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Introduction
1. This is the second part of the report resulting from the second meeting of the Scientific
Advisory Committee (SAC) on Montserrat Volcanic Activity that took place at the Montserrat
Volcano Observatory from 1-4 March, 2004. Part I of that report, the Main Report1, gives the
principal findings of the meeting2, and this, Part II, gives the technical data and analysis that
led to those findings.
2. There is now a substantial scientific literature concerning the eruption of Soufrière Hills
Volcano. Three collections of scientific papers are noteworthy: Volume 25 of Geophysical
Research Letters,19983,4, Memoir 21 of the Geological Society of London, 20025 and Volume
44, Issue 8 of the Journal of Petrology, 20036. Much technical information exists in the Open
File Reports and Special Reports of the MVO. For this meeting MVO produced Open File
Report 04/027, which synthesises the monitoring data and observations collected by MVO
since the first SAC meeting in May 2003.
3. In addition to these documents in the public domain, the SAC also discussed and analysed
other data and information relevant to the volcanic hazards. These included data from the
MULTIMO and CALIPSO research programmes. The eruption events of 3 March 2004 that
occurred in the middle of the meeting also provided us with new data to assimilate into our
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hazard assessment and which are described below. Although we cannot present all these
sources in detail we do attempt in the following to give as much information as possible.

The 12 July 2003 Collapse
4. Two months after the previous SAC meeting the dome collapsed on 12/13 July 2003 in the
largest such event of the whole eruption and when the dome was the largest it had ever been.
Not only was this a very interesting event from a scientific perspective, but it substantially
changed the agenda for hazard assessment in Montserrat. Prior to the collapse the concern was
dominated by the possibility of dome collapse pyroclastic flows down the lower Belham
Valley and the threat posed to the communities immediately to the north of that. After the
collapse the attention has switched to hazards associated with increased access to the Daytime
Entry Zone (DTEZ).
5. The events of 12 and 13 July 2003 and the subsequent few days are discussed in MVO
Open File Report 04/018 and in the more detailed MVO Special Report 109, which is still in
preparation. In summary they were:
• A precursory swarm of hybrid seismicity (9-12 July) and a period of intense rainfall
(10:20-12:45 UT 12 July).
• A slow build-up of pyroclastic flows derived from collapse of talus material over 10.5 hrs
(13:30 UT 12 July - 00:00 UT 13 July).
• High volume pyroclastic flows derived from the hot interior of the dome reaching a peak
flux rate of 60-100,000 m3/s at 03:34 UT 13 July.
• A small tsunami wave (about 1m) that was recorded on the northwest coast of
Guadeloupe.
• A destructive pyroclastic surge that flowed northwards and in places uphill from the Tar
River valley and delta, covering 11 km2.
• An explosion that destroyed what was left of the dome over the conduit and distributed
about 20 million m3 of rock as fragments up to 52 mm in size over the northern part of the
island.
• A final sequence of four conduit-clearing explosions from 13 to 15 July that produced
pumice-laden, non-collapsing, eruptive columns up to 12 km high.
• The growth over about a week from about 21 to 29 July of a small dome of lava, the
"domelet".
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6. Several features of this collapse followed the pattern exhibited in previous collapses. The
event was preceded by a combination of the two main phenomena correlated with triggering
collapses previously: intense hybrid swarms and intense rainfall (during the hurricane season
in this case). The collapse sequence was progressive from talus to core. Removal of dome
lava above the conduit resulted in violent explosions. Perhaps the most significant feature of
the collapse was that it occurred largely down the Tar River Valley with no material deposited
to the north, west or south. This reinforces the view that future large collapses will most likely
also take this route if dome rebuilding takes place. The amphitheatre created by the collapse
was similar in shape to the original English's Crater and the base level above the conduit at
670m above sea level was the same as the base level of the Castle Peak dome. Concerns
expressed in previous risk assessments about the stability of the early (e.g. 1997) dome
remnants, because of possible hydrothermal weakening were not substantiated. Indeed, one
such remnant, the "Northwest Buttress" was the highest standing part of the dome after the
collapse. Another aspect relevant to future hazard assessments is that none of the explosions
involved eruption columns greater than about 15 km in height, despite the largest unloading
decompression of the eruption. This is consistent with previous large explosions such as the
Reference Explosion of 17 September 1996. Although this does not rule out the possibility of
explosions larger than this, it makes their likelihood during this eruption even less.
7. Some aspects of the collapse remain unclear. We do not really understand the mechanism
of progressive talus failure. There was little evidence of pyroclastic surges to the south of the
Tar River delta, as nearly all the surge flows moved northwards. The reasons for this
asymmetry and the flow dynamics are not yet fully understood. The explanation may involve
complexities in hydrovolcanic phenomena where the pyroclastic flow entered the sea. The
sequence of four post-collapse, vulcanian explosions took place at increasing intervals and we
feel this must be related to conduit magma dynamics. It is hoped that further study of the
deposits from these explosions will help to elucidate their plume and source dynamics and
improve our understanding of the conduit. Related to this is the emplacement of the
"domelet". One interpretation of it is that the magma that rose from the reservoir after this
particular explosive draw-down just managed to reach its level of neutral buoyancy at about
700m asl but then solidified. An alternative explanation is that the "domelet" represents some
residual, high level volume of magma that no longer had a connection to the conduit, but was
left over from the pre-collapse magma.
8. It is important to know the volumes of the dome before and after the collapse because
those figures can be used to calculate the time it might take for the volcano to rebuild a new
dome. At the time of the meeting, the MVO had no models of the topography immediately
before and after the collapse, though an estimate of a pre-collapse dome volume of 200
million m3 and a collapse volume of 120 million m3 is made in MVO Special Report 10. We
did have a post-collapse digital model of the topography derived from radargrammetry using
radar images of the volcano obtained from space by Radarsat under the International Charter
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for Space and Major Disasters10. Although these data give a very crude model, with a height
root mean squared (rms) error of about 40m, it could be used to simulate a pre-collapse
topography and thus derive a collapse difference volume of 150 million m3, with an
uncertainty of about 30%. The overlap of these two estimates gave us some confidence that an
uncorrected volume of about 120 -150 million m3 is a reasonable estimate for the material lost
from the volcano edifice in the 12/13 July collapse events.

