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Introduction

1. This is the second part of the report resulting from the fifteenth meeting of the

Scientific Advisory Committee (SAC) on Montserrat Volcanic Activity that took

place at the Montserrat Volcano Observatory from 15 to 17 November 2010. 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. For this meeting MVO produced another excellent report3, which synthesizes the

monitoring data and observations collected by MVO between March 2010 and

November 2010 and considers some of the new developments at MVO. There

were several short presentations from the SAC membership and MVO staff on

scientific and hazard topics. We had hoped to receive feedback from a workshop

on petrology planned for the preceding week, but this was cancelled because of

events surrounding the recent eruption at Merapi. The main scientific topic was

the hazards posed by pyroclastic flows in the Belham valley and the results from

new computer simulations of their extent.

Activity and Observations since March 2010

3. The period from March to November 2010 was one of very little volcanic activity

at the surface and relatively modest levels of seismicity, surface deformation and

gas flux (Fig.1).

4. There were two period of ash venting, on 25 June and again on 2 July. Both of

these occurred after brief “strings” of volcano-tectonic earthquakes and, in the

case of 2 July, were accompanied by about two hours of seismic tremor and vent

roaring. The vents were located in the collapse scar close to the former rim of

English’s Crater (Farrell’s Wall) at about 800 m asl, and at the southern edge of

the summit crater formed on 11 February 2010.

5. The seismicity was dominated by rockfall events. Two exceptions were on 26

April 2010, when there was a swarm of 13 long-period events, now considered to

have originated from wave action, and the volcano-tectonic events of 25 June.

                                                  
1 Assessment of the hazards and risks associated with the Soufrière Hills Volcano, Montserrat.

Fifteenth Report of the Scientific Advisory Committee on Montserrat Volcanic Activity, Part I, Main

Report.
2 The information provided in both parts of this Report is advisory.  It 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, and has been prepared subject to constraints imposed on

the performance of the work.  While Committee members believe that they have acted honestly and in

good faith, they accept no responsibility or liability, jointly or severally, for any decisions or actions

taken by HMG or GoM or others, directly or indirectly resulting from, arising out of, or influenced by

the information provided in this report, nor can they accept any liability to any third party in any way

whatsoever.  See also Appendix 1.
3 P.Cole, V.Bass, T. Christopher, C. Eligon, M. Fergus, L.Gunn, H. Odbert, R.Robertson, R. Simpson,

R. Stewart, J. Stone, R. Syers, R.Watts, P. Williams. Report prepared for SAC14: 22-24 March 2010,

Parts 1,2.
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6. From mid-July to early-November heavy rainfall produced numerous lahars,

particularly in the Belham valley. A lag of about one to two hours was typical

between rainfall and in the recording of a lahar in the Belham. The lahars

mobilised a lot of the new deposits from the Phase 5 activity. In the upper and

middle reaches of the Belham valley most of the valley-filling deposits from

October 2009 to February 2010 had been removed by November 2010. Much of

that sediment was re-deposited in the lower Belham valley whose base rose by

about 1 m over an increasingly broad flood plain.

7. Rockfalls and small pyroclastic flows with runouts up to 2 km originated mainly

on the western side of the dome above Gages valley, but also from the head of the

11 February 2010 collapse scar and on the east southeast face of the dome in the

Tar River valley. The Gages source of rockfalls is located where the core of the

dome on the southern side of the buried Gages Wall is being undercut, close to

the position of the old Gages Wall vent. Despite the emergence of slope parallel

fractures near these collapse features, the dome remained quite stable and there

have been no large collapse events (i.e. > 1 million cubic metres).

Fig.1  MVO data for 28 February 2010 – 31 October 2010, (a) Daily counts of seismic

events, (b) GPS northing component of motion of GERD station at Geralds, (c) Daily sulphur

dioxide flux.

8. Thermal surveys from the helicopter and MVO and visual observations showed

that parts of the dome are incandescent at night. Most of these incandescent spots

are within the collapse scar and the hottest of them seems to be associated with

the ash vent on the Farrell’s Wall rim. They appear to have maintained a constant

location and temperature over several months and must represent fumaroles fed

by hot magmatic gases.

9. The highest point of the dome is now at 1083 m asl. In plan view the dome is

elongated on an east northeast axis. The explosion crater formed on 11 February

2010, which had a depth of about 30 m in March, has held a small pond and has
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now been largely infilled to its lower, northern lip at about 950 m asl. The base of

the collapse scar slopes northwards and its side walls decrease in height in that

direction. Outside English’s Crater, at an elevation of about 800 m asl, these

walls incise talus. The lower western wall is steeper and more distinct than that to

the east, with a height of about 25 m at an elevation of about 700 m asl. The trend

and location of this wall almost exactly overlies the location of the old western

wall of upper Mosquito Ghaut, which was largely infilled during Phase 14. It is

likely that the Mosquito Ghaut sediment infill was either easier to erode during

the 11 February 2010 collapse or, perhaps, after continuing compaction and

settling, was a topographic low that guided flows.

10. As can be seen from Fig.1 averaged measurements of sulphur dioxide emission

have been low (319 tonnes/day) relative to the long-term behaviour, but quite

steady, apart from the excursions at the beginning of May. Such behaviour has

been seen before, for example between mid-2006 and mid-2007. The hydrogen

chloride to sulphur dioxide ratio, which is now at 0.3-0.4, fell abruptly from

values of 5 or so on 11 February, and then fell more gradually from a value of

about 1.0 over the following two months.

11. Of the 10 local continuous GPS stations, five of those to the north and east of the

volcano have shown distinct signals above noise levels indicating the outward,

radial, sense of motion expected in periods of pause as the magma reservoir re-

pressurises and re-inflates. The other five, mostly to the south and west of the

volcano, show smaller motions at the level of noise. The rate of inflation appears

quite modest. However, there was a distinct deflationary offset in mid-May 2010,

mainly affecting the northern component of motion of many of the stations that

is, as yet, unexplained. Whatever the cause it had the effect of reducing the 9-

month deformation rate. Thus the underlying rate of inflation may be higher than

is apparent.

12. An unusual transient strain signal was recorded by the borehole dilatometer at Air

Studios between 12:00 on 5 August and 07:00 on 6 August. The signal was not

seen at the other borehole sites and there is no obvious correlation with volcanic

activity. One explanation could be a local event in the nearby Belham valley such

as an aseismic slip event on the Belham valley fault.

 Mafic Enclaves in the Andesite

13. The Soufriere Hills eruption has been distinctive in comparison to some other

similar eruptions in that almost all the andesite erupted contains enclaves of rock

that have had different sources and history to the andesite which forms the bulk

of the lava. Most of the enclaves (or inclusions) are small (a few cm to a few tens

cm) and composed of rock that has less silica, and more magnesium and iron

(hence the term mafic), than the andesite that surrounds it. Indeed, most of the

enclaves are of basalt to basaltic andesite lava which had a magmatic temperature

about 200 degrees Celsius greater than the andesite. This has been taken as

                                                  
4 Wadge, G. (2000) A DEM of the volcanic deposits of Soufriere Hills Volcano during 1999. MVO

Open File Report 00-07.
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evidence that the eruption involves the mingling of basalt and andesite lava in

which heat and volatiles are released into the andesite. Understanding the

enclaves then, and what they can tell us about this mingling process, is important.

Melissa Plail and Dr. Jenni Barclay summarised their recent work on this topic.

14. Five different types of enclave can be distinguished in the field: basaltic,

andesitic (though different texturally from its host), mixtures of basalt and

andesite, microdiorite and diorite. The latter two are finer-grained and coarser-

grained versions respectively of the andesite magma that cooled slowly at depth.

Field-work involving point-counting samples over the years (albeit using a

variety of methods) has shown that the proportion of enclaves has changed from

Phase to Phase: 1 (<1%), 3 (5-13%), 4 (12%) and 5 (4-9%). The striking

difference between Phases 1 and 3-5 suggests a change in transfer mechanism

between 1995 and 2005. In addition there is some provisional evidence that the

Phase 1 enclaves may be more iron-rich/magnesium-poor than later in the

eruption. Future work on plagioclase-amphibole equilibria could help constrain

depths of mingling.

