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Abstract

Pyroclastic flows are noted for their highly ‘mobile’ behaviour, being able to flow on slopes as low as a few degrees,
and this has been attributed to fluidisation or partial fluidisation by escaping gases. The three types of pyroclastic
flows generated during the eruption of Soufrie're Hills Volcano on Montserrat (dome-collapse, fountain-collapse and
surge-derived) differ in their apparent ‘mobility’, suggesting different degrees of fluidisation and friction reduction in
the flowing granular materials. Several possible sources of fluidising gas operate in pyroclastic flows. The purpose of
this paper is to assess the feasibility of one mechanism: the release during flow of pressurised gases trapped in the
vesicles of juvenile clasts. Measurements with a helium pycnometer show that all vesicles in dense lava blocks from
dome-collapse pyroclastic flows are connected, so that the mechanism is probably not viable for such flows. On the
other hand, pumices from fountain-collapse pyroclastic flows from Soufrie're Hills and other volcanoes contain up to
10 vol% of isolated vesicles. This is confirmed by SEM imagery, which shows that Soufrie're Hills pumices contain two
vesicle populations, with a bimodal size distribution. The large vesicles are mostly interconnected, whereas about two
thirds of the smaller population (6 15 Wm) are isolated. The small vesicles are located as strings, and in some cases as
distinctive spheroidal clusters, in the walls between the large vesicles. Many small vesicles and spheroidal vesicle
clusters inflated into the (connected) large vesicles as they grew, because they were isolated and had higher internal
pressures. The populations probably record two bubble nucleation events in the ascending magma. The second
nucleation event must have occurred before the pumices left the vent because the two populations are also preserved
in fallout pumices ejected during the same 1997 Vulcanian explosions that generated the pyroclastic flows. One
possibility supported by calculations is that the second event occurred in response to brutal decompression of the
magmatic foam as it fragmented. Rupture of isolated vesicles provides a potential source of gas in fountain-collapse
pyroclastic flows at Soufrie're Hills and other volcanoes. Despite significant uncertainties of the relevant parameters,
rough calculations show that abrasion of pumice clasts during flow transport could potentially liberate gas at a
sufficient rate to fluidise or partially fluidise the material. However, this mechanism is not tenable in dome-collapse or
surge-derived flows on Montserrat, the juvenile components of which lack isolated vesicles. Other gas sources, or
other mechanisms of friction reduction, must be invoked for these flows.
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1. Introduction

Pyroclastic £ows are concentrated, gravity-
driven mixtures of hot gas and particles capable
of travelling several kilometres or even tens of
kilometres on slopes as small as a few degrees
[1] ; recent examples include those of Ngauruhoe
Volcano, New Zealand, in 1975 [2], Mount Un-
zen, Japan, in 1991 [3], Lascar Volcano, Chile,
in 1993 [4], and Merapi Volcano, Indonesia, in
1930 and 1994 [5^6]. The ongoing eruption of
Soufrie're Hills Volcano, Montserrat, has pro-
duced three types of pyroclastic £ow: dome-col-
lapse £ows, generated by gravitational destabilisa-
tion of lava domes, fountain-collapse £ows,
generated by partial collapse of eruptive plumes,
and surge-derived £ows, generated by rapid sed-
imentation from pyroclastic surges [7^10]. The ju-
venile components in dome-collapse and surge-
derived pyroclastic £ows are dense, whereas in
fountain-collapse £ows they are pumiceous. De-
posits from surge-derived and fountain-collapse
pyroclastic £ows on Montserrat have on average
higher mobility indices than those of dome-col-
lapse £ows, irrespective of whether L/H (L : hor-
izontal distance to distal limit of deposit ; H :
height dropped) or A/V2=3 (A : surface area of
deposit in plan view; V : deposit volume) is used
as the mobility index [11]. Dome-collapse £ows,
on the other hand, have slightly higher L/H than
cold-rock avalanches, but similar A/V2=3 ratios
[11].
The enhanced mobility and low apparent fric-

tion of some pyroclastic £ows with respect to
cold-rock avalanches has been attributed to £uid-
isation by escaping gases. Possible sources of gas
include ingestion of air, vaporisation of surface
water or vegetation, exsolution from juvenile
clasts, and release by clast attrition of gas trapped
in vesicles [12^15]. Surface water or vegetation do
not seem to play important roles at Montserrat
because mobility is independent of whether £ows
are emplaced onto virgin ground or onto recently

