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Abstract

A second extrusive phase of the currently ongoing 1995^2003 eruption of Soufrie're Hills Volcano (SHV),

Montserrat, commenced in mid-November 1999 following V19 months during which no fresh lava had reached the

surface. By mid-March 2000, a new andesite lava dome constructed within a collapse scar girdled by remnants of the

1995^1998 dome complex had attained an estimated volume of V296 3 million m3 (Mm3). On 20 March 2000,

during a period of heavy rainfall on the island, a significant collapse event ensued that removed V95% of the new

lava dome (V286 3 Mm3) during V5 hours of activity that generated V40 pyroclastic flows and at least one

magmatic explosion. The associated ash cloud reached an altitude of V9 km and deposited ash on the island of

Guadeloupe to the southeast, and a number of lahars and debris flows occurred in valleys on the flanks of SHV. A

large quantity of observational data, including contemporaneous field observations and continuous data from the

broadband seismic network on Montserrat, allow a detailed reconstruction of this dome collapse event. In contrast to

most of the large dome collapses at SHV, the 20 March 2000 event is distinguished by a lack of short-term precursory

elevated seismicity at shallow depths beneath the lava dome. Broadband seismic amplitude data recorded during the

event are used to infer the cumulative volume of collapsed dome as the collapse progressed. These data indicate that

the high-velocity pyroclastic flows observed at the climax of the event removed by far the largest portion (V68%) of

the lava dome at peak discharge rates (estimated from the seismic record) of V2U104 m3 s31. Following the 20

March 2000 collapse, lava dome growth recommenced immediately and continued without significant interruption

until another, larger dome collapse occurred on 29 July 2001. The 29 July 2001 event also coincided with heavy

rainfall on Montserrat [Matthews et al. (2002) Geophys. Res. Lett. 29; DOI:10.1029/2002GL014863] and lacked

precursory elevated seismic activity. We attribute the initiation of the 20 March 2000 collapse to a prolonged spell of

heavy rainfall on the lava dome prior to and during the event. The precise causal mechanism remains controversial,

though some combination of mechanical erosion and/or destabilization of a critically poised face of the lava dome, the

action of pressurized steam or water on potential failure surfaces within the dome, rapid cooling of hot lava and small

phreatic explosions seems likely. Anecdotal evidence exists for other rainfall-induced activity on Montserrat, and the

triggering of explosive or pyroclastic flow activity by rainfall has been noted at dome-forming volcanoes elsewhere,

including Merapi, Indonesia [Voight et al. (2000) J. Volcanol. Geotherm. Res. 100, 69^138], Unzen, Japan [Yamasato
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et al. (1997) Papers Meteorol. Geophys. 48], Santiaguito, Guatemala [Smithsonian Institution Global Volcanism

Network Bull. 15 (1990)] and Mount St. Helens, USA [Mastin (1994) Geol. Soc. Am. Bull. 106, 175^185]. Hazard

mitigation plans at dome-forming volcanoes would therefore benefit from the inclusion of meteorological forecasting

and rain monitoring equipment, particularly in the tropics.

H 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Pyroclastic £ows and surges resulting from lava

dome collapses are the salient hazard in areas

surrounding dome-forming volcanoes. Dome col-

lapses can also trigger, or be triggered by, explo-

sive activity, which is a common feature of dome-

forming eruptions (Christiansen and Peterson,

1981; Newhall and Melson, 1983; Miller and

Chouet, 1994; Sparks, 1997; Voight and Els-

worth, 2000) and can result in column-collapse

pyroclastic £ows and drifting ash clouds that are

a signi¢cant hazard to aviation (e.g. Casadevall,

1994). The sudden onset of these events and the

highly destructive nature of the resulting pyroclas-

tic £ows and surges (e.g. Yamamoto et al., 1993;

Cole et al., 1998; Abdurachman et al., 2000) calls

for accurate methods of forecasting them, yet

such methods are still in their infancy.

Development of predictive techniques requires

intensive monitoring of active lava domes using a

variety of geophysical datasets (e.g. Voight et al.,

2000b), and observation of the current eruption of

Soufrie're Hills Volcano (SHV) on Montserrat,

West Indies (Fig. 1) by the Montserrat Volcano

Observatory (MVO) has resulted in some signi¢-

cant advances in our understanding of lava dome

collapse triggers (e.g. Voight et al., 1998; Watts et

al., 2002) at a highly instrumented and well-moni-

tored volcano. However, surveillance of the SHV

eruption and other dome-forming eruptions (e.g.

Merapi, Indonesia) has also shown that not all

lava dome collapse events display the same pat-

terns and the ‘predictability’ of dome collapses is

thus quite variable. A signi¢cant and sustained,

yet unpredicted dome collapse occurred at SHV

on 20 March 2000. This event di¡ered from ear-

lier collapses of the SHV lava dome during peri-

ods of active dome growth in that it lacked the

short-term precursory activity that had character-

ized most of the earlier events (Table 1), though it

did coincide with a period of exceptionally heavy

rainfall on Montserrat.

The ¢rst historic eruption of SHV (Fig. 1) be-

gan in July 1995 and was continuing at the time

of writing. This eruption has, to date, involved

two prolonged phases of andesitic lava dome

growth at the volcano’s summit. Phase 1 had

commenced unequivocally by November 1995

and continued until March 1998, involving vigo-

rous dome growth, pyroclastic £ows and surges,

Vulcanian explosions and one debris avalanche

that triggered a lateral blast on 26 December

1997 (Young et al., 1998; Druitt et al., 2002;

Woods et al., 2002). A period of residual activity,

comprising dome degradation and further explo-

sive events but virtually no extrusion of fresh

lava, followed this ¢rst phase of dome growth

(Norton et al., 2002) and continued until Novem-

ber 1999 when fresh andesitic magma once again

began to extrude amidst the remains of the pre-

vious lava dome (Fig. 2a). As of July 2003, this

latest phase of dome growth is currently ongoing.

The two phases of lava dome extrusion at SHV

have exhibited marked di¡erences in eruptive

style. Phase 2 has generally involved more stable

Fig. 1. Map of Montserrat showing features mentioned in the text. Deposits emplaced during the 1995^1999 period of activity

are shaded (see key); activity from November 1999 until the 20 March 2000 collapse was almost entirely con¢ned to the Tar Riv-

er Valley. Inset map shows location of Montserrat in the Lesser Antilles island arc and the dashed box indicates the region cov-

ered by the GOES satellite images in Fig. 6.
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dome growth and signi¢cantly fewer periods of

vigorous pyroclastic £ow and collapse activity

than phase 1, allowing the active dome to attain

larger volumes during phase 2. Nevertheless,

phase 2 has to date been interrupted by two major

dome collapse events (20 March 2000 and 29 July

2001), each of which removed 30^50 million m3

[Mm3] of the active dome, producing high-veloc-

ity pyroclastic £ows, signi¢cant ash clouds and

extensive lahars and debris £ows. Both of these

events lacked the short-term precursory seismic

signals during the build-up to the collapse that

were typically observed prior to phase 1 collapse

episodes (Table 1; e.g. Miller et al., 1998; Voight

et al., 1998, 1999) and as such were di⁄cult to

predict. However, both the 20 March 2000 and

29 July 2001 collapses coincided with periods of

exceptionally intense rainfall on the island, and

we implicate this in the triggering and prolonga-

tion of these events (Matthews et al., 2002). A

large collapse of the lava dome on 3 July 1998,

whilst there was no active dome extrusion, is also

thought to have been initiated by heavy rainfall

(Table 1; Norton et al., 2002). Rainfall-induced

activity has been suspected at other active dome-

forming volcanoes (e.g. Merapi and Unzen;

Voight et al., 2000a,b; Ratdomopurbo and Pou-

pinet, 2000; Yamasato et al., 1997) and may be a

previously underestimated hazard during and

after this type of eruption.

In this paper we reconstruct the 20 March 2000

dome collapse using a combination of eye-witness

observations, continuous broadband seismic data,

and satellite images of the ash clouds produced.

Calibration of the seismic data with the total vol-

ume removed by the collapse allows us to estimate

the volume and discharge rates of individual py-

roclastic £ows generated during the event. We

then discuss the evidence linking the 20 March

2000 collapse to rainfall, review the reported in-

stances of rainfall-induced activity at other volca-

noes, and propose a simple model for a rainfall-

triggered dome collapse. Note that we use the

term ‘dome collapse’ in this paper to describe a

sustained event comprising many individual large

rockfalls and pyroclastic £ows and other related

activity over a period up to a few hours in dura-

tion. Gravitationally unstable lava domes typi-

cally shed material (and are thus collapsing)

near-continuously, though the individual rockfalls

and pyroclastic £ows produced are usually of low

volume and low energy.

2. Data

In our analysis we use data from the digital

broadband seismic network on Montserrat.