Simulation of Pyroclastic Flows in the Belham Valley

15. Since 1995 there have been four pyroclastic flows in the Belham valley that have

reached beyond about 4 km from the dome. Apart from the 25 June 1997 flow,

which reached close by the then-occupied Cork Hill, the flows have not

subsequently reached inhabited areas in Zone B. The longest was the flow of 8

January 2010, which, at about 6 km, stopped just short of Happy Hill (about 7 km

from the dome). The fact that after 15 years of eruption the volcano can produce

flows that reach further down the Belham valley than before is instructive, and

should be regarded as cautionary: we cannot rely on previous events to define all

possible future behaviour. However, we should not simply assume that the

volcano is capable of anything – it is not. A valuable way to help us assess what

the volcano can be capable of is to use computer simulations of pyroclastic flows.

These increase our understanding of what is possible and what are the probable

extents of future flows.

16. This said, we cannot yet predict exactly how an individual pyroclastic flow will

behave. One reason for this is that the physical mechanisms that occur within

such flows have not been observed clearly during flow because the interiors of

the flows are enveloped in a dense cloud of fine ash. But we can infer some of

their dynamic nature from the deposits they create. Also the location, size and

ways in which the dome collapses - to initiate these flows - are imperfectly

observed and known. As a consequence, what we can attempt to do with

computer models is to capture the general behaviour of future flows affecting a

particular part of the valley – a general forecast of likely behaviour - rather than

to strive for an unattainable specific prediction of what will happen, exactly.

However, we must bear in mind that these models are far from perfect simulators

of the ways pyroclastic flows behave. We need to be mindful that they contain

assumptions and uncertainties and that ultimately we must exercise judgement on

the results and how to interpret them.  One way to reduce the uncertainty in such

forecasts is to simulate the emplacement of pyroclastic flows multiple times,
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using different computer models (see below). Each time the details (parameters)

of the simulation can be changed to represent the range of uncertainties that exist

about how to simulate physical reality in the computer program. This effectively

builds up an aggregated picture of potential behaviour.

17. One of the factors that can affect the mobility of pyroclastic flows is the nature of

the land surface (topography and vegetation) over which they flow. A flow

advancing through a forest has to strip or knock down trees to advance, whereas a

flow on an open plain has no such hindrance and will advance further. We know

that most of the pyroclastic flows on Soufriere Hills involve a core of dense flow,

known as a block-and-ash flow, which tends to flow downhill, usually in the

bottom of a ghaut or the bed of a valley. If the valley is shallow and wide the

flow will behave differently than if the valley is deep and narrow. So having a

good representation of the topography of the Belham valley is vital for correct

simulation of future flows down it. To this end a new high-resolution

representation of the topography was acquired by MVO from a helicopter survey

using a scanning lidar instrument (funded by DFID) in June 2010. The

subsequently processed data from this were made available in September 2010 as

a DEM (digital elevation model) and used in the computer simulations.

18. The lidar used to create the new DEM transmitted and received pulses of laser

light to the ground surface. It enabled the height of the surface to be calculated to

about 15 cm relative accuracy over each one square metre of area. This represents

a huge improvement on the quality of the previous DEM used for simulations in

2007, which had a vertical accuracy of about 7 m for areas of one hundred square

metres. Unfortunately, during the lidar survey there was substantial cloud over

the summit of the volcano. As a result, the acquisition of data at elevations

greater than 700 m above sea level (i.e. about the base of the dome) was not

possible. So although the present-day terrain that controls flows within the

Belham valley is very well represented by the new topography, the source area of

the collapse on the dome is not as well modelled.

19. In the early months of 2007, following the 8 January 2007 pyroclastic flow in the

Belham valley, Voight and Wadge initiated a series of flow simulations to better

assess pyroclastic flow hazard. Four computer codes were used: Titan2D,

Pyroflow, PFz and PDAC567.We have used the first three of these again this time.

PDAC was used to simulate a lateral blast to the north of the dome. This type of

event is much less sensitive to changing topography and has not been repeated

here, as the 2007 results still apply. Three research groups have used the new

topography to simulate a range of pyroclastic flows using the other three

simulation methods: Titan2D - A. Stinton and P. Cole (MVO) and S. Ogburn

                                                  
5 Widiwijayanti, C., Voight, B., Hidayat, D., Schilling, S.P. (2008) Objective rapid delineation of areas

at risk from block-and-ash pyroclastic flows and surges. Bull. Volcanol., doi: 10.1007/s00445-008-

0254-6.
6 Wadge, G., (2009) Assessing the pyroclastic flow hazards from dome collapse at Soufriere Hills

Volcano, Montserrat. In, Thordarson, T., Self, S., Larsen, G., Rowlands, S.K., and Hoskuldsson, A.

(eds.) Studies in Volcanology: the Legacy of George Walker. Spec. Pub. IAVCEI. 2. 211-224, Geol.

Soc. London.
7 Esposito Ongaro T., Neri, A., Clarke, A., Voight, B, Widiwijayanti, C. (2008) Fluid dynamics of the

1997 Boxing Day volcanic blast on Montserrat, West Indies. J. Geophys. Res., 113: B03211

doi:10.1029/2006JB004898.
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(Buffalo, USA), Pyroflow – G.Wadge (Reading, UK) and PFz – B.Voight, C.

Widiwijayanti and D. Hidayat (Penn. State. USA). Each of these methods uses a

different approach to the problem.

    

Fig. 2  (a) Area (red) covered by the 8 January 2007 pyroclastic flow and surge in the

Belham valley overlaid on a shaded relief image of the June 2010 DEM. (b) Area of the

Pyroflow simulation of the 8 January 2007 flow using a 2m pixel version of the lidar-derived

2010 DEM, (c) Equivalent Pyroflow simulation using the 10 m pixel 2007 DEM and overlain

on the 2010 lidar DEM.

20. The pyroclastic flows derived from dome collapse include both a dense block-

and-ash flow and, often, a much less dense and more widely dispersed ash cloud

surge that is derived from and envelopes the block-and-ash flow. From a hazard

perspective both are effectively fatal to humans and so it is the area encompassed

by the surge that can be taken as the useful output of the flow simulations. The

ability to simulate the surge component in all three methods used has been

improved since the 2007 work.
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21. Pyroflow treats both the block-and-ash flow and surge components of the flow as

separate 1-D models. The block-and-ash flow is simulated as a gravity flow over

the DEM modulated by three friction parameters. From the resulting flow path

the surge is simulated at 100 m intervals as two 1D orthogonal flows subject to

sedimentation and entrainment. The runout limits of the surges are then joined to

give the coverage of the flow. There is no explicit volume parameter feeding the

flow and the source is defined geometrically in terms of a distributed location and

initial azimuths and velocity. Thus to anchor the magnitude of the flow

simulation to reality, the simulated flow coverage is calibrated to the observed

coverage for real flows of known volumes (mass) such as that of 8 January 2007

(Fig. 2). The runout of the surge is largely controlled by the rate of mass

conversion from the block-and-ash component to the surge. Actual examples of

flows at Soufriere Hills show enhanced surge generation in the first 3 km of the

main block-and-ash flow (e.g. 8 Jan 2007, Fig.2; 25 June 1997) and this is

represented in the Pyroflow simulations as a linear rise to a maximum mass

conversion rate at 1.5 km, falling back to a base level beyond 3 km.

22. Titan2D simulates a pyroclastic flow as a dry granular avalanche in two

dimensions from an initial pile by averaging over depth using basal and internal

friction angle parameters. A new “dome slice” facility allows the collapse volume

to incorporate part of the existing dome DEM rather than adding a pile to the

DEM. Unlike Pyroflow, it does represent the dynamics of the flow as a series of

intermediate steps including the spatial distribution of mass and flow thickness.

The equivalent Titan2D result to Pyroflow’s surge runout envelope is an area of

inundation.  There is no explicit surge component to the simulation. However, the

mobility of the simulated flows is very sensitive to the basal angle of friction

chosen, as is the case for the friction parameters in Pyroflow. As in the 2007

simulations a value of 7 or 6 degrees was used to simulate most of the block-and-

ash flows. By comparison with observed flow/surge areal distribution in the

Belham valley (8 Jan. 2007, 8 Jan. 2010) it was found that equivalent simulations

(to the 7/6 degree result) with basal friction angles of 6/5 degrees produced

approximate areal proxy results for the surge limit.

