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Introduction
1.

This is Part II of the report resulting from the 21st meeting of the Scientific Advisory
Committee (SAC) on Montserrat Volcanic Activity that took place at Olveston House
and the Montserrat Volcano Observatory (MVO) from 7th November to 11th November,
2016. Part I of that report, the Summary Report1, gives the principal findings of the
meeting in a non-technical form2, and Part II gives the underlying technical data and
analysis in more detail, including several appendices, that led to those findings.

2.

The meeting took place 12 months after we last met, in November 2015, and involved
six SAC members, all MVO scientists and technicians. We welcomed Prof Mike Burton
as a new SAC member; Dr Nico Fournier, the second new SAC member, was not present
at the meeting but contributed by provision of a prepared presentation. The meeting was
chaired by Prof Jürgen Neuberg. A list of all participants and their affiliations is given in
Appendix III.

3.

The MVO produced two volcanic activity reports to the SAC3,4 which were distributed to
all SAC members prior to the meeting. Based on these reports, MVO staff delivered
several oral presentations on the monitoring data and observations covering mainly the
more recent period between May 2016 and September 2016, in the context of the entire
time period since the last eruptive episode six and a half years ago.

4.

Scientific discussions that followed the MVO presentations focused on different
conceptual models that could possibly explain the deformation pattern of an apparent
inflation, as well as slight changes in seismicity. Models that were considered potentially
contributing to the understanding of deformation included (i) the tectonic control on
deformation features of Montserrat, and (ii) the pressurisation of a magma reservoir due
to cooling and crystallisation. The discussion was informed by several studies (see below
and Appendices IX to XI), and the latest literature.

5.

On the basis of this analysis we assessed the potential behaviour of the volcano in the
longer term in the context of past cycles of magma extrusion and pauses. We concluded
that the most likely explanation for the inflation/deflation pattern remains the continued
accumulation of magma in a reservoir approximately 6 km deep. Tectonic control and
pressurisation through magma crystallisation cannot explain the magnitude of the
observed deformation.

1

Assessment of the hazards and risks associated with the Soufrière Hills Volcano, Montserrat. Report of the 21st
Scientific Advisory Committee on Montserrat Volcanic Activity, Part I, Summary 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 8.
3
Stinton et al., 2016, MVO Scientific Report for Volcanic Activity between 1 May and 30 September 2016,
Open File Report OFR 16-03 – SAC version.
4
Stinton et al., 2016, MVO Scientific Report for Volcanic Activity between 1 October 2015 and 30 April 2016,
Open File Report OFR 16-02.
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6.

Following this discussion, we elicitated for the probabilities of several volcanic scenarios
and computed the hazard and risk levels for the population of Montserrat in different
zones for the next year.

7.

As outlined in the Terms of Reference (see Appendix I), the SAC is also requested to
provide independent advice on the scientific and technical operations of the MVO to
ensure that the work matches the level of threat posed; here we focused on the lack of
SO2 measurements for the last year, the reasons for it and a plan of actions to resume
regular measurements as soon as possible. Within the role of the SAC in its scientific
advisory capacity to MVO, Prof Burton advised on, and performed with MVO staff
several SO2 measurements during the period of the meeting. Direct feed-back including
recommendations regarding different monitoring tasks were given to MVO staff, a
summary of which is part of this report.

8.

A Preliminary Statement (Appendix IV) was issued and presented at the debriefing to the
Governor on Thursday, November 11th, 2016. The debriefing was attended by HE
Elisabeth Carriere, Mr Tony Bates, and five SAC members, including the director of the
MVO. In order to engage with the general public a live radio interview with ZJB was
arranged on the same day where several members of the public phoned in with questions.
Prof Jenni Barclay, Dr Eleonora Rivalta, Dr Eliza Calder, Prof Mike Burton and Prof
Jürgen Neuberg represented the SAC in this interview.

Surface Activity and Observations
9.

The volcanic surface activity in the reporting period has been low and remained at the
same level as for the previous last six and a half years. This is the longest pause since the
eruption began in 1995. MVO monitoring data over the entire eruption are shown in
Figure 1.

10. Temperatures of volcanic gases that escape through fractures and fumaroles in the lava
dome have remained high, with the hottest fumaroles maintaining 6000C over the last six
and a half years since the last major activity. Although the dome material is slowly
cooling, two processes are acting to maintain these high temperatures: (i) further
outgassing at the dome, the entire edifice and the deep magma reservoir provides a
steady supply of hot volatiles which has kept the temperatures of the dome and
fumaroles in particular at constant, high temperatures, and (ii) a certain amount of heat is
produced due to the crystallisation (latent heat) of magma. These conditions might
continue for a long time, even without any new magma influx.

2

Figure 1 Seismic, GPS and SO2 monitoring data for the period 1 January 1995 – 30
September 2016. Extrusive phases and pauses are in shown red and green respectively. Top:
Number of seismic events detected and identified by the seismic system. Middle: Radial
displacement of cGPS stations MVO1 (red) and GERD (blue) smoothed with 7-day running
mean filter, Black: GPS Height of HARR. Bottom: Measured daily SO2 flux, filtered with 7day running median filter. Green: COSPEC, Blue: DOAS. No data available since midSeptember 2015. (Adapted from MVO activity report; MVO OFR 16/03).
11. With the exception of a possible seasonal trend, rock-fall events occur less frequently
than before, and overall seismicity is further declining as the dome appears to stabilize.
No low-frequency seismic swarms, usually associated with magma movement at depth,
have been recorded. The only significant seismic signals observed were 12 so-called VT
strings over the last year, series of volcano-tectonic earthquakes at depths between 3 and
5 km. These events may indicate gas release from depth through the brittle fracturing and
opening of cracks within the volcanic edifice. While similar events occurred on two
occasions in the past simultaneously with elevated SO2 emission rates, the lack of SO2
DOAS measurements does not allow any quantitative link between seismicity and
outgassing during the current report period. These VT strings were not accompanied by
ash venting, as they were in March 2012 and March 2014.
12. Monitoring of SO2 flux with the DOAS system stopped in September 2015, making a
quantitative link to other pauses and phases challenging. However, the visual appearance
of the gas plume suggests that significant amounts of SO2 are still being emitted. SO2
concentrations obtained by diffusion tubes at 12 sites around the island show an overall
slow declining trend. Two helicopter traverses with a UV spectrometer during the SAC
meeting on November 10th, 2016, allowed SO2 flux quantifications between 150 and 200
tonnes/day, indicating an emission rate at the lower end of the historical observations, but
within the range of those observed during previous pauses.
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13. A carefully conducted analysis of VT seismicity between 2009 and 20165 suggests a
subtle trend of increasing hypocentre depths from 1 to 2 km over the last 4.5 years. This
trend could have been set in motion by the events in March 2012 where strong VT strings
were associated with ash venting and ground deformation. Possible interpretations
include the cooling of the shallow conduit system and a more established, shallow
hydrothermal system with more evolved outgassing pathways, and a stress migration to
deeper parts of the conduit system. This analysis highlights the importance of obtaining
VT locations and radiation patterns in the future as evolving trends could indicate a
change in the volcanic system.
14. Ground deformation on Montserrat continues to show a radial extension away from the
volcano. Figure 2 shows the horizontal velocities for Pause 5 at all GPS stations.

Figure 2. Horizontal velocities observed at the MVO GPS stations. Velocities are calculated
relative to a tectonic plate model defined using velocities from local and reference stations
that provide a statistically consistent plate rotation pole / velocity. The velocities vectors
compared are those computed for the entire Pause 5 (black), for June 2015-April 2016
(blue), and for the reporting period (red). Continuous and campaign sites are indicated with
red and black names, respectively. Stations missing a significant amount of data have been
removed for the corresponding period. The red star marks the dome location. (Adapted from
MVO OFR 16/03).

5

Smith, P., Apendix B: Trends in VT earthquake depths since Phase 5, in: Stinton et al., 2016, MVO Scientific
Report for Volcanic Activity between 1 May and 30 September 2016, Open File Report OFR 16-03 – SAC
version.
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Long-term Processes at the Volcano
15. The “saw-tooth” pattern of ground motion measured across the whole of Montserrat (Fig
1, middle) has been previously interpreted as alternating inflation and deflation
associated with pause and lava extrusion, respectively. This pattern has been frequently
modelled and interpreted in terms of pressurisation of a mid-crustal magma reservoir.
Together with petrological and seismic tomographic evidence for melt at about 5-6 km
depth, this has led to a hypothesis of dual chambers, the lower at about 15 km and the
upper at about 6 km (Melnik & Costa, 2014)6. As stated during SAC19 and SAC20 the
observations remain more complex than a simple rotationally symmetric model can
explain. Topographic effects as well as loading effects studied by Odbert & Taisne (see
SAC19) needed also to be accounted for. In addition, Sparks suggested during SAC19
that a regional pattern of tectonic motion could be responsible for some of the intraisland deformation.
16. For SAC20 an internal report7 was discussed that presented the results of a numerical
deformation model combining topography effect, tectonic stretching of the entire plate
on which Montserrat is located, and two magma chambers with elliptical geometry
exerting pressurisation in the deeper and depressurisation in the shallow chamber. To
explain the deformation field of the more significant, distal stations only the deeper
chamber was considered relevant. By allowing for a tectonic component its pressure
change over time was determined as equivalent to an influx of magma of about 0.07
m3/s. In SAC20 an alternative to magma influx was discussed that could cause this level
of pressurisation by cooling and crystallisation of an intruded magma volume. For
SAC21 new insights were sought to quantify both tectonic control and magma
crystallisation as alternatives to magma influx.
17. The following interpretation of the deformation field is based on the assumption that the
GPS data monitored and processed by the MVO reflect the actual ground deformation.
An inaccurate definition of the regional reference frame or other incorrect processing
steps could introduce an apparent deformation across the island. While we are confident
that the MVO processes the GPS data adequately overall, we recommend that an
assessment of all data processing steps is carried out in the near future to rule out any
inconsistency. Additionally, the velocity field includes a small tectonic contribution due
to non-rigid behaviour of the plate margin. Such contribution has not been estimated and
removed yet; this may lead to a small bias in the estimates of depth, volume and shape of
the magma reservoir. Furthermore, a comparison with more InSAR data will be helpful.
Figure 3 shows an InSAR image of TerraSAR-X spotlight data provided by the GFZ
Potsdam as an example.
18. New SAC member Dr N Fournier collaborated with Prof E Callais (ENS, Paris) on
assessing the tectonic component through plate stretching. Their analysis (summarised in
Appendix XI) resulted in a negligible amount of tectonic stretching across Montserrat.
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Melnik, O., Costa, 2014, A. Dual chamber conduit models of non-linear dynamic behavior at Soufriere Hills
Volcano, Montserrat. In. Wadge, G., Robertson, R.E., Voight, B. (eds.), The eruption of Soufriere Hills
Volcano, Montserrat from 2000 to 2010. Memoir 39, Geological Society , London
7
Collinson A.S.D, Pascal, K., Neuberg J.W., 2015, Modelling the ongoing deformation on Montserrat, Internal
report SAC20 Appendix 9.