emplaced £ow deposits that are dry and non-
vegetated [11]. Exsolution cannot be important
owing to the low emplacement temperatures of
the £ows (dome-collapse 365^640‡C; fountain-
collapse 180^220‡; surge-derived 120^400‡C, all
measured a few hours to a few days after em-
placement [8]), since the di¡usion rate of water
in silicate glass is negligible at such temperatures.
Calder et al. [11] noted that the most mobile py-
roclastic £ows on Montserrat (fountain-collapse
and surge-derived) form by rapid sedimentation
from dilute suspensions (respectively, collapsing
eruption fountains and rapid settling from pyro-
clastic surges) and they suggested that this rapid
settling generates concentrated granular £ows
with low frictional resistance. They also specu-
lated that the relatively ¢ne-grained character of
the fountain-collapse and surge-derived £ows may
have played a role in their low frictional resis-
tance.
In this paper we test the role of clast attrition as

a £uidisation mechanism. The proportion of iso-
lated vesicles capable of retaining exsolved gas is
measured on juvenile clasts from pyroclastic £ow
deposits at Soufrie're Hills and elsewhere. Obser-
vations of vesicle textures are also reported. Cal-
culations suggest that clast attrition may have
played a role in the £uidisation of the fountain-
collapse £ows, but not of the dome-collapse or
surge-derived £ows.

2. Vesicle connectivity

We determined the abundances of isolated
vesicles in juvenile clasts from pyroclastic £ow
deposits using a helium pycnometer. This is well
adapted for vesicularity measurements because
the helium can enter even the smallest vesicles.
Samples were cut into cubes of known total vol-
ume (solids+vesicles; Vsam). Measurement with
the pycnometer gives the volume Vmeas of the sol-
id phases (glass+crystals) plus the volume of any
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isolated vesicles. The connected vesicularity (Xc) is
given by:

X c ¼ 13
Vmeas

V sam
ð1Þ

The same cubes were then crushed (grain size of
about 20^30 Wm) and the volume again deter-
mined using the pycnometer. This then gives the
mean density of the solid phases in each sample
(bs). The total vesicularity (Xt) is then given by:

X t ¼ 13
msam

b sV sam
ð2Þ

where msam is the mass of each cube. The fraction
of isolated vesicles is given by Xt3Xc.

Measurements were carried out on 10 pumices
from fountain-collapse pyroclastic £ows (Vulcan-
ian explosions of August^October 1997) and sev-
en dense lava blocks from dome-collapse £ows (21
September 1997) from Soufrie're Hills. Vesicular-
ities of 1997 pumices range from 45 to 80 vol%
and those of dome lava blocks from 0 to 50 vol%
(Fig. 1). For comparison we also included 22
pumices from Lascar Volcano, Chile (19^20 April
1993 fountain-collapse £ows) and a total of nine
dense lava blocks from Merapi Volcano, Indone-
sia (1930 and 1994 dome-collapse £ows; 1993 and
1995 lava domes), Cayambe Volcano, Ecuador
(Holocene dome-collapse £ows), and Mount Saint
Helens, USA (disrupted cryptodome, 18 May

Fig. 1. Densities of pumices and lava blocks from Soufrie're Hills Volcano: 85 lava blocks from the 21 September 1997 dome-col-
lapse pyroclastic £ows and 120 pumice blocks from the 1997 Vulcanian products (fountain-collapse pyroclastic £ow deposits and
associated fallout). Samples were dried and weighed, then placed into water to saturate the pores. They were then lightly dabbed
to remove surface water and placed again in water to measure the external volume. Vesicularities were calculated using a mean
density of 2600 kg m33 for the solid phases.
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Table 1
Values for the mass and the volume of the cube (msample and Vsample), the density of the solid phase (bs), the volume of the solid
phase plus the volume of the isolated vesicles (Vmeasured), the bulk vesiculrity (Xb) and the connected vesicularity (Xc) of the sam-
ple of pumices and lava blocks studied in this work

Samples msample Vsample bs Vmeasured Xb Xc

(g) (cm3) (g cm33) (cm3) (vol%) (vol%)