23. PFz simulates the cross sectional area and horizontal areal extent of inundation

by block-and-ash pyroclastic flows using the DEM and statistical relationships

between areas and volume of deposit (cross section area = 0.1 x volume2/3;

planimetric area = 40 x volume2/3) calibrated from known cases. Like Titan2D it

has no explicit way of treating the surges as different, linked phenomena. Also, as

in the Titan2D case, the approach of using the area of inundation of another

standard simulation to act as a proxy for the area of enveloping surge is used.

Rather than use a lower friction angle as in Titan2D, a simulation with one and a

half times the volume is used in PFz. This has been calibrated using observed

flows from Indonesian volcanoes.

24. The source regions chosen for the simulation programs were different. The

behaviour of PFz is explicitly determined by the volume of deposit, and the

simulations had a source near Gun Hill between the Belham valley and Tyers

Ghaut. It is assumed that there would be no net deposition above this. Titan2D

also used a source near the foot of the lava dome at an elevation of about 800 m
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asl, with collapse to both the north and to the north northwest8. Pyroflow used a

source close this latter site near the top of the debris fan feeding north-northwest

(between 335 and 345 degrees azimuth), the optimum initial direction for

entering the Belham valley. The Pyroflow simulations show that the flow runouts

are relatively insensitive to the initial velocity used in the range 20-60 m/s,

typically observed for the early stages of larger pyroclastic flows at Soufriere

Hills.

25. In equivalent simulations of flows in the Belham valley using both the 2007

DEM and the 2010 DEM at the same spatial resolution (10 m), the runout

distance of the flows using the 2010 DEM is greater by a few hundred metres in

Titan 2D and by about 1 km in Pyroflow (Fig.2). But at higher resolutions of the

2010 DEM (i.e. from 10 m to 1m), the runout values decrease.

26. The current boundary between Zones A and B in the Hazard Level System on the

northern side of the lower Belham valley was largely determined in 2007 by the

northern limit of a 20 million cubic metre pyroclastic flow using Pyroflow

simulations. There are several uncertainties associated with the use of that

simulation. Firstly, Pyroflow cannot be directly calibrated against flows with

large volumes (=> 10 million cubic metres) because all the known examples of

similar size (e.g. 26 Dec. 1997; 12 July 2003) went into the sea and extended over

water offshore. Secondly, the runout of surges up the sides of the valley

simulated by Pyroflow does not take into account local dynamic effects on bends.

Thirdly, and this was the spur to this new modelling effort, the 8 January and 11

February 2010 flows into the Belham valley had smaller than expected volumes

for their runout, based on previous work. This raised two important questions: Is

that 20 million cubic metre result from 2007 still valid or not? And, is there a

more appropriate boundary that can be used in the risk calculations?

27. The 11 February 2010 collapse event involved a total volume of 40-50 million

cubic metres directed almost due north. The collapse involved six pulses of

pyroclastic flow production9 with smaller volumes involved in each event.

Fortunately, the bulk of the collapsing material moved northeastwards across

Farrell’s Plain and only a few million cubic metres entered the Belham valley to

the northwest. Flows to the northeast travelled at least 8-9 km over largely

unconfined terrain in the distal part, including 1-2 km out to sea. Had this

collapse occurred to the north-northwest (the optimum direction to send material

into the Belham valley) a much higher proportion of the mass would have been

available to form flows in the Belham valley. For example, Titan2D simulations

of 50 million cubic metres collapsing to the north northwest result in about 17

million cubic metres entering the Belham valley. The headwall of the 11

February 2010 collapse scar was just south of (‘behind’ relative to the collapse)

the main central conduit for the dome. This geometry is typical of large collapses

at Soufriere Hills and at other volcanoes. The base of the collapse was effectively

                                                  
8 Stinton, A., Cole, P.D., Ogburn, S. (2010)Pyroclastic flow modelling in the Belham valley using

Titan2D. In, Report to the SAC on volcanic activity at Soufriere Hills Volcano, Montserrat, Appendix

B, MVO Open File Report 10-02b, 23-35.
9 Stinton, A.,Cole, P.D., Stewart, R.,Odbert, H., Gunn, L. (2010). Partial dome collapse event of 11

February 2010. In, Cole, P. et al. (2010) Report to the SAC on activity between 15 August 2009 and 28

February 2010. Appendix 3, 30-46.
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limited by the elevation of the buried (Farrell’s) wall of English’s Crater (~ 800

m asl) in this direction. Whilst a substantial part of the dome remained above this

elevation it is highly likely that this remnant mass could not have collapsed to the

north anyway. Thus it is highly unlikely that volumes of greater than 20-30

million cubic metres can enter the Belham valley given the current morphology.

Were the dome to grow much larger than that of early 2010, for example with a

summit elevation of 1200+ m asl, then larger collapse volumes would need to be

considered. Thus 20 million cubic metres is still a useful uppermost volume for

benchmarking the extreme flow in the Belham valley.

28. Given that, we now focus on simulations of up to that magnitude. Fig. 3 shows

the result of 100 Pyroflow simulations (each with a slightly different starting

direction towards the north northwest) of an approximately 20 million cubic

metre pyroclastic flow and surge in the Belham valley using the 2010 DEM. The

colours represent the number of overlaid inundations. Most of the flows follow

the Belham valley down to the sea at Old Road Bay. However, a few jump out of

the valley at the Cork Hill bend and flow southwestwards to Richmond Hill.

Titan2D (and PFz) simulations show a similar result (Figs. 5-6). Although this

area is within Zone C, it does show the potential threat posed to anyone working

on the proposed geothermal project in this area.

Fig. 3   Ensemble of 100 Pyroflow simulations of large pyroclastic flow in the Belham valley

(~ 20 million cubic metres). The colours show the number of inundations (red = 100, dark

blue = <5).

29. The northern edge of the 20 million cubic metre Pyroflow simulations in the

lower Belham valley is close to the 20 million cubic metre result from 2007

modelling, but it extends north of the earlier result in the east at Happy Hill and

south of it in the west at Old Towne (Fig.4). But this edge represents the extreme

positions of the ensemble of simulations, in this case 300 separate model runs. By

running even more simulations the boundary might extend northwards a fraction

more. So how useful is this boundary? To give a feel for how probable an
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inundation from such flows is, the 5% probability of inundation of this ensemble

has been picked out by showing the 5% to 1% probability range separately as a

white-black scale (Fig.4 inset). Moving down the valley sides, towards the valley

bottom, the probability of the pyroclastic surge impacting increases from 1% to

5% - i.e. from black to white on the plot. Closer to the middle of the valley it

increases even more. So, on this northern side of the valley, the probability of

death from a flow/surge during such an event increases very rapidly over a few

tens of metres.

Fig.4  Ensemble of 300 Pyroflow simulations for a pyroclastic flow and surge of about 20

million cubic metres within the lower Belham valley overlain on aerial photographs. The

colours within the simulated flow inundation field run from red (high frequency of

inundation) to pink (low frequency of inundation). The current Hazard Level Zone boundaries

are shown. The inset map shows a similar result, overlaid on a shaded DEM, with a red-blue-

white-black gradation of colours representing decreasing inundation probability. The black-

to-white margin represents the 1-5% probability range.  A narrow 5% margin means that

there is a higher gradient of hazard than a broader margin.
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Fig. 5  Titan2D simulated inundation area (red) from a pyroclastic flow and proxy surge for

17.2 million cubic metre pyroclastic flow within the lower Belham valley. A basal friction

value of 5 degrees was used to give a proxy for the surge associated with a pyroclastic flow

(simulated with a basal friction value of 6 degrees).



12

Fig.6  Block-and-ash flow deposit area (red) and proxy surge envelope (red line) for a 20

million cubic metre pyroclastic flow in the Belham valley simulated using PFz. The equivalent

10 million cubic metre block-and-ash deposit area is shown in pink.

30. The equivalent (~ 20 million cubic metres) results from the other two methods are

shown in Figs. 5 and 6. The results of a single Titan2D simulation in which 17.2

million cubic metres reach the Belham Valley are shown in Fig. 5. The runout is

more sensitive to the basal angle of friction parameter than the volume. At 7

degrees the runout almost reaches the Belham Bridge, and at 5 degrees well past

this and on into the sea. As described earlier if we choose the 5-degree inundation
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outline as the surge envelope for a block-and-ash flow with a 6-degree angle of

friction then the northern surge perimeter fits closely with the existing A/B zone

boundary west of Happy Hill. The equivalent result for PFz is shown in Fig.6 in

which the proxy surge line for the 20 million cubic metre flow is given by the red

line. The surge line is carried down-valley beyond the prospective terminus of the

block-and-ash flow deposit.

