S t ~, where S and a are 
prescribed constants; or, possibly, some combination of  (2.8a,b,c). 

A full, general solution of  (2.7) and one of (2.8) would require extensive 
numerical computat ion.  Analytic solutions can be obtained, however, in 
terms of  one similarity variable which appropriately combines r and t in such 
a way tha t  (2.7) is reduced to an ordinary differential equation. Similarity 
solutions such as this are frequently used in fluid-mechanical investigations 
and tend to give accurate descriptions of the more general solutions (see, for 
example, Sedov, 1959; and Barenblatt, 1979). In this case, the similarity 
solution is expected to be valid except at the very early stages of  the spread- 
ing of  the flow and near the origin if fluid is being continually introduced 
there. The range of validity of the similarity solutions obtained will be dis- 
cussed further below. 
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(a)  F i x e d  v o l u m e  re lease  

Equations {2.7) and (2.8a) suggest the introduction of  the similarity 
variable: 

7 = ( 3 ~ / g V 3 )  1/8 r t -1/8 (2.9) 

and the solution form: 

h = V r  -2 g ( 7 )  (2.10) 

Substituting (2.9) and (2.10) into (2.7), we obtain: 

I 1 T  r 
[7-SH3(TH' - 2H)] -gM = 0 (2.11) 

where primes indicate differentiation with respect to 7. To (2.11) must be 
added the boundary condition that  the flow is of  finite thickness at r = 0, 
and hence 

H(0) = H'(0) = 0 (2.12a,b) 

The first integral of  (2.11) which satisfies (2.12) is: 

(TH' - 2H) - 8 7s = 0 (2.13) 

This may be further integrated to yield: 

H = (3/16) 1/3 72 (7~ --72 ),/3 (2.14) 

where 7s  is the value of 7 at r = r N (t), the radial extent  of the flow. Its value 
is determined from the global continui ty condition (2.8a), which yields: 

7N = (1024/81 U3)I/S = 0.894 . . .  (2.15) 

The shape of the flow as a function of  time, as given by (2.10) and (2.14), 
is graphed in Fig. 2. The radial extent  is given by: 

r s = 0 . 8 9 4 ( g V 3 / 3 v )  1Is t 1/8 (2.16) 

and the height of the centre by: 

h(0,t) = ( 3 v V / 4 u g )  1/4 t -1/4 (2.17) 

(b ) C o n s t a n t  f l u x  re lease  

The appropriate similarity solution is: 

h = ( 3 v Q / g )  'i4 ~i3 G(~/~N ) (2.18) 

= {3v /gQ2)  1/8 r t -~/2 (2.19) 

where the introduction of ~N, the value of $ at r = rN, into (2.18) anticipates 
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o ,'o 20 30 4'o s'o 
r (crn) 

Fig. 2. The shape of a radially spreading flow for V = 400 cm 3, v = 10 cm 2 s J at 
t= 10, 102 , 103 , 104 and 10Ss. 

s u b s e q u e n t  algebraic  s impl i f ica t ion .  Subs t i t u t ing  (2 .18)  and  (2 .19)  in to  (2.7)  
and  (2 .8b) ,  we f ind t h a t  G(x) satisfies:  

(x G 3 G ' ) '  + 1/~ x 2 G '  = 0 (2 .20)  

and  t h a t  ~N is given by:  

1 

~N = (2~ f X G dx)  -3/s (2 .21)  

0 

E q u a t i o n  (2 .20)  needs  to  be  solved numer ica l ly ,  t h o u g h  the  f irst  t e r m  of  an 
expans ion  o f  G a b o u t  x = 1: 

G ~- (3 /2)  1/3 (1 - x)  1/3 (2 .22)  

a p p r o x i m a t e s  G well, e x c e p t  nea r  r = 0, where  G b e c o m e s  inf in i te ly  large and  
the  m o d e l  will be  seen to  be  invalid.  The  numer ica l  so lu t ion  fo r  G is g raphed  
in Fig. 3 a long  wi th  (2 .22) .  Eva lua t ion  o f  (2 .21)  yields  }N = 0 .715  (0 .730  if 
(2 .22)  is used) .  