5

Figure 3 TerraSAR-X spotlight data for Soufrière Hills volcano provided by GFZ
Potsdam. Note the different scales; the right panel shows mainly subsidence of volcanic
deposits near the volcano (blue) while an area in the NW of the data coverage indicates
uplift (red). This is in broad agreement with the GPS station HAR in the same area.
Furthermore, in a new report for SAC218(Appendix IX) Collinson et al. (2016)
demonstrated that local tectonic controls such as slip on a fault through the island is
incompatible with the GPS data presented by MVO for Pause 5. Hence, in the absence of
any substantial tectonic contribution, the deformation field maps into a magma influx of
0.15 m3/s (or 4.6 x 106 m3/year) or its pressure equivalent. Figure 4 depicts the bestfitting model of the GPS velocity field.
19. In order to quantify the alternative pressurisation through crystallisation Burton & La
Spina assume in their internal report9 (Appendix X) a closed system and demonstrate that
the crystallisation rate would have to be unrealistically high to produce the necessary
pressure change of 10 MPa. In a second report10 Caricchi and Simpson adjust their
calculations performed for SAC20 and demonstrate that an overall magma volume of
about 40 km3 would be necessary to produce the pressure or equivalent volume change
through crystallisation. While such magma volume at depth is not unrealistic, Collinson
et al. (2016) have shown in their report8 that only the upper part of a magma reservoir
can contribute to the deformation field. Hence, the magma volume needed to generate
such pressure/volume change through crystallisation is far too high and crystallisation
cannot be the dominant factor in explaining the deformation.

8

Collinson A.S.D, Pascal, K., Neuberg J.W., 2016, Magma accumulation, second boiling or tectonics –
investigating the ongoing deformation field at Montserrat, West Indies. Internal report for SAC21 Appendix IX.
9
Burton, M., La Spina, G., 2016, Closed-system pressure changes in a magma chamber due to crystallisation.
Internal report for SAC21, Appendix X.
10
Caricchi, L., Simpson, G., 2016, Addendum to “Assessment of potential effect of degassing on the
deformation observed at Soufriere Hills Montserrat since 1995”, SAC20, Appendix 10.
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Figure 4: Model with best fit to deformation data comprising two magma chambers of
elliptical shape, the shallow one contracting, the deeper one expanding. Topography effects
are taken into account. Note that the lower extent of the magma reservoir is undefined as
only the upper part contributes to the deformation.
20. In summary, the numerical modelling indicates that there are conceptual, alternative
explanations for the deformation pattern compared to the inflation model based on the
influx of new magma. However, the quantitative analysis suggests that crystallisation
cannot be the dominant factor in explaining the deformation field. Hence, we conclude
that the observed inflation of the entire island of Montserrat is most likely caused by a
continuing influx of magma into a reservoir at about 6 km depth.
21. Using the deformation model depicted in Figure 4 the cyclic deformation pattern of
inflation and deflation throughout the eruption can be mapped into corresponding volume
changes of the magma reservoir at 6 km depth8. Figure 5 shows the erupted volume
(upper panel) in comparison with the volume changes at depth (lower panel). Assuming
elastic behaviour, this mapping procedure indicates two things: (i) the magma reservoir
may not have been replenished to the same level when the eruption started, and (ii)
magma extrusion may have resumed in the past at decreasing levels of replenishment.
Hence, magma accumulation in a deep reservoir and the amount of eruptible magma, as
well as the condition under which it can erupt, have to be considered separately.

7

Figure 5: Cumulative DRE volume erupted (adapted from Wadge et al., 2014) (top) and the
change in total source volume through time relative to the start of the eruption (bottom).
Total source volume change assumes the best-fit source with a volume of 1.26 km3 (see
Appendix IX for reference and further explanation).
22. Regarding the continued outgassing of SO2 we reiterate the discussion we had in SAC20
of a paper by Christopher and others11 who have analysed multi-year periodicity in
sulphur dioxide emissions. Pulses of elevated sulphur dioxide emission from 1995 to
2010 do not coincide with the phases of lava extrusion, indicating that at this timescale
volatile exsolution is dissociated from magma flux through the system. The cessation of
pulse cycles following the 11 February 2010 collapse to be replaced by a much more
steady sulphur dioxide emission clearly indicates a change of regime in the deep magma
reservoir. T. Christopher (MVO) with various SAC members and other international
experts looked into possible mechanisms to explain the average sulphur dioxide emission
rate of 300 tonnes per day as well as the high temperature fumaroles. Their analysis12
favours a magma mush model in which an independent gas phase results from a
partitioning of sulphur into a vapour phase.

Christopher, T., Taisne, B., Edmonds, M., Odbert, H., Costa, A., Hards, V., Wadge, G. (2014), Prolonged
sulphur dioxide degassing at Soufriere Hills Volcano, Montserrat, and implications for deep magma
permeability. (Geol. Soc. London Special Pub. “The role of volatiles in the genesis, evolution and eruption of
arc magmas”.
12
Christopher, T.E., Blundy, J., Cashman, K., Cole, P., Edmonds, M., Smith, P.J., Sparks R.S.J. and Stinton, A,
(2015) Crustal-scale degassing due to magma system destabilisation and magma-gas decoupling at Soufrière
Hills Volcano, Montserrat, G3 (in press)
11
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Evolution of Future Behaviour
23. At SAC18 we elicited for the first time the probability that nothing significant will
happen in the next 30 years - i.e. there will be no collapse, no restart of dome growth, or
no magmatic explosion > 0.1x ref. At SAC18, the elicited median probability for this
eventuality was 16%, or about a 1-in-6 chance. At SAC19 and SAC20 the elicitation
results were 32% and 39%, respectively, and now at SAC21, the probability was
assessed at better than a 1-in-3 chance. However, the uncertainty on this estimate
remains very wide, the ninety-percent credible range of probability stretching from 2% to
93% (Appendix V, question 6). This reflects the on-going difficulty of assessing the
long-term future behaviour of the volcano.
24. We looked again at the “end of eruption criteria ” defined in SAC2 (paragraph 14-17)13
which are (i) less than 50 tonnes/day of SO2 output, (ii) less than 5 mm/year velocity
across all GPS sites, and (iii) no low-frequency earthquake swarms as defined in SAC
211,12. We realise that these quantitative criteria might not be met for a long time even
though the potential lack of eruptible magma could indicate the end of eruption.
Particularly the criterion of 50 tonnes/day of SO2 output marks the minimum level of
detectability rather than an established reference value for background outgassing. In the
absence of any reliable reference value for SO2 output on Montserrat it was decided not
to change this figure, but to reduce the weight of this criterion in our evaluation of
whether the eruption has stopped or not.
Hazard Scenarios
25. We now summarise the results of the formal elicitation of the views of the SAC members
and MVO staff 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 analyses, and the expert
elicitation method that we have used in previous SAC assessments. The questions,
explanations of their context and the ranges of uncertainties derived from the group’s
responses are presented in detail in Appendix V. Here, on Table 1, we tabulate the
central median probability values for each of the questions and compare them with the
equivalent values obtained previously, at SAC20. The series of query items 2a-2i ask
what is the probability that each of these events will be the first significant thing to
happen in the next 12 months.

13

Assessment of the hazards and risks associated with the Soufrière Hills Volcano, Montserrat. Second report of
the Scientific Advisory Committee on Montserrat Volcanic Activity, 1-4 March 2004: Part I, Main Report,
issued 1 April 2004.
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Table 1. Summary of SAC21 elicited central probability estimates for significant event
scenarios over the next year
Elicitation Question

Probability SAC21

(summary description)

(SAC20)

1

At least one criterion for deep magma activity will be met

86% (94%)

2a

Nothing significant happens

77% (78%)

2b

Quiet resumption of lava extrusion

11% (13%)

2c

Collapse of most of dome to east (or south)

2d

Major dome collapse to reach the sea to the NE

2e

Major dome collapse to reach Happy Hill to the NW

2f

Major dome collapse to reach Plymouth to the W

2g

Blast event to reach Happy Hill to the NW

2h

Blast event to reach Plymouth to the W

2i

Vertical explosion (>0.3 million cubic metres)

*2c2

Conditional probability of magma extrusion or explosion within
one month if a major dome collapse is next event

2% (2%)
0.2% (0.2%)
0.001% (0.01%)
0.02% (0.1%)
0.0001% (0.002%)
0.003% (0.01%)
7% (2%)

55% (67%)

(item marked * was not considered previous to SAC20)