Events of 3 March 2004
9. Prior to 3 March, the volcano had displayed no significant surface activity, apart from
degassing, since July 2003. The events of 3 March are important to this discussion because of
how the SAC interpreted them in terms of future hazardous activity.
10. At 14:44 local time on 3 March 2004 an eruptive episode began. An eruption column rose
above the western part of the collapse amphitheatre of July 2003, whilst pyroclastic flows
descended the Tar River Valley. The column height was reported at about 6 to 7 km (by the
Washington Volcanic Ash Advisory Center), and low-level winds carried the ash to the west
and southwest. After about three hours the explosion column was replaced by sustained ash
venting and water vapour cloud. Observation flights that day and the next showed that a large
part of the "Northwest Buttress" (a remnant of the dome emplaced in 1997) had collapsed and
that the "domelet" that had grown in late July 2003 had been removed. It was also confirmed
that the pyroclastic flows had reached the sea and that they contained some pumice. This
suggests explosive vesiculation from within the main conduit beneath the domelet, although
remobilisation of July 2003 pumice cannot be ruled out (preliminary analysis of ash from the
explosion indicates temperatures less than those expected from a pumiceous explosion based
on low-temperature quartz crystals and a lack of glass from frozen bubble walls). The relative
timing of the collapse and explosive components of the eruption are important, but uncertain.
If the collapse occurred first then the resultant flow's impact on the "domelet" may have been
to remove it as a plug to the conduit and hence release an explosion there. Alternatively, if
there was an initial explosion then the ground accelerations and turbulent atmospheric
pressure effects may have destabilised the nearby oversteepened amphitheatre wall.
Measurements of the MVO seismic array and at the MULTIMO pressure sensor array at Lees
Yard appear to some to favour a secondary explosion following the initial rockfall signals
from the collapse.
11. Prior to these events, the seismicity since July 2003 had been dominated by a series of
hybrid/LP swarms on 27 September 2003, 16 November 2003, 9 December 2003, 31
December 2003, 18 January 2004 and 30 January 2004. The next swarm on 21 February
10
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consisted largely of low level tremor lasting for about 36 hours. A similar episode of tremor
with recognisable hybrid events began at about 18:00 on 2 March and continued until the
eruption twenty hours later. These swarms are interpreted as a resonant (or quasi-resonant)
excitation process in the upper one to two kilometres of the conduit. The change to a more
continuous tremor mode suggests a shallowing of the source of the seismic tremor. Since the
eruption of 3 March, variable, more frequent tremor episodes, some with higher amplitude
signals, involved pulsatory emission of ash clouds indicating mild explosive degassing of the
magma column.
12. Our interpretation of the events of 3 March 2004, based on currently available data, is that
they involved a weakly explosive evacuation of the upper part of the conduit. This episode
was the culmination of the progressive evolution of conditions within the conduit suiting
explosive activity, the development of which had been marked by low frequency seismicity
over the months since the July 2003 collapse event. This suggests that the conduit still
contains magma at relatively shallow depth that could readily reach the surface to restart
dome growth.

Long Term Prognosis
13. The previous SAC technical report made the case that the current eruption of Soufriere
Hills Volcano is driven by the influx at intermediate levels in the crust of basaltic magma into
a large reservoir filled with andesitic magma. New petrological data and models6 reinforce
this interpretation. One consequence of these models is that if the influx of basalt from depth
stops, then this should also eventually stop the eruption of andesite at the surface and hence
end the eruption. The time scale over which this might take place is not well constrained but
there is some evidence that most batches of andesite are erupted within about one month of
being heated by basalt7.
14. The lack of surface activity at the volcano since July 2003, but prior to 3 March 2004,
could have been interpreted as evidence of the end of basaltic magma supply and the end of
the eruption. MVO needs a way of making such a decision based on observations. Here we
propose a set of quantitative criteria that can be tested using measurements and observations
made by MVO. We advocate three criteria, one each in the main areas of observation: gas,
seismicity, and surface deformation, that together would be consistent with the cessation of
basaltic magma supply11. To be assured of the meaningfulness of this test, all the criteria
would have to be met for a suitable period of time.
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15. Sulphur dioxide is the most readily measured of the volcanic gases emitted by the
volcano. It comes mostly from the basaltic magma, not the andesitic magma (Edmonds et
al.12). Hence when the basalt stops releasing its gas the sulphur dioxide emission at the surface
should drop to very low levels. This also requires that the volcanic system is openly
permeable to this gas loss from more than 5 km depth to the surface, which may not always be
the case. Nevertheless, if the system does stay permeable then a fall in sulphur dioxide
emissions to very low values would be a good indicator. The long-term average sulphur
dioxide emission rate is about 400-500 tonnes/day. Short-term (daily) rates have fallen to
values as low as about 100 tonnes/day (e.g. at the end of the 1998-1999 pause in dome
growth). We advocate an upper limit value of 50 tonnes/day measured over one year, in line
with the recommendation of Edmonds et al.13, to signify the end of the supply of basalt.
16. If magma still occupies the conduit between the volcano and the reservoir then resonant
excitation of that magma by gas exsolution, fracture of cooling magma, or conduit wall slip
will produce long period/hybrid earthquakes or tremor14. The presence of such low frequency
earthquakes should indicate that magma exists at relatively shallow depths in the conduit (<2
km). Without re-supply from the reservoir this seismic activity will cease as the magma
freezes. Hence the criterion we suggest is the lack of any low frequency earthquakes or
tremor.
17. The continuous GPS stations have measured surface motions consistent with deformation
due to a deep pressure source, presumed to be the andesitic magma reservoir. During dome
growth the surface deflates and during pauses in dome growth the sense of motion reverses to
indicate inflation. This in turn is interpreted to mean decreasing pressure during effusion and
increasing pressure during a pause as basalt continues to intrude the reservoir and release gas.
The long term rate of deflation since 1997 appears to be greater than the rate of inflation,
perhaps by a factor of two, suggesting that the overpressure in the reservoir is falling, but
gradually. This is similar to the modelling work on a similar synthetic system carried out by
Woods and Huppert15. Once the system stops pressurising (inflating) during a pause in surface
activity this would be indicative of a lack of continued influx of basaltic magma to the
reservoir. The measurement uncertainty of the 3D motion vector over about one year should
be about 5 mm. This must be consistent across all the cGPS sites, but must also be
demonstrably not due to shallow or local sources of strain (e.g. surface loading at Hermitage).
12
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The criterion then is no net inflation (there may be net deflation) at all cGPS sites from a
demonstrably deep source.
18. The above three criteria require the absence of signals. There is another possible
observable effect of the cessation of basalt supply that might involve the manifestation of new
signals. This is the occurrence of diffuse volcano-tectonic earthquakes caused by the
adjustment of the rocks around the reservoir and conduit to the regional crustal stress field as
the upper volcanic system shuts down, such as has been observed after eruptions at other
volcanoes. We do not know if this is likely to occur at Soufrière Hills volcano and hence we
do not suggest its formal use, but it could be helpful evidence to support the three main
criteria.
19. We expect that these measurable effects should be evident within months of the cessation
of basaltic magma supply. However, we recommend a period of one year's measurement time
before making a decision. Each criterion must be met for at least that one-year period. We
will continue to review these criteria and their underpinning scientific basis.
20. The data acquired by MVO since July 2003 (Open File Report 04/027) allow us to test the
behaviour of the volcano during the July 2003 to March 2004 period against the three criteria.
The sulphur dioxide emission rates measured from August to November 2003 averaged over
1000 tons/day, an unusually high rate. This may have been due to the depressurisation effects
of the unloading of the reservoir caused by the huge collapse of 12-13 July 2003. From
November 2003 to March 2004 the emission rates were about 500 tonnes per day, close to the
long-term average. The nature of the low frequency seismicity from September 2003 onwards
was discussed in paragraph 16 above and clearly did not fulfil the relevant criterion for that
observable. All the main inter-site distance changes measured by cGPS showed major
inflections in the middle part of 2003, from deflation prior to July to lower inflation after, at
rates of a few cm/year. There is some indication that this inflection occurred about one month
before the 12 July collapse, but this is not clear-cut. Thus none of these three criteria was met
during the last 8 months and the volcano cannot be considered to have stopped erupting, a
conclusion we arrived at prior to 3 March 2003.