31. An issue raised at SAC14 is the threat posed by a flow that is capable of reaching

the closest inhabited part of Zone B but not large enough to endanger all of Zone

B in the lower Belham. This scenario would be a flow just capable of reaching

Belham Bridge and threatening neighbouring Happy Hill with a runout of about 7

km. The Pyroflow simulations suggest that a flow volume in the range 3-5

million cubic metres ais required for this to potentially happen. The Titan2D

simulations suggest that a flow with a volumes of 3-7 million cubic metres in the

Belham valley and basal frictions between 7 and 6 degrees is required. The PFz

simulations indicate a requisite flow volume of about 10 million cubic metres.

32. In para. 26 above we posed the question “Is the 20 million cubic metre result

from 2007 still valid or not?” The answer is “yes”, from a source volume

perspective. In terms of the surge margin lines derived from the new simulations

in the lower Belham (Figs. 4-6 and summarised in Fig.7), the new results are

similar to those produced in 2007. However, the general position of the PFz line

is about 100-150 m north of the positions of the Titan2D and Pyroflow lines in

the central, Old Road Estate section of the valley, and even further north to the

east (Happy Hill) and west (Old Towne). We note that this difference between the

Titan2D and Pyroflow inundation results on the one hand and the PFz on the

other is minor on the scale of the phenomenon being simulated. Also, the PFz

simulations are based on topography rather than flow paths and the calibration of

the surge proxy that is based on Indonesian volcanoes may be conservative for

Montserrat. In general terms though, the answer to the above question with

respect to the hazard boundaries is “yes” also. However, the results of the new

simulations show that the lowest parts of the Happy Hill area may be more

exposed than previously thought.

33. The simulated limits of inundation are in approximate agreement with each other

and with the current A/B zone boundary (formulated in 2007) in the middle part

of the lower Belham valley above the Old Road Estate but are more divergent to

the east and west. The envelope of the three limits is shown by the pink area in

Fig.7 and is between 50 and 300m wide. It gives a measure of the uncertainty

between the simulation methods. The average position of the three limits (each

result given equal weighting) is also shown in Fig.7 as the dashed yellow line.

The Pyroflow and PFz results both suggest that the current Hazard Zone

boundary is too far south in the Happy Hill area. To the west, in Old Towne the

PFz result gives a surge boundary trending to the northwest, but the new

Pyroflow and Titan2D boundaries are oriented more east-west. Taking the

precautionary choice amongst these results we suggest that parts of the Hazard

Zone boundary might be moved – a decision for the NDPRAC.

34. In summary, the new pyroclastic flow simulation results using the June 2010

topography show minor changes to those results obtained using similar software
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in January 2007. The likely range of flow volumes within the Belham valley

capable of reaching Zone B is from 3 million cubic metres (to Happy Hill) to

about 20 million cubic metres (well into the sea). The 20 million cubic metre

simulations for all three methods show generally similar results to each other and

to the 2007 results, with the PFz results being somewhat further north and more

conservative than the results from the other two methods. The main new insights

are:

• Lower Happy Hill is more susceptible to flow inundation than previously

thought.

• Large flows could overtop the valley wall at Cork Hill and move to the

southwest towards Richmond Hill.

• The 2010 results suggest that there is a slightly reduced probability of

surge inundation in lower Old Towne than at equivalent heights further

east.

Fig.7 Limits of ~ 20 million cubic metre pyroclastic flow simulations on the northern side of

the Belham valley. The blue line is the Pyroflow limit (Fig.4), the red line is the equivalent

Titan2D result (from Fig.5), and the green line is the PFz (Fig.6) result. The yellow dashed

line is the average position of the surge limits of the three results shown and the pink area is

the envelope of uncertainty defined by the three limits. The black lines are the existing Hazard

Level boundary lines for Zones A, B.

35. The surge limits on the 20 million cubic metre simulations represent the worst

plausible outcome from a dome collapse event producing flows in the Belham

valley. However, we have emphasized that the simulations are inherently
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uncertain, specifically that they cannot be used to generate a “line” that separates

an area in which you can be certain flows cannot reach you, from an area in

which you can be certain they can. Performing even more simulations (many

thousands) could help quantify how likely this inundation line is to be breached.

Alternatively, from a risk management perspective, an additional margin of safety

could be added to the position of any boundary indicated by these simulation

limits.

36. Dome collapse pyroclastic flows are not the only hazard in the lower Belham

valley and the volcanic hazard within Zone A is still significant. Flows generated

by high-energy lateral blasts to the northwest could be capable of reaching further

north (by 500 m and more) than the surge limits of dome collapse flows discussed

above, as was shown in Fig.3 of the SAC 8 Technical Report. The northern extent

of this blast hazard is effectively given by the northern limit of Zone A, at Nantes

River (Fig.7). This said, we currently regard the odds of such an event being

triggered first in the next twelve months to be 1-in-1000, at least twenty times

less likely than for a northwest-directed dome collapse.

Medium and Long Term Prognosis

37. The volcano is in a paused state. Whilst we have had no swarms of low frequency

earthquakes, we have had short sequences of volcano-tectonic earthquakes, “VT-

strings”, moderate sulphur dioxide fluxes and signs of deep inflation suggesting

that basaltic magma is still arriving at depth. The indications are that the volcano

may well erupt again in a period of months to a few years.

38. This eruption is one of the longest-lived dome building eruptions on record. One

definition of this type of volcano, with 97 examples worldwide, makes Soufriere

Hills now the fifth longest-lived. On the basis of these cases, we can calculate a

statistical distribution function for the duration of a typical eruption which has

been going on as long as the present Montserrat eruption,that is 183 months. We

obtain an estimate that the statistical probability of it lasting another five or more

years is 0.84. For an eruption that has already lasted 183 months, the expected

total duration (0.50 probability) is about 40 years, corresponding to a further 25

years in the present case. These statistical estimates of the potential duration of

the eruption are much the same as they were six months ago.

39. On the basis of the same global data, the statistical probability of an eruption like

this one stopping within one year is no more than about 0.04 (i.e. a 1-in-25

chance).  Reflecting upon the present state of the Soufrière Hills volcano itself

and its most recent behaviour, we assessed the probability of this particular

eruption stopping within one year and elicited the views of the SAC and MVO

team.
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Q1. GIVEN what has happened up to the present and GIVEN current conditions, what is

the probability that the criteria for cessation of eruption will start to be met (even

though we can’t confirm it according to 1 year test period) in the next 12 months:

Credible interval lower
bound

Best estimate
Credible interval upper

bound

SAC 15 0.1% 8% 45%

SAC 14 0.3% 4.0% 17%

The puts the probability that the criteria for cessation of eruption will start to be

met in the next 12 months at about 0.08 (even though we cannot confirm it

according to the 1-year test period requirement).  While this is still “very

unlikely” (when expressed in terms of the qualitative likelihood scale defined in

guidance notes to authors by the IPCC, 2005 – Table 4), it is a higher probability

than that elicited in SAC14 or that provided by the simple statistical analysis of

global data.  An enlarging of the elicitation credible interval upper bound, relative

to SAC14, bolsters this sense of a slightly increased prospect of the criteria being

met.

Assessment of Volcanic Hazards

40. Most of the points relevant to volcanic hazards made at the time of the last

assessment also apply now. The removal of the mass on the northern side of the

dome during the collapse of 11 February 2010 has reduced the danger of

pyroclastic flows to the northwest extending into the lower Belham valley. Any

new extrusion of lava will probably start within that collapse scar and may take at

least 3 months to fill the collapse. However, the restart could also destabilise the

dome such that collapse material would enter the Belham catchment much earlier,

either via the now buried Tyers Ghaut or via Lees from a collapse to the west

41. The main hazards likely to be faced are: pyroclastic flows and surges from dome

collapse; vertical explosions creating large column collapse, highly mobile flows;

lateral blasts after exposure of the hot core of the dome; tsunamis.