26. Between the elicitations of SAC20 (November 2015) and now (November 2016), the
assessed median probability (Scenario 2a) that “nothing significant” occurs in the next
12 months is very slightly reduced. The change is marginal when the uncertainty
associated with such probabilistic enumerations is considered, and a small reduction like
this should not be ascribed any great significance on its own. Essentially, we consider it
consistent with the previous assessment, and this is perhaps even more remarkable given
the turn-over in the elicited group.
27. There is a slight decrease in the assessed likelihood of a quiet resumption of lava
extrusion taking place as the first significant event in the next twelve months (Scenario
2b). In summary, the ‘nothing significant happens’ scenario is judged about seven times
more likely than the next most likely scenario – ‘quiet resumption of lava extrusion’.
28. One way of viewing these changes in the probabilities of individual scenarios is to infer
that they reflect our growing scientific understanding of the Soufrière Hills volcano
system and its evolution in recent years. This includes the recognition discussed above
that, notwithstanding the large mass of magma erupted up to 2010, a very considerable
10

volume of potentially eruptible magma likely still exists at depth below the volcano and
that any perturbation of the system (internally or externally forced) could upset the
current ‘steady state’ pattern of sustained degassing without magma eruption. In the
light of this thinking, if such a system change were to occur then one of the more
vigorous restart scenarios could result as a consequence. It is noteworthy that the elicited
probability associated with a vertical explosion (Scenario 2i) has increased from 2% in
SAC20 to 7% in SAC21. This may have resulted from the detailed discussion held on the
nature of the VT strings and their association in the past with ash venting and minor
explosive activity. The probabilities associated with the other major collapse events
have reduced over the past year. These reduced probabilities are a combined
consequence from two effects; firstly, as a result of the explosion probability increasing,
these probabilities have to decrease, as the options together need to sum to 100%,
secondly discussions held highlighted the remarkable stability of the dome over time so
the group was collectively convinced it would take a significant event (internal or
external) to trigger a major collapse.
29. Care is needed when judging the median probabilities at face value. As noted, many of
the scenario probabilities appear to change to minor extents, but these central value
variations are not significant given the uncertainties involved and the tentative nature of
such hazard estimates. The median probabilities are only part of the picture of scenario
likelihoods because the associated uncertainty distributions (Appendix V) must be taken
into account when quantifying risks to the population; full uncertainty quantification is
essential in formulating a basis for a risk analysis, and these are used in calculating the
hazard and risk findings reported in following sections.
30. Lastly in this section, at SAC20 we elicited for the first time a conditional probability for
magma extrusion or an explosive eruption to follow within one month of a major dome
collapse. The initiating event might be triggered by internal processes or an external
forcing such as a major regional earthquake or excessive rainfall in a tropical storm or
hurricane. For SAC20 the resulting median probability was 67% for SAC21 it was 55%
(Item 2c2 on Table 1) indicating that although the probability was lower, the SAC would
still not be surprised by the eventuality of new magma reaching the surface quite
promptly in such a circumstance.
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Figure 6: The boundaries of the HLS as of 1 August 2014.
Quantitative Risk Assessment
31. We make use of the same procedures for quantitative risk assessment that have been used
by the SAC since 1997 (described in detail in the report for SAC16). For continuity and
comparability, we continue to use the on-land Hazard Level System (HLS) zone
boundaries that were defined in the November 2011 version of the HLS (which remain
essentially the same in the latest version, promulgated in August 2014 - see Figure 6). For
the purpose of the SAC reports, the most relevant change between 2011 and 2014 was
that the top of St Georges Hill changed from being in Zone C to Zone V. This would
have the effect of reducing the risk associated with Zone C.
32. The issue of population numbers is fundamental to the estimation of societal risk levels
(but not individual risk estimates). A census of Montserrat was taken in May 2011 but
these data were insufficiently detailed to be used fully in the SAC risk assessments. In
SAC18 we used population numbers based partly on information from the May 2011
census, which indicated that 583 people were in the area south of Nantes River (the
northern boundary of Zone A) during the low season for visitors to the island14, and
partly on an MVO estimate that the number of people who were living full-time in Zone
B was about 33. For SAC21 we use the same May 2011 census data. Thus we inferred a
14

The area north of Nantes River lies outside of the MVO Hazard Level System defined Zones; however, in
line with previous assessments we continue to assess the contribution of this area to the overall societal risk
estimation.
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population of about 550 in Zone A. We further assumed that there could be a 50%
increase in the numbers in Zone A during high season (presumed to be November to
March inclusive), whilst the numbers in Zone B could be doubled. Similarly, we
assumed a potential increase of 25% in the population of Woodlands during the high
season period. These were central estimates so, for risk assessment purposes, we also
assumed suitable variations about these numbers. In running the risk model, the higher
holiday numbers are activated if the initiating hazard event is simulated as occurring in
one of the high season months (this was a modelling refinement, in comparison to
previous analyses). For continuity, and in the absence of newer information, these
population numbers and seasonal variations are retained for the present risk assessment.
While the permanent population of Zone C remains zero, the number of people visiting
and working in Zone C has probably increased. However, we had no official data to
confirm this.
33. Other uncertain volcanological factors, for instance relating to lava extrusion restart,
prospective multiple episodes, a less favourable site of extrusion outbreak in the crater or
higher extrusion rate, potentially would increase the threat to the populated areas to the
northwest of the volcano. These threats could involve incursion into areas by pyroclastic
flows or surges or, more dangerously, by lateral blasts. Given the present conditions and
our updated understanding of the volcano, the median values for probabilities of flow
incursions are estimated to be somewhat lower than those from SAC19 or SAC18; for
Zone B, the elicited probability of a pyroclastic flow reaching this far within the next year
is about 1-in-2300, lower than in previous assessments15 (SAC20 1–in–1500; SAC19 1in-3000, SAC18 1-in-2300). For Zone A, the risk estimate is also lower now, at 1-in14000 in the next year (SAC20 1-in-3900, SAC19 1–in–19000; SAC18: 1-in-7100).
Thus, in both cases the likelihood of such an event remains low in real terms.
34. For the case of a lateral blast-derived surge, the corresponding incursion probabilities
from the latest elicitation findings are again lower than those obtained in SAC20, SAC19
and SAC17, and lower than the value from two years ago from SAC18. Thus, Zone B
surge incursion odds are now assessed at 1-in-840000 (SAC20 1-in-8600 (SAC19: 1-in9200; SAC18: 1-in-4000; SAC17: 1-in-8400); Zone A, 1-in-940000 (SAC20: 1-in-9500
SAC19: 1-in-10200; SAC18: 1-in-4500; SAC17: 1-in-9300). In other words, the risk of
surge incursion into Zone B or Zone A is judged to be very low; this said, it should not be
forgotten the consequences could be disastrous if such an event occurred.
35. Some variation in such assessed probability values, from one SAC meeting to the next, is
due to the acute difficulty of quantifying probabilities for very unlikely events, so the
quoted numbers should be regarded as indicative, rather than definitive. This said, and
the very low likelihoods notwithstanding, potential consequences for the populations of
each these areas could be extreme should a blast or surge threaten to move in their
direction.

N.B. due to a numerical conversion adjustment in previous risk calculations, the corresponding probabilities
for flow incursion given in SAC Reports 17 – 19 were overstated by a factor of ten, and should therefore have
been much lower than the values quoted in those reports; this error did not apply to surge incursion risk
estimates or to individual exposure risk estimates.
15
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Individual Risk Exposure Estimates
36. 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 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 VI).
37. We also indicate, in numerical terms, the extent to which the 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, i.e. 1-in-3500 (this value is
taken from statistics for the US Virgin Islands). Table 2 shows how the current evaluation
compares according to these two measures. The two types of risk are also displayed in a
graphical manner in Figures 7 and 8, which show the range of risks faced, displayed on a
vertical logarithmic scale.
38. On the basis of our assessment of the volcano’s future behaviour – including possible restart of lava extrusion and accompanying hazards - our quantitative risk modelling
indicates the annualised risk of death (IRPA) due to volcanic hazards for an individual in
each of the open or populated Zones of Figure 6 is:
Zone C (full-time resident): 1-in-110,000; top of E on the CMO* scale,
i.e. a tiny increase of 1.03x in background risk level of accidental death.
Zone B (full-time resident): 1-in-1.7 million; F on the CMO* scale,
i.e. no effective increase in background risk level of accidental death.
Zone A (full-time resident): 1-in-50 million; F on the CMO* scale,
i.e. no effective increase in background risk level of accidental death.
Due to the changes in the elicited event probabilities discussed earlier and, in particular,
the increased associated uncertainty spreads, the individual risk exposure levels in Zones
C and B are each lower than calculated one year ago (SAC20: 1-in-8,100; SAC19: 1-in29,000; 1-in-95,000). The present risk value for Zone B and Zone A is now in CMO*
Scale ranking F.
Thus the individual risk exposure for residents in the Woodlands area (and further north),
due to the volcano, remains negligible. While the exact risk is very difficult to determine
numerically with any confidence, our tentative analysis puts individual risk from the
volcano in Woodlands and in the far north of the island in the same ballpark of the risk of
an individual being killed by lightning (see Figure 7).
Risks in the maritime parts of Zones C, B and A (Figure 6) are appropriately covered
by the current on-land estimates, just reported. Downward adjustment would be
needed for entries to these areas that last less than 24 hours.
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Table 2

IRPA estimates for volcanic risks to occupants of populated or open areas

Residential Area

CMO* Risk
Scale

Annualised
Probability
of Death

Risk
Increase
Factor

1 in 100

36x

1 in 1000

4.6x

1 in 8100

1.4x

1 in 10000

1.35x

1 in 35,000

1.1x

1 in 100,000

1.03x

1 in 110,000

1.03x

1 in 200,000

1.02x

1 in 1000000

1.003x

1 in 1.7
million

1.0x

Less than 1
in 50 million

1.0x

Less than 1
in 50 million

1.0x

Other Natural
Hazards

A

B

C

D
Hurricane -whole
island

Zone C (full-time)

E

Earthquake - whole
island

Zone B (full-time
occupation)

Zone A (full-time
occupation)
Woodlands and
North Montserrat
(full-time
occupation)

F
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Hurricane

Earthquake

Societal Risk Levels
39. 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. Taking 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 assessment represents a one-year risk outlook.
40. 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. Taking 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 assessment represents a one-year risk outlook.
41. Figure 8 shows the calculated current annualised societal risk curves for Montserrat using
the assumed population numbers for the situation where there might be a rapid
combination of hazards from, say, a major dome collapse and a near-simultaneous
explosion, both occurring close in time as a restart to eruptive activity (solid red line).
Also shown on Figure 8 is the counterpart societal risk curve produced one and two years
ago (SAC20, blue line; SAC19, green line).
42. Overall, the current societal risk – expressed as different total numbers of casualties – is
evaluated now lower than that of SAC20 one year ago. For comparison, the highest
societal risk curve in recent years was that of March 2007 (SAC 8), when the dome was
very active and still growing vigorously (Figure 8, upper, dashed purple line).
43. The projected chances of a limited number of casualties (i.e. less than about 10 to 20)
due to volcanic hazards are assessed below the estimated long-term societal risk
exposure on Montserrat from earthquake or from hurricane (Figure 8, black lines with
symbols).
44. Some caution should be exercised when using the information implied by the curves
shown on Figure 8. Each curve carries a significant element of uncertainty, up or down,
and numerical differences between any two curves may be less than indicated by these
central tendency (median) calculations - estimate variances are illustrated indicatively on
Figure 8 by shaded areas around each curve. Thus the present estimated likelihood of
suffering one or more casualties in the next year due to volcanic action is in the region of
a 1-in-1000 chance, but could be slightly higher, or somewhat lower, under different
assumptions. This said, the present societal risk level is two orders of magnitude lower
than in 2007.
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Figure 7. Relative individual annual risk from the volcano for full-time Montserrat residents
compared with other non-volcanic risks in Montserrat and everyday risks in the UK. Note the
significant changes compared to SAC20.
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Figure 8. Societal risk curve (solid red) for the island population at the time of SAC21, and
comparisons with SAC20 (blue) and SAC19 (green), and approximate risk levels on
Montserrat from other natural hazards such as earthquakes (triangles) and hurricanes
(Stars). The curve for SAC8 (dashed purple) is included to show the highest societal risk level
assessed at any SAC. The colour-shaded areas around each risk curve give an indication of
the uncertainties associated with these estimates.