Assessment of Volcanic Hazards
21. Given that the volcano is still in long-term eruption what then are the hazards now posed
by this volcanic activity? We focused our attention on the hazards for three main cases.
Firstly, the situation as it is now, with no dome growing. Secondly, the situation if a dome
were growing in the crater, and thirdly, an extension of this to the situation when the dome
had grown to a very large size again such that it was capable of once again threatening the
lower Belham Valley, as it did in late 2002-early 2003.
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22. The specific volcanic hazards faced are:
No dome case: Explosions with ash and rock fallout, pyroclastic flows from explosive column
collapse,
Dome growing cases: Explosions with ash and rock fallout, pyroclastic flows from explosive
column collapse, pyroclastic flows from dome collapse.
The main area of specific concern for this meeting was the DTEZ, though the hazards are
applicable generally to the whole of the Exclusion Zone. In the third case of a very large
dome then the issue of the lower Belham Valley Entry Zone (of 9 October 2002) would
become relevant again. In addition, mudflow hazards are a long-term concern in the Belham
River and Gages Valley/Fort Ghaut.
23. In assessing the hazards, certain factors were judged to be of most importance. Firstly, the
likelihood that a lava effusion will restart within the period under concern (one year) is
fundamental. The degree of explosivity of any renewed activity, particularly the potential for
an explosion after a long period of no activity is obviously important. This is what happened
on 3 March 2004. The explosion then was relatively modest (judged to be less than 0.1 times
the reference explosion), others may be larger. The topography of the volcano is important.
Pyroclastic flows are partly guided by the topography and hence the vulnerability of locations
is determined by the neighbouring hills and valleys. Finally, perhaps the most important factor
is the rate of magma flux to the surface, particularly in the initial stages of renewed effusion.
24. We use for our evaluation of the hazardous effects of explosions, the observed effects of
the reference explosion of 17 September 1996, and the 0.1 x reference explosions of late
1997, together with the simulation modelling undertaken by Bonadonna and Sparks in MVO
Special Report 916 for the hazards due to fallout of ash and rocks from the eruption column.
We also have the equivalent simulation modelling work undertaken by Clarke et al.17 on the
1997 vulcanian explosions that produced column collapse pyroclastic flows. We also now
have data on the effects of the vulcanian explosions from the latter stages of the July 2003
collapse events to compare with this previous work. Although a detailed analysis has yet to
be completed, the general picture is that the largest of the July 2003 explosions were similar
in magnitude to the reference explosion. However, one of the differences is that the wind
directions on July 13 carried the largest rock fragments northwestwards and there were rock
16
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fragments of 51 mm measured at Woodlands. The later pumiceous explosions involved
westward and west-northwestward winds giving rise to pumices up to 65 mm in diameter at
Old Towne. These sizes were larger than predicted by the average reference explosion models
of Bonadonna and Sparks, but probably within the expected range given the wind direction.
25. Any renewed explosive activity will occur within the new amphitheatre or crater formed
in July 2003, most probably over the location of the conduit, below the site of the "domelet".
This is now at a low altitude (~680m asl) relative to the walls of the crater which are generally
at heights of 800-900m asl and are 200-500m away horizontally. This is in contrast to the
situation in late 1997 when column-collapse explosions occurred from a crater vent at about
900 m asl, with the crater lip only 100m higher vertically and 150m away horizontally. Thus
upon collapse of any explosion column now, a much greater proportion of the collapsing
material would fall back within the crater. Also, because of the lower height of the vent the
kinetic energy and initial velocities of any column-collapse flow that does reach the outer
flank slopes (e.g. Gages Valley, Fort Ghaut) will be less than was the case in 1997 for a given
size of explosion.
26. The topography of the crater also has a considerable bearing on the future development of
hazards if and when a new lava dome grows there. Assuming again that the dome grows
above the conduit vent then, unless the dome growth is exceptionally rapid, it will take many
months to years to grow to a size approaching that of 2002-2003. Thus the details of such an
eventuality will not concern us here - that would be for future SAC assessments if need be.
However, it is worthwhile to evaluate as a benchmark the volume of new lava required to
recreate the dome as it was in mid-2002, when the threat of dome collapse pyroclastic flows
to the north via Tyre's Ghaut and to the Belham River Valley became a pressing concern.
Model calculations by us indicate that about 100-130 million m3 of lava would be required to
create such a dome. This is a minimum estimate for the volume of material erupted by the
volcano because it does not allow for any mass wastage by other collapses such as those down
the Tar River Valley, and by explosions during the growth of the dome. From 1995 to 1997
38% of the lava erupted contributed to the dome and 62% produced pyroclastic flow deposits
or explosive deposits (Sparks et al.18). If this ratio of partition were to apply in future then as
much as 260-340 million m3 would need to be erupted to achieve the mid-2002 dome size.
27. If magma flow to the surface resumes at a high rate then the risks posed are much greater
than at lower rates. This is because high rates of magma flux bring a higher likelihood of
explosions, and thus an increased likelihood of column collapse pyroclastic flows. These also
give less time to respond to an escalating crisis, and reduces the time it would take to build up
a new dome capable of hazardous collapse. The highest rates of magma flux sustained for
periods of months were in late 1997, when rates in the range 5-10 m3s -1 (dense rock
18
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equivalent) were measured. Since the resumption of dome growth in November 1999 rates
fell from about 2.5 m3s -1 to 1.6 m3s-1. This suggests that the overpressure created by basalt
influx to the reservoir is declining slowly. Also, a study by us of magma flux rates on the
resumption of activity after pauses in dome growth throughout the eruption indicates that flux
rates tend to be initially lower, or the same as, those prior to the pause. However, whilst a
moderate flux rate restart may be more likely, we cannot rule out a much more vigorous
scenario. For our quantitative eruption scenario calculations we decided to partition this
observed range of long-term flux rates into three: >5 m3s-1, 5-2 m3s-1 and <2 m3s-1. Knowing
the vigour of magma flux is obviously a key piece of information. We delayed delivery of our
Main Report until 1 April and issued an Interim Report on 18 March 2004, because in the
days following the events of 3 March we thought the likelihood of new dome growth was
high and knowledge of the initial flux rate would help us to refine our assessment. However,
no dome grew.
28. Soon after the 12 July 2003 collapse the SAC was asked, by DfID, how often might they
expect a repeat of the very substantial ash deposition that occurred in the inhabited areas of
Montserrat (e.g. 15 cm at Old Towne). This was asked from the perspective of financial
planning for future ash clean-ups rather than that of risk assessment for population safety. The
only way to assess this is to assume a repeat of the 12 July collapse and the same ash
deposition pattern given the current situation. Namely, how long would it take to rebuild the
dome to the state of July 2003 over the current topography? As we saw in paragraph 8, the
volume required to re-grow that dome is 120-150 million m3. At the high (dense rock
equivalent volume) flux rate of 6.5 m3s -1, it would take about 6-8 months with no mass
wastage, 16-21 months with mass wastage at the 1995-1997 partitioning. At the low flux rate
of 2 m3s-1, it would take about 21-26 months with no mass wastage and 55-68 months with
mass wastage. We consider lower flux rates to be more likely.
29. The 12 July 2003 collapse was an extreme event as far as this eruption overall is
concerned. The mobility and destructive power of the pyroclastic surges that moved over all
the evacuated and partly destroyed villages and habitations of the northeastern flanks of the
volcano were considerable. As we have already indicated, the dynamics of these pyroclastic
surges are not yet fully understood. Should we be concerned that such a highly mobile surge
could endanger the western side of the island? We think not. Firstly, there is no large mass of
hot dome left to collapse at the moment. Secondly, in the event of a re-grown dome, the mass
and volumetric flux of the collapsed material that moved down the Tar River Valley on 12
July 2003 to produce that particular pyroclastic surge could not be delivered into the Belham
Valley from any plausible dome configuration. Thirdly, the specific dynamics of the surge
flow are highly unlikely to be replicated to the west and northwest because of the very
different topography there. Of course, we shall seek to understand better the 12 July surge
phenomena, but for now they are not of any particular concern from a risk assessment
perspective as far as the western parts of the island are concerned.
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30. Next we use these three general cases (no dome growing, a new dome growing, a new
dome grown to the same size as in 2003) and our knowledge of the factors that influence them
to assign quantitative measures of the probability of specific hazard scenarios occurring over
the next year. We do this by the formal method known as Expert Opinion Elicitation that we
have used in previous assessments.