42. One concern aired in the last report was that the high degree of mobility of

pyroclastic flows in the Belham valley seen during January-February 2010 was

partly due to the changed shape of the valley, for example the infilling of the

Tyers Ghaut. Also that the computer simulations of flows in the Valley that were

widely used to inform the assessments since 2007 were no longer representative.

Our new simulations using the 2010 DEM described in paras 15-34 have been

used to guide our thinking about the probability of pyroclastic flow hazard in the

lower Belham valley.

Elicitation of Probabilities for Hazard Scenarios

43. We now summarise the results of the formal elicitation of the SAC members’

views on the probabilities of occurrence over the next year of the hazardous

events that are inputs to the risk simulation modelling.  In order to assign

quantitative estimates to these probabilities, we use our knowledge of the factors

that influence specific hazard scenarios, results of any available modelling



17

analyses, and the Expert Opinion Elicitation method that we have used in

previous assessments.

44. We follow the general framework of questions used since the start of 2007,

including the three additional items relating to the possibility that the volcano

may be changing to a shorter duration/more frequent lava extrusion regime, that

were introduced at SAC12 (see SAC12 Technical Report, paragraphs 21-24).

Here, nine questions (Q21-i) are selected to represent an exhaustive set of

exclusive scenarios thought possible over the next year based on the first

significant event to happen during that period, with the focus here being on

events capable of threatening people living around the lower Belham valley.

45. Questions Q3a and Q3b assess the scenario likelihoods that the next resumption

of lava extrusion, if it happens (question Q2b), will find the volcano reverting to

the former “20-month” pause-extrusion regime (Q3a), or that it will continue in

the more intermittent mode with shorter periods of intense magma extrusion

(Q3b), such as has been experienced since the December 2008 – January 2009

episode.  A third supplementary question, elicited at SAC 13, asked how many

such occurrences might be expected in the following twelve months, if a shorter

episodic pattern developed; as in SAC14, we considered this issue again in

SAC15 but did not re-elicit views on the grounds that no new data had been

obtained to better inform those earlier judgments.

46. In line with the reasoning in SAC14 Technical Report (para. 30) we retain the

revised risk threshold criterion concerning the minimum critical volume of

pyroclastic flow material that could threaten the lower Belham valley.  This was

set at 2 million cubic metres on the basis that a flow with such a volume, or

something greater, could reach approximately to Happy Hill, or even further

down the Belham valley.  Questions Q4 and Q5 test the conditional probabilities

that flows in the Gages Valley and on the north-eastern flanks of the volcano

could also generate such hazardous flows and surges within the Belham valley.

47. We did not elicit probabilities for different peak magma extrusion rates that might

be associated with renewed extrusion in different localities (as in SAC12), but

rely instead on our current expectations of what the monthly average extrusion

rate might be, if magma extrusion resumes within the next year.  Question 6

(below) provides the range of extrusion rate values we anticipate.

48. During the present SAC 15, we did discuss what subsequent contingent hazards

might occur if magma production does resume at the surface within the next year,

and what conditional probabilities are appropriate for different hazards in such a

circumstance.  The reason for extending the discussion in this way is to provide

guidance on how societal and individual risk levels may increase in the wake of a

magmatic eruption restart.  For most situations, involving dome collapse flow

hazards for example, previously elicited probabilities can be used as inputs to

quantify these incremented risk levels.  However, given the series of explosions

that have been experienced over the last two years or so, the SAC felt that it

needed to discuss and update the probability of a 3x reference explosion(s) or

greater in the next year (this particular scenario has not been considered directly
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by the SAC for several years). The probability of such an event, if magmatic

eruptive activity resumes, was elicited as Q7 (below).

49. We again discussed the conditional probabilities that any restart of magma

extrusion within the next year would be focused in certain different parts of the

dome or elsewhere in English’s Crater.  Four locations were considered: within

the 11 February collapse scar; within the 11 February explosion crater or adjacent

dome summit area; in the western part of the unaffected dome (i.e. above or near

Gage’s Vent location); or in a new location elsewhere.  These questions are

labelled Q8a – Q8d, below.

50. The following boxes summarise the numerical results of the SAC elicitation for

the identified scenarios, with counterpart values from SAC14 given in the lower

panels, where appropriate (n.b. the wordings of some questions may be changed

in minor but important details from those of SAC14 or 13).  Where noted in the

description of each item, the particular scenario relates solely to the first

occurrence of any significant event that happens in the next year.

Q2a. GIVEN what has happened up to the present and GIVEN current conditions, what is

the probability that nothing significant will happen (i.e. no collapse, no restart of dome

growth, no magmatic explosion > 0.1x ref) in the next 12 months.

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 3% 30% 62%

SAC 14 1% 8.8% 48%

Q2b.  GIVEN current conditions, what is the probability that within the next year the

first significant development will be a resumption of lava extrusion.

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 7% 36% 74%

SAC 14 11% 52% 85%

Q2c.  GIVEN current conditions, what is the probability that in the next year the first

significant activity will be collapse of the dome (e.g. to Tar River or the south, but not to

W, NW) which takes away the bulk of the remaining dome harmlessly (if HLS restrictions

are observed):

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 0.1% 3% 30%

SAC 14 2.4% 10% 32%
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Q2d.  GIVEN current conditions, what is the probability that within the next year the

first significant event will be another major dome collapse with sufficient material

avalanching towards the NE (Trants/Bramble) that it would reach the sea (available
volume ~ 10’s M m3):

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0.3% 3% 41%

SAC 14 0.5 % 4.4 % 26%

Q2e.  GIVEN current conditions, what is the probability that within next year the first

significant event will be a major dome collapse event  - without blast -  involving enough

material avalanching to the NW (Tyre’s/Belham) to generate a flow/surge runout to

reach close to or beyond Happy Hill:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0.05% 2% 14%

SAC 14 0.04% 2.5% 16 %

Q2f.  GIVEN current conditions, what is the probability that within next year the first

significant event will be a major dome collapse event  - without a blast -  involving

enough material avalanching to W through Gage’s to generate a flow/surge runout to

reach the sea?:

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 0.6% 10% 40%

SAC 14 0.9% 5.6% 25%

Q2g.  GIVEN current conditions, what is the probability that within next year the first

significant event will be a major dome disruption event  - with an associated blast -

involving enough material avalanching to the NW (Tyre’s/Belham) to generate a

flow/surge runout to reach ~Happy Hill:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0% 0.1% 3%

SAC 14 0.01% 0.11% 3.3%

Q2h. GIVEN current conditions, what is the probability that within next year the first

significant activity will be a major dome disruption event involving enough material

avalanching to the W (Gage’s), with lateral blast, such that the flow/surge would reach

the sea:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0% 0.3% 10%

SAC 14 0.07  % 0.7 % 4.8%

Q2i.  GIVEN current conditions, what is the probability that the first significant event will

be a vertical explosion of 0.1x reference size or greater (with limited associated dome

disruption):
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Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 0.7% 15% 60%

SAC 14 1.6  % 12.7% 35%

Q3a.  GIVEN a resumption of lava extrusion what is the probability that it will be part

of a “20-month” extrusion/pause pattern?

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 5.5% 30% 67%

SAC 14 6.3% 25% 63%

Q3b.  GIVEN a resumption of lava extrusion, what is the probability it will follow the

short-sharp episodic on-off pattern, similar to Phases 4 & 5?

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 2.5% 69% 94%

SAC 14 16% 74% 95%

Q4. IF there is a big collapse to the NE that would reach the sea at Trants, what is the

conditional probability this will also involve enough material (i.e. about 2 M m3 or

more) spreading to N / NW into the Belham to generate a flow/surge with runout to

reach close to or beyond Happy Hill:

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 0.03% 2% 27%

SAC 14 2.2% 14% 44%

Q5. IF there is a big collapse to the W (Gages), what is the conditional probability

this will also involve enough material (i.e. at least 2 M m3) into Belham Valley coming

through Lee’s to generate a flow/surge with runout to reach Happy Hill:

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 0.03% 4% 28%

SAC 14 0.09% 9% 34%

Q6.  GIVEN magma extrusion resumes within the next year, what will be the monthly

average extrusion rate (in cu m/sec)?

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 1.4 6.2 14.4

SAC 14 1.5 4.9 7.8
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Q7.  IF activity resumes, what is the probability of experiencing 3x reference

explosion(s) or greater in next year?