18

Access to Zone V
45. Activities taking place in Zone V such as sand exports (from Plymouth), geothermal
drilling, police operations, animal projects, metal reclamation, filming and tourist trips
need to be managed in co-operation with the MVO. For corresponding risk-levels we
refer to our report of SAC19.

The Operation of MVO
46. The DOAS network has been out of action since September 2015, and for more than a
year the quantitative SO2 estimations have been interrupted. Given the lack of seismicity
and the ongoing inflation trend seen by the GPS network it is absolutely essential to
resume SO2 measurements as a matter of urgency. During the meeting, the SAC was
supporting MVO staff in the effort to resume measurements through undertaking DOAS
traverses below the plume. These measurements need to be continued in a regular fashion
until the DOAS network is operational again.
47. In the current state of activity interpretations of gas emissions have become important to
our overall understanding of activity. As such, concerted efforts need to be made in
completing and upgrading the DOAS network so that the accuracy of the measurements
is optimised. The measurement of gas species other than SO2 will also be very helpful.
Thus measurements over the next 12 months with the Multi-gas instrument and, if
possible, the FTIR would be beneficial.
48. Regarding the upgrade of the seismic network, the SAC reiterates the recommendation of
last year’s report to perform a vulnerability analysis of the network including all backups, relays and radio links. It has been demonstrated on many volcanoes world-wide, and
on Montserrat during the run-up to the Boxing Day event in 1997 that in case of
increased volcanic activity major parts of networks can fail and leave the observatories
with insufficient monitoring capacity once the eruption is under way.
49. We feel that the current minimal version of an MVO website does not represent the MVO
properly, as it does not reflect the wider scope of all MVO operations, the profiles of
MVO scientific and technical staff, nor the science legacy of MVO-based research. With
the new software engineer in place, MVO announced in the current activity report that
the new website would be populated enough for release by the end of 2016.
50. We understand that the loss of the previous webpages was caused by computer failure
that was completely out of MVO’s hands. We reiterate here that this situation reveals the
importance for MVO to be computationally more independent. We understand that
efforts have been made in the last years to create a data acquisition and archiving system
which is more robust.
51. Given the proficiency, competence and high motivation of the scientific and technical
staff, the monitoring capacity of MVO regarding the measurements of ground
deformation and seismicity can be considered as adequate for the current level of
volcanic risk. All efforts have to be made by the MVO to get the gas measurements back
on track. We note that any attempt to relax any restrictions to enter Zone V is entirely
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dependent on the MVO’s capability to detect even the slightest changes in volcanic
activity in a timely manner.

SAC Matters
52. Prof Mike Burton (Manchester University, UK) and Dr Nico Fournier (Geological &
Nuclear Sciences, New Zealand) joined the SAC as new members, replacing Prof Steve
Sparks and Prof Willy Aspinall (both Bristol University, UK). Future changes to the SAC
membership will be discussed at SAC22.
53. A debriefing session with Chief Scientific Advisor Prof Robin Grimes is planned for
January 10th, 2017. The next meeting of the SAC will take place from 6th to 9th November
2017, unless a significant event on the volcano brings that forward.
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Appendix I:
Constitution of the Scientific Advisory Committee on Montserrat Volcanic Activity
This document outlines the main responsibilities of the Scientific Advisory Committee
(SAC) on the Soufriere Hills Volcano, Montserrat. The document includes the terms of
reference for the SAC and a membership template. The SAC is to replace the Risk
Assessment Panel and is commissioned by the Overseas Territories Department (OTD) of
the Foreign and Commonwealth Office (FCO). The SAC will work according to the
Office of Science and Technology (OST) Code of Practice for Scientific Advisory
Committees.
Terms of Reference
The main responsibilities of the SAC are:
1. to carry out regular hazard and risk assessments of the volcano in co-operation with
the Montserrat Volcano Observatory (MVO) and to report its findings to HMG and the
Government of Montserrat; and
2. to provide scientific advice at a strategic level to HMG and the Government of
Montserrat outside these regular assessments in co-operation with the MVO.
NB: The “Government of Montserrat” will normally mean, in the first instance, the
Governor as s/he has the constitutional responsibility for the safety of the Montserrat
population. The Governor will be responsible for ensuring appropriate dissemination of
SAC assessments or recommendations to the Government and people of Montserrat.
The SAC is also required to perform these additional functions:
3. to provide independent advice on the scientific and technical operations of the MVO
to ensure that the work matches the level of risk;
4. to provide scientific advice and assistance to the MVO as required by the MVO
Director; and
5. to offer advice on new developments that were not foreseen when the TORs were set
up, and if appropriate make recommendations for changes to the TORs.
The SAC will carry out its activities within the OST Code of Practice for Scientific
Advisory Committees. The SAC will be responsible to the UK Government through the
FCO (OTD). The SAC will not incur expenditure without prior FCO (OTD) authority.
These general terms of reference are supplemented with the following specific points:
(a) The work of the SAC concerns scientific assessment of the volcanic activity and
related hazards and risks. This scientific work is an input to decisions made by the HMG
and the Government of Montserrat related to the safety of the people of Montserrat (such
as evacuation and extent of Exclusion Zones), to issues of planning and sustainable
development of Montserrat and to the mitigation of external hazards (e.g. to civil
aviation).
(b) The provision of scientific advice to the Governor and Government of Montserrat is
the responsibility of the MVO and its Director. The SAC has the function of assisting the
MVO in its major missions in all respects of its activities and to assist in matters relating
to the provision of long-term and strategic matters.
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(c) The MVO Director (or scientific staff designated by the Director) participate in all
SAC activities except for ToRs 3 and 4.
(d) The SAC has the function of giving advice and assistance to MVO and the
management contractor relating to scientific matters as required by the MVO Director.
Such independent advice to the MVO may include appraisal of the technical expertise of
staff, evaluation of the monitoring systems, assessment of proposed research projects by
external groups, and advice on technical matters.
(e) With respect to ToR 3 the Chair of the SAC will be a member of the MVO Board of
Directors and can provide independent advice to the Board as required. The Chair will be
expected to attend MVO Board meetings (currently twice a year).
(f) Given the special circumstances of Montserrat as a United Kingdom Overseas
Territory, reports of the SAC would be provided for both Governments. Reports would
also be given to the MVO Management Board.
(g) The SAC will be required to present its findings in a manner suitable for release to the
public. It will also be required to assist the Governments and the MVO in explaining the
activity of the volcano and the scientific information pertinent to decision-making by the
authorities.
(h) The SAC will liaise with other relevant scientific organisations or committees as
required, which might for example include regional scientific institutions and the
Department of Health Committee on health hazards from volcanic ash.
(g) The Chair of the SAC will make an annual report to the MVO Board of Directors.
MEMBERSHIP
Membership of the SAC will be at the invitation of the FCO (OTD) and will cover the
key areas of expertise required to assess the hazards and risks of erupting volcanoes.
Expertise will include such areas as volcanology, volcano geophysics, and hazard
analysis. The SAC will continue the approach of the former Risk Assessment Panel that
was endorsed by the UK Chief Government Scientist in December 1997. Thus the
Committee requires a facilitator as a member for applying expert elicitation methods to
estimate volcanic risk. These considerations imply a minimum of four members,
excluding the Director of the MVO. Additional experts can be invited to participate as
required by the Chair, with prior agreement from the FCO (OTD), if a lack of expertise
becomes apparent on a particular issue. As required by the Code the SAC is expected to
consider external opinion. The membership will be considered on an annual basis with a
view to regular changes and refreshment of membership.
MEMBERSHIP TEMPLATE
Members invited to serve on the SAC for the Montserrat Volcano are expected to attend
all hazards and risk assessment meetings and to participate in the formalised elicitation
procedure. Members have the responsibility to use their scientific judgement and
expertise to meet the Terms of Reference. Opinions of the Members on scientific matters
should be expressed through participation in the work of the SAC. Divergences of
scientific opinion will normally be reported in terms of scientific uncertainty through the
formal expert elicitation procedure. Differences that cannot be incorporated through the
elicitation methodology should be included in the reports of the SAC as required by the
OST Code. The Chair of the SAC, or his or her delegate from the Committee, will be
responsible for presenting the findings of the SAC’s work to the Governments of
Montserrat and the United Kingdom and to the public in co-operation with the Director of
the MVO. Any disagreement or divergence of opinion with the Director of the MVO that
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cannot be reconciled or incorporated through the elicitation method should be reported
through the MVO Board of Directors.
SECRETARIAT
The FCO (OTD) will provide a Secretariat for the SAC, as set out in the Code of Practice.
FCO (OTD) will reimburse premium economy travel costs, reasonable hotel
accommodation, meals and professional fees (once agreed) in full. The SAC will not
incur additional expenditure without prior FCO (OTD) authority. The Secretariat’s main
point of contact is Ms Kathy Ponteen, Assistant Head of Caribbean and Bermuda Section,
OTD. Her contact details are as follows:
Email: Kathy.Ponteen@fco.gov.uk
Tel: +44 20 7008 2290
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Appendix II:
AGENDA SAC21
November 6 – 11, 2016
Sunday, 6 Nov, 2016 (Olveston House, SAC)
 Discussion on general SAC issues
 SAC 21 Agenda
Monday, 7 Nov, 2016 (MVO)
08:00h Olveston House (SAC)
09:00h - 17:00h Meeting (SAC & MVO staff)
 Introduction, welcome to new SAC members
 Meeting agenda & plan
 Volcanic activity report, presentations (MVO)
 Summary of 6 months report
 Reading exercise: new papers on relevant topics
Tuesday, 8 Nov, 2016 (MVO)
09:00h - 17:00h Meeting (SAC & MVO staff)
 Analysis of volcanic activity
 Deformation modelling
 Stretching models
 Crystallisation
 Degassing
 VT strings
 Identification of future hazard scenarios
Wednesday, 9 Nov, 2016 (MVO)
09:00h - 17:00h Meeting (SAC & MVO staff)
 One-year hazard assessment
 Briefing, dome morphology
 Elicitation
 End of eruption criteria
 MVO matters (SAC & MVO staff)
 Reporting from MVO
 MVO website
 Monitoring issues
 Co-operations/knowledge exchange to/from MVO
 Numerical hazard assessment
 SAC matters (SAC)
 SAC membership
 Performance of MVO
 Next meeting
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Thursday, 10 Nov, 2016 (MVO)
09:00h -12:00h Meeting (SAC & MVO staff)
 Health check of elicitation results
 Feed-back to MVO - SAC’s suggestions
 Preliminary statement (SAC)
14:00h
Meeting with Governor & Premier (Gov’s Office)
19:00h ZJB
Friday, 11 Nov, 2016
Depart Montserrat for Antigua/London
Mid-January 2017
Post visit meeting with FCO Chief Scientific Adviser
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Appendix III:

List of Participants

SAC Members
Prof J W Neuberg
Prof J. Barclay
Dr E. Calder
Dr E. Rivalta
Prof M. Burton
Mr R. Stewart
Dr N. Fournier

University of Leeds, UK (Chair)
University of East Anglia, UK
University of Edinburgh, UK
GFZ Potsdam, Germany
University of Manchester, UK
Director, MVO; University of the West Indies
GNS, New Zealand (absent)

MVO - Observers
Dr T. Christopher (MVO)
Dr A. Stinton (MVO)
Dr P. Smith (MVO)
Dr K. Pascal (MVO)
Ms V. Bass (MVO)
Mr R. Syers (MVO)
Mr. Pyiko Williams (MVO)
Ms N. Edgecombe (MVO)
Ms Tyvonne Howe (MVO)
Dr Marit van Zalinge (University of Bristol)
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Appendix IV:
Preliminary Statement SAC 21
November 11th, 2016
Soufrière Hills volcano has shown no significant changes in its behaviour during the past
year. Seismicity has remained at a very low level except for occasional short episodes of
volcano-tectonic earthquakes. Temperatures of volcanic gases that escape through fractures
and fumaroles have remained high. Monitoring of ground deformation indicates a slow but
continuous lengthening trend over the island, with a maximum uplift of about one centimeter
over the last year. These trends are consistent with the activity we have seen over the
previous 5 years. Measurements of sulphur dioxide emission rates were not possible in the
past year, but the existence of a visible plume shows that degassing is ongoing.
Taking these observations together, we conclude that the volcano remains in a state of unrest.
We consider the most likely cause of this unrest the slow but steady accumulation of magma
in a deep reservoir below the volcano. While a restart of lava extrusion remains a possibility
in the future, there are no signs that this is imminent.
The major part of the lava dome remains stable but continuing erosion has the potential to
destabilize steep parts of the dome. The chance that pyroclastic flows will occur within the
next year remains low. However, the volcano is still a potential source of hazards, some of
which could occur at any time with little or no warning and could pose a threat to people
working in or visiting Zone V.
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Appendix V:
SAC21 Elicitation of Probabilities for Hazard Scenarios
Target questions

1. GIVEN what has happened up to the present and GIVEN current conditions, what is the probability
that at least one of the criteria for continuing activity will be sustained over the next 12 months.
Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 16

51%

95%

99.9%

SAC 17

53%

97%

99.9%

SAC 18

56%

95%

99.9%

SAC 19

69%

98%

99.99%

SAC 20

47%

94%

100%

SAC 21

12%

86%

99.9%

2a. 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

Median value

Credible interval
upper bound

SAC 16

1%

30%

73%

SAC 17

9%

43%

82%

SAC 18

20%

67%

94%

SAC 19

42%

64%

91%

SAC 20

32%

78%

98%

SAC 21

20%

77%

98%

2b. GIVEN current conditions, what is the probability that within the next year the first significant
development will be a resumption of lava extrusion.

SAC 16

Credible interval lower
bound

Median value

Credible interval upper
bound

6%

43%

78%
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SAC 17

6%

31%

60%

SAC 18

1%

15%

53%

SAC 19

3%

32%

55%

SAC 20

0.5%

13%

62%

SAC 21

0.8%

11%

54%

2c. 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:
Credible interval lower
bound

Median value

Credible interval upper
bound

SAC 16

0.01%

2%

28%

SAC 17

0.2%

5%

33%

SAC 18

0.1%

5%

28%

SAC 19

0.01%

0.7%

10%

SAC 20

0.03%

2.1%

19%

SAC 21

0.09%

2.0%

25%

2c2. If, in the next year the first significant activity is a major dome collapse, what is the probability
of magma extrusion or explosion within the following month:
Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 20

1%

67%

94%

SAC 21

1.2%

55%

85%

This is a new question, considered in previous SACs but elicited for the first time at SAC20.
2d. 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

Median value

Credible interval
upper bound

SAC 16

0.01%

1%

25%

SAC 17

0.1%

2%

15%

SAC 18

0.06%

2%

9%
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SAC 19

0.005%

0.3%

2%

SAC 20

0.01%

0.2%

7%

SAC 21

0.006%

0.2%

4%

2e. 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 ~ Happy Hill:
Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 16

0.002%

0.2%

12%

SAC 17

0.001%

0.3%

6%

SAC 18

0.01%

0.5%

6%

SAC 19

0.0005%

0.03%

2%

SAC 20

0.0001%

0.01%

2%

SAC 21

0.0001%

0.001%

0.3%

2f. 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 close to or beyond ~Dagenham?:
Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 16

0.05%

1%

24%

SAC 17

0.1%

2.5%

24%

SAC 18

0.03%

0.8%

7%

SAC 19

0.001%

0.06%

3%

SAC 20

0.003%

0.1%

4%

SAC 21

0.001%

0.02%

0.9%
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2g. 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

Median value

Credible interval
upper bound

SAC 16

0%

0.03%

3%

SAC 17

0.0002%

0.013%

0.3%

SAC17*

0.0001%

0.012%

0.75%

SAC 18

0.0002%

0.08%

1.5%

SAC18**

0.0002%

0.03%

0.5%

SAC 19

0.0002%

0.001%

0.6%

SAC 20

0.0001%

0.002%

3%

SAC 21

0.00001%

0.0001%

0.14%

** re-elicited post meeting; * re-elicited following review and further discussion at the meeting

2h. 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 to or beyond ~Dagenham:
Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 16

0.0002%

0.03%

3%

SAC 17

0.0005%

0.046%

1.4%

SAC17*

0.0006%

0.044%

1.3%

SAC 18

0.0008%

0.08%

1.3%

SAC 19

0.001%

0.003%

0.6%

SAC 20

0.0003%

0.01%

2%

SAC 21

0.00006%

0.003%

0.2%

* re-elicited following review and further discussion at the meeting

2i. 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):
Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 16

0.5%

24%

68%

SAC 17

0.2%

15%

68%

SAC 18

0.5%

8%

61%
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SAC 19

0.02%

2%

15%

SAC 20

0.04%

2%

29%

SAC 21

0.01%

7.3%

65%

6. Supplementary Question: 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 30 years?

§

Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 18§

0.3%

16%

74%

SAC 19

8%

32%

85%

SAC 20

2%

39%

93%

SAC 21

1.9%

33%

90%

This question had not been elicited in previous SAC meetings

7a. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within
the next five years, what is the probability that there will be precursory signal in the six months leading
up to the new activity?

§

Credible interval lower
bound

Median value

SAC 20§

15%

85%

SAC 21

44%

80%

Credible interval
upper bound
96 %
99%

This question had not been elicited in previous SAC meetings

7b. GIVEN a precursory signal in the six months before new activity, what is the probability that it will
be recognized as such at the time?

§

Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 20§

18%

82%

99 %

SAC 21

18%

64%

95%

This question had not been elicited in previous SAC meetings

8a. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within
the next five years, what is the probability that there will be precursory signal in the one month leading
up to the new activity?
Credible interval lower
bound
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Median value

Credible interval
upper bound

§

SAC 20§

11%

72%

96%

SAC 21

15%

70%

95%

This question had not been elicited in previous SAC meetings

8b. GIVEN a precursory signal in the month before new activity, what is the probability that it will be
recognized as such at the time?

§

Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 20§

14%

80%

99%

SAC 21

7%

56%

91%

This question had not been elicited in previous SAC meetings

9. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within the
next five years, what is the probability that there will be no precursory signal leading up to the new
activity?

§

Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 20§

0.3 %

14 %

71%

SAC 21

0.7%

15%

36%

This question had not been elicited in previous SAC meetings

10a. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within
the next five years, what is the probability that seismic VTs will be the predominant precursory sign in
the six months leading up to the new activity?

§

Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 20§

17%

61%

98 %

SAC 21

15%

42%

95%

Not elicited in previous SAC meetings

10b. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within
the next five years, what is the probability that changes in ground deformation pattern(s) will be the
predominant precursory sign in the six months leading up to the new activity?
Credible interval lower
bound
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Median value

Credible interval
upper bound

§

SAC 20§

0.5 %

6%

28%

SAC 21

0.01%

9%

25%

Not elicited in previous SAC meetings

10c. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within
the next five years, what is the probability that low frequency seismic swarms or tremor will be the
predominant precursory sign in the six months leading up to the new activity?

§

Credible interval lower
bound

Median value

Credible interval
upper bound

SAC 20§

2%

26 %

63%

SAC 21

5%

20%

81%

Not elicited in previous SAC meetings

10d. GIVEN a scenario in which that magma extrusion restarts or an explosive eruption occurs within
the next five years, what is the probability that changes in SO2 flux will be the predominant precursory
sign in the six months leading up to the new activity?
Credible interval lower
bound

§

SAC 20§

0.7%

SAC 21

0.7%

Median value
11%
17%

Not elicited in previous SAC meetings
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Credible interval
upper bound
70%
50%