MVO’s digital seismic network consists of eight

stations (Fig. 1). Stations MBBY (Broderick’s),

Table 1

Largest sustained dome collapses of the 1995^2003 SHV eruption (as of April 2003), in order of decreasing volume

Date Collapse vol. Pf runouta Hybrid swarmsb Rainfallc Duration

(Mm3) (km) (min)

26 December 1997 46 v 4.5 (SSW) y n 15^30

29 July 2001 45 v 3.5 (E) n y 300

20 March 2000 28 v 3.5 (E) n y 240

3 July 1998 15^19 v 3.5 (E) n y 150

21 September 1997 14 v 6.9 (NE) y n 20^30

17 September 1996 9.5 v 2.5 (E) y n 480^540

3 August 1997 7 v 5 (W) y n 120^150

8 December 2002 5 v 4 (NE) n n n/a

25 June 1997 4.9 6.7 (N/NE) y n 25

6 November 1997 4.6 v 4.5 (SSW) y n 35

Compiled from Calder et al. (1999), Cole et al. (2002) and MVO (unpublished data, 2002).
a Pf=pyroclastic £ow. A runout distance of vx km indicates that £ows entered the sea x km from the dome. Approximate

direction of £ow movement is also given.
b Indicates whether hybrid earthquake swarms were recorded before the collapse.
c Indicates whether the collapse coincided with signi¢cant rainfall.
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MBRY (Roche’s Yard), MBGH (St George’s

Hill) and MBGB (Garibaldi Hill) have Guralp

CMG-40T seismometers, which have three com-

ponents and a corner frequency of 30 s. Stations

MBLG (Long Ground), MBMH (Mongo Hill),

MBSS (South Soufriere Hills) and MBWH

(Windy Hill) have Integra LA-100 seismometers,

which have a vertical component only and a cor-

ner frequency of 2 s. The sampling frequency is 75

Hz and an anti-aliasing ¢lter is applied at 30 Hz.

Fig. 2. (a) View of the young N99 dome (ND) on 16 December 1999. The dome grew within the large scar formed by dome col-

lapses and explosions during the 20-month period of residual activity (Norton et al., 2002). View direction is towards the NW,

and the four remaining lobes of the 1995^1998 phase of dome growth (the Northeast Buttress (NB), Northern Lobe (NL), Gages

Lobe (GL) and Galway’s Peak (GP)) are indicated along with Chances Peak (CP; Fig. 1). (b) View of the eastern £ank of the

N99 dome on 17 March 2000, looking VSW from above the Tar River Valley. By this time the dome had increased in height

substantially and dome growth was focused on the southern lobe (SL; note rockfall sourced from the lobe directed VS towards

the crater rim), whilst rockfall activity on the eastern £ank had ceased. The Northeast Buttress (NB) is marked for reference to

(a).

VOLGEO 2731 9-2-04

S.A. Carn et al. / Journal of Volcanology and Geothermal Research 131 (2004) 241^264 245



Analog-to-digital conversion, telemetry and re-

cording are all 24-bit, giving a dynamic range of

144 dB, su⁄cient to record the largest volcano-

seismic events without saturation. The noise level

at MBWH is particularly low, and it is su⁄ciently

far away from the active £anks of the volcano

(Fig. 1) to record events on di¡erent £anks with-

out strong bias, making this the best station for

further analysis. There is also a network of short-

period seismometers ; the signals from four of

these are written to helicorders at MVO in real-

time.

We also use satellite images of Montserrat to

examine the timing of ash cloud development dur-

ing the collapse event. The Caribbean region is

imaged approximately once every 15 min by the

Geostationary Operational Environmental Satel-

lite-8 (GOES-8), which is situated in geostation-

ary orbit at an altitude of V36 000 km above the

Americas (at 75‡W). These data are collected and

processed by the University of Hawaii for vol-

canic targets including SHV and are available on-

line in near real-time (http://goes.higp.hawaii.edu/

goes). GOES data have previously been used to

study the ash clouds produced by activity at SHV

during 1997^1999 (Rose and Mayberry, 2000).

Rainfall data in the form of daily totals are

obtained from a network of rain gauges on Mont-

serrat maintained by the Ministry of Agriculture

of the Government of Montserrat. The rain gauge

at Hope in west-central Montserrat (Fig. 1) is the

source of the data presented here, since it was the

closest rain gauge to the volcano at the time

(V5.7 km from the SHV lava dome) and pro-

vided the most consistent dataset from 1999^

2001. Rainfall data with higher temporal resolu-

tion were not available until January 2001 when a

new rain gauge network was deployed (Matthews

et al., 2002).

3. Activity prior to the 20 March 2000 dome

collapse

Following the period of residual activity that

began in March 1998 (Norton et al., 2002),

dome growth recommenced at SHV sometime in

mid to late-November 1999. An early view of the

November 1999 (N99) dome is shown in Fig. 2a.

From November 1999 until mid-February 2000,

the focus of dome growth switched intermittently

between the NW, SW and E sectors, with most of

the activity concentrated in an eastern lobe di-

rected towards the Tar River Valley (TRV; Fig.

1). This pattern of dome growth, involving the

extrusion of an active lobe in a particular direc-

tion for several days or weeks before a switch to a

di¡erent location, has been observed throughout

the 1995^2003 SHV eruption (Watts et al., 2002).

Throughout the November 1999^March 2000

phase of dome growth lava extrusion was pro-

ceeding at rates of V2^3 m3 s31, which is the

approximate long-term average for the SHV erup-

tion.

Between 18 February and 6 March 2000, activ-

ity was focused on the eastern lobe, directing

semi-continuous rockfalls in a wide swath towards

the TRV and extending the talus slope eastwards.

Observations on 2 March con¢rmed that very lit-

tle activity had occurred in the NW and SW sec-

tors of the dome during this period. On 6 March,

the focus of dome growth switched and a new

lobe began to extrude southwards towards the

crater rim of the 1995^1998 dome remnants

(Fig. 2b). Rockfall activity on the eastern £ank

of the dome declined dramatically and instead

talus began to bank up against the older dome

material to the south.

In the days immediately prior to the 20 March

collapse, extrusion continued in this southern sec-

tor and the summit height of the active southern

lobe marginally exceeded the highest point on the

1995^1998 dome (the 940-m-high Northeast But-

tress; Fig. 2b). On the morning of 20 March,

accumulated talus from the active southern lobe

had almost begun to overspill the southern crater

rim near Galway’s Peak. In addition, a prominent

SE-directed spine had extruded at the rear of the

southern lobe, indicating a slight switch in the

direction of dome growth. A switch in extrusion

direction was also suggested by rockfall trajecto-

ries, which had started to impinge once more on

the eastern £ank of the N99 dome.

The volume of the N99 dome was determined

using photogrammetric techniques on two occa-

sions between the resumption of dome growth in
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mid-November 1999 and 20 March 2000. On

9 December 1999 the N99 dome volume was

V5.2 Mm3 and by 18 January 2000 this had in-

creased to V15.4 Mm3, indicating an average ex-

trusion rate of V3 m3 s31 between those dates.

Using extrusion rates of 2^3 m3 s31 to extrapolate

dome growth through to 20 March, we arrive at

an estimated volume of V296 3 Mm3 for the

N99 dome immediately prior to the 20 March

2000 collapse.

Plots of seismic activity from shortly after the

appearance of the N99 dome through the end of

March 2000 are shown in Fig. 3. Prior to the

major peak in rockfall energy on 20 March, rock-

fall activity was most vigorous in mid-February

during emplacement of the eastern lobe of the

N99 dome, which directed rockfalls and minor

pyroclastic £ows down the TRV. Thereafter,

rockfall activity subsided as the southern lobe de-

veloped and rockfall runout distances diminished,

and remained low until 20 March (Fig. 3). None

of the other earthquake types exhibited any rec-

ognizable short-term precursory trends in the

lead-up to the 20 March collapse, including hy-

brid earthquakes (Fig. 3), in contrast to SHV

dome collapses in the 1995^1998 phase of dome

growth (Table 1). On many occasions during

phase 1 (e.g. 25 June 1997) precursory hybrid

earthquake swarms gave su⁄cient warning of an

impending collapse to allow an evacuation of

areas in the path of potential dome-collapse py-

roclastic £ows before the event occurred (Voight

et al., 1998). This lack of precursory short-term

seismic activity suggests a lack of signi¢cant pres-

Fig. 3. Cumulative energy per day for di¡erent volcanic earthquakes (volcano-tectonic (vt), long-period (lp), hybrid and rockfall)

recorded on the Windy Hill broadband seismometer (MBWH) for the period 1 December 1999 to 31 March 2000. Tick marks

on the horizontal axis correspond to the ¢rst day of each month and 20 March 2000 is indicated by an arrow. The large spike

in rockfall energy on 20 March actually exceeds 5. Note the lack of short-term precursory hybrid earthquake activity prior to the

collapse.
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surization in the conduit prior to the 20 March

2000 collapse, and we therefore conclude that the

collapse was initiated by processes other than a

£uctuating extrusion rate.