Lava blocks from Soufrie're Hills Volcano
YF 8 47.59S 0.01 21.26S 0.78 2.73S 0.01 17.44S 0.06 18.0S 3.0 18.0S 3.0
YF 9 67.85S 0.01 29.29S 1.20 2.71S 0.01 24.86S 0.08 14.5S 2.9 15.1S 2.8
YF 10 81.50S 0.01 37.67S 1.20 2.74S 0.01 29.45S 0.07 21.1S 2.5 21.8S 2.5
YF 13 45.57S 0.01 23.66S 1.05 2.69S 0.01 16.90S 0.08 28.3S 3.2 28.6S 3.2
YF 14 63.10S 0.01 33.02S 0.81 2.71S 0.01 23.10S 0.09 29.5S 1.8 30.1S 1.7
YF 15 35.51S 0.01 18.22S 0.81 2.68S 0.00 13.26S 0.07 27.2S 3.3 27.2S 3.3
YF 33 34.42S 0.01 24.04S 0.47 2.64S 0.01 13.11S 0.05 45.7S 1.1 45.5S 1.1
Pumice from Soufrie're Hills Volcano
YF 16-2 5.96S 0.01 8.25S 0.09 2.64S 0.01 3.11S 0.02 72.6S 0.3 62.3S 0.5
YF 17-1 33.94S 0.01 38.07S 0.13 2.66S 0.00 16.33S 0.10 66.4S 0.1 57.1S 0.3
YF 17-2 19.88S 0.01 23.66S 0.40 2.65S 0.06 9.83S 0.06 68.3S 0.9 58.5S 0.8
YF 18 29.83S 0.01 42.36S 0.45 2.63S 0.01 15.03S 0.07 73.3S 0.3 64.5S 0.4
YF 19-1 25.78S 0.01 27.67S 0.60 2.64S 0.01 11.02S 0.09 67.7S 0.8 62.3S 0.5
YF 19-2 27.85S 0.01 29.87S 0.82 2.70S 0.01 11.69S 0.10 65.5S 1.0 60.9S 1.1
YF 20-1 30.22S 0.01 23.73S 0.37 2.66S 0.01 11.92S 0.10 52.2S 0.8 49.8S 0.9
YF 20-2 29.51S 0.01 23.30S 0.29 2.70S 0.01 11.59S 0.10 53.1S 0.6 50.2S 0.8
YF 21-1 14.82S 0.01 22.51S 0.60 2.65S 0.01 6.93S 0.05 75.2S 0.1 69.2S 0.2
YF 21-2 18.64S 0.01 28.26S 0.96 2.67S 0.01 8.87S 0.09 75.3S 0.8 68.6S 1.1
Pumice from Lascar Volcano
La 1 27.44S 0.01 38.31S 0.62 2.60S 0.01 11.37S 0.03 72.4S 0.5 70.3S 0.5
La 2 35.36S 0.01 41.06S 0.59 2.59S 0.00 15.00S 0.08 66.8S 0.4 63.5S 0.6
La 3 42.15S 0.01 47.01S 0.58 2.62S 0.01 17.86S 0.11 65.7S 0.4 62.0S 0.5
La 4 31.44S 0.01 33.95S 0.32 2.58S 0.01 13.35S 0.05 64.1S 0.4 60.7S 0.4
La 5 48.81S 0.01 53.48S 0.63 2.55S 0.01 21.02S 0.10 64.7S 0.4 60.7S 0.5
La 6 30.92S 0.01 36.68S 0.36 2.59S 0.01 13.52S 0.06 67.4S 0.3 63.2S 0.4
La 7 30.83S 0.01 36.88S 0.50 2.62S 0.00 13.46S 0.05 68.1S 0.4 63.5S 0.5
La 8 31.46S 0.01 38.90S 0.63 2.59S 0.01 13.87S 0.07 68.8S 0.5 64.3S 0.6
La 9 17.60S 0.01 23.25S 0.48 2.60S 0.01 7.79S 0.02 70.9S 0.6 66.5S 0.7
La 10 37.61S 0.01 43.08S 0.40 2.60S 0.01 15.39S 0.05 66.4S 0.3 64.3S 0.4
La 11 39.44S 0.01 41.24S 0.44 2.60S 0.00 16.31S 0.04 63.3S 0.4 60.5S 0.4
La 12 25.38S 0.01 38.72S 0.52 2.59S 0.01 11.05S 0.02 74.7S 0.4 71.5S 0.4
La 13 28.89S 0.01 35.18S 0.52 2.61S 0.01 13.38S 0.03 68.4S 0.5 62.0S 0.6
La 14 30.82S 0.01 46.83S 0.69 2.62S 0.00 12.99S 0.06 74.9S 0.4 72.3S 0.4
La 15 27.05S 0.01 33.72S 0.60 2.60S 0.01 11.27S 0.02 69.1S 0.6 66.6S 0.6
La 16 22.59S 0.01 29.29S 0.58 2.62S 0.01 9.73S 0.02 70.5S 0.6 66.8S 0.7
La 17 31.62S 0.01 39.59S 0.68 2.58S 0.01 12.93S 0.05 69.1S 0.6 67.4S 0.6
La 18a 31.16S 0.01 30.67S 0.31 2.56S 0.01 13.51S 0.02 60.2S 0.4 56.0S 0.5
La 18b 33.71S 0.01 31.54S 0.23 2.58S 0.01 14.21S 0.13 58.6S 0.3 55.0S 0.5
La 19 34.25S 0.01 34.73S 0.69 2.64S 0.00 14.66S 0.04 62.6S 0.7 57.8S 0.9
La 20 46.65S 0.01 45.89S 0.42 2.63S 0.01 20.06S 0.07 61.3S 0.4 56.3S 0.4
La 21 42.20S 0.01 43.39S 0.48 2.56S 0.01 17.36S 0.06 62.0S 0.4 60.0S 0.5
Lava blocks from Merapi Volcano
Me 30 29.56S 0.01 11.47S 0.21 2.74S 0.01 10.50S 0.06 6.0S 1.8 8.5 S 1.8
Me 93 64.88S 0.01 30.58S 0.31 2.72S 0.00 23.41S 0.09 21.9S 0.8 23.5S 0.8
Me 94 74.44S 0.01 32.10S 0.55 2.72S 0.01 26.89S 0.11 14.9S 1.5 16.2S 1.5
Me 95 35.37S 0.01 15.94S 0.53 2.73S 0.01 12.85S 0.05 18.8S 2.7 19.4S 2.7
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1980 blast deposit). The volumes of the cubes
used for this study ranged from 10 to 50 cm3.
Pumice blocks from Soufrie're Hills and Lascar
pyroclastic £ows have rounded shapes due to
abrasion during transport (Fig. 2a).
Results are given in Table 1 and are shown in