Appendix VI:
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.
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Appendix VII:
Glossary of Terms
Andesite: The name given to the type of magma erupted in Montserrat.
Basalt: The type of magma entering the magma reservoir below Montserrat.
cGPS: Continuously-measured Global Positioning System for repeated measurement of
ground deformation.
Conduit: In a volcano magma flows to the earth’s surface along a pathway known as a
conduit. The conduit is usually thought to be a cylindrical tube or a long fracture.
Dyke: Vertical, tabular body of magma within a fracture below the volcano that can act as
the conduit for flow to the surface.
EDM: Electronic Distance Measurements made by laser ranging to reflectors gives length
changes of a few millimetres accuracy over several kilometres.
Fumarole: A vent in the surface of the dome where hot gases exit.
Hybrid/LP Seismicity: Varieties of earthquake signal often indicative of magma motion in
the upper part of the conduit.
Lava: Once magma gets to earth’s surface and extrudes it can be called lava. Below ground it
is always called magma.
Lateral Blast: An energetic sideways-directed explosion from a lava dome that can generate
highly fluid pyroclastic flows.
Lidar: A laser-based surveying tool that measures the distance to surfaces using pulses of
light.
Low-frequency earthquake see LP (long period earthquake)
Magma: The material that erupts in a volcano is known as magma. It is not simply a liquid,
but a mixture of liquid, crystals and volcanic gases. Magma must contain enough liquid to
be able to flow.
Magnitude: The magnitude of an explosive eruption is the total mass of material erupted.
Mudflow: A flow of rock debris, ash and mud that occurs on many volcanoes particularly
during eruptions and after very heavy rain (equivalent to “lahar”).
Pyroclastic flow: These are flows of volcanic fragments similar to avalanches of rock in
landslides and snow avalanches. They can be formed both by explosions and by parts of
an unstable lava dome avalanching.
Pyroclastic surge: These are also flows, but they are dilute clouds rather than dense
avalanches. A surge is a rapidly moving mixture of hot particles and hot gas and their
behaviour can be compared to a very severe hurricane. Surges can be formed above
pyroclastic flows or directly by very violent explosions.
Simulation: Use of a computer program to mimic (or model) the behaviour of a physical
process.
Swarm: A large number of, in this case, earthquakes occurring in rapid succession with
characteristics indicating they are generated from a similar region in the earth. Can merge
into tremor.
Talus: A pile of cool lava blocks and ash that accumulate by rockfall around the core of the
hot lava dome.
Volcanic ash: Ash particles are defined as less than 4 millimetres in diameter. Respirable ash
consists of particles less than 10 microns (a micron is one thousandth of a millimetre) in
diameter.
VT string: Bursts of seismic energy in form of several volcano-tectonic earthquakes,
sometimes accompanied by ash venting.
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Appendix VIII:
Limitations of Risk Assessment
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.
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
methodology16, by which means the views of the Committee as a whole were
synthesised impartially.
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.
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 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

16

Cooke R.M., Experts in Uncertainty. Oxford University Press; 1991.

37

numerical or probabilistic models of natural systems, an exclusion that has been
explicitly stated in the particular context of natural hazards models17.
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.
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.
7. This appendix must be read as part of the whole Report.

Oreskes, N., Schrader-Frechette, K. and Belitz, K., 1994. Verification, validation, and confirmation of
numerical models in the Earth Sciences. Science, 263: 641-646.
17
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Appendix IX:
Magma accumulation, second boiling or tectonics – investigating the ongoing deformation field at
Montserrat, West Indies.
A.S.D. Collinson1, K. Pascal2,3, J.W. Neuberg1
1

School of Earth and Environment, The University of Leeds, Leeds, LS2 9JT, UK

2

Montserrat Volcano Observatory, Flemings, Montserrat, West Indies

3

Seismic Research Centre, University of West Indies, Trinidad & Tobago

ABSTRACT
Despite a lack of eruptive activity since 2010, Soufrière Hills volcano continues to show signs of
unrest in the form of ongoing outgassing and inflation of the island of Montserrat. Using numerical
modelling, we assess the source parameters inducing the surface inflation in an attempt to
understand the current state of Soufrière Hills volcano, and to gauge its eruption potential. In
contrast to previous attempts to isolate the source geometry, we find the surface displacement can
be optimally matched by an expanding ellipsoidal source combined with shallow conduit and dome
processes. We define a suite of source models matching not only the continuing surface
displacement of Pause 5, but also the preceding phases and pauses. The inflating source at depth
may be the consequence of any combination of magma accumulation, second boiling or tectonics.
However, we determine that the dominant source is likely magmatic, consisting of combined magma
accumulation and second boiling, but a minimal tectonic contribution cannot be entirely ruled out.

INTRODUCTION
The current eruption of Soufrière Hills volcano (SHV), Montserrat, began in 1995, and has been well
documented in the literature (e.g. Kokelaar, 2002; Wadge et al., 2014). The eruption has been
characterised by five episodes of dome growth punctuated by dome collapses, vulcanian explosions,
outgassing and ash venting (e.g. Edmonds et al., 2001, 2002; Watts et al., 2002; Hautmann et al.,
2014). Pauses of differing duration have separated each phase such that despite lasting more than
20 years, the volcano has only been actively extruding for a total of 8.5 years (Wadge et al., 2014).
The last extrusive event recorded at the volcano on 11 February 2010, coincided with the partial
collapse of the northern section of dome (Stinton et al., 2014). Since this event, the volcano has
entered a period of apparent quiescence with less than four VT events per day. At the time of
writing, Pause 5 has lasted 6 years, significantly longer than any other pause. However, continued
outgassing of 300-400 t d-1 SO2, and ongoing inflation of the island, as recorded by cGPS (Fig. 1),
continues to be a cause of concern. Unfortunately, the background baseline for the volcano is
unknown, and therefore, the question remains as to whether these apparent unrest signals indicate
an impending Phase 6, or if the eruption can finally be declared over.
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Figure 1: Monitoring data for the entire duration of the ongoing eruption at Soufrière Hills volcano
with the number of seismic events per day (top), vertical displacement for HARR (black) and
horizontal ground motion of MVO1 (red) and GERD (blue) relative to the dome centre (middle), and
SO2 outgassing (bottom). Despite its prolonged duration, Pause 5 is characterised by ongoing SO2
and surface displacement, but limited seismicity.
Throughout the history of the eruption, there have been many attempts to determine the
configuration of the SHV plumbing system (summarised in Elsworth et al., 2014). These models fall
into two broad categories - either stacked magma chambers (Elsworth et al., 2008, 2014; Foroozan
et al., 2010, 2011; Hautmann et al., 2010) or single, extended sources (Voight et al., 2010). The
source geometry ranges from perfect spheres to prolate or oblate ellipsoids, but all have rotational
symmetry, which we believe is insufficient to account for the displacement patterns observed. In
particular, rotational symmetry results in the necessity for partially or complete omission of certain
stations in order to fit the model results (e.g. Hautmann et al., 2010; Foroozan et al., 2011).
Here, we attempt to reconcile the current surface deformation with a source model, which also
accounts for the non-symmetrical nature of the data, and the deformation patterns for previous
eruptive periods and pauses. Through numerical modelling, we investigate the mechanisms behind
the source inducing the surface displacement, and assess the likelihood of continued eruptive
activity at SHV.
We consider 1. volume and pressure changes; 2. Tectonic movement along a fault and 3. the case for
volume versus pressure changes.
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CONTINUOUS GPS DATA
The Continuous GPS (cGPS) network at Montserrat currently comprises 14 stations with a good
distribution across the island. The data used for our analysis of Pause 5 covers a time period of 2
years from 1 August 2012 – 31 July 2014, which is sufficiently distant from the previous eruptive
activity of February 2010, and the ash venting of March 2012, to limit any residual noise. We use the
averaged velocities which are calculated relative to the ANTG station (approximately 50km
northeast of Montserrat), to remove the NNE motion of the Caribbean plate.
In agreement with the other pauses (e.g. Hautmann et al., 2010; Voight et al., 2010; Foroozan et al.,
2011), the majority of the cGPS stations show a displacement away from the volcano which
increases with distance (Figure 3). We assume the region to the south of the volcano would show a
similar displacement pattern to that in the north, but due to the size of the island, and the location
of the volcano in the south, this can be neither corroborated nor invalidated. The three closest cGPS
stations to the volcano (HERM, SPRI and FRGR) deviate from this pattern by recording motion
towards it. This is contrary to the other pauses in the eruption history and may indicate a deviation
of some processes affecting these proximal stations.
There is a remarkable similarity in relative displacement magnitude across the stations for all stages
of the eruption (Figure 2). When normalised relative to HARR, the relative horizontal magnitudes
are the same, both for the phases and pauses. Data are normalised relative to HARR because this is
the only station with data available for every phase and pause of the eruption. Due to the short
durations of Phases 4, 5 and Pause 4, and the requirement for at least one-year worth of data for
accurate motion determination, we omit these stages from the comparison. This indicates the likely
cause of the displacement is the same source and this has been the case for most, if not all, of the
eruption since it began in 1995. Furthermore, this highlights the repetitiveness of the source
process affecting all but the closest three stations with the only difference being the overall
magnitude of displacement.
In Pause 5, TRNT shows the greatest horizontal and vertical displacement rate of 11mm/yr and
15mm/yr, respectively. Whilst Pauses 2 and 3 saw only half that rate (Foroozan et al., 2011). In
contrast, eruptive Phase 3 saw displacement velocities of 7-8 times bigger than in Pause 5. If we
assume a magmatic source, this is significant, as it indicates the much larger effusion rate of the
phases relative to magma replenishment during the pauses. Given the shorter pause duration,
except for Pause 5, this suggests only partial magma replenishment between eruptions.
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Figure 2: Horizontal and vertical cGPS data for phases (1-3) and pauses (1-3, 5) (top). All data are
normalised relative to the horizontal displacement at HARR (bottom). A negative horizontal
displacement represents line shortening relative to the volcano. Therefore, the displacement
direction is generally towards and away from the volcano for the phases and pauses, respectively.
For the normalised horizontal cGPS data, all stations except HERM are in good agreement indicating
a continuous source process throughout the eruption. The discrepancy with HERM may be due to the
proximity to the volcano, and a greater sensitivity to shallow conduit/dome processes. Phase 1 –
Pause 3 Data adapted from Mattioli et al., 2010 and Foroozan et al., 2011. No data plotted for
Phase 4 – 5 due to their limited duration.

METHOD
To determine the configuration of sources required to replicate the current displacement pattern at
Montserrat, we run a set of numerical models using Comsol Multiphysics 5.2, a finite element
method. Simple models are calibrated against analytical solutions (e.g. Mogi, 1958; Okada, (1985,
1992); McTigue (1987); Del Negro et al. (2009)), and are used to assess the potential contribution of
a tectonic (strike-slip) versus a magmatic source (dyke or spherical chamber). We systematically
modify the location, size and orientation of each source type to determine the optimum match to
the data. We also incorporate a high-resolution digital elevation model to investigate the effect of
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topography on the results. Finally, once the source type has been isolated, the configuration is
further refined to improve the correlation to the data.
The geometry is created with a central block with dimensions of 12km x 18km x 50km, containing
the DEM adapted from Wadge (2009), embedded in a larger block of lateral extent 300km x 300km
and depth 50km. Into this framework, we test a variety of source types and configurations. The
behaviour of each source type is defined by the use of either pressure or displacement boundary
conditions. We model the material as homogeneous with a Young’s modulus of 10GPa and
Poisson’s ratio of 0.25. Volume sources are modelled using spherical or elliptical geometries
whereas tectonic fault movements are modelled as finite planar surfaces. The finite element mesh
consists of up to 100,000 elements resulting in 4 million degrees of freedom.