The most signi¢cant event to occur prior to the

collapse on 20 March 2000 was not of volcanic

origin. Around 20 minutes before the ¢rst seismic

activity that heralded the collapse, an intense rain-

storm developed over Montserrat. This rainfall

event eventually produced the highest daily rain-

fall total of the 2000^2001 period at the Hope rain

gauge (77 mm), and the second highest total re-

corded between January 1999 and September

2001 (Fig. 4). The highest daily rainfall total of

the 1999^2001 period at Hope was recorded dur-

ing the passage of Hurricane Jose to the north of

Montserrat on 21 October 1999 (Fig. 4), when no

active dome growth was occurring. The third larg-

est amount of rain fell on 29^30 July 2001 when

the next major dome collapse ensued (Matthews

et al., 2002). Signi¢cant precipitation (associated

with Hurricane Lenny) also occurred from 17 to

22 November 1999 during a gap in the daily rain-

fall record (Fig. 4), but the N99 lava dome was

either absent or of negligible size at this time

(although small explosions were reported; MVO,

unpublished data, 1999). The only other notewor-

thy rainfall during a data gap at Hope fell on 17^

18 December 2000 (Fig. 4), but no signi¢cant ac-

tivity was noted at SHV and contemporaneous

data from a rain gauge in the northern Centre

Hills (Fig. 1) indicate that the rainfall was most

likely spread over the two days (hence daily totals

were probably not exceptional).

4. The 20 March 2000 dome collapse event

4.1. Field observations

Heavy rain began falling at Gerald’s Heliport,

V10 km north of the volcano (Fig. 1) at 15:11 h

(all times are local ; UTC-4 hours). At 15:37 h an

emergent seismic signal was recorded at MVO

that increased markedly at 15:48 h (Fig. 5), and

at V16:15 h observers at Jack Boy Hill (Fig. 1)

saw pyroclastic £ows in the TRV. The ash plumes

above these initial £ows were not very convective

and the £ows were separated by gaps of V5 min,

a periodicity that is also evident in seismic data

(Fig. 5). The runout distance of these £ows was

estimated to be 1^2 km down-valley from the lava

dome, with occasional larger £ows reaching the

Tar River Delta (TRD; Fig. 1). The TRD is com-

prised of accumulated pyroclastic £ow and mud-

£ow deposits from the current eruption.

This rhythmic activity continued for around

2 hours until V18:00 h when activity increased

with higher-velocity pyroclastic £ows rapidly

reaching the TRD (Fig. 5). Some of these £ows

entered the sea at the edge of the TRD, producing

small phreatic and/or phreatomagmatic explo-

sions similar to those observed during previous

dome collapses (e.g. Cole et al., 1998). The £ows

with highest velocity produced surge clouds that

appeared to travel eastwards across the sea to at

least 1 km o¡shore of the TRD (based on the

geometry of observation position and coastline).

In the initial burst of these £ows, small lightning

£ashes were evident and their associated ash

Fig. 4. Daily rainfall totals at the Hope rain gauge (Fig. 1)

for 1 January 1999^31 August 2001. Tick marks on the hori-

zontal axis correspond to the ¢rst day of each month. Breaks

in the record indicate days on which no rain fell, days with

negligible rainfall or days on which daily rainfall totals were

not determined (data gaps). The latter account for 54 days

in this time window. Most data gaps are 1^3 days in dura-

tion, with the longest spanning 11 days (1^11 January 1999).

The amount of rain stored in the gauge following a data gap

records the cumulative rainfall total for the data gap. The

only data gaps with signi¢cant cumulative rainfall (s 30

mm) occurred from 17^22 November 1999 (263 mm in 6

days) and from 17^18 December 2000 (49 mm in 2 days).

Phase 2 of active dome growth at SHV is also indicated.

VOLGEO 2731 9-2-04

S.A. Carn et al. / Journal of Volcanology and Geothermal Research 131 (2004) 241^264248



plumes rose rapidly and near-vertically into the

low meteorological cloud deck. Light ashfall be-

gan to drift eastwards indicating that a high-level

plume had risen above the low-level easterly

winds and was subjected to westerly winds at

higher altitude. A constant, dull roaring sound

seemed to be sourced from the eastern coastline

and was attributed to the boiling of seawater in

contact with fresh pyroclastic £ow deposits.

Peak activity occurred at around 19:20 h (Fig.

5), when a very high-velocity pyroclastic £ow en-

tered the sea with accompanying £ashes of light-

ning within the £ow. The associated surge cloud

spread rapidly eastwards across the sea to a dis-

tance of at least 1.5 km o¡shore of the TRD.

Almost immediately thereafter, large glowing

blocks were seen detaching from the eastern face

of the remaining lava dome. Within a minute of

this event, a spray of glowing ballistic blocks was

ejected several hundred meters above the dome

towards the east and/or northern £anks of the

volcano, assumed to be the result of an explosion

from the unroofed conduit area. Independent wit-

nesses in the Old Towne area (Fig. 1) later re-

ported seeing several small explosive events (di-

recting ballistics to the south) from the summit

area at this time. Intense thunder and lightning

swiftly followed this explosive phase and ashfall

occurred across northern Montserrat. Near-con-

tinuous dull glowing was observed at V19:35 h

around the main crater area and a strong odor of

chlorine was evident in the atmosphere. Thunder

and lightning gradually waned over the next 10

min.

The rainfall that had begun at Gerald’s at

15:11 h continued intermittently until 07:37 h

on 21 March, totalling 67.5 mm. Rainfall intensity

at MVO was highest at the start of the event and

gradually waned thereafter. Although conditions

on the volcano at the time are not known, the

summit of the dome was covered by dense mete-

orological cloud throughout the collapse, indicat-

ing that rainfall was almost certainly occurring.

This is also supported by the observation of la-

hars and lahar deposits in channels on several

£anks of the volcano during and after the col-

lapse, including White’s Ghaut, Tuitt’s Ghaut,

Fort Ghaut and the Belham Valley (Fig. 1).

Fig. 5. RMS seismic amplitude data in 1-min bins recorded during the entire 20^21 March 2000 dome collapse by the broadband

seismometer MBWH on Windy Hill (gray line), with a plot of cumulative seismic amplitude squared superimposed (black line) as

a proxy for collapsed volume. Collapse stages (see Table 1) are delineated (dotted lines) and numbered. Stars indicate the signals

associated with large pyroclastic £ows at 18:21 and 18:36 h. See text for discussion.
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4.2. Seismic data

Broadband seismic amplitude data recorded

during the 20 March 2000 collapse are shown in

Fig. 5. It is possible that the signal observed at

15:37 h was entirely due to lahars induced by

heavy rain. Further intensi¢cation of the signal

at 16:03 h suggested pyroclastic £ow activity in

the TRV and observations from Jack Boy Hill at

16:15 h con¢rmed this. From V16:10 to 17:30 h

seismicity was relatively constant (Fig. 5), then

between 17:30 and 18:36 h seismic amplitude es-

calated by an order of magnitude. Pyroclastic

surges extending o¡shore far beyond the edge of

the TRD were observed corresponding to strong

seismic signals at 18:21 and 18:36 h (Fig. 5).

MVO’s MJHT (Jack Boy Hill) seismometer, the

least sensitive instrument on the short-period

network being written to a helicorder, saturated

brie£y during this phase.

There then followed a brief repose until

V19:00 h after which a rapid escalation again

occurred (Fig. 5). The largest seismic signal of

the entire collapse sequence was recorded at

19:23 h corresponding to the ¢eld observations

of ejected glowing ballistics. All short-period seis-

mometers were saturated at this time. Spectral

analysis of broadband seismic data showed that

the dominant frequency during the most intense

part of the collapse was V 2 Hz, typical of vol-

canic tremor. Seismicity then rapidly declined in a

sequence of steps and had returned to back-

ground levels by 20:30 h (Fig. 5). The ensuing

repose period was interrupted by a further col-

lapse phase between 01:20 and 02:30 h on 21

March, which was similar in intensity to the

16:10^17:30 h phase on 20 March (Fig. 5).

Boulder-laden lahars over the Belham Bridge

(across the Belham River south of Salem; Fig.

1) were ¢rst reported at 19:40 h on 20 March

but probably began as early as 16:00 h. Unfortu-

nately, the pyroclastic £ow signals recorded dur-

ing the collapse completely masked any lahar sig-

nals that may have otherwise been recorded by

the seismic network.

The seismic data in Fig. 5 show a distinct V5-

min periodicity throughout the collapse that was

also discernible in the ¢eld as a periodicity in the

occurrence of large pyroclastic £ows in the TRV.