Elicitation of Probabilities for Hazard Scenarios
31. Here we summarise the results of the formal elicitation of the SAC members' views on
the probabilities of occurrence over the following year of certain hazardous events that are
inputs to the risk simulation modelling. The first seven probabilities reported below (P1 - P7)
were educed initially during the meeting on Montserrat. Following e-mail exchanges of
further information and views, two of them (P2, P3) were subsequently updated, and opinions
on a further three questions (P8 - P10) elicited from the group (see below).
32. Each class of event represents one type of hazard of a given size or intensity. By
assigning a distributional spread to a set of these events, and hence representing the
uncertainties associated with them, we can build up a continuum of hazards that can arise at
the volcano. The set of hazard events was initially defined for Soufriere Hills Volcano in
1997, and has been modified subsequently.
33. Probability that the eruption has not stopped (P1)
Our newly defined criteria for a stopped eruption are given in the section on Long Term
Prognosis. They indicate that the eruption has not stopped. This elicitation effectively
measures our confidence in the result of the test of those criteria. It does not test the
probability that dome growth will restart at all.
Elicited Probability :
lower bound
81%

best estimate
93%

upper bound
100%

34. Probability that dome growth will not restart within one year (P2)
Given that the eruption has not stopped but has the potential to start erupting magma again,
this tests the probability that there will not be a resumption of lava effusion within one year. It
has been about 8 months between the emplacement of the "domelet" in late July 2003 and the
meeting. There have been two short pauses in dome growth before (3 March-10 May 2001, 1
June-19 July 2002) that were not associated with obvious conduit drawdown and refill, but the
only pause of longer duration than the current one is that from 10 March 1998 to 27
November 1999, a total of 20 months. Thus we know that the magmatic system can remain
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active without surface effusion for that length of time and could do so again. The evidence of
magma within the conduit as a result of the events of 3 March 2004 and after that, would
Elicited Probability :
lower bound
2%