RESULTS
Effect of topography
Previous studies have often assumed a flat surface to their models, stating topography has little
effect on the surface displacement pattern for deep sources (e.g. Hautmann et al. 2010). Whilst, to
some extent, this is true for isotropic sources, it is not applicable for more complex sources. We find
a significant difference, particularly proximal to the volcano, where the high dome topography
affects both the magnitude of surface displacement and its direction which can be completely
reversed.
Source Parameters
We investigate several different source types, sizes, locations and orientations in an attempt to
match the data. These models comprise strike-slip faults, expanding dykes and spherical magma
chambers (Figure 3) and are employed independently or in combination. For each source type, the
depth of the top is varied at 0.5km intervals between 1-10km, for different vertical and horizontal
extents, lateral positions and strike directions.
Figure 3 shows example results for each of the three basic sources modelled. The spherical source
has an initial radius of 1km, centred at 6km b.s.l. and is modelled with a pressure of 4MPa resulting
in a uniform radius increase of 0.25m. The dyke and strike slip sources both have dimensions of
5kmx1kmx1m and displacement boundaries of 0.5m in each direction. The dyke is modelled with an
orientation of 263o whilst the sinistral strike-slip motion is simulated with a fault striking at 293o.
The results of the simple strike-slip sources show a bad match to the data, and using a justifiable
orientation parallel to the Belham Valley, only match the stations furthest north. In contrast, the
expanding spherical and dyke sources both show a better match. However, unlike the spherical
source, an expanding dyke source satisfies the non-rotationally symmetric nature of the data, and
the requirement for an increased horizontal displacement with distance from the volcano. Due to
the observed surface displacement pattern, characterised by increased horizontal displacement
away from the volcano and a north-south trend, we conclude to discount rotationally symmetric
sources, and sources located at less than 4km depth. Regardless of the modification attempted,
none of these three source types taken alone optimally satisfy the Pause 5 data.
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Figure 3: Horizontal (top) and vertical displacement (bottom) for best fitting spherical, dyke
and sinistral strike-slip sources. High resolution topography is included and the location
and orientation of the sources are marked on the maps. For both the horizontal and vertical
component of the displacement, the expanding dyke shows the closest match to the Pause 5
data. See Figure 4 for the station locations.
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Best-fit model
Based on the assessment that a better match to the data is achieved using an expanding, elongated
source, additional models are run with expanding dykes, and expanding prolate and tri-axial
ellipsoidal sources. Each source is rotated horizontally until the optimum match between that
source and the data is achieved.
The best match for the Pause 5 cGPS data is achieved using a dual-source model, with a deep,
expanding ellipsoidal source of radii 1 x 0.3 x 1 km, volume 1.26km3, centre 6km (b.s.l.) and
orientation 263o coupled with a shallow, deflating ellipsoidal source of radii 500x150x150 m, volume
0.05km3, centre 0km (b.s.l.) and orientation 293o. Assuming a cavity imbedded in a homogeneous
medium of Young’s modulus of 10GPa and a Poisson’s ratio of 0.25, a uniform inflation of 10MPa
(for the deep source) and deflation of 5MPa (for the shallow source) is required to explain one year
of surface displacement. This results in a uniform source volume change of 0.15m3s-1 and 0.003m3s-1
for the expanding deep source, and contracting shallow source, respectively.

Application of best-fitting source parameters to previous phases and pauses
Following Figure 2 there is a remarkable similarity in pattern between all the pauses and phases
recorded at SHV. Consequently, the source characteristics must have remained relatively stable
through time with the only significant variations being volume changes. Assuming the best-fit model
defined above, a depressurisation of 40MPa is required to match the deflation of Phase 3. This
results in a deep source volume change of 17x106m3. According to Wadge et al., (2014), Phase 3
involved the extrusion of 282x106m3 DRE (Dense Rock Equivalent). This is a factor of 17 times larger
than the volume change modelled, however, this can be accounted for by the effects of
compressibility at chamber pressures on the one hand and a significant and continued influx of
magma from depth on the other. The presence of such magma supply is not evidenced by the cGPS
but cannot be entirely ruled out. However, it also suggests a significantly larger source is required.
Indeed, Christopher et al. (2015) have postulated a source with a volume of 40km3 in order to
explain the outgassing of 400t d-1 SO2.
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Constraints on Source Volume
From the analysis performed, the general shape of the source matches the data for all phases and
pauses; therefore, in order to increase the volume of the source, we extend the source vertically
through the insertion of an elliptic cylinder of radius 1x0.3 km and variable heights between the two
hemispheres of the original source. This maintains the shape of the top surface, but increases the
depth to which the source can be pressurised. We compare the results for these vertically extended
sources to the Pause 5 data to investigate the change in volume relative to the initial volume (Figure
5). Extending the source vertically does decrease the match to the data. Whilst extending the
source vertically maintains a relatively good match to the horizontal data, the vertical match does
deteriorate (fig 6).

Figure 5: Pressure applied to the cavity, and
resulting volume change against initial volume,
assuming uniform expansion of the entire source.
The pressure required to match the data stabilises at
2MPa for sources extended vertically by more than
7.5km. Increasing the volume further, results in a
linear increase in volume change. The increase in
source volume and resulting decrease in pressure
increases the volume change from 0.15m3s-1 to
1.35m3s-1. The volume change, as a percentage of
initial volume decreases from 0.37% at 1.26km3 to
0.11% at 20.1km3. The discontinuity between 1.732.20km3 occurs at the point the volume in the
ellipsoidal cylinder exceeds that in the top semiellipsoid.

However, the pressure required to match the Pause 5 data decreases with increasing source size,
but the volume change accommodated by homogenous expansion increases. Once the source is
extended vertically by 7.5km, the pressure required converges at 2MPa as it is only the upper part of
the source which controls the deformation field.
The medium is homogeneous and as such, we do not consider the effects of decreased elasticity in
the model. Therefore, whilst figure 6 indicates vertically extended sources result in a significantly
higher horizontal and vertical displacement at the more distal stations, in reality, the increased
pressures with depth will dampen this effect at the surface. Furthermore, the model simulates
uniform expansion of the source, which given the variations in pressure and the processes leading to
it is also unrealistic.
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Figure 6: Impact of modelled vertically extended volume to the vertical and horizontal displacement
to the Pause 5 data. Model results are illustrated for the best-fit model and a source extended
vertically by 40km. The shallow deflating source is the same for both models. The greater the source
size, the greater the relative surface displacement at the more distal stations. However, this would
be decreased by non-uniform expansion due to for example, the effects of pressurisation at depth.

Magma Compressibility
By neglecting the effects of magma accumulation and intrusions without eruption, the change in
volume within the source region required to explain the DRE estimates can be calculated following
the conservation of mass (Segall, 2010):

ΔVsource = δVDRE (

ρDRE
1
)(
)
β
ρM
1+ M
βc

(1)

where the DRE density (𝜌DRE ) is 2600kgm-3 (Wadge et al., 2010), and the source density calculated
according to:
−1

𝑛
𝑥 1−𝑥
𝜌M = [ + (1 − 𝑛) ( +
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𝜌g
𝜌c
𝜌m

(2)

(e.g. Huppert & Woods, 2002; Neuberg & O’Gorman, 2002). This uses Henry’s law of solubility (𝑛 =
𝑁 − 4.11 × 10−6 √𝑃(1 − 𝑥) ≥ 0), the ideal gas law (𝜌𝑔 =
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𝑀𝑃
)
𝑅𝑇

with a gas content (𝑁) of 4-8wt.% and

crystallinity (𝑥) of 40% (Huppert & Woods, 2002). Edmonds et al. (2014) considers 8wt.% as too
small but it considers the effects of continued outgassing. The density of the crystals (𝜌𝑐 ) and melt
(𝜌𝑚 ) are 2600kgm-3 and 2300kgm-3, respectively. The compressibility of the source magma (𝛽𝑀 ) is
calculated as:
𝛽𝑀 =

1 𝜕𝜌𝑀
𝜌𝑀 𝜕𝑃

(3)

(e.g. Segall, 2010). The compressibility of the source reservoir (𝛽𝑐 =

1
) assumes a
𝛽𝑟

surrounding wall

10

rock bulk modulus (𝛽𝑟 ) of 10 Pa (e.g. Tait et al., 1989).
The result of this calculation for Phases 3 and 5 is shown in figure 7, along with the modelled volume
change from the best-fit model and DRE volumes. The calculations are based on a DRE volume of
282x106m3 and 74.00x106m3, for Phases 3 and 5, respectively (Wadge et al., 2014). Whilst four times
more material was erupted during Phase 3, Phase 5 requires half the modelled volume change.
Either this suggests a greater degree of magma accumulation, or a more efficient eruption (and less
intrusive emplacement) compared to Phase 5.
The modelled volume change for Phase 5 at shallower depths (<200MPa) is greater than the volume
required to match the estimated DRE. This suggests that if the erupted material was extracted from
the top of the source, a significant volume remained as intrusions.