The  shape  o f  t he  f low as a f unc t i on  o f  t ime  is p r e sen t ed  in Fig. 4. The  
u n b o u n d e d n e s s  o f  the  prof i le  a t  r = 0 is ev ident  and  is due  to  the  s imi lar i ty  
so lu t ion  r ep resen t ing  the  i n t r o d u c t i o n  o f  a n o n z e r o  a m o u n t  o f  f luid r ight  on 

2 .0  

G 

1.5 

1.0 

0.5 

I I I I 

0 0.2 0.4 o.s 0.8 ~.0 

Fig. 3. So l id  l ine:  the  f u n c t i o n  G(x) def ined  by (2 .20 ) ;  and dashed line: ( 2 . 2 2 ) ,  the expan-  
s ion o f  G(x) a b o u t  x = 1. 
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the axis, r = 0, and hence introducing a singularity. Nevertheless it is ex- 
pected that away from r = 0, the similarity solution would represent an 
accurate solution o f  the full equations. Our experiments,  to be described in 
the next  section, are consistent with this expectation. Finally, the radial ex- 
tent of  the f low is given by: 

r N = 0 .715(gQ3/3v)  1/8 t 112 (2 .23)  

(c) Variable f lux release 

Using similar techniques to those described above, we find that the radial 
extent  of  the current is given by: 

r N = c ( ~ )  (gS3/3v) 118 t (3~ + I)18 (2.24) 

where c(e)  is determined from (2.8c) and is graphed in Fig. 5. 

200 - 

160 
h(m) 

120 

80-  

40- 

107 

o ,6o 26o 36o 
r(m) 

Fig. 4.  The shape of  a radially spreading f l o w  for Q = 3 x 106 crn3s -1, v = 5 x 10 *2 cm2s -j 
a t t = 5  × 1 0  s ,106  , 5 × 1 0 6  and 107s .  

1.0 

075  

c (Ct) 

0 .5 

0 2 5  

I I I I I I I I 
0 0.25 0.5 075 1.0 1-25 1.5 1.75 2.0 

c~ 

Fig. 5. The value o f  the  constant  c (a )  in (2 .24 )  as a funct ion  o f  a.  
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3. EXPERIMENTS 

In order  to  examine the validity of  the theoretical  predictions derived in 
the last section, we carried out  a series of  laboratory experiments.  Viscous 
fluid was allowed to spread on a five-sided sheet of  Perspex. One side was 
102 cm and from it two sides of  82 cm emanated at right angles. The re- 
maining two sides were 60 cm long. An array of  concentr ic  circles of radii 
between 2 cm and 50 cm was inscribed on the underside of  the Perspex. 
Before each exper iment  the Perspex was supported so as to  be within about  
0.02 ° of  the horizontal .  The Perspex was placed on a large mm ruled sheet 
of  graph paper. 

After  the fluid was released, in a manner to be described below, the radial 
ex ten t  as a funct ion of  time was recorded. Readings at four points separated 
by 90 ° were taken and averaged to  yield the values used in the analysis of  the 
data. This me thod  of  determining the radial ex tent  of  the current  allowed 
both  small departures of  the Perspex from the horizontal  and effects due to 
the release point  being off ,centre  to  be cancelled -- though for all the experi- 
ments  the flow f ront  remained quite circular. 

The fluids used in the experiments were commercially available silicone 
oils with nominal  kinetic viscosities at 25°C of  10 and 1000 cm2s -1. The 
exact  viscosity at the laboratory temperature ,  ~ 16 °, was determined by 
dropping a ball-bearing into the fluid contained in a measuring cylinder. 
From the measured terminal velocity the viscosity could be calculated as 
13.2 and 1110 cm2s -1 for the two oils (Table I) after making corrections for 
the presence of  the walls of  the cylinder (Happel and Brenner,  § 7.3, 1965) 
and the nonzero  Reynolds number  of  the flow (Van Dyke, § 1, 1975). 

(a) F ixed-vo lume release 

Five experiments  were conducted.  In the first two, at the start of  each ex- 
per iment  fluid was poured near to  the central point  of  the Perspex. In the 
next  two,  the fluid was initially held in a cylinder of  radius 4.5 cm, which 
was raised at the start of  the experiment .  For  the last exper iment  the fluid 
was initially confined in a Perspex cylinder with internal dimensions of 
h = ~/~(7 - r) ~. As will be seen from the data, the mode of  initiation made no 
difference af ter  a few seconds from release. The height of  the fluid at the 
central point  was measured by lowering a micrometer  on to  the surface, 
though it was difficult  to judge when the micrometer  top  was just on the 
surface. 