Credible interval
lower bound

Best
estimate

Credible interval
upper bound

SAC 15 0.0002% 0.5% 23%

Subsidiary questions related to magma extrusion restart

GIVEN the first significant development within the next year is a resumption of magma

extrusion, what are the probabilities this will this take place in the following locations?

Q8a: In 11 Feb 2010 collapse scar

Credible interval
lower bound

Best
estimate

Credible interval upper
bound

SAC 15 16% 49% 92%

SAC 14 4% 52% 84%

Q8b: In 11 Feb 2010 explosion crater or adjacent summit area

Credible interval
lower bound

Best
estimate

Credible interval upper
bound

SAC 15 16% 38% 90%

SAC 14 10% 33% 77%

Q8c: In western part of English’s crater above or adjacent to Gages Wall

Credible interval
lower bound

Best
estimate

Credible interval upper
bound

SAC 15 0.5% 9% 37%

SAC 14 3.0% 12% 38%

Q8d: Elsewhere

Credible interval
lower bound

Best
estimate

Credible interval upper
bound

SAC 15 0.1% 5% 42%

SAC 14 0.3% 3.6% 47%

Subsidiary questions concerning possible scenario impacts on the Delvins area where

work for a geothermal project may take place.

Q2e(b).  GIVEN scenario 2e happens (collapse, no blast), what is the CONDITIONAL

probability that a surge will impact the Delvins area:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0.9% 32% 84%

Q2g(b).  GIVEN scenario 2g happens (i.e with blast), what is the CONDITIONAL

probability that a surge will impact Delvins geothermal:
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Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 10% 65% 97%

Q2fb. GIVEN scenario 2f (collapse down Gages), what is the CONDITIONAL probability

this will also involve enough material to generate a flow/surge with runout to reach

Delvins area:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0.3% 31% 78%

Q2hb. GIVEN scenario 2h (collapse + Blast to W from Gages), what is the CONDITIONAL

probability this will also involve enough material to generate a flow/surge with runout to

reach Delvins area:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 5.4% 55% 94%

Q2ib. GIVEN scenario 2i (vertical explosion), what is the CONDITIONAL probability this

will also involve enough material to generate a flow/surge with runout to reach Delvins

area:

Credible interval

lower bound

Best

estimate

Credible interval

upper bound

SAC 15 0.4% 9% 62%

51. Because of some changes in definitions, not all the probabilities that we assign to

the scenarios over the next year are easily compared with those of SAC14, but

there are some differences to note. In SAC14 we considered that a restart of

magma extrusion was likely to be the most probable significant development,

with a probability of 52%.  In the present elicitation this remains the highest

likelihood scenario, but this time it is assessed as a 36% probability, only

fractionally greater than the scenario of nothing significant happening (30%

probability). A significant explosion is the third most likely pause-breaking

scenario, slightly higher than six months ago (up from 13% to 15%).

52. The situation in which a harmless (if HLS restrictions are observed) major Tar

River Valley collapse takes away a significant proportion of the remaining dome

is considered less likely than hitherto, down from 10 to 3%, whereas a collapse

through Gages is a greater chance (up to 10% from 6%).

53. In terms of a dome collapse or blast event threatening the populated areas along

and adjacent to the Belham valley, and with conditional probabilities of

significant collateral flows into the Belham taken into account, the residual

chance of a Belham flow or blast being sourced from the mass of the dome that

remains stays unchanged at about 3%. N.B. this estimate relates to the smaller

volume of material - 2 million cubic metres – versus the 10 million cubic metres
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used previously in SAC13 and earlier assessments. (Note also that the vertical

explosion scenario could impact these populated areas, too).

54. With respect to the most likely scenario, resumption of lava extrusion, our

thinking still that this is most likely to develop in the 11 February collapse scar

on top of the dome (49%), followed in likelihood by the explosion crater (38%),

the former western vent location (9%), or elsewhere (about 3%).

55. If magma extrusion resumes we expect a sustained extrusion rate of about 6 cubic

metres per second if this happens (a marginal increase from the SAC14 central

estimate vale of 5 cubic metres per second), with a rate as high as 14 cubic metres

per second or as low as 1 cubic metres per second defining the credible range of

values for this parameter. This enlarged spread, extending to higher values,

means there is an increased probability of experiencing a high rate of extrusion

than was contemplated in SAC14.

56. Another element in this 12-month outlook – which relates to the renewed lava

extrusion scenario and which was extensively discussed in the SAC12 and

SAC13 reports - is the possibility that the volcano may have changed its pattern

of behaviour to a state in which shorter, intense episodes of magma production

take place at the surface, as in December 2008 – January 2009, and again in

October 2009 – February 2010.  Our SAC15 elicitation (Q3a and Q3a, above)

produces probabilities that nudge down, inconsequentially, this more punctuated

extrusion mode (from 74% to 69%): this means the pattern remains about two to

two and a half times more likely to continue in the next twelve months than is a

reversion to the former 20-month pattern (30% probability, from 25%).  It should

be noted, however, that punctuated extrusion does not imply an exact replication

of the relative timing and durations seen in the last two episodes (Phases 4 and 5).

57. Several factors relating to renewed lava extrusion – prospective multiple

episodes, less favourable locus and higher extrusion rate – potentially could

increase the threat to the populated areas to the northwest of the volcano.  These

threats would involve incursion into areas by pyroclastic flows or surges or, more

dangerously, by lateral blasts.  Given the present conditions and what has

occurred over the last six months or so, the mean values for probabilities of flow

incursions are estimated marginally lower than those from SAC14, for all areas:

for Zone B, the elicited probability of a pyroclastic flow reaching this far, within

the next year, is about 1-in-60 (1-in-50 SAC14) and for Zone A about 1-in-180

over the next year (SAC14: 1-in-145).  These estimated differences are very

small, and no significance should be ascribed to them.  Indeed, for the case of a

lateral blast-derived surge, the corresponding numerical probabilities are exactly

the same as those obtained in SAC14: unchanged for Zone B, 1-in-1100; for Zone

A, 1-in-1200.

58. Although the area between Nantes and Lawyers Rivers (Woodlands) is not a

Hazard Zone under the HLS, for consistency with previous SAC analyses we

have calculated the likelihoods of pyroclastic flow or blast surge reaching this

area in the next year. These are very small: about 1-in-8,400 and 1-in-16,000

respectively (the latter unchanged from SAC14).
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Quantitative Risk Assessment

59. We make use of the same procedures for quantitative risk assessment that have

been used since 1997.  Once more, our previous calculations of volcanic risk are

revised by making adjustments to probability and rate estimates in the light of the

new developments at the volcano, and on the basis of the committee’s reappraisal

of the likelihood of the various associated threats.  The risk levels are expressed

as potential loss-of-life estimates and as annualised individual risk exposures -

that is, the risk of suffering a given number of casualties in the society as a whole,

or the risk of an hypothetical individual losing his or her life during one year.

Generally, these risk estimates do not include allowance for any reduction in

exposure 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 conservative estimates for policy-making

purposes.  The approach and methodology follow those described in the

December 1997 MVO Hazards and Risk Assessment report, validated by the UK

Government’s Chief Scientific Adviser’s consultative group.

60. The issue of population numbers is critical to the estimation of societal risk

levels, but not individual risks.  Once again, we use the numbers of 336 people

living in Zone A, and 95 people in Zone B (Fig. 8), which are based on figures

received by MVO from GoM for the SAC11 meeting.  For Woodlands, a total of

315 persons is assumed, as before. (Some of these sub-totals may be challenged,

but until officially informed otherwise they are the data we must rely upon).
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Fig. 8   The MVO Hazard Level System map of zones used in the current risk analysis
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Societal Risk Levels

61. In order to assess societal risk levels, the impacts of different eruptive scenarios

are modelled for the present population of Montserrat, and aggregated according

to likelihood of occurrence.  Using the elicitation results reported above, the risk

assessment analysis uses Monte Carlo re-sampling to explore possible outcomes

from a range of scenarios relating to dome collapse, lateral blast, and from

relative likelihoods of their occurrence. Our estimates of risk are based on an

outlook of one year ahead.

62. As noted above, the area north of Nantes River lies outside of the MVO Hazard

Level System defined Zones.  However, we continue to assess the contribution of

this area to the overall societal risk estimation.