Fig. 3. For each sample, ¢ve measurements were
made with the helium pycnometer in order to cal-
culate the standard deviations of Vmeas and bs.
The error bars in Fig. 3 re£ect the standard devi-
ations on Vsam, Vmeas and bs. Lava blocks (from
the dome-collapse £ows) have total and connected
vesicularities that are within error of each other
(2^30 vol%; one Soufrie're Hills sample with 45
vol%), showing that no isolated vesicles exist in
these materials. In contrast, all pumice samples
from Soufrie're Hills and Lascar have connected
vesicularities lower than total vesicularities, the
latter lying in the range 50^75 vol%. Thus in

each case there exists a population of isolated
vesicles, these accounting for 2^10 vol% (mean
6.5%) vesicularity at Soufrie're Hills and for 2^7
vol% (mean 3.5%) at Lascar. The two cryptodome
samples from Mount Saint Helens have vesicular-
ities of about 50 vol%, of which about 5% repre-
sent isolated vesicles.

3. Scanning electron microscopy (SEM)
investigation

In order to characterise the vesicle textures, six
pumices (YF 16 to YF21; Table 1) from the Sou-
frie're Hills fountain-collapse £ows were examined
by SEM. We also included three fallout pumices
from the 1997 Vulcanian explosions (Fig. 2b).
Fallout pumices could not be studied by pycnom-
etry because they are in general too small ; how-

Fig. 2. (a) Typical pumice block in a fountain-collapse pyroclastic £ow deposit from the 1997 Vulcanian explosions on Montser-
rat. The block is rounded due to attrition in the £ow. (b) Fallout pumices generated by the same Vulcanian explosions in 1997.
The angular, tabular shapes show that fragmentation in the conduit occurred by brittle spallation of a gas-pressurised magmatic
foam [9].

Table 1 (Continued).

Samples msample Vsample bs Vmeasured Xb Xc

(g) (cm3) (g cm33) (cm3) (vol%) (vol%)

Lava blocks from Cayambe Volcano
CAY 7 76.50S 0.01 33.43S 0.34 2.54S 0.01 29.91S 0.02 9.8S 0.9 10.6S 0.9
CAY 4b 71.17S 0.01 28.29S 0.55 2.57S 0.01 27.44S 0.06 2.2S 1.9 3.0 S 1.9
CAY 4d 49.10S 0.01 22.55S 0.12 2.55S 0.01 19.18S 0.12 14.6S 0.5 15.0S 0.7
Lava blocks from Mount Saint Helens
MStH 1 41.11S 0.01 31.89S 0.27 2.57S 0.01 17.60S 0.16 49.9S 0.5 44.8S 0.7
MStH 2 22.04S 0.01 17.27S 0.17 2.57S 0.01 9.56S 0.12 50.4S 0.5 44.7S 0.9
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ever they were examined by SEM in order to con-
trast them texturally with the pyroclastic £ow
pumices, which, although generated by the same
set of explosions, had di¡erent thermal histories
after leaving the vent. Two Lascar pumices (La 1
and La 2) and two samples from Soufrie're Hills
dome-collapse £ows (YF 14 and YF 33) were also
examined.