Table I lists the condit ions of  each exper iment  and the best-fit parameters 
for  the results, as defined in the caption. Figure 6 presents a plot  of  the 
results of  all the experiments.  With the radial ex ten t  of  the flow normalised 
by (gV3/3v) 1/8, as suggested by (2.16), all the data are seen to  fall together  
on a universal curve. The best-fit power  law through all the data is: 

r N = (0.887 + 0.002) (gV3[3v)l/8t  0"122 + 0.002 (3.1) 



T A B L E  I 

T h e  parameters  and results  o f  all e x p e r i m e n t s  
(a)  r N = c(gV3/3v )~ 18 t p, h (O,t) = k(3v V/4~g) 114 t q 
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V v c p k q 
( c m  3) (cm2s - ' )  

387  13.2  0 .873-+ 0 .001  0.125-+ 0 .002  0 . 9 1 6 ±  0 .027  
933  13.2  0.860-+ 0 .001  0.124-+ 0 .005  1 . 3 1 4 ±  0 .083  
406  13.2  0 . 9 0 0  -+ 0 .000  0 .120  ± 0 .002  0 .704  +- 0 .077  
338  1 1 1 0  0 .887  ± 0 .000  0 . 1 2 2 ±  0 .001  0.741-+ 0 .008  
220  13.2  0 .877  -+ 0 .004  0 .124  -+ 0 .002  

- 0 . 2 2 2  ± 0 .009  * 
- 0 . 2 2 2  ± 0 .036  + 
- 0 . 1 8 3  +- 0 .025  × 
- 0 . 1 9 6  ± 0 .006  [] 

(b )  r N = K(gQ313v)llStr 

Q v K r 
( c m  3 s - ' ) ( c m  ~ s- ' )  

0 .223  13.2  0 . 6 9 1 ±  0 .010  0.501-+ 0 .003  × 
0 . 0 4 9 3  13.2  0 . 6 9 2  -+ 0 .003  0 .498  -+ 0 .001  + 

1.0 

r 

0.5 

0.2 

10 

1.0 

0.5 
h(O,t) 

~3vv~',, 

0.05 

(o) 

• ~ 1 hour 1 day 1 week 1 month 
, , , , I ,  , , I, , I  , [ , 

lo ~ lo 3 lo' lo s lo' 
t (sec) 

(b) 

I hour  I day I week I monlh  

o . o ,  , , , , [ ,  , , i, , ] ,  I , 
I0 10 2 10 3 IO t IO s 10 6 

t (sec)  

Fig. 6.  a. The  exp er imenta l  values o f  (3v/gv3)ll8rN as a func t ion  o f  t ime.  Also  drawn is the 
best-f i t  p o w e r  law (3 .1 ) .  b. The  exper imenta l  values o f  (4,rg/3vv)l/4h(O,t) as a func t ion  o f  
t ime.  Also  drawn is the  best- f i t  p o w e r  law (3 .2 ) .  
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The multiplicative constant  and power  are seen to  agree well with those pre- 
dicted by (2.16). The data on the height of  the current  at the centre is more 
scattered --  due to  the diff iculty of  making the measurements --  though 
when n ormalised by (3~ V/4~g) 1/', as suggested by (2.17), they  fall together  
reasonably well. The best-fit power  law through all the data is: 

h(0,t)  = (0.940 + 0.041) (3~V/4zrg)V't 0"216 ± 0.011 (3.2) 

in reasonable agreement with (2.17). 

(b ) Constant flux release 

Two experiments  were conducted.  In the first the fluid was released from 
a buret te  holding approximately  600 cm 3 maintained at a constant  head and 
in the second from an LKB 12000 VarioPerspex pump.  The conditions of  
both experiments  and the best-fit parameters for  the results are listed in 
Table I. Figure 7 presents a plot  of  all the data. The best-fit power law is: 

r N = (0.694 + 0.004) (gQ3/3v)l/st°'499 ± 0.001 (3.3) 

This is in good agreement with (2.23). 

2.0 

r 

( 3 1/8 
3v/  

1.0 

0.5 

0,2 

10 
i i I I I I l 

50 102 5x102 103 5x103 10 ~ 5x10' 
t (sec) 

Fig. 7. The experimental values of (3v/gQ3)llSrN as a function of time. Also drawn is the 
best-fit power law (3.3). 

4. FIELD OBSERVATIONS 

The Soufri~re Volcano of St. Vincent in the Lesser Antilles is a 1200-m 
high strato-volcano with a 1.6-km diameter  summit crater. During the 
historic period the volcano has erupted several times with notable explosive 
eruptions in 1718, 1812 and 1902--1903.  Quieter  periods of  lava extrusion 
have also occurred with the 1971--1972 event being particularly well- 
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documented (Aspinall et al., 1973). The summit crater had been occupied by 
a 1-km diameter crater lake since shortly after the eruption of  1902--1903 
but  between October 1971 and March 1972 about three quarters of  7.5 X 
107 m 3 of lake water evaporated as 8 X 10 T m 3 of basaltic andesite lava was 
quietly extruded into the summit crater forming an island in the centre of 
the remnant  lake. 