best estimate
27%

upper bound
65%

indicate that resumption of extrusive activity may be imminent, but during the 1998-1999
pause there was also considerable surface activity for many months (Norton et al.19).
35. Probability of a restart to dome growth preceded by a 0.1 x reference explosion (P3)
The threshold for a significant hazardous explosion at Soufrière Hills Volcano is judged to be
about one tenth the size of that of the reference explosion of 17 September 1996. That
eruption is well modelled by the work of Bonadonna and Sparks and so knowledge of the
geographical extent and intensity of its hazardous effects are constrained. The 0.1 x reference
explosion is similar to many of the vulcanian explosions experienced during the latter part of
1997, some of which involved column collapse-generated pyroclastic flows. As stated earlier,
the 3 March 2004 explosion was estimated as less than 0.1 x reference size.
Elicited Probability :
lower bound
1.5%

best estimate
19%

upper bound
95%

36. Most likely duration of the current pause (P4)
Given that we are already eight months into the current pause what is the most likely total
duration? The background to this has already been discussed in paragraph 28. The lower
magma flux rate before the pause compared to that prior to the 1998-1999 pause may indicate
that it would take longer to achieve some threshold reservoir overpressure value to trigger a
restart.
Elicited Spread of Duration :
lower bound
8 months

best estimate
30 months

upper bound
97 months

19

Norton, G.E. and 15 authors, Pyroclastic flow and explosive activity at Soufrière Hills Volcano, Montserrat,
during a period of virtually no magma extrusion (March 1998 to November 1999), In, Druitt, T.H. and B.P.
Kokelaar (eds). The Eruption of Soufrière Hills Volcano, Montserrat, from 1995 to 1999. Geological Society,
London, Memoirs, 21;467-481, 2002.
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37. Probability of a magma flux rate upon restart of >5 m3s-1 (P5)
This and the following two questions seek to enumerate the probabilities of three different
ranges of magma flux rates, spanning the full observed range of behaviour during this
eruption, that would have different consequences in terms of the level of risk as discussed in
paragraph 27. This range is that experienced during the second half of 1997.

Elicited Probability :
lower bound
<0.1%

best estimate
8%

upper bound
38%

38. Probability of a magma flux rate upon restart of 2-5 m3s-1 (P6)
This is the range experienced for much of the eruption from 1996 to 2002.
Elicited Probability :
lower bound
7%

best estimate
30%

upper bound
80%

39. Probability of a magma flux rate upon restart of <2 m3s-1 (P7)
This is the range experienced during most of the first year of the eruption and during part of
2003.
Elicited Probability :
lower bound
9%

best estimate
58%

upper bound
89%

40. Given dome growth recommences at a magma flux rate <2 m3s-1, the probability of a
subsequent 0.1 x reference explosion (P8)
This scenario involves an explosion occurring almost immediately upon resumption of
magma movement to the surface, but for the case where initial flux rate (discussed in
paragraph 27) is low.
Elicited Probability :
lower bound
1%

best estimate
13%

upper bound
46%
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41. Given dome growth recommences at a magma flux rate of between 2-5 m3s -1, the
probability of a subsequent 0.1 x reference explosion (P9)
This is the same as P8, but with an intermediate magma flux rate at restart.
Elicited Probability :
lower bound
5%

best estimate
27%

upper bound
68%

42. Given dome growth recommences at a magma flux rate exceeding 5 m3s-1, the probability
of a subsequent 0.1 x reference explosion (P10)
This third and last version of the dome growth restart scenario considers the likelihood of an
0.1 x reference explosion if the magma flux rate is high.
Elicited Probability :
lower bound
14%

best estimate
53%

upper bound
86%

Quantitative Risk Assessment
43. The risks facing the people of Montserrat from the volcano have changed considerably
since the last assessment in May 2003. Nevertheless here we follow the same basic
procedures revising earlier calculations of volcanic risk by making adjustments to quantitative
risk estimates, based on the committee’s reappraisal of the probabilities of the various threats.
The risk levels are mainly expressed as potential loss-of-life estimates and as annualised
individual risk exposures, that is the risk of an individual losing their life over one year.
Generally they do not include allowance for any reduction in risk that could be gained from
early warnings and civilian mitigation responses. Thus, while the quantitative risk assessment
results are not full-blown worst-case scenarios, they do represent suitably conservative
estimates for policy-making purposes. The approach and methodology follows that described
in the December 1997 MVO Hazards and Risk Assessment report, validated by the UK
Government’s Chief Scientific Adviser’s consultative group.
44. Estimates of the potential numbers of persons that might be injured by volcanic action are
not included. For emergency planning purposes, medical and volcano emergency specialists
can infer casualty numbers from the probable loss-of-life estimates. Unlike previous
assessments our assessments take account of likely hazardous events over the next twelve, not
six, months. Although the SAC is scheduled to meet every six months, the last interval was
nine months and so to accommodate this we have extended the window of assessment.
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Fig.1 Map of Montserrat showing boundaries used to assess population numbers for risk
assessment.
45. The population zones that have been used consistently throughout recent risk assessment
updates for Montserrat are shown on Fig. 1. Zone 5, 4 and 3a are occupied, following the
rescinding of the evacuation of 9th October 2002. The assumed total population on Montserrat
is taken currently to be about 4,775 persons. This number is unchanged from the last
assessment.
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46. Given that the risk from dome collapse pyroclastic flows in the lower Belham Valley has
effectively dropped to negligible levels since May 2003, the focus of government concern in
the risk assessments is with the risks faced by an increased level of population within the
DTEZ, were the current rules of daylight hours access to be relaxed. We address this via a
series of location specific scenarios within and around the DTEZ that were suggested by
government. We emphasise that the only way to undertake such analysis is by assuming a
certain number of people within a given area for a given time. Because these figures were not
specified and recent meaningful census figures could not be applied, we have used our own
values. Our quantitative assessments are only valid for these assumed figures.