Assuming that each visible peak in the seismic

data corresponds to an individual pyroclastic

£ow, or to a pyroclastic £ow directly preceding

or following an explosion, the data suggest that

at least 38^41 pyroclastic £ows were generated

during the collapse, although these £ows span

two orders of magnitude in energy (Fig. 5). The

piecemeal nature of the collapse event and the

emergent trend in seismic energy suggest that

the collapse was not caused by a catastrophic fail-

ure of the dome, which would have released a

large volume of material in a shorter period of

time. This would have produced a di¡erent trend

in the seismic data, with higher initial amplitudes

followed by a gradual decline in energy (e.g. the 3

July 1998 collapse; Norton et al., 2002). Instead,

the 20 March 2000 collapse involved progressive

degradation of the dome by pyroclastic £ows with

increasing velocity and runout distance, which

gradually unroofed the hot, relatively gas-rich

dome interior and conduit and ultimately precipi-

tated the climactic explosions and the highest ve-

locity surges/£ows. A similar progression of

events was recorded during the 17 September

1996 collapse (Table 1), which also culminated

in an explosive eruption (Robertson et al., 1998).

4.3. GOES satellite observations

Data from GOES-8 o¡er some insights into

activity preceding and during the 20 March 2000

event, and into the movement of the associated

ash cloud in the hours following the collapse

(Fig. 6). Examination of GOES imagery collected

on 20 March indicates the ¢rst appearance of an

ash plume over Montserrat at around 18:15 h

local time. Subsequent images show the appear-

ance of two pulses of ash driftingVESE from the

island at around 18:45 h. Three such pulses are

visible in an image at 19:15 h, also drifting

VESE (Fig. 6a). These discrete ash clouds are

interpreted as the products of either strong ash

venting and/or small explosive events, or ash

plumes lofted above larger pyroclastic £ows, and

may correlate with the seismic amplitude spikes

observed in the build-up to the climactic explo-

sions (Fig. 5). Measurements from the image sug-
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Fig. 6. GOES images showing the development of the ash clouds associated with the 20 March 2000 collapse. These images were

obtained from the HawaiPi Institute of Geophysics and Planetology (University of HawaiPi) Hotspot Monitoring website (see text

for URL) and involve a combination of Band 2 and Band 4 GOES Imager data. (a) Three discrete ash clouds or pulses visible

at 17:15 h local time. There is a data gap across the middle of the image. (b) Emergence of main eruption plume at 19:45 h,

note N^S oriented kink and single remaining pulse to ESE. (c) Wave-shaped plume spreading VESE at 20:15 h, over N and E

Guadeloupe. (d) Continued eastward spreading of dense portion of plume at 21:15 h.
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gest that the individual pulses are separated by a

distance of V30 km. Estimates of plume speed

are di⁄cult to ascertain without accurate knowl-

edge of the altitude of the ash clouds, but accord-

ing to NOAA (Satellite Analysis Branch) wind

speeds were between 25 and 60 knots, increasing

with altitude. A constant plume speed of 25 knots

(12.9 m s31) would imply approximately 40 min

between pulses, whilst a speed of 60 knots (30.8 m

s31) would suggest a separation of V16 min. A

separation of V16 min between the ¢rst two

pulses correlates well with the two strong seismic

signals at 18:21 and 18:36 h (Fig. 5), which co-

incided with high-velocity pyroclastic £ows in the

TRV.

At 19:32 h, V9 min after the climactic explo-

sions from the dome (Fig. 5), an eruption plume

was clearly visible as it emerged through the mete-

orological cloud over Montserrat, and by 19:45 h

a lobate ash cloud measuring approximately 30^

40 km (E^W) by 20 km (N^S) had developed

(Fig. 6b). One remaining pulse from an earlier

pulse of activity was still located to the east,

and the main plume, moving eastwards, was al-

ready impinging on Guadeloupe to the SE of

Montserrat. Information from NOAA indicated

that the plume observed at 19:45 h reached an

altitude of at least 30 000 feet (V9 km), with low-

er-level ash drifting westwards.

The lobate ash cloud observed at 19:45 h dis-

played a N^S-oriented kink, which subsequently

developed into a wave-like form drifting VESE

evident at 20:15 h (Fig. 6c). This morphological

change was probably due to wind shear acting on

parts of the plume at di¡erent altitudes. By this

time the cloud was covering a large part of north-

ern and eastern Guadeloupe, where light ashfall

was reported. The distal end of the cloud contin-

ued spreading eastwards and by 21:15 h it had

dimensions of V100^120 km by V40 km. Also,

at this time the cloud appeared to be splitting into

two segments, a dense portion heading VESE

and a smaller, more di¡use portion hanging

over and to the SE of Montserrat (possibly evapo-

rated seawater and lower level ash). The main

cloud continued to spread towards the VESE

and by 23:45 h it extendedV305 km from Mont-

serrat and was V120 km wide. Over the next few

hours the cloud dispersed in the vicinity of Mont-

serrat, with little ash evident in images after

02:46 h on 21 March despite the occurrence of

further pyroclastic £ow signals at around 01:30 h.

We thus conclude that no major explosive activity

was involved in the ¢nal stage of the collapse.

However, the main cloud continued to drift over

the Atlantic Ocean and by 08:45 h mid-level ash

(at V5 km altitude) was still detectable around

710 km east of SHV, with high-level ash (V10

km altitude) no longer apparent. Dense clouds

over Montserrat at that time precluded the detec-

tion of any low-level ash over the island, but this

was probably removed by overnight rain.

4.4. Post-collapse features and deposits

Inclement conditions in the days following the

20 March 2000 collapse, and the removal by rain-

fall of most of the deposits emplaced on land,

prohibited a detailed assessment of the collapse

products. However, several key observations

were made that contribute to an analysis of the

event.

Airborne investigations of the collapse scar re-

amed out during the activity on 20 March were

conducted on 24 March during the ¢rst clear

weather after the collapse. Observations indicated

that V95% of the N99 dome had been removed,

thus amounting to a volume of 286 3 Mm3 (con-

tinued dome growth at extrusion rates of V2^3

m3 s31 during the V5-h main phase of the col-

lapse would have added onlyV0.04^0.05 Mm3 of

new lava; this is ignored in our volume estimate).

Estimated volumes of other large dome collapses

at SHV are given in Table 1 for comparison. We

adopt a nominal 20 March 2000 collapse volume

of 28 Mm3 in the remainder of the paper.

Post-collapse observations con¢rmed that the

block-and-ash deposits emplaced by pyroclastic

£ow activity had been entirely con¢ned within

the TRV to the east of the dome, with associated

surge zones extending less than 1 km north and

south of the TRV at their maximum extent. De-

position of block-and-ash £ow (BAF) deposits on

the TRD had enlarged this feature in a N^S di-

rection, with some erosion of the delta where py-

roclastic £ows had entered the sea on its eastern
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margin (Fig. 7). The most signi¢cant change to

the TRD resulting from the collapse was the ero-

sion of three large trenches through the pre-exist-

ing deposits, extending to the shoreline, with the

largest trench (cut directly across the central part

of the TRD with an eastward trend) measuring

5^10 m deep by 50^80 m wide (Fig. 7). Two

smaller trenches radiated away from the main

channel where the TRV met the TRD. Although

the erosive capacity of SHV pyroclastic £ows has

been previously noted (e.g. the 17 September 1996

£ows; Cole et al., 1998), erosional channels had

not been observed at this distance from the dome

(i.e. on the TRD) in the aftermath of any previous

SHV dome collapse, suggesting that the pyroclas-

tic £ows generated towards the climax of the 20

March 2000 event were exceptionally erosive

(comparable erosive channels were also observed

on the TRD following the 29 July 2001 dome

collapse). The bulk of the collapse deposits were

therefore emplaced o¡shore of the TRD, prohib-

iting an estimate of their volume, although a

topographic survey of the TRD indicated that

only V10% of the estimated total collapse vol-

ume (i.e. V3 Mm3) had been emplaced on the

subaerial part of the delta. Negligible deposition

had occurred within the TRV between the dome

and the TRD.

The 20 March 2000 BAF deposits that draped

much of the TRD (Fig. 7) were laden with numer-

ous large sub-angular clasts, some exceeding 2 m

in diameter, protruding from the deposit surface.

These clasts may have been partly responsible for

the highly erosive nature of the pyroclastic £ows,

and the lack of fragmentation suggests that the

clasts had low ‘autoexplosivity’ or excess pore

pressures (Sato et al., 1992). However, brief ob-

servations did not reveal the deposits to be sub-

stantially di¡erent from BAF deposits emplaced

by prior SHV dome collapses (e.g. Calder et al.,

1999). Much of the TRD was also blanketed with

a 10^15-cm-thick layer of fallout deposits pro-

duced by the interaction of pyroclastic £ows and

seawater, including abundant accretionary lapilli.