The volcano remained inactive until April 13 1979 when, after over a year 
of mild premonitory seismic activity, explosive activity began (Shepherd et 
al., 1979). Between April 13 and April 26 a series of major explosions was 
observed forming eruption columns reaching up to 18 km in height. The ex- 
plosive activity is interpreted as phreatomagmatic due to entrapment of 
crater lake water by ascending magma (Shepherd and Sigurdsson, 1982). 
When explosive activity ceased on April 26 at least 25% of the 1971--1972 
extrusion had been destroyed and the crater lake no longer existed. The 
crater floor was dry, having been in filled with pyroclastic ejecta to about 
28 m above the pre-existing lake level (680 m a.s.1.). 

Between April 26 and May 3 a lava extrusion began to grow on the new 
crater floor. The excellent documentat ion of the rate and pattern of growth 
of this lava (Westercamp and Tomblin, 1979) provides us with an oppor- 
tuni ty  to test models for the extrusion mechanism. We cannot  fix the be- 
ginning of lava growth with great precision, but it was probably no later than 
April 30 when a patch of rubbly material was observed in the vent at the site 
of the subsequent extrusion. In addition, seismic activity abruptly declined 
from 100 to 10 events per hour on April 30 (Shepherd and Sigurdsson, 
1982). On May 3 a lava extrusion was definitely observed. On May 7 it was 
estimated that  the height of the extrusion was 30 m and its diameter about 
twice as large, but since these estimates are based on visual observations and 
photographs from a low-flying aircraft they are subject to large errors. From 
May 17 onwards measurements were made from the crater rim and along 
7 radial traverses across the crater floor (see Fig. 9) and the results are much 
more accurate. Table II gives data on the radius, height and estimated 
volume of  the extrusion as a function of time. Figure 8 shows views of the 
lava extrusion at various periods during its growth and Fig. 9 shows a map of 
the crater and the 1979 lava. The final shape of  the extrusion was lobate, 
with five lobes around the circumference. 

The volume of the flow, to within an error of approximately 10%, is 
estimated by assuming that  the upper surface of the lava was fiat and the 
margins of the flow had a slope of 35 °. We found that  such an estimation 
gave results comparable to those obtained by more complicated procedures 
involving assumptions on the detailed flow shape. In Table II the final 
volume of the lava is 47.3 X 106 m 3 estimated by this method.  We note that  
due to the lack of  precision involved in estimating the volume, the increase 
in radius after August 14 may reflect a change in shape rather than a real 
change in volume. 
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Fig. 8. Views of  the Soufri~re lava extrusion on August 4, 1979. 



T A B L E  II 

Da ta  o n  t he  g r o w t h  o f  t h e  Soufr i~re  lava. T he  values  o f  t i m e  in days  assume t = 0 on  
May 6 (see t e x t  for  d iscuss ion)  

211 

Date  Day Rad ius  (m)  He igh t  (m)  V o l u m e  (m 3) 

7 .5 .79  1 30  30 8.5 X 10" 
17 .5 .79  8 150  69 2.3 X 10 '  
25 .5 .79  19 275 82 11.9 X 1 0 '  
18 .6 .79  43  363  100  26.2  X 1 0 '  

2 .7 .79 57 378 117 31.2  x 106 
10 .7 .79  65  394 117 35.0  X 106 
14 .7 .79  69  394  120  35.4  X l 0  s 

4 .8 .79  90  410  123  39.5 X 106 
14 .8 .79  100  413  131 41.4  X 106* 
21 .8 .79  107  415  131 41.9  x 106 

1 .9 .79 118  418  132  42.7 X 106 
4 .9 .79  121 420  132  43.3  X 10 ~ 
7 .9 .79  124 421  132  43.6  x 106 

15 .9 .79  132 424  132  44.6  X 106 
23 .9 .79  140 429  133  46.1 X 106 
2 .10 .79  149  434  133  47 .3  x 106 

*The  vo lume  increase  a f te r  th is  da te  m a y  n o t  be s igni f icant  as t he  increase in radius  cou ld  
resu l t  f r om a change  o f  shape  a t  a c o n s t a n t  vo lume  (see t e x t  for  discussion) .  