63. Fig. 9 shows the calculated current annualised societal risk curve for Montserrat

using the estimated population numbers stated above (solid red line – “SAC15:

base risk”).  Also shown are the societal risk curves produced just over six

months ago (March 2010 SAC14, dark blue line), and from March 2007 (SAC8),

when the dome was active and still growing vigorously (purple dashed line).  All

three of these curves are above the corresponding line for SAC10 (April 2008),

when a long-term (i.e. “20-month”) pause was thought to be in prospect.

Additional societal risk curves (black lines with symbols) show estimated long-

term societal risk exposure on Montserrat from hurricanes and earthquakes.

64. The main conclusions to be drawn from these curves are: (a) overall, current

societal risk levels for fatalities are estimated marginally lower than six months

ago; (b) the societal risk remains below that assessed in March 2007 for large

numbers of casualties, but higher than April 2008, and (c) with the present

population distribution the societal risks due to the volcano exceed those due to

hurricanes or earthquakes.

65. Added to the plot of Fig.9 is a new risk curve (broken red line - “SAC15 restart:

follow-on risk”).  This curve represents what societal risk levels could become if

magma extrusion restarts quietly at the volcano within the next twelve months,

and that restart is followed by a subsequent hazardous event, such as a collapse

from a growing dome, or an explosion associated with an ensuing elevated

extrusion rate.  For several SACs now this situation has not been included in our

risk calculations for two reasons. Firstly, such an analysis entails major

challenges in modelling jointly the distinct timings of magma restart, consequent

flux rate, and any subsequent later event (e.g. collapse likelihood is not constant

in time, being a function of how fast the dome grows and how long it can grow

for, both of which are highly uncertain, unpredictable variables). And secondly,

until SAC12 risk assessments were undertaken during one phase or another of the

long-term pause/eruption patterns which persisted until July 2008. Thus, at any

one time the volcano either was clearly in a protracted pause that likely would

extend beyond the one-year outlook period or, if the volcano was already active,

this latter state could continue for a further twelve months, or longer.
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66. The key elements contributing to this alternative “restart follow-on risk”

estimation are a probability distribution for a restart of magma production

(elicited at Q2b, above), its timing – assumed uniform across the forthcoming

twelve months - and a distribution that expresses the expected value and range of

uncertainty in monthly averaged extrusion rate, given a restart occurs (elicited at

Q6, above).  For each potential subsequent hazardous event scenario, the relevant

probability of occurrence distribution is switched from that elicited for pause

conditions to that which was applicable during an active phase (as elicited for

SAC8 when such conditions obtained and we considered related issues in detail).

67. The implication of the restart follow-on risk curve is that if magma is produced at

the surface again we could move to a situation with societal risk levels that would

be as high as at any time during recent years of the eruption for low-to-moderate

numbers of fatalities (i.e. 1 – 10).  Whilst there have been some modifications to

our analysis approach that have reduced assessed risk levels overall, there is a

clear expectation (elicitation Q8a and Q8b, above) that any re-growth of the

dome will take place in or close to the scar and explosion crater left by the 11

February 2010 event, and the consequent scenario probabilities, realized through

recent elicitation discussions, reflect this reading of the possibilities.  N.B.

because the present analysis has assumed a random restart time over the next

Fig. 9  Societal risk curve (red) for the population at the time of the SAC 15

and comparisons with other risk assessments (see text)
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twelve months, if there is an early restart to such eruptive activity then the

calculated risk levels shown as the follow-on curve on Fig.9 will likely understate

the risk which would then be assessed.

68. An alternative way of estimating societal risk with a simplified approach is

known as the Approximate Risk Integral (ARI), adopted by the UK Health and

Safety Executive as a first-pass screening tool for industrial risks.  Here, we apply

the procedure to the volcanic hazards and to two other natural hazards threats as

people who live in the Eastern Caribbean are well aware that hurricanes and

earthquakes can happen, and could take lives.  For Montserrat, rudimentary F-N

curves have been produced in earlier SAC work for these other natural hazards

(Fig.9) and used for comparative purposes in our volcanic risk assessments.

69. Where does volcanic risk stand in relation to these other natural threats stand if

the ARI parameter is calculated for each? Table 1 shows the ARI values obtained

for earthquake and hurricane scenarios in which Nmax = 50 (being the highest

casualty toll computed for the earthquake case), and for their corresponding

probabilities of occurrence.  In the case of an erupting volcano on a small island,

with a population living nearby, a worst case scenario of hundreds of deaths is

not implausible - here we take 300 fatalities as close to the indicated F-N curve

peak for the present situation from Fig.9, and use this and its associated annual

probability to calculate volcanic ARI; this bound is shown graphically in Fig.10.

(The undershoot of the F-N curve relative to the ARI bound at low casualty

numbers is consistent with a risk exposure reduction achieved by excluding

people from Zones V and C – see Fig.8). Calculations of ARI are repeated for

two values of the aversion scale factor a, with a = 1.4 (as adopted by HSE), and

with a = 1.0.  The latter would imply no societal aversion to major casualty

numbers for natural disasters.  In Fig.11 a value a = 1.4 gives a slope that is a

close match, enveloping the (higher) “restart follow-on” risk curve of Fig.9.

70. Arguments on both sides can be made for saying that the ARI value for

earthquakes (i.e. 3.4 x 105) or for hurricanes (1.1 x 106) represents an appropriate

watershed threshold between risk tolerability and risk acceptability for natural

hazards. (An ARI of 3.4 x 105 is roughly similar to the threshold between the

“intolerable” and the “tolerable if ALARP” - As Low As Reasonably Practicable

- categories, in terms of UK societal risk from industrial installations i.e. 5 x 105).

For either choice, the current volcanic ARI is two orders of magnitude worse than

hurricane risk and more than that for earthquake risk in Montserrat.  It is possible

to apply ALARP type mitigation in the volcanic risk situation, simply by moving

more people further away from the volcano, so a significantly lower volcanic ARI

is achievable.  This said, the ARI concept, while offering some benefits in terms

of ease of calculation and providing a single-value parameterization of societal

risk, has limitations when it comes to application to volcanic hazards and risk

estimation.  Its use here is mainly illustrative, offering an alternative way of

looking at societal risk in terms of criteria used in other circumstances; for

volcanic risk assessment, this is a pioneering application, and no precedents or

counterparts are available from elsewhere.
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Table 1.  Comparison of ARI values for three natural hazards on Montserrat, for high

casualty tolls (see text)

Hazard Nmax Pr[Nmax] ARI [a = 1.4] ARI [a = 1.0]

Earthquake 50 3 x 10-5 pa 7.5 x 105 3.4 x 105

Hurricane 50 1 x 10-4 pa 2.5 x 106 1.1 x 106

Volcano

[SAC15 base risk]
300 6 x 10-5 pa 1.2 x 108 3.4 x 107

Volcano

[SAC15 restart

follow-on risk]

300 1.3 x 10-4 pa 2.6 x 108 7.4 x 107

Fig. 10 Magma restart “follow-on” societal risk curve (broken red line, see Fig.

10) and ARI bound (a=1.4 – see text) for current population numbers, and

comparative hurricane and earthquake curves.
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.

Individual Risk Exposure Estimates

71. In terms of individual exposure, individual risk per annum estimates (IRPA) for

people in different Hazard Zones are calculated using the probabilities elicited

from the SAC committee, coupled with Monte Carlo population impact risk

simulation modelling. We have categorised the levels of risk exposure using the

six-point risk divisions of the scale of the Chief Medical Officer of the UK

government in which we have replaced the labelling of these factor-of-ten

divisions with an alphabetical ordering, which we term the Modified Chief

Medical Officer’s scale (CMO*) (see Appendix 2).

72. We also indicate, in numerical terms, the extent to which the active volcano

increases an individual’s risk over and above the ‘background’ risk of accidental

death for a person living in Montserrat, currently assumed to be 28-in-100,000

(the value in the US Virgin Islands). Table 2 shows how the current evaluation

compares according to these two measures. In Table 3 we use the same scheme to

show the relative risk levels faced by workers in various scenarios. The two types

of risk are also displayed jointly in a graphical manner in Figs. 11 and 12, which

show the range of risks faced on a vertical logarithmic scale.