3.1. Vesicle textures in pumices from Soufrie're
Hills fountain-collapse pyroclastic £ows

All six pumices from Soufrie're Hills fountain-
collapse £ows have two populations of vesicles of
di¡erent sizes. The relatively large vesicles have
diameters of 15^50 Wm and are characterised by
textures of ductile connectivity, such as the pres-
ence of ovoid holes between adjacent vesicles.
These holes are surrounded by the remains of
retracted liquid ¢lms (arrows on Fig. 4a^c,f),
showing that most of the connectivity did not
occur by brittle fracture. The relatively large sizes
of these vesicles partly result from ductile coales-
cence of pre-existing vesicles, probably prior to
fragmentation of the magma. The large vesicles
are interpreted to form a connected network and
to account for most of the connected vesicularity
of the pumice.
Vesicles of the relatively small population have

diameters in the range 1^15 Wm and are com-
monly located in the walls between the large
ones, forming groups or strings of bubbles (Fig.
4a,d), as also described from pumices elsewhere
[16]. Some of the small vesicles are grouped into
spheroidal clusters several tens of Wm in diameter
(Fig. 4b,c). Many of the small vesicles show evi-
dence of in£ation into adjacent, larger vesicles
(Fig. 4f). During in£ation, the walls of the small
vesicles were thinned, but in many cases were
quenched before they could rupture. The spherical
clusters (Fig. 4c) as a whole also show evidence of
in£ation. They commonly protrude with bulbous,

cauliform shapes into adjacent large vesicles (Fig.
4c). Individual vesicles within the clusters show
numerous signs of ductile connectivity (Fig.
4b,c); it therefore seems that many of the small
vesicles within the spheroidal clusters are mutu-
ally interconnected, while being isolated from the
larger vesicles.
The vesicle-size distribution shown in Fig. 5

con¢rms the existence of two distinct vesicle pop-
ulations. It was obtained from the photograph in
Fig. 4d in the manner described in the caption of
Fig. 5. The small vesicle population represents
about 20% of the area of Fig. 4d, whereas that
of the large vesicles represents about 40%. Trans-
forming the 2D distribution into a 3D one using
the method of Saltikov [17] (and assuming that
the vesicles are spherical) suggests that in volu-
metric terms the small vesicles represent about
15% of the pumice and the large ones about
45%. If we compare this with the proportion of
isolated vesicles yielded by pycnometry (up to 10
vol%), we infer that about two thirds of the small
vesicles are isolated.

3.2. Vesicle textures in pumices from Soufrie're
Hills fallout

Fallout pumices from the 1997 Soufrie're Hills
explosions are more variable texturally than those
from the pyroclastic £ows. Of the three clasts
studied, two have textures resembling those of
pumices from the pyroclastic £ows, with two pop-
ulations of vesicles and with small vesicles form-
ing strings located in the walls of larger vesicles
(Fig. 4e). Many of the small vesicles in these clasts
also preserve evidence of late-stage in£ation into
larger vesicles (Fig. 4f). The third fallout clast
studied is less vesicular, the vesicles are subangu-
lar to angular in shape and the vesicle-size distri-
bution appears by visual inspection to be unimod-
al. This clast appears to be texturally transitional
to the dome samples described below and possibly

6

Fig. 3. (a) Graph of connected vesicularity versus total vesicularity in samples of pumices and dense lava blocks from Soufrie're
Hills and other volcanoes. The diagonal line represents equality between the two, Xb =Xc. Beneath this line the samples have iso-
lated vesicles. (b) Enlargement of the area marked in a.
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represents a fragment of the dome ejected by the
explosions, rather than fresh, gas-rich magma
from the conduit.

3.3. Vesicle textures in dense clasts from Soufrie're
Hills dome-collapse pyroclastic £ows

Lava blocks from the 21 September 1997 Sou-
frie're Hills dome-collapse £ow are poorly vesicu-
lar, with subangular to angular vesicles typically
less than 10 Wm in size (Fig. 4h). The paucity of
spherical vesicles in these samples is due to the
high percentage of microlites, which limit vesicle
growth and impose angular shapes. Although
some vesicles visibly form a network (Fig. 4h),

the complete interconnectivity revealed by pyc-
nometry is not evident from SEM images.