0 200 400 600 Metres 
I i I 

SCALE 

Fig. 9. Map and  prof i le  of  t he  Soufr i~re  cra ter ,  showing  ou t l ines  o f  the  lava e x t r u s i o n  at  
var ious  t imes.  The  survey l ines 1--7 were  set up  to  measure  the  ra te  o f  advance  of  lava. 
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Figure 10 shows data on the diameter and height of  the extrusion as a 
function of  time. Although the longer-term average rates of  expansion are 
smooth functions of  time, there is evidence that in detail the spreading was 
discontinuous. For example no radial movement  occurred between the 10th 
and 14th July (Table II) although the height of  the lava increased by 3 m in 
the same period. The extrusion spread laterally partly by the accretion of  
loose,  n e w l y ~ o o l e d  blocks tumbling down the flanks and partly by outward 
movement  of  whole sections of  the flow-front which pushed up loose alluvial 
and pyroclastic material on the floor of  the crater in the manner of  a bull- 
dozer blade. To the north, lateral expansion was eventually prevented when 
the lava abutted against the crater wall, and the southeast and southwest  expan- 
sion was restricted by remnants of  the 1971- -1972  lava protruding through 
the crater floor. 
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Fig. 10. a. The height  o f  the centre o f  the 1979  lava above the crater floor against time. 
b. The radius o f  the lava as a funct ion  o f  t ime. After  May 12 the radius is an average of  
seven values obta ined  from the survey lines (Fig. 9). For both figures t = 0 on  May 6. 
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On October  2 the mean diameter  of  the lava was 868 m and the highest 
point  above the crater  f loor was 133 m. The lava f ront  sloped outwards at an 
angle of  30--35 ° (Fig. 8) to  the horizontal  and the top was gently convex. 
Even at the earliest stages of  the growth of  the lava the surface of  the flow 
was disrupted into a jumble of  blocks representing the cooled skin of  the 
flow. These blocks were roughly 1 m in average diameter,  but  occasionally 
reached 4 m. Incandescence was never observed with certainty in cracks. 

The lava is a basaltic andesite containing approximately 45% phenocrysts  
of  plagioclase, c l inopyroxene,  o r thopyroxene ,  t i tanomagneti te  and minor  
olivine (Devine and Sigurdsson, 1983). The ground-mass of  blocks sampled 
from the flow f ront  consists of  a dacitic glass containing quench microlites 
of  feldspar. Table III gives major element composit ions of  the bulk lava and 
the glass. Use of  the plagioclase rim-glass composit ions as a geothermometer  
yields temperature  estimates of  l l 00°C  to 1150°C (Drake, 1976). However, 
petrological studies of  other  similar magmas and their associated nodules in 
the West Indies indicate temperatures  of  approximately 1000°C (+ 50°C) are 
more typical  of  basaltic andesite magmas in this arc (Arculus and Wills, 
1980). The lava may also be somewhat  undercooled and the plagioclase- 
glass pair may no t  be in equilibrium. A temperature  in the range 800 ° to 
1100°C is suggested in the light of  the limited evidence. 

TABLE III 

Analytical data on 1979 lava 

1 2 

SiO~ 55.03 65.90 
A1203 19.42 13.70 
CaO 9.25 4.05 
MgO 4.32 1.23 
Na20 3.10 3.34 
K20 0.47 1.56 
TiO 2 0.97 1.08 
FeO 8.08 6.77 

1. Whole-rock analysis of lava (SV-79-4) by electron microprobe analysis of fused glass. 
2. Electron-microprobe analysis of glass shards (S. Carey, University of Rhode Island). 

5. INTERPRETATIONS 

(a) Growth rate 

Figure 11 shows the volume of  the lava plot ted as a funct ion of  t ime with 
t = 0 set at May 6. The reason for this choice is tha t  from our at tempts to  
quanti tat ively understand the data, it seemed impossible to  obtain general 
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Fig. 11. The vo lume  of  the 1979  lava as a funct ion of'tinge. 

spreading relationships which naturally included the first point (May 7) if 
the extrusion of  lava commenced 8 days previously. However, by assuming 
that the extrusion started to behave as a freely flowing viscous fluid on 
May 6, we could obtain a quantitative description as detailed below. Al- 
though lava was first observed in the vent on April 30 the rate of  discharge 
up to May 7 was more than an order of  magnitude less than subsequent to 
this date. The vent was filled with ejecta and debris at this stage. We suggest 
that in these first few days the lava had to force its way through the vent 
which had been blocked by previous explosive activity. This accounts for the 
much reduced extrusion rate. We therefore treat the growth of  the extrusion 
as if it began on May 6. With this supposition the data can be represented by 
the relationship for the first 90 days of  growth: 

V = 0.0248t  1"36 (5.1) 
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where V is the volume in m 3, t is the time in seconds and the coefficient of  
determination r ~ = 0.98. This is similar in form to (2.8c) and provides the 
values of  the constants S and a defined in that  expression. 
Similarly the best-fit relationship for the lava radius is: 

r = 0 .051t  °'58 (5.2) 

Theory would suggest from equation (2.24) that  r ¢~ t 0"63, in reasonable 
agreement with the data. 