No signi¢cant pumice fraction was found in the

fallout deposits on Montserrat, nor in the ashfall

retrieved and analyzed on Guadeloupe (Observa-

toire Volcanologique de la Soufrie're de Guade-

Fig. 7. A view of the Tar River delta (see Fig. 1) on 30 March 2000, looking VWSW. Light gray block-and-ash £ow deposits

emplaced during the 20 March 2000 collapse drape most of the delta. Note the prominent trench across the delta (ET), eroded

through older deposits during the collapse, extending from the base of the Tar River Valley approximately eastwards to the sea.

The dark, lobate £ow deposit immediately north of the trench was produced by post-20 March activity. Also indicated are a nar-

rower trench eroded across the delta towards the VSE (ST), and a similar trench (not as clear in this view) eroded towards the

VNE (NT). The summit of SHV is hidden by cloud in the center background.
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loupe [OVSG], unpublished data, 2000), suggest-

ing that even the climactic explosions of the 20

March 2000 event did not involve the eruption

of signi¢cant quantities of volatile-rich magma.

The ash was primarily composed of porphyritic

andesite clasts and sub-angular to angular crystals

(OVSG, unpublished data, 2000), suggesting that

it was the product of fragmentation of the pre-

existing N99 dome.

4.5. Post-collapse dome growth

Limited observations suggest that extrusion of

the March 2000 dome began almost immediately

following the 20 March 2000 collapse. New spines

sighted over the conduit region in the collapse

scar on 24 March con¢rmed that extrusion was

ongoing, and the relatively short time span be-

tween the collapse and the reappearance of ex-

truded lava indicates that the conduit was only

reamed out to shallow levels by the 20 March

explosive activity.

In keeping with typical patterns of post-col-

lapse activity observed during the SHV eruption,

estimated dome growth rates were slightly higher

(V3^5 m3 s31) following 20 March 2000 due to

the removal of substantial conduit overburden

(estimated at V4.5^6.25 MPa). Seismic activity

was dominated by banded tremor, with bands

typically lasting 2^3 h and occurring every 5^7 h

between late March and 8 April. Tremor bands

were at times visually correlated with ash venting

from the volcano. Theoretical work on stick-slip

conduit £ow of compressible magma (e.g. Denlin-

ger and Hoblitt, 1999) suggests that such banded

tremor relates to short-term variations in magma

extrusion rate.

Although explosions were observed during the

paroxysmal phase of the 20 March 2000 collapse,

and episodes of ash venting occurred sporadically

after the event, no subsequent Vulcanian explo-

sions were precipitated by the removal of almost

the entire N99 dome. Vulcanian explosions, with

eruption columns attaining altitudes of s 15 km

on occasions and often accompanied by pumice-

rich column collapse pyroclastic £ows, occurred

after dome collapses of a smaller magnitude on

17 September 1996, 3 August 1997 and 21 Sep-

tember 1997 (Robertson et al., 1998; Druitt et al.,

2002), continuing for several weeks in 1997. This

implies that the magma in the post-20 March

2000 conduit was not particularly volatile-rich,

at least not at shallow depths, and argues for a

change in the degassing regime at SHV between

phase 1 (closed-system degassing prior to explo-

sive activity) and phase 2 (open-system) of dome

growth (Edmonds et al., 2002).

5. Analysis of the broadband seismic record

In order to visualize the progression of the 20

March 2000 collapse in more detail we have per-

formed an analysis of the broadband seismic rec-

ord at MBWH (Windy Hill ; Fig. 1) and cali-

brated the recorded seismic energy with the total

collapsed volume of V28 Mm3 (Table 2; Fig. 5).

Our method is analogous to that of Brodscholl et

al. (2000), who analyzed broadband seismic data

recorded during the 22 November 1994 dome col-

lapse at Merapi volcano, and whose work was

based on a technique originally developed by

Norris (1994). We use the square of seismic am-

plitude (e¡ectively a measure of seismic energy) as

a proxy for volume (A.D. Jolly, written commun.,

2001).

Since we are using only one seismometer in this

analysis, the technique assumes similar source

areas and descent paths for the pyroclastic £ows

(Brodscholl et al., 2000). Our ¢eld observations

indicate that this approach is valid for the 20

March 2000 collapse since all activity was sourced

from the collapsing lava dome and pyroclastic

currents were con¢ned to the TRV (Fig. 1). Other

potential sources of seismic energy, such as tele-

seismic events, microseismicity or lahars, can also

be discounted since no teleseismic signals were

recorded at any MVO seismometers during the

collapse event, and the pyroclastic £ow signals

were large enough to easily overwhelm any other

possible sources. A more detailed discussion of

these and other issues relevant to the method is

given by Brodscholl et al. (2000).

The broadband seismic record from MBWH

and the cumulative collapsed volume are shown

in Fig. 5. Data for each of the collapse stages
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demarcated on Fig. 5 are tabulated in Table 2,

including average discharge rates for each time

period. The isolated spikes in seismic amplitude

recorded during stage 8 (Fig. 5), probably the

result of small rockfalls or lahars, are regarded

as negligible and hence we assume zero discharge

rate during this period (Table 2).

The data indicate that the paroxysmal phase of

the collapse (19:00^19:26 h) removed by far the

greatest proportion (V68% of the total collapse

volume) of the N99 dome, amounting to V19

Mm3 at an average discharge rate of V12 300

m3 s31 (Table 2). We can also use the calibrated

seismic record to estimate the volume of lava re-

moved by each individual pyroclastic £ow,

although these ¢gures cannot be veri¢ed as

much of the collapsed dome was emplaced o¡-

shore. As remarked earlier, if each visible peak

in the seismic data corresponds to an individual

£ow, then approximately 38^41 pyroclastic £ows

can be identi¢ed in the seismic record between

15:36 and 20:30 h (Fig. 5). We note that the

£ow signals are superimposed on a persistent

high-level background seismicity (Fig. 5), prob-

ably caused by near-continuous rockfalls which

periodically merge to form larger pyroclastic

£ows. Using zero amplitude as a baseline gives

an average £ow volume (including the contribu-

tion from rockfalls) of 0.68^0.74 Mm3, which is

an order of magnitude larger than the average size

of 44 nue¤es ardentes (0.06 Mm3) generated during

the 22 November 1994 dome collapse at Merapi

(Brodscholl et al., 2000). However, the 20 March

2000 £ows varied in energy by over two orders of

magnitude (Fig. 5) and hence we have also calcu-

lated £ow magnitudes for shorter time periods

and individual events (Table 3).

The data in Table 3 show that the seismic sig-

nals recorded in the ¢rst V10 min of the collapse

(15:36^15:47 h) resulted from small £ows (V300

m3 per £ow) that were most likely small rockfalls

or lahars. In fact the average discharge rate (1.5

m3 s31) of these initial £ows is at the lower end of

the range of values recorded for rain-triggered

lahars on Montserrat in 1998 (0.5^282 m3 s31 ;

MVO unpublished data, 1998). In view of the

heavy rainfall that commenced shortly before

the collapse began, it is quite likely that these

precursory £ows were indeed lahars in the TRV,

possibly resulting from erosion of dome talus.

Following this initial activity the rate of col-

lapse increased rapidly, and during stage 2 the

size of the average pyroclastic £ow was V0.02

Table 3

Average volume of 20 March 2000 pyroclastic £ows (Pfs) in-

ferred from seismic data for various time intervals during the

collapse

Stage Local time No. of Pfs Average Pf volume

(Mm3)

1 15:36^15:47 3 0.0003

15:36^16:12 5 0.018

2 16:12^17:27 12 0.019

3 17:27^18:05 9 0.103

4 18:05^19:00 7 0.578

18:18^18:26 1 0.859

18:34^18:45 1 1.791

5 19:00^19:26 5 3.830

19:13^19:27 1 17.667

Table 2

Collapsed volume and discharge rate (inferred from broadband seismic data) for stages of the 20 March 2000 collapse

Stage Local time Collapsed volume Cumulative % Discharge rate Activity

(Mm3) (m3 s31)

1 15:36^16:12 0.092 0.3 43 Emergent signal

2 16:12^17:27 0.233 1.2 52 Intermittent Pfs

3 17:27^18:05 0.927 4.5 407 Increased rate of collapse

4 18:05^19:00 4.045 18.9 1226 Fluctuating Pfs

5 19:00^19:26 19.151 87.3 12277 Paroxysm (largest Pfs, explosions)

6 19:26^19:46 2.550 96.4 2125 Waning activity

7 19:46^20:30 0.254 97.3 96 Waning activity

8 20:30^01:21 0 97.3 0 Little activity

9 01:21^02:44 0.747 100 150 Small resurgence
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Mm3 (Table 3). The average discharge rate during

this period (52 m3 s31 ; Table 2) is still within the

range of values for lahars quoted above, but ¢eld

observations at this time noted the presence of

weakly convecting ash plumes suggesting pyro-

clastic £ows. After stage 2 the rate of collapse

underwent another substantial increase (stage 3;

Tables 2 and 3) and during stage 4 two large

pyroclastic £ows produced signi¢cant ash clouds

(Fig. 5). For the £ow that peaked at 18:21 h we

estimate a volume ofV0.86 Mm3 (Table 3) and a

discharge rate of V1790 m3 s31. The larger £ow

that peaked at 18:36 h was around twice the mag-

nitude of the 18:21 h event (Table 3), with an

estimated discharge rate of V2710 m3 s31. At

the climax of the collapse between 19:13 and

19:27 h an estimated V17.7 Mm3 of the N99

dome was shed (Table 3) at a rate of V21 030

m3 s31. Field observations con¢rm that the larg-

est £ows (and their associated pyroclastic surges)

were the most mobile and travelled furthest from

the collapsing dome. This is also generally evident

from previously published data on Montserrat py-

roclastic £ows (Calder et al., 1999) and was also

suspected for the 22 November 1994 £ows at

Merapi (Abdurachman et al., 2000). The progres-

sive removal of the outer layers of the dome dur-

ing the collapse would gradually expose the hot-

ter, more gas-rich core, and produce pyroclastic

£ows with increasing velocity and runout dis-

tance.