Societal Risk Levels
47. Risk levels with the present population distribution
This scenario has no people living full-time in the DTEZ. Curve B on Figure 2 shows the
estimated population risk exposure for the present situation. It is considered likely but not at
all certain that magmatic eruption activity will restart during the next year (Prestart ~ 0.73). If
there is a restart, it could be a new phase of dome-building (most likely - Pdome ~ 0.8 from
elicitation) or, much less likely, as initial explosive activity (i.e. Pexplosion ~ 0.2). In either case,
a range of flux rates is allowed for in the modelling, weighted according to the elicitation
results for their relative likelihoods. The timing of any restart is difficult to forecast: the basic
model (Curve B) assumes that it could happen at any time in the next year, if it happens at all;
as an alternative hypothesis, the notable activity of early March 2004 might be taken to
indicate an increased likelihood of a restart in the near future, so Curve C reflects this
possibility.
48. In both cases, it is assumed for risk modelling purposes that no immediate mitigation
measures are introduced as a consequence of a restart of magma eruption at the surface. For
comparison purposes, Figure 2 also shows the annualised societal risk that was calculated for
the conditions in May 2003, when a very large dome was present (n.b. in that SAC report, risk
exposures were calculated for a six-month outlook period only - they have been converted to
annual values here). The present volcanic risk estimate is, thus, considered to be very much
lower than it was a year ago, when the giant dome threatened occupied areas. Comparative
risk exposures for hurricane and earthquake are also shown: for smaller numbers of casualties,
the volcanic risk is similar to the long-term hurricane and earthquake risk on Montserrat,
although Curves B and C indicate a much higher probability level is possible for mass
casualties from volcanic activity than from either of the other two natural hazards. With
respect to the volcanic risk itself, there is little difference overall when the timing of any
restart of magma eruption is modelled differently: allowing a tendency to early restart
enhances marginally the probability of a few casualties within a year (because of the greater
opportunity for a large dome to be re-formed if building starts promptly), but otherwise the
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outlooks are effectively indistinguishable with the other assumptions that underlie the model
in this instance.

Fig. 2 Societal risk estimation for possible restart of magmatic eruptive activity in next year
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Fig. 3 Effect on societal risk levels if DTEZ is re-occupied by 200 people
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49. Risk levels with the DTEZ occupied
The question arises as to what impact on societal risk exposure the re-occupation of the DTEZ
would have, if it were allowed to go ahead. For present purposes, it is here assumed that 200
people might move into the area concerned, taking up residence mainly in Cork Hill,
Richmond Hill and Fox’s Bay. The results of a quantitative risk analysis in these
circumstances are presented on Figure 3. Curves A (May 2003 exposure) and B (March 2004
basic risk model) are repeated from Figure 2, for comparison. Curve C shows the overall
societal risk with the DTEZ occupied when it is not certain that magmatic eruption of any sort
will restart in the next year and, if it does, when it could be either dome building or explosive
in the initial stages. There is a general elevation of societal risk, being almost double that for
the present population situation (i.e. keeping entry to the DTEZ restricted). However, in the
circumstance that dome rebuilding does recommence, the risk exposure with the DTEZ
occupied changes to that shown as Curve D. This condition elevates the risk of small
numbers of casualties, but marginally depresses the risk of greater numbers because the
probability of a significant explosion within the time interval is slightly lower when part of
the available time is taken up with growing the dome. At more extreme casualty numbers,
however, the exposure is estimated to be very similar to that estimated for conditions in May
2003, by virtue of having 200 people living that much closer to the volcano.

50. Risk levels for an explosive restart
The possibility of a strongly explosive sudden restart to magma eruption at the surface in the
near future cannot be precluded. Such a change in behaviour is intrinsically unpredictable, but
it has to be allowed for, with suitable probabilities of occurrence, within any risk assessment.
Figure 4 shows the way in which societal risk on Montserrat would be increased if there were,
suddenly, a sustained high flux rate (here assumed to be greater than 6.5 m3s-1) and explosive
resurgence of magma eruption. For this particular scenario, Curve C on Figure 4 refers to the
present population distribution, while Curve D indicates the effect that would result from
having 200 people occupying the DTEZ, both conditional on the explosive restart actually
happening. Overall, the chances of suffering one or more casualties in an outbreak of sudden
explosive action are estimated to be approximately double those that exist in the preferred
model of current, more likely possible scenarios (above). The potential for very large
numbers of casualties is also clearly elevated in such circumstances, and IF a major explosion
were to occur with people living in the DTEZ, the level of societal risk exposure could be
significantly higher than it was last year, when the huge dome was present. That said,
however, the likelihood of such an eventuality is considered very low in the absence of strong
indicators to the contrary.
Individual Risk Exposure Estimates
51. In terms of individual exposure, individual risk per annum estimates (IRPA) for people in
different areas are calculated using the probabilities elicited from the committee, coupled with
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Monte Carlo population impact risk simulation modelling. The numerical risk estimates are
also categorised according to the descriptive scale of risk exposure levels devised by the Chief
Medical Officer (CMO) to the UK government (see Appendix 2).

