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A t  the beginning of the 20th century, vol- 
canology began to evolve into a modem, 
multidisciplinary science. The circum- 
stances that triggered this growth involved 
two volcanoes in the Caribbean-Soufriere 
on St. Vincent and Mont Peke on 
Martinique-and one-Santa Maria-in 
Guatemala. Within 6 months in 1902. ex- 
plosive eruptions from these volcanoes killed 
about 36,000 people (1,2). Jaggar, one of the 
scientists sent to study the effects of the erup- 
tions, recognized that the reactive. "ex~edi- .. . . 
tionary" approach to volcanology then in 
vogue was inadequate and that it was neces- 
sary to observe and measure the behavior of 
volcanoes-including their seismic, ther- 
mal, and gas emission aspects-before, dur- 
ing, and after the eruptions (1 ). The devasta- 
tion he witnessed, particularly in the tropical 
city of St. Pierre, Martinique, the Pompeii of 
modem times. convinced him of the need to 
understand the processes, then inexplicable, 
that could kill thousands of people with little 
warning. Thus, within a decade, the first vol- 
cano observatories were established, one in 
Hawaii and the other in Japan. Others fol- 
lowed, but Jaggar's visionary objective of a 
global network of observatories has still only 
been partially achieved, because many of the 
world's most dangerous volcanoes are still 
poorly understood, little studied, and inad- 
equately monitored ( 1 4 ) .  This lack of 
knowledge represents the most pressing 
problem in reducing volcanic risk in a global 
context. 

Scientific and ~ubl ic  interest in volca- 

well-publicized eruption of Mount St. 
Helens and the tragic failure of hazard man- 
agement at Nevado del Ruiz in Colombia, 
where the death toll at Armero approached 
that of St. Pierre and left sobering lessons 
that must not go unheeded (5,6). 

Now, as the century draws to a close, the 
Caribbean is again the focus of attention for 
volcanologists worldwide, for the Soufriere 

noes and volcanology has increased greatly 
since 1980, stimulated by the dramatic and 
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nity, facilitated by the British Geological 
Survey. Additional assistance has been pro- 
vided by the U.S. Geological Survey 
(USGS), the French CNRS, and academic 
institutions around the world, as well as the 
citizens of Montserrat. The main foci of the 
operation comprise seismic, deformation, 
and gas monitoring, along with visual obser- 
vations, with helicopter support providing 
access to crucial locations. Visual monitor- 
ing is supported by remote video surveillance 
of the crater area and by still photography 
and video recording of dome growth patterns 
and block-and-ash flow em~lacement. Haz- 
ard evaluation and zoning has been aided by 
availability of a modem hazard map pub- 
lished in 1988 (a), with zone maps revised to 
meet new develo~ments. 

A telemetered seismic network provides 
real-time coverage to a permanently manned 
operations room. Earthquake swarms since 
1992 provided the first clues to the impend- 

Fig. 1. A dome in a dome In a dome. The plume, rising on 22 January from the most recent, growing 
dome, is inset into a hole blasted on 17 September 1996 into the next oldest dome, formed since 
November 1995. Both are enclosed within the crater rim (on the right) in a prehistoric dome complex, 
in which the younger domes are pushing outward on the crater rim. [Photo by Mark Davies] 

Hills volcano on the Lesser Antilles Emerald 
Isle of Montserrat is erupting, the hazard 
management problems are severe, and the 
necessary scientific response promises a re- 
naissance for volcanology in the United 
Kingdom and Caribbean comparable to that 
in the United States produced by Mount St. 
Helens. The lessons being learned there and 
the new techniques develo~ed are making - 
this eruption one of historic importance to 
volcano science (7). 

Since the onset of eruptive activity, 
Soufriere Hills has become one of the most 
closely monitored volcanoes in the world. 
Montserrat Volcano Observatory has been 
established, with staff drawn primarily from 
the Seismic Research Unit (SRU) of the 
University of the West Indies in Trinidad 
and from the U.K. volcanological commu- 
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ing eruption; unlike earlier swarms in 1897- 
1898,1933-1937, and 1966-1967 (8), these 
swarms led to the current eruption, which 
began as a small steam-ash outburst on 18 
July 1995. The swarms were sufficiently in- 
tense in 1994 to prompt SRU to increase the 
number of seismometers on Montserrat; after 
the initial eruption, additional instruments 
were added bv SRU, and the USGS Volcano 
Crisis ~ssistance ~ k a m  brought a system of 
telemetered seismometers and data acquisi- 
tion and analysis computers and software 
(including real-time seismic amplitude and 
spectral amplitude technology) tested in the 
Pinatubo emergency and since improved (9). 
The network has continued to function with 
a minimum of eight short-period instru- 
ments in continuous operation to the present 
(with some relocations and replacements). 
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In Ocmber 1996, the network was supple- 
mented by an array of state-of-the-art broad- 
band, wide-dynamic range digital seismom- 
eters, intended for long-term monitoring. 