The estimated volumes and discharge rates of

the 20 March 2000 pyroclastic £ows are compared

with values for other dome collapses at SHV and

at dome-forming volcanoes elsewhere. Calder et

al. (1999) give volumes ranging from 0.15 to 14

Mm3 for SHV dome collapse £ows in 1996^1997

(also see Table 1), determined by ¢eld mapping of

deposits and analysis of digital elevation maps.

Assuming that the volumes in Calder et al.

(1999) refer to individual pyroclastic £ows, the

data are similar in magnitude to our estimates

of £ow volumes for stages 3^5 of the 20 March

2000 collapse (Table 3), suggesting that our meth-

odology produces reasonable results. Our data

therefore indicate that individual 20 March 2000

£ows were not substantially di¡erent in volume

from previous SHV dome collapse £ows, with

the possible exception of the largest £ow at the

peak of the collapse (Table 3). Individual £ow

volume data for SHV dome collapses in 1998^

2003 are not currently available for comparison

and £ow discharge rates are yet to be determined

for any other SHV dome collapse.

Data concerning lava dome collapses at other

volcanoes are also rather limited. The largest col-

lapse event of the 1991^1995 Unzen (Japan) erup-

tion occurred on 15 September 1991 and involved

V4 Mm3 of lava dome and older rocks in four

separate pyroclastic £ows (Nakada, 2000). Hence

these £ows were comparable to those in stages 4

and 5 of the 20 March 2000 collapse at SHV

(Table 3). From the analysis of the ¢rst 90 min

of the 22 November 1994 dome collapse at Mer-

api by Brodscholl et al. (2000), we obtain an aver-

age discharge rate of V306 m3 s31. However, the

largest individual dome slice that collapsed in that

period produced a short-term discharge rate of

V1440 m3 s31 (Brodscholl et al., 2000). The Mer-

api £ows were thus, on average, comparable to

those in the earlier stages (2^3) of the 20 March

2000 collapse at SHV, though the largest Merapi

event was similar in magnitude to the stage 4

£ows on 20 March (Table 2). Hence, although

available data are limited, the volumes and dis-

charge rates of the largest dome collapse pyroclas-

tic £ows at SHV on 20 March 2000 exceed those

documented for other recent dome-forming erup-

tions by up to an order of magnitude.

6. A rainfall-induced dome collapse?

In view of the lack of recognizable geophysical

precursors to the 20 March 2000 collapse, we im-

plicate the major rainfall event that coincided

with the start of the collapse (Fig. 4) in its initia-

tion and potentially in its prolongation. A similar

scenario has been proposed for the 29 July 2001

collapse on Montserrat, which removed V45

Mm3 of the March 2000 dome (Table 1) and for

which real-time rainfall intensity data are avail-

able (Matthews et al., 2002). We note that a com-

bination of extenuating factors, in which the in-

tense rain played a major role, may also have

been involved, such as a change in the direction
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of dome growth shortly before the collapse that

destabilized the dome. Charts of daily rainfall for

1999^2001 (Fig. 4) clearly demonstrate the excep-

tional magnitude of the rainfall totals for 20

March 2000 and 29 July 2001, which were the

highest recorded in the 21-month period of active

dome growth that commenced in November 1999.

Actual rainfall intensities on 20 March 2000 are

not known although visual observations on the

day con¢rm exceptionally heavy rain.

Although the Hope rain gauge that supplied the

rainfall data shown in Fig. 4 is V5.7 km north-

west of SHV (Fig. 1), the observation of large

mud£ows on several £anks of the volcano during

the collapse is convincing evidence that rainfall

was at least as intense over SHV as it was else-

where on Montserrat. This would also be ex-

pected as the volcano’s summit is the highest

point on the island and hence the most likely lo-

cation of convective rainfall. According to Mat-

thews et al. (2002), the 20 March 2000 rainfall

event was most likely ‘due to a short-lived and

highly localized convective weather system over

Montserrat that was essentially unpredictable’,

and not part of an organized weather system or

‘tropical wave’ of the type that initiated the 29

July 2001 collapse, which could have been tracked

by satellite. Based on the chronology of events on

20 March 2000, it would therefore be di⁄cult to

provide much more thanV30 min advance warn-

ing of a rainfall-induced dome failure precipitated

by a ‘freak’ storm of this kind, even if a network

of rain gauges monitoring rainfall intensity in

real-time was available. However, such a network

could provide a useful tool for monitoring a rain-

fall-induced collapse following its initiation (e.g.

Matthews et al., 2002).

6.1. Existing evidence for rainfall-triggered

volcanic activity

The link between rainfall and volcanic activity

is a frequently debated and contentious issue, but

not without considerable circumstantial evidence.

Care must be taken when classifying rainfall-in-

duced (or other externally forced) ‘events’ on a

volcano as volcanic activity, which in the strictest

sense implies the action of internal, magmatic

processes (see Neuberg (2000) for a discussion),

though here we classify any potentially hazardous

volcanic phenomenon as volcanic activity. There

are well-documented links between heavy rainfall

and mass-movements at quiescent volcanoes, a

prominent recent example being the devastating

debris avalanche at Casita Volcano, Nicaragua,

during the passage of Hurricane Mitch in 1998

(Kerle and van Wyk de Vries, 2001), but here

we focus our discussion on active volcanoes.

Dome-forming volcanoes seem especially sus-

ceptible to forcing by rainfall events, particularly

in the tropics where rainfall can be intense, pro-

longed and seasonal. Along with the 20 March

2000 and 29 July 2001 collapses of the SHV

lava dome (Matthews et al., 2002), Norton et al.

(2002) also link the 3 July 1998 SHV dome col-

lapse with intense rainfall prior to and during the

event, perhaps in conjunction with weakening of

the dome interior through hydrothermal activity.

Elsewhere in the Lesser Antilles and several de-

cades earlier, Perret (1937) described the e¡ects of

rainfall on the lava dome at Mt. Pele¤e, in his

classic account of the 1929^1932 eruption on

Martinique. On 17^18 April 1930, tropical down-

pours gave rise to what Perret (1937) described as

‘steaming nue¤es ardentes’ which continued ‘from

4:00 in the afternoon to well into the night’ (Per-

ret, 1937). If the phenomena Perret observed were

genuine pyroclastic £ows rather than hot lahars

producing steam, this suggests a sustained col-

lapse possibly triggered by rainfall. In Perret’s

own words: ‘Water, reacting with the hot dome,

had forced it to disgorge some of its lava, forming

an avalanche of steam and hot rock, imposing in

magnitude, but not of course a primary volcanic

manifestation’ (Perret, 1937, p. 51). He also docu-

ments ‘hot blasts’ from the lava dome, following

bouts of heavy rainfall by periods of between 15

min and 1.5 h (Perret, 1937, p. 97), and remarks

that large lava blocks showed a ‘stronger ten-

dency to ¢ssure and break up on the side predom-

inantly exposed to rain and sun’, due, he surmises,

to rapid temperature changes (Perret, 1937, p. 50).