Fig. 4 Societal risk exposure if a sudden onset, high flux-rate explosive restart to eruption
were to occur.
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52. Risks in DTEZ
Given the current lack of dome growth and the conditions of daytime entry restrictions only,
then the hazards are from sudden explosions with fallout of rocks and ash and from sudden
explosions with accompanying pyroclastic flows generated by column collapse. The hazards
from fallout of rocks would occur across the DTEZ and can be mapped from the simulation
models. The hazards from column collapse pyroclastic flows would be concentrated in the
Fort Ghaut area close to Richmond Hill and in the Belham Valley near Cork Hill. These give
a risk exposure in the lower part of the LOW category on the CMO's scale.
53. Risks in DTEZ with 24-hour access
The situation is assumed to be that of 200 people, in total, living full-time in Cork Hill,
Richmond Hill and Fox's Bay and with no dome growth. The potential hazards are as above.
The average individual risk remains in the LOW category, but at the upper end, bordering on
the MODERATE category. This does not include the added risk from increased exposure to
possible mudflows during the increased crossings of the Belham River that would inevitably
ensue from the relaxing of the DTEZ restrictions. We do not yet have sufficient data on
mudflow recurrence to estimate this quantitatively, but we hope that the appropriate work will
be done by the next SAC.
54. Risks in DTEZ with 24-hour access and dome growth
If dome growth resumes with 200 people living in the DTEZ, then the initial hazards will be
similar to those above, but dependent on the flux rate of magma. If this rate is high the
likelihood of explosions is increased. Also as the dome increases in size the initial protection
from all but the most vigorous column collapse pyroclastic flows afforded by the crater walls
will diminish. Eventually dome collapse pyroclastic flows will recur, though these are likely
to be mainly directed down the Tar River valley. We expect the growth rate of the dome to be
low initially. This gives a risk exposure for a typical individual of LOW to MODERATE.
Although that is the most likely scenario, the increase in risk because of a high rate magma
flux could be into the MODERATE to HIGH categories. Specifically, a high explosive restart
(reference explosion or greater) would approximately double the number of potential
casualties compared to the non-explosive restart scenario.
55. Risks to ash clean-up workers in the DTEZ
This was a time-limited requested estimate for 4-18 March 2004, now no longer applicable.
Truck drivers taking ash on the Plymouth-Cork Hill road were subject to VERY LOW risk at
that time.
56. Risks to people with daytime access to Plymouth jetty
There is a proposal to utilise the Plymouth jetty for the transhipment of materials from
Montserrat. The risk to workers there, in the present conditions with no dome growth, is
assessed with a risk model based on 10 workers working on the jetty eight hours per day,
seven days a week. It is further assumed for this analysis that there may be little or no
21

effective early warning of an impending volcanic event which, although its probability of
occurrence may be very low, could have a very rapid onset. It is also assumed that the
stevedores may require as much as 25 to 30 minutes to make good their escape from
Plymouth and reach the Belham Valley crossing (presuming further that they have adequate
transportation and reliable vehicles, and behave responsibly at all times). Under these
marginally pessimistic, but by no means worst-case, circumstances, the annualised individual
risk of exposure of a worker on the jetty would be at the upper end of the LOW category on
the CMO’s Risk Scale. Looked at another way, however, this level of individual risk exposure
implies there may be about 1 in 300 chance of losing two or more workers from volcanic
activity, if such work is undertaken continuously for a full year under the present hazard
model assumptions.
57. Risks to people in Fox's Bay given the proposed Garibaldi Hill Road
Two simple quantitative risk assessments have been undertaken, using different assumptions
to model the alternative escape route scenarios. The outcomes are compared to provide a basis
for evaluating their impact on individual risk exposure for any person residing in Fox’s Bay at
the time. In both scenarios, a sudden onset volcanic hazard (such as a major pyroclastic flow
from column collapse) is assumed to materialise which affects areas within the Day Time
Entry Zone boundaries - that is, it advances rapidly towards the Richmond Hill – Cork Hill
road junction, and also advances down the Belham Valley to the sea. It is assumed that
virtually no advanced warning of the event is possible, so the conditions represent a nearworst case situation. In other words, people may be sleeping and the first alert they receive is
a siren sounding as the eruption column develops (though there is currently no siren in the
DTEZ). In the first scenario, people make their escape from Fox’s Bay by driving to the Cork
Hill road, then out of the DTEZ via the Belham Bridge. In the second, escape is made via the
proposed road around the west flank of Garibaldi Hill, crossing the Belham River at about the
location of the golf club. (It is assumed here that the river would be passable and not in flood
at the time - not necessarily a conservative conjecture, of course). The key timings involved
in estimating comparative risk are: the hazard may impact the Cork Hill road within 2 minutes
of the siren, and could reach the lower Belham crossing within 5 minutes (i.e. it has a fast
outwards radial speed of about 60 kph). These timings effectively encapsulate the differences
between driving towards the approaching hazard, and driving away from it. It is further
assumed for modelling purposes that people leaving via Cork Hill may take, on average, 25
minutes to react to the siren, get moving and then reach and cross the Belham Bridge. Some
may be quicker, but as experience showed in Old Towne before the evacuation of October
2002, many may be much slower, so a lognormal distribution of escape times is used. If there
is a viable route around Garibaldi Hill to the west, the elapsed time to get out of the DTEZ
might be reduced to about 15 minutes, again, on average (but also lognormally distributed to
reflect observed behaviour patterns). With these two sets of timings, and under the conditions
assumed, it is estimated that about 80% of people in Fox’s Bay will not get out before the
Cork Hill road is potentially affected, if that is the only escape route. If a road is available
around Garibaldi Hill, perhaps 35% of the residents will get out before the lower Belham
22

Valley is affected, but this still leaves a possible 65% within the DTEZ when the flow or
surges reach the sea. While any lowering in relative societal risk is a desirable thing
(depending upon cost, of course), and would be further reduced if, in reality, more warning
time is possible, the actual level of exposure depends mainly on the probability of occurrence
of a sudden-onset dangerous event, such as that envisaged here. While the chances of a major
threat like this materialising need to be considered in a more detailed QRA, the consequent
risk expressed in terms of the exposure of a hypothetical individual can be provisionally
enumerated. To illustrate the modelling results that have been generated here, in the
circumstances of low volcanic activity that existed in early March, the Individual Risk per
Annum (IRPA) figures derived are:
Cork Hill escape :
new road escape :

IRPA is ~ 1 in 10,700
IRPA is ~ 1 in 13,000

or, on the CMO’s Scale, at the boundary between LOW and VERY LOW for the former, and
in the upper parts of VERY LOW category for the latter. Thus, for the ‘average person’, the
additional opportunity to escape afforded by the new road might amount to about a 20%
reduction in his or her personal risk exposure.