(b ) Lava shape 

The exact  shape of  the flow can be obtained by numerical integration of  
the analogous equation to (2.20) valid for variable a. An approximate solu- 
tion, which is the first term of an expansion about  r = rN, the front of  the 
flow, can be readily found to be (cf. 2.22): 

h-~ [.3(3~+1)c2 (~)] ,/3 (3__~_)114t(~_1)/4 [l_(r/rN)]l/3 (5.3) 

This approximation suffers from the disadvantage that  it underestimates the 
total volume in the flow (as is clearly indicated for a = 1 in Fig. 3). This sug- 
gests that  a more satisfactory approximation for the height of  the current is 
one which has the same form as (5.3) and contains the correct total volume. 
This is: 

( 3 ~ ) 1 / 4  F "]!1/3 
h_~ (14/9n)c -~ (a) t (c~-1)14 Ll--(rlrN).l (5.4) 

Figure 12 compares the profile of  the lava on August 4 with the profile 
predicted from (5.4) with rN = 410 m, as suggested by the data. The theo- 
retical shape differs from the observed shape in two ways. First, the f low 
front  is much less steep than predicted, due to avalanching and bulldozing of  
sediments. Second, the height is slightly higher than predicted, which is at- 
t r ibuted to  the skin of  blocks and solid material covering the surface of  the 
flow. In general however,  the fit is as good as can be expected for a first- 
order approximation at modelling a complex geologic body.  

observed 

400 300 200 100 0 100 200 300 400m 

Fig. 12. A comparison of the theoretical shape of  the lava according to (5.4a) and the 
shape of the lava on August 4. 
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(c ) Viscosity estimates 

The data on the spreading of  the lava are consistent with the theoretical 
analysis. Thus the effective viscosity of  the lava can be estimated. This is 
determined by the best-fit constants S and a from the data in Fig. 8 and 
using (2.24}. The results are: 

S = 0.0248 

= 1.36 (5.5) 
c(a) = 0.69 

= 2 × 10 '2 poise 

While the model gives a useful description of  the lava's behaviour, some 
caution is necessary in interpreting this viscosity estimate. The basaltic 
andesite lava contains about  45% phenocrysts suspended in a dacitic glass. In 
addition, petrographic evidence shows the growth of  some quench microlites 
during the emplacement of  the flow. The temperature of  the lava is 
estimated to be approximately 1000°C (+ 100°C). Table IV shows estimates 
for the viscosity of a liquid with composition of  analysis 2 in Table III con- 
taining 45% phenocrysts in the range 700 to l l 00°C.  The calculations are 
based on work described by Shaw (1972), Shaw et al. {1968), Moore and 
Schaber (1975) and Pinkerton and Sparks (1978). The viscosity estimate 
from the fluid dynamic model is much greater than the estimates from the 
petrological model of  viscosity in the higher temperature range and only 
approaches the petrological model at a temperature of  700°C. There is thus 
an important  discrepancy in the two methods of  calculation which we will 
consider in detail in section 6. 

TABLE IV 

Viscosity estimate of  the Soufri~re basaltic andesite lava assuming a phenocryst content 
of  45% and dacitic liquid phase 

Temperature (°C) Viscosity (poise) 

1100 3 × 107 
1000 2.1 × 108 

900 2.3 × 109 
800 3.1 × 101° 
700 8.1 X I0 '~ 

(d) Discharge rate 

Figure 13 shows the variation of volume discharge rate with height of the 
lava, The discharge rate is evaluated by subtracting adjacent values of the 
volume from Table II and dividing by the time difference. The height used is 
the average of  the heights observed at the two adjacent times. We observe an 
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early period when the discharge rate increased rapidly to a peak value around 
105 m3/day after a height of  75 m was reached on about  May 21. Thereafter 
there is an approximately linear fall-off of discharge rate with increasing lava 
height. We suggest that  this can be interpreted as due to the driving pressure 
in the conduit  decreasing linearly with the height of  the dome as the magma 
column approaches its equilibrium hydrostat ic head. In a cylindrical volcanic 
conduit  of  diameter D the volumetric flow rate is: 

~D 4 
Q = 128u-I--E AP {5.6) 

where L is the conduit  length and AP the driving pressure. In the situation of  
a column of liquid rising through the crust, the value of  Ap is: 

A p  = P m g ( h f  - h)  (5.7) 

where h is the height at any given time, Pm is the magma density and h f  is 
the height of  the column at which Ap = 0 and may thus be identified with 
the final hydrostat ic  height of  the liquid column. This simple model  predicts 
that:  

Q = g ( h f -  h)  (5.8) 

where K is a constant  which depends on the shape and length of  the conduit  
and the magma viscosity and density. The data in Fig. 13 shows such a rela- 
tionship after the lava reached a height of  69 m and supports the proposal 
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that  growth ceased when the lava column reached hydrostat ic  equilibrium. 
With the Soufri~re vent posit ioned at the surface of  the 1979 crater floor, 
the initial driving pressure at the crater surface is given by:  

P =Pmgh (5.9) 

With P m =  2.5 X 103 kg m -3, hf  = 130 m, {5.9) indicates that  P = 3.2 MPa 
(32 bar). 