The last century of dome-building activity at

Merapi has produced many reports of increased

activity contemporaneous with heavy rains, par-

ticularly in recent years when observations have
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become more frequent and better recorded (Mas-

tin, 1994; Voight et al., 2000a; Ratdomopurbo

and Poupinet, 2000). Heavy rains are inferred to

have triggered phreatic explosions during activity

in 1904, and may also have generated dome-col-

lapse nue¤es ardentes in October 1920 (Voight et

al., 2000a and references therein). Devastating py-

roclastic £ows in December 1930, which removed

an older dome complex along with newer growth

and took 1369 lives, were preceded by heavy rains

two days earlier, and a sequence of 119 nue¤es in

November 1961 may also have been induced by

rainfall (Voight et al., 2000a). ‘Intensive sliding’

typically occurs at Merapi in the rainy season

(beginning in November) and can remove 20^

30% of the dome’s volume (SEAN, 1984; it is

not clear from the report whether the ‘intensive

sliding’ involves pyroclastic £ows or just lahars),

although the large 22 November 1994 dome col-

lapse was not associated with rainfall (GVN,

1994b). Coincidences between strong rains and

dome-collapse episodes were also reported in Oc-

tober 1986 (when no seismic precursors were dis-

tinguished; Voight et al., 2000a); pyroclastic £ows

followed heavy or prolonged rains in August and

November 1992 (GVN, 1992a, b) and February

1993 (GVN, 1993a); and an explosion and pyro-

clastic £ow occurred after heavy rains in January

1996 (GVN, 1997). Increased volcanic tremor and

gas emissions have also been observed after the

beginning of the rainy season at Merapi (GVN,

1994a).

During the 1991^1995 Unzen eruption, rainfall

allegedly triggered dome collapses and pyroclastic

£ows, with heavier rains increasing the likelihood

of collapse (Yamasato et al., 1997). However, col-

lapse episodes and precipitation did not correlate

on all occasions. Yamasato et al. (1997) note that

rainfall-induced dome collapses at Unzen were

initiated on fresh, uncooled lava, and contend

that rapid cooling of the hot lava by rainwater

cracked the rock and led to failure.

Although there is no direct evidence for it on

Montserrat, hydrovolcanic or phreatic activity has

also been associated with rainfall at active and

quiescent volcanoes. The March 1979 eruption

of Karkar Volcano (Papua New Guinea), which

took the lives of two volcanologists who were

observing the volcano, involved laterally-directed

explosions believed to have been generated by va-

porization of groundwater in contact with hot

rocks (McKee et al., 1981). These explosions

were part of a sequence of explosive events be-

tween January and August 1979 that showed a

good correlation with periods of rainfall, and

which were attributed to increased in£uxes of me-

teoric water to the system that perturbed the usu-

al steady-state vaporization process (McKee et al.,

1981). Similar reasoning could explain a series of

V28 gas explosions from the Mount St. Helens

(USA) lava dome between August 1989 and June

1991, which erupted no juvenile material but still

hurled meter-scale ballistics up to a kilometer

from the vent and generated 5-km-high ash

plumes (Mastin, 1993, 1994). Most of the explo-

sive events occurred within hours to 3 days after

storms, and Mastin (1993, 1994) speculated that

pressurized gases beneath the dome may have

been released through cooling fractures or after

rainfall-induced avalanches removed portions of

the edi¢ce. Evidence can also be found for in-

creased explosive activity in the rainy season at

the Santiaguito lava dome, Guatemala (GVN,

1990), and Guagua Pichincha, Ecuador (GVN,

1993b).

6.2. A model for rainfall-induced dome collapse

An important yet unresolved question is the

mechanism by which rainfall could initiate or sus-

tain volcanic activity. In the case of lava domes

there are several possible processes that may be

signi¢cant, including: (1) mechanical erosion by

water that destabilizes critically poised segments

of the dome or exposes pressurized gases (e.g.

Mastin, 1993, 1994); (2) generation of destabiliz-

ing phreatic explosions as water percolates into

the hot dome interior; (3) rapid cooling of hot

lava causing it to fragment and/or release pressur-

ized gases (e.g. Mastin, 1993, 1994; Yamasato et

al., 1997); (4) the action of pressurized water or

steam on potential failure surfaces within the

dome (e.g. Voight and Elsworth, 2000); or some

combination of these processes.

Available data for the 20 March 2000 lava

dome collapse at SHV provide few clues as to
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the potential trigger mechanism. The seismic rec-

ord was dominated by pyroclastic £ow signals

and hence no short-lived, impulsive events (char-

acteristic of explosions) could be recognized. A

potentially signi¢cant feature of the event is that

it began with relatively low-energy lahar-type sig-

nals (Table 2) in the TRV before the rapid esca-

lation to pyroclastic £ows, which suggests that

erosion of the dome talus by intense rainfall was

taking place. Rainfall intensity data for the 29

July 2001 collapse (Matthews et al., 2002) demon-

strate the apparent rapid response of the lava

dome to the most intense bouts of rainfall, which

could support mechanism (1) and/or (3). On 20

March 2000 erosion could have destabilized the

critically poised eastern face of the dome, and

coupled with a more easterly growth direction

(suggested by the observation of spines on 20

March prior to the collapse) may have initiated

the collapse. However, any of the other aforemen-

tioned processes may also have played a role. In

our opinion a shift in dome growth direction

alone would not have generated such a sustained

collapse, and we rule this out as a trigger for the

20 March 2000 event.

Although detailed modeling of the e¡ects of

rainfall on a hot lava dome is beyond the scope

of this paper, we have used a simple energy bal-

ance model to address the feasibility of a rainfall-

induced dome collapse by comparing the energy

required to vaporize rainwater falling onto the

dome at various intensities with the sensible heat

£ux from the dome. The N99 SHV lava dome is

conceptualized as a circular cone with a volume of

29 Mm3 and a height of 200 m, which implies a

basal radius (r) of V372 m, a slant height (s) of

V422 m and a surface area ( = Zrs) of V0.494

km2.

Using rainfall intensities of 0.01^2.0 mm min31,

with the upper bound analogous to the peak in-

tensities recorded during the 29 July 2001 collapse

(Matthews et al., 2002), implies a mass £ux of

water of V5^1000 tons min31 onto the surface

area of the dome. Heating this water from the

ambient temperature (Tair ; assumed to be 25‡C)

to 100‡C and vaporizing it would require an en-

ergy £ux of V0.013^2.5 terajoules (TJ) min31

(using a speci¢c heat capacity of water of 4.184 J

g31 K31 and a latent heat of evaporation of 2260 J

g31, and neglecting any e¡ects of wind speed

and water vapor pressure for simplicity). To

estimate the sensible heat £ux from the lava

dome (with surface temperature Tdome), we use

the following equations for convective heat loss

(Qconv) and heat advected by the gas phase

(Qgas) from Oppenheimer (1991) and Harris et

al. (1999):

Qconv ¼ 0:14Sk
3
airkðgK airb air=X airU airÞ

3kðvTÞ4 ð1Þ

Qgas ¼ FgasCgvTgas þ FH2OLv ð2Þ

where S is the dome surface area, vT=Tdome3

Tair, g is acceleration due to gravity (9.8 m s32),

kair, Kair, bair, Xair, and Uair are the thermal con-

ductivity, cubic expansivity, density, kinematic

viscosity and thermal di¡usivity of air at the

mean temperature Tair+vT/2 (derived from tables

in Kays and Crawford (1980)), Fgas is the total gas

£ux, Cg is the speci¢c heat capacity of the gas (set

at 1.6 J g31 K31), vTgas is the di¡erence between

magmatic temperature (800‡C) and Tair, FH2O is

the water vapor £ux and Lv is the latent heat of

condensation (2260 J g31). Using gas composi-

tions determined by Hammouya et al. (1998)

and an SO2 £ux of 3.1 kg s
31 (270 tons day31)

measured by correlation spectrometry (COSPEC)

on 20 March 2000 (MVO, unpublished data,

2000), Fgas and FH2O are set to 217 kg s
31 and

196 kg s31, respectively. Tdome is a di⁄cult param-

eter to constrain, since it is likely to vary consid-

erably over the dome surface. Much of the SHV

dome is typically covered by a relatively cool car-

apace, with hotter material present where it is ex-

posed in cracks, generated by fragmentation dur-

ing rockfalls, or heated by hot gases liberated

from the interior. In the region of active dome

growth hotter, relatively fresh lava will also be

present at or near the surface of the dome, raising

its temperature to near-magmatic values. Further-

more, the area occupied by each of these features

will vary dynamically as the dome evolves; a larg-

er dome may have a greater proportion of cooler

talus on its £anks for example. Hence assigning a

representative Tdome is problematic and any inter-

action of the dome with rainwater is likely to vary

across its surface.
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For values of Tdome ranging from 300^1100 K

(V27^827‡C), derived values of Qconv+Qgas are

V0.04^0.25 TJ min31. Balancing this heat £ux

with the energy required to vaporize falling rain-

water indicates that rainfall intensities in excess of

0.2 mm min31 are su⁄cient to allow liquid water

to reach the dome, irrespective of its surface tem-

perature. If Qgas is increased by raising the as-

sumed SO2 £ux to an extreme value of 23 kg

s31 (V2000 t d31 ; well above the long-term

SHV average of V500 t d31), the range of

Qconv+Qgas becomes V0.32^0.53 TJ min31 and

rainfall intensities higher than 0.42 mm min31

are required to overwhelm the vaporization pro-

cess. Clearly, once rainwater comes into contact

with the hot surface of the lava dome, evapora-

tion will also take place at a rate dependent on

the dome temperature, rainfall intensity, wind

speed and local water vapor pressure, with accu-

mulating water more likely at higher rainfall rates.