73. On the basis of our assessment of the volcano’s behaviour and quantitative risk

modelling, we now consider the level of annualised risk of death (IRPA) due to

volcanic hazards for an individual in each of the populated Zones (A and B) of

Fig.8:

Zone B (full-time resident): 1-in-1030, C on the CMO* scale,

4.5x background risk level of accidental death.

Zone A (full-time resident): 1-in-11,500, D on the CMO* scale,

1.3x background risk level of accidental death

For the reasons discussed earlier, in both Zones B and A the assessed individual

risk exposure levels are decreased moderately from six months ago (SAC14: 1-

in-610 and 1-in-6640, respectively), and the present values shift down the

corresponding CMO* Scale rankings to C and D, respectively. The IRPA for the

Woodlands area and further north is also lower and remains negligible, at about

1-in-4 million.

74. If, however, the scenario of a magma restart with follow-on hazards is considered

(see para. 65, above), then the corresponding  IRPA values are higher:

Zone B (full-time resident): 1-in-500, B on the CMO* scale,

8.1x background risk level of accidental death.

Zone A (full-time resident): 1-in-6,300, C on the CMO* scale,

1.6x background risk level of accidental death



31

Thus, individual risk exposures would return to previous levels if magma

production restarts and, as noted in para. 65 above, could be even higher over the

succeeding interval if the restart takes place early on in the 12-month period.  On

this basis, the IRPA for a person in the Woodlands area and further north is also

higher but still remains negligible, at about 1-in-2 million.

75. Because no occupation of Zone C is allowed at present, the issue of individual

risk for residents in the St Georges Hill – Richmond Hill areas is not considered.

Table 2. SAC15 Individual Risk Per Annum (IRPA) estimates for volcanic risks to

occupants of the populated areas

Residential Area
CMO* Risk

Scale#

Annualised

Probability of

Death

Risk

Increase

Factor

Other Natural

Hazards

A

1 in 100 36x

Zone B (magma

restart)

B

     1 in 500        8x

1 in 1000 4.6x

Zone B (present, full-

time

occupation)

Zone A (magma

restart)

C 1 in 1030

1 in 6300

4.5x

1.6x

1 in 10000 1.35x

Zone A (present, full-

time occupation)

Whole island

D 1 in 11500

1 in 35,000

1.3x

1.1x

Hurricane hit on

Montserrat

1 in 100000 1.03x

Whole island

E

1 in 200,000 1.02x

Earthquake

striking

Montserrat

1 in 1000000 1.003x

Woodlands (magma

restart)

Woodlands (present,

full-time occupation)

N. Montserrat

F

1 in 2 million

1 in 4 million

less

1.002x

1.001x

# Note: We have added “letter designations” and have used these in our text instead of the

descriptive names employed in the original CMO scale.
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Fig. 11   Residential individual annual risk estimates expressed graphically – right-

hand scale denotes risk due to Montserrat volcanic hazards.

76. Risks to workers in Zone T (Trants)

The Trants area was devastated on 11 February 2010 and the thick (up to 15 m)

pyroclastic deposits will remain very hot (up to perhaps 600 degrees C) for

months to years. What is not known is how laterally uniform the deposit

temperatures are at depth (typically > 100 degrees C at 0.5 -1 m depth) and how

rapidly the deposits might be cooling locally. Exploratory trenching and coring
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by MVO should give future insight into these two issues. Certainly at the moment

the deposits must be considered simply too hot to handle.

70.  Risks to workers in Zone F (Corbett Spring-Locust Valley)

This area is one designated for agricultural production with controlled access of

limited daytime workers. However, its southern edge was overrun by surges from

the 11 February 2010 event and all southern access is impossible. As a result we

do not consider risks to workers there this time.

71.  Risks to workers at Fox’s Bay

The estimate of current risk exposure to workers at Fox’s Bay using the revised

probability elicitations, reported above, indicates a worker’s IRPA now stands at

about 1-in-2800 per annum equivalent, or about 8x the corresponding UK

occupational risk (see Table 2).  For operational purposes, worker exposures for

those involved in the transportation of aggregate to and from this site would need

to be considered also, but more details would be required to address this aspect of

the risk discussion.  (If the magma restart scenario is invoked, then the IRPA

value increases to about 1-in-1300, or 16x UK occupational risk; this latter risk

level estimate is slightly lower than was assessed for Fox’s Bay in SAC14).

72.  Risks to workers mining sand near the Belham River crossing

Sand mining takes place in the Lower Belham valley, near the river crossing

locality.  A worker’s IRPA for this location is appraised at about 1-in-4000 per

annum equivalent, or about 6x the corresponding UK occupational risk.  This risk

level would be significantly higher under the magma restart scenario.

73. Risks to workers involved in geothermal well exploration near Delvins

An area near Delvins has been identified as a prospective area for geothermal

exploitation. For that area, the following estimates of individual risk exposure for

workers, using the site-specific elicitation probabilities reported above (as Q2e(b)

to Q2i(b)) should be considered indicative: for surface exploration activities

taking place for, say, up to 6 months during the next year, working 12 hours per

day, the corresponding IRPA is about 1-in-4000 per annum (or 6x the highest UK

occupational risk).  For drilling activities involving 2 x 12 hour shifts, and a

programme that may last up to, say, 9 months, the IRPA is about 1-in-2750 per

annum equivalent (or 8x the highest UK occupational risk). As for other work-

related areas, these risk levels would be much higher for the magma restart

scenario.  N.B. the IRPAs are effectively averaged over the area identified for

drilling10, and could be higher in some locations and lower in others, and do not

allow for any special mitigation measures that may be implemented or for types

of work activity being undertaken (some may be less amenable to mitigation than

others). Uncertainty as to planned workforce numbers, expected timings and

durations of the different activity phases means that much more detailed

information is required in order to make a meaningful evaluation of the collective

exposure of the workforce (e.g. to estimate potential numbers of casualties in any

one volcanic incident).

                                                  
10 EGS Inc. (2010) Final report. Geothermal Exploration in Montserrat, Caribbean. Prepared for

Minister of Communication and Works.
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75.   Risks in the Maritime Exclusion Zone

The risks in the Zone are appropriately covered by the current Level boundaries.

7Fig.9   Work-related  individual annual risk estimates expressed graphically

Fig.12   Montserrat workers’ individual annual risk estimates, expressed
graphically
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75.    Risks in the Maritime Exclusion Zone

         The risks in the Zone are appropriately covered by the current Level boundaries.

Table 3.  SAC 15 Individual Risk Per Annum (IRPA) estimates for volcanic risks to workers in

specific locations

Activity
CMO* Risk

Scale

Annualised

probability

of death at

work1

Volcanic risk

relative to

Extractive

industries risk

Occupations

A

Soldier at war

1 in 100

B

Deep sea

fishing

1 in 1000

Geothermal

drilling

Fox’s Bay ramp

Belham sand

mining

Geothermal

exploration

C

1 in 2750

1 in 2800

1 in 4000

1 in 4000

8.3x

8.1x

6x

6x

Mining &

quarrying

1 in 10000

D   Construction

Forestry

Extractive &

utility supply

industries

1 in 100000

E

Services

1 in 1000000

F

1 risk estimates for different cases take account of different times at exposure for different

activities
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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 three 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 methodology11, 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 decision-making.  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 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 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

                                                  
11 Cooke R.M., Experts in Uncertainty.  Oxford University Press; 1991.



37

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 models12.

A1.5 This report may contain certain "forward-looking statements" with

respect to the contributors’ expectations relating to the future

behaviour of the volcano. Statements containing the words "believe",

"expect" and "anticipate", and words of similar meaning, are forward-

looking and, by their nature, all forward-looking statements involve

uncertainty because they relate to future events and circumstances

most of which are beyond anyone's control. Such future events may

result in changes to assumptions used for assessing hazards and risks

and, as a consequence, actual future outcomes may differ materially

from the expectations set forth in forward-looking statements in this

report.  The contributors undertake no obligation to update the

forward-looking statements contained in this report.

A1.6 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.

A1.7 This appendix must be read as part of the whole Report.

                                                  
12 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:  Modified Chief Medical Officer’s Risk Scale

(CMO*)

Negligible (F):  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 (E):  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 (D):  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 (C):  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 (B):  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 (A):  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.