For  the first period of  growth up to May 14 the lava increased its dis- 
charge rate rapidly. We interpret this behaviour as the result of  the lava 
having to force its way through the conduit  blocked by rubble and previous- 
ly cooled lava. It appears that  only after May 14 was the lava able to flow 
freely to the surface through an established conduit  system. 

6. DISCUSSION 

The theoretical model  for the spreading of  a Newtonian fluid has been 
found to give good predictions for the behaviour of  silicone oils in labora- 
tory experiments.  When the theory is applied to the Soufri~re lava the results 
of the model  are consistent with the observations. The prediction of  the 
variation of  spreading rate with time over the first 90 days is close to that  
observed. The shape of  the lava is also comparable to  the model  except  the 
flow front  has been modified by avalanching and the height is somewhat  
greater than predicted. 

The behaviour of  the lava departs from the predicted model progressively. 
Specifically, the model  predicts that  spreading should continue indefinitely, 
but  more and more slowly, even after the influx of  lava greatly decreased in 
early August. The lava continued to spread after August 4 until October  2, 
but  the field observations suggest that  this was dominantly the result of  
avalanching at the flow front.  It is possible that  viscous flow was still 
occurring up to the beginning of  October.  However,  after October  2 it is 
clear that  further expansion of  the f low was inhibited by some other factor, 
most  probably the retaining strength of  the flow front. 

Over the first 90 days of  f low the model  yields an estimate of  the effective 
viscosity of  the lava of  2 X 1012 poise. This is rather higher than viscosities 
estimated by a petrological method (Table V) except  at anomalously low 
eruption temperatures for a basaltic andesite lava. At least three factors 
might influence the value of  effective viscosity: non-Newtonian properties, 
the effect  of  a cooled skin of  high viscosity lava and disrupted blocks and the 
effects of  a f low front  composed of  cooled lava and avalanched blocks. 
These are considered below. 

Using the data of Pinkerton and Sparks (1978) and Moore and Schaber 
(1975),  we estimate the yield stength of the lava to be between 500 and 
10,000 Nm -2. In our pure fluid model  the shear stress t~u/~z is given from 

h (h-z) ,  which for the Soufri~re lava is of  order pg(h-z). Thus (2.5) as - p g  r 
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T A B L E  V 

T h e  d e p t h  o f  t h e  so l id i f i ca t ion  f r o n t  at  t e m p e r a t u r e  T~ as a f u n c t i o n  o f  t ime  for  a slab 
wi th  ini t ial  t e m p e r a t u r e  1000°C,  coo l ing  by  c o n d u c t i o n  

T im e  T 1 = 800°C T 1 = 900°C 

1 d ay  0 .45  m 0 .54 m 
10 d ay s  1.4 m 1.7 m 

100 days  4.5 m 5.4 m 

the finite yield strength is exceeded within 1 m from the top  of  the lava, 
justifying the use of  a Newtonian fluid model.  The cooling of  the upper sur- 
face of  the lava can be roughly estimated by considering the cooling of a 
slab, initially at 1000°C, which loses heat by  conduct ion through its upper 
surface that  is in contac t  with air at 0°C. The thermal history of  such a slab 
has been calculated by Carslaw and Jaeger ( ~ 11.2, I, 1959). From their 
analysis, the temperature profile and depth of  the solidification front can be 
evaluated as a function of  time. Table V presents the depth of  the solidifica- 
tion front  for the two cases of  solidification occurring at either 800 or 900°C 
and incorporates a latent heat of  50 cal gm -1, a specific heat of  0.3 cal gm -1 
°K-1 and a thermal diffusivity of  10 -6 m2s -1. Even after 100 days the solid 
crust is seen to be only of  the order of  5 m thick and Carslaw and Jaeger's 
analysis indicates that  a little below this crust the lava remains close to the 
initial temperature.  Thus a major proport ion of  the lava is at a uniform tem- 
perature and a uniform viscosity, justifying the use of  our constant  viscosity 
analysis. 

The base of  the lava will also cool, by conductive loss of  heat to the crater 
floor, and solidify. This process, similar to that  described in the preceding 
paragraph, merely adds a small amount  of  material to the floor, raising it 
slightly higher than the theoretical shape (Fig. 12). In detail, a slab cooling 
model  is not  directly analogous to the lava flow as the skin is being broken 
and stretched continually as the flow expands to form the rubbly surface. 
The broken nature of  the surface would enhance the cooling rate whereas 
the thinning of  the cooled skin by stretching tends to reduce the thickness of  
cooled material. However,  cooling is still conductive and the conclusions 
based on the simple calculations should not  be changed significantly. 