3.4. Vesicle textures in pumices from Lascar
fountain-collapse pyroclastic £ows

For comparison, we include here some SEM
observations made on pumices from the 1993 Las-
car pyroclastic £ows. As for those from the Mont-
serrat fountain-collapse £ows, Lascar pumices
have numerous vesicles that have in£ated. How-
ever, some small vesicles that have in£ated show
signs of connectivity with large vesicles. Indeed
some of these vesicles de£ated after their in£ation,
as shown in Fig. 4g. The de£ation of the in£ated
vesicles has not been observed in Montserrat
pumices; it has only been observed in the Lascar
pumices. The ¢lm of liquid of these vesicles re-
tracts and adopts a concave curvature whereas
the ¢lm of liquid of the in£ated vesicles adopts
a convex curvature. The de£ation of the vesicles
occurred before the viscous quench of the pumice.
The de£ation of the isolated vesicles can be ex-
plained by two phenomena: ¢rst, it may be due to
the loss of gas when these vesicles coalesced with
a large vesicle connected to the atmospheric envi-
ronment, or, secondly, it may be due to the ther-
mal contraction of the gas inside the vesicles dur-
ing the cooling of the pumice. But the coexistence
of in£ated vesicles near the de£ated vesicles in
Fig. 4g suggests that this is not the cooling of
the pumice which is responsible for the de£ation
of the vesicles. This idea is con¢rmed by the shriv-
elled shapes of some de£ated vesicles (Fig. 4g),
which suggests that the de£ation is brutal.
The same texture with two vesicle populations

6

Fig. 4. Typical textures of pumice samples examined by SEM. (a^d) Pumices from 1997 Soufrie're Hills fountain-collapse pyro-
clastic £ow deposits. (a) Typical texture (YF 16) with two populations of vesicles: a population of large, interconnected vesicles
and a population of small vesicles forming groups or strings in the walls between larger vesicles. (b) Small vesicles grouped in a
spheroidal cluster (pumice YF 16). (c) Cauli£ower external form of a spheroidal vesicle cluster (comparable to that of b) due to
in£ation into a neighbouring large vesicle (pumice YF 21). (d) Threshold image of the photo of a, used for measuring the
vesicle-size distribution in Fig. 5. Vesicles appear in black and solid phases in white. (e) Strings of small vesicles nucleated in the
walls of larger vesicles in a 1997 Vulcanian fallout pumice from Soufrie're Hills Volcano. (f) Detail of small vesicles that have in-
£ated into a large neighbouring vesicle (enlargement of area in e). Some of these vesicles have thinned walls indicating that they
were approaching ductile rupture when they were quenched. (g) Small vesicles in a Vulcanian pumice from Lascar Volcano,
showing evidence of initial in£ation, followed by de£ation. The de£ation is evident from the shrivelled appearance of the vesicle
walls. (h) Typical texture of a lava block from the 21 September 1997 dome-collapse pyroclastic £ow deposit on Montserrat.

Fig. 5. 2D vesicle-size distribution of a typical pumice from
1997 fountain-collapse pyroclastic £ow on Montserrat, mea-
sured from the image in Fig. 4d. ‘Equivalent area’ is the
number of vesicles of a size class (radius between xi and
xiþ1) multiplied by the area S of a vesicle with the mean ra-
dius of the class size: S= Z[xi+((xi+xiþ1)/2]2. Note that the
horizontal scale is logarithmic.
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has been clearly observed in all the samples from
fountain-collapse pyroclastic £ows, in two of the
three samples from fallout deposits and in the two
samples of the Lascar pumice.

4. Discussion

4.1. Vesicle bimodality and growth

Our observations show that dense blocks de-
rived from lava domes are commonly not able
to retain gas because essentially all the vesicles
are interconnected, as also found by Le Pennec
et al. [18] in an electrical conductivity study of
samples of Merapi lava dome. On the other
hand, typically a few volume percent of vesicles
in pumices from fountain-collapse pyroclastic
£ows at Soufrie're Hills and Lascar are isolated,
showing that gas can be retained in isolated
vesicles of pumices even after cooling and deposi-
tion. The results are consistent with vesicularity
studies of pyroclasts from other volcanoes using
the same or other techniques. Helium pycnometry
studies on pumices from Mount Saint Helens and
Crater Lake have revealed a percentage of iso-
lated vesicles comparable (6 10%) to that mea-
sured in this study [19,20]. With the same tech-
nique, Rust et al. [21] have shown that dacitic
lavas and pumices from Mount Meager Volcano
have up to 17% of isolated vesicles when the bulk
vesicularity exceeds 50%. Pinti et al. [22] have
estimated from isotopic data that the percentage
of isolated vesicles in pumice samples from Hok-
ka|«do (Japan) and Lipari (Aeolian Islands, Italy)
is less than 10 vol%.
Our SEM observations show that pumices from