Whilst not attempting to model this process, we

contend that sustained rainfall at above a thresh-

old intensity would be required to allow continu-

ous interaction between water and dome rock.

This would lead to erosion of, and/or percolation

of water into, the lava dome, with the latter pro-

cess potentially leading to phreatic explosions or

the generation of pressurized steam, and fragmen-

tation of the dome surface. Data collected during

the 29 July 2001 collapse (Matthews et al., 2002)

indicate that the collapse was not initiated until

rainfall became sustained at high intensity for pe-

riods s 1 h. The data in Fig. 4 also point to the

importance of sustained rainfall (i.e. high total

amounts) in triggering dome collapses on Mont-

serrat.

We therefore propose a simple model for the 20

March 2000 dome collapse at SHV. In the early

stages of the collapse, mechanical erosion of dome

talus, producing lahars in the TRV, was probably

important. This would have exposed hotter mate-

rial beneath the dome surface and may also have

destabilized segments of the dome’s eastern £ank.

Erosion of cooler talus on the lower £anks of the

dome may have continued throughout the col-

lapse, although the volume removed in this way

was probably insigni¢cant relative to the volume

removed and/or eroded by later pyroclastic £ows.

As rainfall continued, interaction between water

and hot lava became more signi¢cant. Cooling

and fragmentation of hot lava in contact with

water released pressurized gases and generated

pyroclastic £ows, with this process sustained by

continuous rainfall. As the collapse progressed,

the hotter, gas-rich core of the dome became in-

creasingly exposed, and the heavily fractured in-

teriors of individual dome lobes were shed in larg-

er pyroclastic £ows, possibly generating small

explosive events. At this stage, the release of pres-

surized gases from the core of the dome may have

been the main driving force behind the collapse,

with the rainfall now playing a subordinate role.

Finally, the volatile-rich magma in the conduit

region was exposed, triggering an explosion and

the highest-velocity pyroclastic £ows at the climax

of the collapse.

7. Discussion

There is therefore a growing body of evidence

linking rainfall with various types of volcanic ac-

tivity, although, with the exception of the 29 July

2001 collapse of the SHV dome (Matthews et al.,

2002), much of it is based on statistical correla-

tions or simple coincidences. Such activity is haz-

ardous as it is usually unpredictable. Although it

may be possible to forecast signi¢cant rainfall up

to several days in advance using satellite imagery,

a better understanding of the relationship between

rainfall (amount and intensity) and volcanic activ-

ity is required before such forecasts can be used to

pre-empt potential volcanic hazards. On Montser-

rat heavy rain is commonplace during the June^

December rainy season and it typically triggers

mud£ows, but sustained rainfall-induced dome

collapses are a rare occurrence. Evidence from

the 20 March 2000 and 29 July 2001 collapses

implies that rainfall must be both high intensity

and sustained in order to promote a signi¢cant

collapse.

The link between rainfall and dome collapse

therefore warrants further detailed study analo-

gous to the work of Matthews et al. (2002) on

Montserrat, along with modelling of the physical

processes involved, in order to characterize the
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conditions conducive to a rainfall-induced col-

lapse and develop tools for monitoring and haz-

ard mitigation. Systematic analysis of the rainfall

intensities required to trigger pyroclastic £ows, for

example (as has been done for lahars at Pinatubo;

Pierson et al., 1996), could contribute to hazard

mitigation at dome-forming volcanoes in the

tropics. At Merapi, a Doppler radar system has

been used to measure the size and velocity of

dome collapse pyroclastic £ows and rockfalls

from the active dome since October 2001, and

the system also detects rainfall (Hort et al.,

2002). Extended use of such an instrument could

also illuminate the link between rainfall and lava

dome instability.

One of the most remarkable aspects of the 20

March 2000 dome collapse was that it removed

almost the entire lava dome that had been grow-

ing since November 1999. The post-collapse mor-

phology of the dome region was thus similar to

that observed prior to the beginning of phase 2 of

dome growth, with a girdle of remnant dome ma-

terial from 1995^1998 forming a semi-circular

scar around the conduit region. Why the N99

dome was so e⁄ciently removed by the collapse

is not fully understood, but it may have been

partly due to a mechanical contrast between the

older 1995^1998 dome material and the 1999^

2000 growth. The periphery of the N99 dome

may have acted as a channel for rainwater, which

in¢ltrated the dome and promoted failure along

this bounding surface. The rain had little or no

e¡ect on the older 1995^1998 dome remnants

since these were not noticeably altered by the 20

March 2000 activity; suggesting that the higher

temperature of the N99 dome was an important

factor in its response to the rainfall.

We also consider that the manner in which a

dome grows must in£uence the style in which it

collapses. Watts et al. (2002) have described the

typical style of dome growth observed throughout

the 1995^2003 SHV eruption, which involves the

emplacement of individual lobes that grow in a

particular orientation bounded by shear faults

whilst shedding material from their headwall, be-

fore stagnating prior to a switch in extrusion di-

rection. The switch in extrusion direction and sub-

sequent propagation of a new upper conduit wall

through the dome often prompted dome collapse

in phase 1 of the eruption. These individual lobes

or ‘units’ grow in sequence and therefore may also

collapse in sequence, whilst varying styles and

rates of dome growth may explain the variation

in pyroclastic £ow magnitudes during dome col-

lapses at SHV, Merapi and Unzen. Furthermore,

on the rare occasions that they have been ob-

served, the interior of dome lobes have appeared

highly fractured, which could promote penetra-

tion of water into the core of the dome and also

helps to explain the rapid break-up of lobes as a

collapse progresses (e.g. Sparks et al., 2000).

We have proposed that the highest-velocity py-

roclastic £ows generated in the latter stages of the

20 March 2000 collapse originated from the hot,

gas-rich interiors of individual dome lobes as they

were unroofed. These £ows produced convective

ash plumes or possibly small explosions that

could be the origin of the ash pulses visible in

satellite imagery prior to the emergence of the

paroxysmal ash cloud (Fig. 6). Had the 20 March

2000 collapse not been channelled by the pre-ex-

isting 1995^1998 dome remnants and the TRV,

these high velocity pyroclastic £ows (and associ-

ated ash-cloud surges) could potentially have been

directed down other £anks of the volcano, with

serious hazard implications. At the time of writing

(July 2003) the SHV dome has overtopped the

1995^1998 dome remnants in many locations, in-

creasing the risk of pyroclastic £ows in directions

other than towards the east. Hence, for uncon-

¢ned domes that exhibit similar growth patterns

to those observed during the SHV eruption

(Watts et al., 2002), continuous monitoring of ex-

trusion directions is critical to the assessment of

pyroclastic £ow and surge hazards.

8. Summary

On 20 March 2000 the SHV lava dome that

had been growing continuously since November

1999 was almost entirely removed by a series of

pyroclastic £ows that gradually increased in inten-

sity over a V4-h period, culminating in a short

explosive phase. Peak discharge rates of pyroclas-

tic £ows at the climax of the collapse, estimated
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from broadband seismic data, may have exceeded

20000 m3 s31, and the £ows were highly erosive.

No signi¢cant geophysical precursors were recog-

nized, but shortly before the ¢rst seismic signals

associated with this dome collapse were received,

intense rainfall developed over Montserrat, prob-

ably playing a role in the initiation and prolonga-

tion of the activity. Lahars also occurred on sev-

eral £anks of the volcano during the collapse.

The link between rainfall and volcanic activity

remains contentious and requires further study

and observations, but the occurrence of three

large dome collapses on Montserrat since 1998

(3 July 1998, 20 March 2000 and 29 July 2001)

during periods of intense rain provides further

compelling evidence for a link. Available rainfall

data for the 20 March 2000 collapse are not su⁄-

cient to provide unequivocal evidence for a rain-

fall-induced event or to elucidate possible mecha-

nisms, but it is becoming clear that during phase 2

of dome building on Montserrat there is an in-

creased risk of dome collapses during periods of

sustained, intense rainfall. This contrasts with

phase 1 of dome growth, during which changes

in pressurization and dome growth rate were the

principal factors governing the incidence of dome

collapse. Further studies at dome-forming volca-

noes, using rain gauges with high temporal reso-

lution (e.g. Matthews et al., 2002) or Doppler

radar systems (e.g. Hort et al., 2002), could permit

quanti¢cation of the rainfall rates necessary to

initiate dome failure and thus contribute to haz-

ard mitigation. Meteorological monitoring, to

forecast impending tropical waves, hurricanes or

storms, would be bene¢cial at active or recently

active volcanoes in temperate or tropical regions.
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