Although the cooled front  of  the flow is thin during the active period of  
lava growth, we consider that  the high value of  effective viscosity would 
possibly be due to its dominant  influence. At the front there will be steep 
thermal and therefore rheological gradients and thus a skin of  high-viscosity 
lava will always surround the more fluid, high-temperature interior of  the 
flow. We suggest that  the effective viscosity may be due to the dominating 
influence of  the high-viscosity flow front.  

There are other  situations of  flow involving fluids of  variable viscosity 
where it is the high-viscosity part of  the system which controls the flow. In 
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the case of  a pipe with part  of  its length containing high viscosity fluid and 
the rest of  its length containing low-viscosity fluid driven under a pressure 
gradient, the effective viscosity of  the fluid is the mean of  the two viscosities 
weighted by  the respective lengths of  the two fluids. In a lava surrounded by 
a skin of  high viscosity it is not  clear how to calculate the influence of  this 
high viscosity because the flow pattern is very different to that  in a pipe. The 
high value of  viscosity derived from the model  does suggest, however,  that  
the viscosity at the flow front may be dominant  although more data and 
theoretical analysis are required to verify this suggestion. 

High silica melts typically change to a glass at a temperature around 700°C 
and at a viscosity close to 1013 poise (Carmichael et  al., 1974}. Indeed for 
practical purposes glass technologists often define the glass transition as the 
temperature at which the viscosity reaches 1013 poise. At lower temperatures 
glass will deform by brittle failure. Thus the skin of  cool fluid around a 
silica-rich lava can be assumed to vary from some low viscosity determined 
by its temperature and composit ion to 1013 poise on its outer  margins. 
Below this temperature the glassy skin will deform by tensile failure forming 
blocks. One possibility is that  the high effective viscosity of  the lava from 
the flow model  is strongly weighted by the highest viscosity part, i.e. the 
marginal fluid just  above the glass transition temperature.  Thus the value of  
effective viscosity would be just  beneath the glass transition temperature,  in 
this case 2 × 1012 poise. More examples of  viscous dome behaviour are 
needed to test this idea. 

The model  also does not  take into account  the progressive accumulation 
of  blocks at the f low front forming a restraining collar. Even at the beginning 
of  the lava's life the surface of  the flow consisted of  loose angular blocks up 
to 4 m in diameter. One of  the most  impressive features of  the advance of  
the flow was the avalanching of  these blocks from the sides of  the extrusion 
to form a substantial scree. This scree const i tuted the visible flow front,  
which was in places pushed across the crater floor bulldozing up the crater 
f loor sediments. There is thus an alternative view to the viscous model  which 
is that  the diminishing rate of  the spreading of  the lava was the consequence 
of the build up of  a scree collar at the front of  the flow of  increasing size and 
strength. 

Independent  evidence for the importance of  the flow front composed of  
rubble and cooled high viscosity lava can be found from examination of  a 
cross-section of  an older andesitic extrusion with a similar aspect ratio which 
is exposed in the north wall of  the Soufri~re crater. Figure 14a shows a 
geological section through the flow front. Two-thirds of  the exposed section 
are massive, columnar jointed andesite with 57.8% SiO2. The eastern third of  
the lava is the f low front and reveals a complex internal structure (Fig. 14}. 
The flow front  consists of  two or three major pods of  columnar rock, with 
jointing perpendicular to the curved cooling surface. The matrix between 
the massive pods and the top  and bo t tom of  the lava is composed of  a mix- 
ture of  angular lava blocks and scoria, similar to  the surface layer of  the 



WEST 

(a) 

EAST 

Blocky Scoriaceous Rubble 

~ ~ _ - 7 , - ' 7 " , , , - Y  ~'~'~i ~,' - - /  

I i 
Massive Columnar Andesite ~ "~ - -A . . _ I  l 

I I 
l O O m  

221 

(b) 

M e t r e s  

Fig. 14. a. Geological section of flow front of pre-historic andesite lava in crater wall. 
b. Schematic section through 1979 lava. 

1979 lava. This surface layer on the pre-historic flow is of  the order 5 to 
10 m thick, increasing to  30 m at the snout.  We consider that  the structures 
in this pre-historic coulde provide an indication of  the final internal structure 
of  the 1979 lava extrusion. Figure 14 shows a schematic section of  the struc- 
ture envisaged. 

If the lava flow front  was sufficient to stop flow, then it may also have 
had significant influence earlier in the lava's growth, when the behaviour ap- 
pears to  be consistent with the viscous model.  This will depend on how the 
flow front  changes in size and strength with time. This is a topic which re- 
quires future investigation. We hope that  the current analysis and data on the 
Soufri~re erupt ion will p rompt  further measurements on active lava domes 
to test  if the viscous model  is an adequate t reatment  of  growth. 
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