The current network records and locate 
seismic events and classifies the signab into 
various types, as seismic signals can be gener- 
ated by magma-pressure-felated rock break- 
age, resonance of magma or $as-filIed cracks 
or conduits, rockfalls, and pyro~:1astic flows, 
or by regional tectonic events and culnual or 
mtural nok, By April 1997, more than 
60,000 individual events had been detected 
and recorded. 

over time; the resulting data is unprec- 
edented and crucial to the understanding of 
magmatic processes, 

&as monitoring is undertaken by 
based cartelation swcmmets, dilfusion-tube 
measurements of&&, and biweekly analysis 
of gases from active fumaroles. Chemical 
analysis of rain, spring water, and ash is ah 
undertaken, in relation to effects on human 
health. Other methodal&& used include 
petrology and geochemical studies deruptim 
and hydrothermal system p r h *  experi- 
mental phase equilibria, study ofpreg~~ptive 
volatiles in glass inclusions, lava viscosity 

ian a i r d  A shower of hot ballistic block as 
large as 1 m in diameter rainedon the commu- 
nity of Long G r a d >  2 km east of the crater, 
shattering roc& and igniting houses. Thank- 
fully, the community had been evacuated sev- 
eral nmnb earlierr, 

The capid city, Plymouth (population 
500C)), only 4 ksn west of the crater and previ- 
ously much dkurbed by drifting gas and ah 
do& is therefore currently evacuated, along 
with anumber ofsmaller-hties (Fig, 2). 
The eruption is causing serious hardship and 
economic &trees to the small island, and the 
flow of critical supplies is being hindered by 
the & to ships and local workers at the prt. 
In general, the officiab and h e  population 
have been h i 1 y  educated on vale& haz- 

,2 ards and are demonstrating 
6 great fonitude under the situ; 
E tim unposed on them. 
I: Since October 1996, a new 

dame has filled in the explo- 
sion vent, and pyroclastic flows 

ij have reamed. However, dome 
2 g70ppth has been epidic, out of 

phase with swcums a f m d  
e-aka that probably re- 
flect magma fracture during in- 
jectioa; the southern crater wall 
began to shed large rack slides 
in nqwnse to earthquakes m 
&swams,andcon~~mswere 
rahd about its stability, fearing 
a massive depmsmktion of 

Fig. 2 Mep of West Mks showing imation of M~ntserrat and (inset) the h e  and conduit behind 
SsufrUre Hills mloano. the wall, Thus, the scientists on 

Mmtwrrat have remained in- 
Frequent field measurement of deforma- memuremts, rock strength measurements, trigued, stimdated, and octxwionally alarmed 

tion is done with electronic diimce meter gravity surveys, and &sic defMmation and by the continuing activity, but the social and 
(EDN) and differential GPS (GI& Posi- pyrdasttc flow emplacement models (Fig. 1). economic presure building on officials and 
timing System) nemrks, supplemented by A notable aspect of the eruption since late island folk has been unrelenting, As the vol- 
eleetranic tiltmeters and crack ememolgetm+ March 1996 has been the production of hot, cano new its third year of eruptive activity, 
Two telemetered geodetic GPS receivers are incandescent high-speed flows of bl& and the strain is beginn'mg to show. 
also used- EDM monitoring to a &tor with- ash resulting fram collapse of the lava dome. 
in the crater detected accelerated coseismic Thee pymdastic flows have traveled from Rcfm and Notes 
ground dbplacements before the emergence of the crater, open to the e.ast, out to the sea, on 
fresh lava on 15 November 1995. Theviseous, their way destroying fomts and igniting veg- 1. R. I. Tllling, RevV Gkophys. 27,237 (1989). 
uy~tal-rich law (hornblende andesite, 58 to etation nea the h path. These flowi and 2 ~ 1 ~ ~ ~ ,  v&~d~C$~.p lMsla~ P e ~ ~ * t i n a  
61)% SiOz) piled up about the vent, form@ ei related, more diluter hot ash-cloud 3, R. Soarpa and R. L Tilling, ~ds., ~ o n i t o ~ w  and 

Mitigatian Qf Vokatiic W a r d s  (Springer-Ve-. lava domq which has continued to exhibit a cmstitute the principal hararrtr to the p o p  
Barlin, Isss). 

pattern of by lad areas in Moritserrar* to 4. W. J. McGW, C. R. J Kilbum, J. B. Murray, Eds., 
intervals of collapse that produce pyrockic present, these flm have traveled eastward, Manitwing ~ct ive  t r o c m s :  ~tmtegiw, P ~ C +  
flows. In order to monitor the changes in dome but avertical eruption column could generate a r e s  atid T ~ h n f ~ e ~ ( U n i v e r s i ~  College Pr-9 

London, 18%). shape and ~ I u m e ,  a method has been in- pplastic flow c~lumn c o l b ,  and 5. B. vobghn, S, " d m .  ~ ~ s o e r n .  Res. 42, 151 
vented at Montserrat that combin@ a hover- these could be directed toward western and (I~KJ): in (3, pp. 719-769. 

h g  helicopter platform (with Idnemaric GPS norrhm settlements thmugh low points in &:%: weanam and Socie@(ArnO1d* Lon 

m m l  on hover point tea) and laser the crater wallt This scenario is not wholly 7. Q. mdp, ~ d . ,  me ~ o ~ n ' w e  ~ i ~ s  ~ ~ p t ~ o n ,  
rang-finding binocuh (pmvid'i distances imaginative, as on 17 to 18 September 1996, MorWmat (abtracts for 27 November 1896 
and a n g b  to dome d c e  points). Surveys of whol p m f o d  dome collapse led ro conduit 8 EF&z$T sz; z z  's'iU, 
15 to 30 distributed poinm enable construe- depesmrbtion and then to & intensive, 541 (1mj. 
tion of a digital elevation madel, with d m  explwive, n d y  vadeal eruption column 

9 TcnTl t& E,:ys, Luckhat 
v01umes accurate to within 14%. Repeated that lasted for nearly an hour. Cbnduit over- 10, ~ ~ i - 1 ~  fwm (wmmaefy 
weekly helicopter surveys, combltled with pressures are estimated as 20 The erup- ' , and we available on 

thew& f r o m T m l r a t %  Page at http:ll precision ground suweys and photo mlysis, tion mated an ash plume at least 11.3 km m , g , m u ~ u / v d ~ . i n d i e s / m B T e ~  
have enabled reconstruction of lava flux high, lead'ing to several encounters with civil- govt. 
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