Soufrie're Hills fountain-collapse pyroclastic £ows
contain two populations of vesicles : a large pop-
ulation of vesicles that are largely interconnected,
and a small population of vesicles, most of which
are isolated. Preliminary observations on pumices
from Lascar 1993 pyroclastic £ows also reveal
two vesicle populations. Vesicle bimodality has
also been observed in pumices from other volca-
noes, and has been attributed to two distinct nu-
cleation events [23^25]. At Soufrie're Hills, the
large vesicles nucleated relatively early during

magma ascent, whereas the small vesicle popula-
tion nucleated at a later stage within the walls of
the large vesicles. Evidence as to the timing of the
second nucleation event is provided by the fallout
pumices erupted during the same Vulcanian ex-
plosions, most of which also contain two vesicle
populations. Fallout and pyroclastic £ow pumices
therefore followed similar thermal and decom-
pression histories up to the moment they left the
vent; thereafter their histories must have di-
verged. It follows that the second nucleation event
must have taken place in the magmatic foam pri-
or to leaving the vent. One possibility is that the
second event took place during conduit ascent but
before fragmentation, perhaps due to microlite
growth [26^28] ; another possibility is that it oc-
curred in response to fragmentation, but that
growth was arrested due to either thermal or vis-
cous quench before the material left the vent [28^
29].
The second mechanism can be tested by an ap-

proximate calculation. The radius of a growing
vesicle is given by:

R ¼ R0 exp
vP
4R

t
� �

ð3Þ

[29,30], where R0 is the radius of the nucleus,
taken as 0.1 Wm [29], vP is the decompression
of the magma during and following fragmentation
(estimated at 10^16 MPa [31]), R is the viscosity
of the melt phase and t is the growth duration.
Considering the size of the small vesicle popula-
tion (6 15 Wm), which is of the same order as that
of the microlites (Fig. 4e), the relevant viscosity
‘seen’ by the growing vesicles would be that of the
rhyolitic melt phase alone. The viscosity of rhyo-
litic melt (R0) is given by [32] :

LogðR 0Þ ¼ 33:545þ

0:833ULnðwÞ þ 960132368ULnðwÞ
T3½195:7þ 32:25ULnðwÞ� ð4Þ

where T is the temperature and w is the water
percentage of the magma. So for the conditions
at fragmentation, T=1150 K [33^34] and w=0.6
wt% [31], the melt viscosity would be about 107

Pa s. Under these conditions, the time necessary
for a vesicle to reach 15 Wm diameter is of the
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order of 10 s; this is comparable to the time taken
by a pumice travelling from the fragmentation
level to the surface assuming an ascent speed
(100 m s31) and fragmentation depth (1 km) typ-
ical of the 1997 Vulcanian explosions [9]. We con-
clude that sudden decompression of the magma at
the moment of fragmentation may have triggered
a second nucleation event within the walls of
large, pre-existing vesicles. Growth of the second
vesicle population must have essentially ceased,
either due to thermal or viscous [35] quenching,
by the time the material left the vent, since the
vesicle bimodality is preserved both in pumices
emplaced as fallout and in those that entered
the pyroclastic £ows.
Irrespective of the exact timing of the second

nucleation event, once fragmentation occurred,
the large network-forming vesicles would have
rapidly lost their gas and their pressure would
have fallen to atmospheric. Many of the small
vesicles, on the other hand, would have retained
overpressures and in£ated into the larger ones, as
seen on the SEM images. As the small vesicles
grew, some of the liquid walls would have rup-
tured in a ductile fashion, allowing them to re-
lease their gas. The walls of other small vesicles
ruptured in a brittle mode, either in the eruptive
column or during the emplacement of pyroclastic
£ows. A few percent of small vesicles in pyroclas-
tic £ow pumices failed to rupture and remained
isolated.

4.2. Role of exsolved gas in the emplacement of
pyroclastic £ows

The presence of isolated vesicles provides a po-
tential source of gas in pyroclastic £ows by the
abrasion and breakage of clasts during £ow trans-
port. We now evaluate approximately the amount
of gas that could have been released in the Sou-
frie're Hills fountain-collapse £ows and the role
that this could have played in their £uidisation.
Let us as consider that at inception the £ow

consists entirely of pumice blocks without any
¢nes. The volume abraded during £ow emplace-
ment may be estimated by XVt, where X is the
percentage of attrition and Vt is the bulk volume
of the £ow. In this volume there is a fraction Y of

isolated vesicles that release their gas (at pressure
P) by attrition. The gas then expands to atmo-
spheric pressure (Pa). The volume of gas thus re-
leased is:

V gas released ¼
P
Pa

XYV t ð5Þ

The value of Y, as constrained by this study,
ranges from 0.01 to 0.1. However, the presence
of brittle fractures in some vesicle walls suggests
that some connectivity could have taken place by
microfracturing during cooling [36] or by colli-
sions of pumice clasts during £ow transport.
Thus the value of Y during emplacement of the
pyroclastic £ows may have been higher. We have
therefore used values of Y from 0.01 to 0.15.
The value of X is di⁄cult to estimate. Attrition

is known to be an important process in pyroclas-
tic £ows [37^40], as shown by the rounded shapes
of the pumice clasts (Fig. 2a). Fragmentation dur-
ing the Vulcanian explosions occurred by brittle
spallation of magmatic foam, generating angular
fragments of pumice that were then rounded by
abrasion in the £ows [9]. Assuming that the pumi-
ces initially had cubic shapes and were abraded to
spheres, then X would be 0.48. Power-law ¢ts of
pyroclastic £ow grain-size distributions also imply
a degree of particle abrasion during £ow genera-
tion and transport [39], although this is hard to
quantify. Given the considerable uncertainties in-
volved we have used a range of values of X from
0.1 to 0.75.
The vertical gas velocity generated in a pyro-

clastic £ow by pumice abrasion also depends on
the pressure in isolated vesicles at the moment of
rupture. This might in turn depend on the timing
of the nucleation event that formed the small
vesicle population. If the small vesicles grew al-
most entirely before fragmentation, then they
could theoretically retain pre-fragmentation pres-
sures (10^16 MPa [31,41,42]). Cooling from 1150
to V500 K (the approximate emplacement tem-
perature of the fountain-collapse £ows) would
have lowered this by a factor of more than two,
to a few MPa. If, on the other hand, the small
vesicles grew following fragmentation, expansion
during growth could have resulted in pressures
very much lower than this. Furthermore, experi-
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mental studies of magmatic foams have shown
that vesicles cannot retain excess pressures higher
than 1^5 MPa without bursting [43^44]. For these
reasons it is unrealistic to envisage pressures high-
er than 5 MPa, and possibly as little as 1 MPa,
within isolated vesicles in the Montserrat pyro-
clastic £ows.
Fig. 6 shows vertical gas velocities generated by

pumice attrition in an average 1997 Montserrat
fountain-collapse pyroclastic £ow using the above
assumptions. These are obtained by dividing the
total volume of gas released (Eq. 5) by the mean
transport duration of the pyroclastic £ow (V500
s [9]) and the area of the resulting deposit
(1.8U105 m2 [11]). In fact this underestimates
gas velocity because the mean surface of the
£ow during emplacement is half that of the ¢nal
deposit. Moreover, it assumes that attrition oc-
curred progressively over the transport duration
of the pyroclastic £ow; however, if most of the
attrition took place during fountain collapse or
during the early stages of £ow transport
[37,38,40], then we may signi¢cantly underesti-
mate the gas release during the early stages and
overestimate it during later stages.
Despite these reservations, Fig. 6 provides at

least an indication of the feasibility of the process.
The minimum gas velocity necessary to £uidise
typical ignimbrite has been determined experi-
mentally as about 0.5^1 cm s31 [45]. Moreover
recent studies have shown that full £uidisation

can occur at gas velocities as low as 0.1 cm s31

in ¢ne-grained ignimbrite at high temperature
(T.H. Druitt, unpublished data). If we take
5 MPa for the vesicle pressure, then a velocity
of 0.1 cm s31 can be achieved for very low values
of X (about 10%) if Y is ¢xed at 6.5 vol% or low
values of Y if XV50% (Fig. 6).
We infer that gas release by rupture of isolated

vesicles may have played a role in the £uidisation
of the Montserrat fountain-collapse pyroclastic
£ows, in particular during the early stages of
£ow transport. This is in contrast to gas release
by exsolution, which does not appear to have
been important because the £ows cooled too rap-
idly for di¡usive release to be signi¢cant [11].
Vesicle rupture is less likely to have been impor-
tant in the dome-collapse and surge-derived £ows,
as the poorly vesicular lava fragments that con-
stitute them contain few or no isolated vesicles, or
at least did not once the £ows had come to rest.
The fact that, of the three pyroclastic £ow types
on at Soufrie're Hills, it is the surge-derived £ows
that are the most ‘mobile’ shows that other fac-
tors such as ¢ne-grain size or elevated gas pore
pressures generated during £ow formation [11]
must be important.
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