58. Risk exposure for tourists and drivers going to St. George’s Hill
The volcanic hazards in the St. George's Hill vicinity are currently those from falling rock
fragments from a sudden-onset explosion, and/or pyroclastic flows from a column collapse
eruption. If, however, significant dome rebuilding starts, then those hazards would become
slightly less likely, but the threat of hazards associated with dome collapse would start to
return. Under the present conditions, our current hazards model indicates that the risk
exposure for a tourist who makes a single short visit to St. George’s Hill, say a trip of about
two hours in duration, would be NEGLIGIBLE on the CMO’s Scale. For a taxi driver who
makes, say, three such visits a week, week-on-week, his annualised individual risk of death is
estimated to be about 1 in 17,000, or VERY LOW on the CMO’s Scale. These estimates are
predicated on the basis of the visitors (and drivers) receiving no effective warning of
impending activity, and taking a lot of time to react and remove themselves from the danger
areas. As such, the corresponding risks attributed to visiting this locality are necessarily
pessimistic, but not ‘worst-case’ by any means. (That said, however, we have heard anecdotal
evidence that recently some tourists in the DTEZ would not board their taxi while it was
raining, even though the driver was very anxious about the volcano). It should also be
recognised that although individuals’ risks are not substantial on this basis, if there are
multiple repeated visits by different groups, involving say 10 persons visiting each day on
average, these risk values could equate to a chance of about 1 in 500 of suffering two or more
casualties or fatalities in the full 12-month period covered by this outlook.
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Appendix 1 Limitations of Risk Assessment
A1.1

It should be recognised that there are generic limitations to risk assessments of
this kind. The present exercise has been a relatively quick assessment, based
on a limited amount of field and observatory information and on a brief review
of previous research material. The Foreign & Commonwealth Office, who
commissioned the assessment, allocated four days for the formal meeting.
Thus the assessment has been undertaken subject to constraints imposed in
respect of time and cost allowed for the performance of the work.

A1.2

While the outcome of the assessment relies heavily on the judgement and
experience of the Committee in evaluating conditions at the volcano and its
eruptive behaviour, key decisions were made with the use of a structured
opinion elicitation methodology19, by which means the views of the Committee
as a whole were synthesised impartially.

A1.3

It is important to be mindful of the intrinsic unpredictability of volcanoes, the
inherent uncertainties in the scientific knowledge of their behaviour, and the
implications of this uncertainty for probabilistic forecasting and decisionmaking. There are a number of sources of uncertainty, including:
•

Fundamental randomness in the processes that drive volcanoes into
eruption, and in the nature and intensities of those eruptions.
• Uncertainties in our understanding of the behaviour of complex volcano
systems and eruption processes (for example, the relationships between
pyroclastic flow length, channel conditions and topography, and the
physics of pyroclastic flows and surges).
• Data and observational uncertainties (e.g. incomplete knowledge of the
actual channel and interfluve topography and conditions, material
properties inside pyroclastic currents, the uncertain nature of future
eruption intensities, dome collapse geometries and volumes etc).
• Simulation uncertainties, arising from limitations or simplifications
involved in modelling techniques, and the choices of input parameters.
A1.4

19

These are all factors that are present when contemplating future hazards of any
kind in the Earth sciences (e.g. earthquakes, hurricanes, floods etc.) and, in
such circumstances, it is conventional to consider the chance of occurrence of

Cooke R.M., Experts in Uncertainty. Oxford University Press; 1991.
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such events in probabilistic terms. Volcanic activity is no different. There is,
however, a further generic condition that must be understood by anyone using
this report, which concerns the concept of validation, verification or
confirmation of a hazard assessment model (or the converse, attempts to
demonstrate agreement or failure between observations and predicted
outcomes). The fact is that such validation, verification or confirmation is
logically precluded on non-uniqueness grounds for numerical or probabilistic
models of natural systems, an exclusion that has been explicitly stated in the
particular context of natural hazards models20.
A1.5

Given all these factors, the Committee members believe that they have acted
honestly and in good faith, and that the information provided in the report is
offered, without prejudice, for the purpose of informing the party
commissioning the study of the risks that might arise in the near future from
volcanic activity in Montserrat. However, the state of the art is such that no
technical assessment of this kind can eliminate uncertainties such as, but not
limited to, those discussed above. Thus, for the avoidance of doubt, nothing
contained in this report shall be construed as representing an express or
implied warranty or guarantee on the part of the contributors to the report as to
its fitness for purpose or suitability for use, and the commissioning party must
assume full responsibility for decisions in this regard. The Committee accepts
no responsibility or liability, jointly or severally, for any decisions or actions
taken by HMG, GoM, or others, directly or indirectly resulting from, arising
out of, or influenced by the information provided in this report, nor do they
accept any responsibility or liability to any third party in any way whatsoever.
The responsibility of the contributors is restricted solely to the rectification of
factual errors.

A1.6

This appendix must be read as part of the whole Report.
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Oreskes, N., Schrader-Frechette, K. and Belitz, K., 1994. Verification, validation, and confirmation of
numerical models in the Earth Sciences. Science, 263: 641-646.
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Appendix 2: Chief Medical Officer’s Risk Scale

Negligible: an adverse event occurring at a frequency below one per million. This would be
of little concern for ordinary living if the issue was an environmental one, or the consequence
of a health care intervention. It should be noted, however, that this does not mean that the
event is not important – it almost certainly will be to the individual – nor that it is not possible
to reduce the risk even further. Other words which can be used in this context are ‘remote’ or
‘insignificant’. If the word ‘safe’ is to be used it must be seen to mean negligible, but should
not import no, or zero, risk.
Minimal: a risk of an adverse event occurring in the range of between one in a million and
one in 100,000, and that the conduct of normal life is not generally affected as long as
reasonable precautions are taken. The possibility of a risk is thus clearly noted and could be
described as ‘acceptable’ or ‘very small’. But what is acceptable to one individual may not be
to another.
Very low: a risk of between one in 100,000 and one in 10,000, and thus begins to describe an
event, or a consequence of a health care procedure, occurring more frequently.
Low: a risk of between one in 10,000 and one in 1,000. Once again this would fit into many
clinical procedures and environmental hazards. Other words which might be used include
‘reasonable’, ‘tolerable’ and ‘small’. Many risks fall into this very broad category.
Moderate: a risk of between one in 1,000 and one in 100. It would cover a wide range of
procedures, treatment and environmental events.
High: fairly regular events that would occur at a rate greater than one in 100. They may also
be described as ‘frequent’, ‘significant’ or ‘serious’. It may be appropriate further to
subdivide this category.
Unknown: when the level of risk is unknown or unquantifiable. This is not uncommon in the
early stages of an environmental concern or the beginning of a newly recognised disease
process (such as the beginning of the HIV epidemic).

Reference: On the State of Public Health: the Annual Report of the Chief Medical Officer of
the Department of Health for the Year 1995. London: HMSO, 1996.
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