Figure 7: Comparison between the estimated DRE volume and the source volume change required
for Phases 3 and 5. Source volume change is an output of our best-fit model, based upon the cGPS
data. The volume change is also calculated based upon magma compressibility for different initial
gas contents (4-8wt.%) and a crystallinity of 40%. All error bars indicate an error in the DRE
estimation of 50% (Wadge et al., 2009b, 2010). The depth scale indicated assumes lithostatic
pressure with a rock density of 2600kgm-3.
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DISCUSSION
We conclude that the ongoing deformation pattern for Montserrat is best explained using a dualsource model with a shallow deflating source and a deeper inflating source. In terms of
understanding the future eruption potential of the volcano, it is the deeper source that is more
important. However, the deflating source indicates an apparent lack of pressurisation at shallow
depths. The observation that the shallow source is not evident in the cGPS data for any other phase
or pause suggests it represents a change in process, or an ongoing process, the effects of which were
previously masked by the deeper source. Potential causes for the deformation close to the volcano
and modelled as a shallow deflating source include cooling, crystallisation, outgassing and deposit
loading.
Whilst our model can constrain the location and extent of the top of the deep source, due to the
limited size of the island and the relative proximity of the cGPS stations to the assumed source, we
cannot constrain the vertical extent. Modelling tests have shown that extending the source
vertically, whilst maintaining its footprint, does not significantly alter the horizontal or vertical
displacement, particularly if the effects of pressurisation and rigidity are considered. Similarly, it is
not possible to distinguish between uniform pressure changes versus magma migration within the
source, resulting in localised pressurisation of one portion, particularly when changes to the material
elasticity with depth are considered. However, uniform expansion of even the smallest source
seems unrealistic. In the case of an inflating pause, the top of the source may pressurise, whilst the
lower part depressurises. Depending upon the depth of this transition, this could manifest at the
surface as a slight decrease in the surface displacement of the more distal stations. Furthermore,
this process could be occurring to different degrees during different stages of the eruption to date.
This has significant limitations when attempting to assess the volume change occurring within the
source. However, correlating the depressurisation with the extrusion rates during the phases may
provide insights into the volumes required. For example, Phases 1-3 all erupted similar volumes of
supply from depth in the latter two eruptive periods, and therefore, more of the extruded material
was once accommodated within the source itself.
Comparing DRE to source volume changes will lead to a certain degree of error due to the DRE
estimation, ignoring magma influx, failed eruptions (intrusions), errors in estimating gas content,
crystallisation and compressibility. However, assuming a source volume of 1.26km3, from our bestfit model, we can approximate the cumulative source volume change throughout the eruption
(Figure 8). What is significant in terms of predicting future activity is the volume extruded has
always exceeded the volume of influx, suggesting the magma reservoir is not replenished to its
original eruption volume prior to the next phase. Furthermore, the current source volume, even
after 6 years of assumed expansion, is still smaller than the volume at the start of Phases 1-3. This
volume was accumulated before any eruption occurred; suggesting a change in state, in addition to
source volume change is required in order to instigate an eruptive phase.
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Figure 8: Cumulative DRE volume erupted (adapted from Wadge et al., 2014) (top) and the
change in total source volume through time relative to the start of the eruption (bottom).
Total source volume change assumes the best-fit source with a volume of 1.26km3.

Potential inflation causes
Consequently, we can define a suite of source models capable of satisfying the surface displacement
recorded during every stage of the eruption since 1995 (Figure 9). The dominant source is an
elongate source of unconstrained vertical extent, with top at 5km b.s.l. In contrast to previous
modelling attempted (e.g. Hautmann et al., 2010; Foroozan et al., 2011), our deep source geometry
can explain every stage of the activity (phases and pauses) without the need to omit certain stations
from the analysis.
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Figure 9: Configuration for the proposed model showing the topography and sources. We suggest
the displacement pattern can be explained by a dual-source system consisting of a shallow
contracting source, and a deep expanding source. Whilst we can constrain the location of the top of
the deeper source, its vertical extent is unknown. Figure not to scale.

The more proximal stations of HARR, SPRI and FRGR are more sensitive to shallower processes,
which may include magma ascent in the conduit during previous periods, or the current deflation.
However, for determining the future eruptive potential of the volcano, we believe the deep source is
more important. There are three potential causes for the source inflation: (1) magma accumulation,
(2) crystallisation induced degassing, (3) tectonic.
1) Magma accumulation
Interpreted as magma accumulation only, we can attribute all volume changes to eruption of
material (causing deflation) and magma influx from depth (causing inflation). In which case, we
should expect another eruption once the source volume has reached a certain point. However, as
shown in figure 8 the source volume preceding each eruptive phase has varied significantly,
suggesting the amount of accumulated magma alone is not the deciding factor triggering eruptive
activity.

2) Crystallisation induced degassing
Crystallisation during cooling reduces the volume of melt and therefore, increases the vapour
pressure forcing volatiles to exsolve and form bubbles. The confining of these exsolved volatiles
results in pressurisation of the magma chamber without the need for continued magma influx.
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Assuming a pressurisation of 10MPa per year, resulting in a volume change of 0.15m3s-1, a source
volume of 40km3 is required (L. Caricchi pers. Comm.). This volume is in agreement with the volume
suggested by Christopher et al., 2015 and is significantly larger than our initial modelled source.
However, as we cannot constrain the vertical extent of our source, nor its inhomogeneous
pressurisation from the cGPS data alone, it is not in contradiction. As the source volume increases,
so does the potential volume change required to satisfy the surface displacement. For example, for
a volume of 20km3, assuming uniform expansion, a maximum source volume change of 0.70m3s-1 is
required. However, a scenario of uniform expansion is highly unlikely due to the effects of
increasing pressure. If we confine the expansion to the shallower regions of the source, a
significantly smaller volume change is required.
This process could potentially result in the pressurisation required and the resultant displacement
observed – certainly within the previous 6 years, which has seen a slower rate of inflation relative to
other pauses. However, the hypothesis fails to explain the constant supply of gas (300-400td-1) for
the past 6 years unless there is some additional process or storage region.
3) Tectonic
There is significant evidence for previous tectonic activity in the vicinity of the island (e.g. Feuillet et
al., 2010), in particular the presence of faults crossing the island, including the Montserrat-Havers
Fault, the Belham valley Fault and the Richmond Fault contributing to the Montserrat-Bouillante
Fault System (Feuillet et a., 2010). Due to a discrepancy between the GPS measurements and the
global reference frame, there is strong evidence for a NNW intraplate extension of Montserrat
(Wadge et al., 2014). We crudely simulate this tectonic extension as a NW-SE extension of the
exterior northern and southern boundaries. For example, a NW-SE extension of 10mm/yr at 25km
distance from the Belham Valley, in each direction, results in an on-island extension of 2.5mm/yr. In
conjunction with the dual-source model, this reduces the required pressure on the deep source
cavity from 10MPa to 6.7MPa resulting in a decreased rate of inflation from 0.15m3s-1 to 0.10m3s-1.
The inclusion of such a regional extension does not significantly decrease the match to the
horizontal deflation data for Phase 3. However, the model assumes a centre of extension at the
Belham Valley with zero extension at the centre, increasing with distance. Therefore, we neglect the
local effects from potential transtensional faults. Whilst the regional extension decreases the
pressure required during pauses by one-third, it increases the pressure change required to account
for the eruptive phases by a factor of 1.5. For a deflating source in Phase 3, this increases the
volume change required in our model to match the data from approximately 1.3x108m3 to
2.0x108m3. The magnitude of extension required to decrease the rate of volume change, in Pause 5,
from 0.15m3s-1 to 0.10m3s-1 is likely too high for the tectonic situation of the region, particularly as
there is little evidence for significant recent activity on the faults. Furthermore, whilst the model
maintains a good match to the horizontal data despite the inclusion of this regional extension, the
vertical displacement (and the match to the vertical data) is significantly reduced.
The impact of a tectonic extension during the deflation phases results in amplification of the
subsidence effects compared to a deflating magmatic source alone, meaning a greater volume
change is required. However, the difference is not significant enough to be able to rule out either
way whether there is a tectonic component or not.
We use a homogeneous model that is advantageous due to its simplicity, but we do not take into
account the inherent complexities of the probable internal structure. However, the inhomogeneous
structure of the region is poorly understood. For this reason, despite small differences in the results
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for different source volumes, it is not possible to preclude or limit the range from this modelling
approach.

CONCLUSIONS
We have defined a deep source that is capable of accounting for the displacement patterns from
every stage of the eruption for which we have data, including both eruptive phases and pauses. The
innermost stations of HARR, SPRI, FRGR appear to be more sensitive to shallow processes within the
conduit and dome, and therefore their current inward displacement suggests little evidence for
shallow magma ascent. The most viable explanation for deep source volume changes is a
combination between magma accumulation and second boiling, with greater magma influx in Phase
1 that has decreased with each subsequent phase of the eruption. The volume erupted is not fully
replenished between eruptive phases, and even after 6 years of inflation, the source body is inferred
to have a source volume of approximately the same as that at the start of Phase 3 (assuming
uniform pressurisation). However, the substantially slower rate of inflation suggests that any
magma accumulation is slow and the potential for second-boiling processes is high, even as a
contributing factor.
Due to the ongoing inflation, which appears to be magmatic in origin (either magma accumulation or
second boiling or a combination thereof), the eruption cannot be declared over.
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Appendix X:
Closed-system pressure changes in a magma chamber
Mike Burton and Giuseppe La Spina
University of Manchester

Here we assess the feasibility of obtaining a 10 MPa per year pressure increase in a magma chamber
at Montserrat in the absence of magma supply.
We assume a chamber depth of 6 km, pressure of 135 MPa, temperature of 850 C and a melt with 5
wt% dissolved water, following Melnik and Sparks [2002] and Voight et al. [2010]. We assume that
the magma chamber is a closed system of fixed volume. Such a system can pressurise due to
crystallisation, which increases the concentration of H2O in residual melt above the saturation
concentration, resulting in an exsolution of water vapour. The modest compressibility of the melt
allows accommodation of the exsolved gas phase, but with an increase in the pressure of the
system.
We produced a numerical model to investigate the magnitude of crystallisation which would be
required to produce a 10 MPa pressure increase in the system described above. The model includes
an equation of state for the melt and the gas. A value of 2.3 was used for the adiabatic exponent
(cp/cv) of the melt and melt density was 2300 kgm-3. The gas was assumed to be ideal, and a
standard H2O solubility model was used. We started with a crystal-free melt, and determined the
amount of crystallisation required to produce a pressure increase of 10 MPa. In order to simplify the
model we allowed an arbitrary degree of crystallisation isothermally.
We found that 7.4 % crystallisation of the melt in the chamber is required to achieve a 10 MPa
pressure increase, due to exsolution of 0.2 wt % H2O, and that this result is independent of the
magma chamber volume.
This result has been obtained making a series of assumptions which favour a pressure increase. For
example, in order to create a 7.4 % crystallisation a significant cooling of the magma would be
required, which would increase the gas and melt density and inhibit pressurisation. By assuming
isothermal crystallisation we therefore overestimate the pressure increase resulting from a certain
degree of crystallisation. Furthermore, the observation of continued degassing at Montserrat
suggests that the closed system assumption is incorrect. An annual crystallisation of 7% of the entire
magma chamber would require cooling, but would itself produce significant heat through release of
latent heat of crystallisation, buffering the temperature and inhibiting further crystallisation. If such
a crystallisation rate could be achieved, the melt would become completely crystallised in a few
years.
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Appendix XI:
Tectonic overprint on distal GNSS signal in Montserrat
Nico Fournier
GNS Science, Taupo, New Zealand.
n.fournier@gns.cri.nz
The northernmost GNSS stations in Montserrat have shown some substantial apparent northward
velocity throughout the last eruptive period at Soufriere Hills Volcano (SHV) and its interpretation
has been matter for debate over the years. Some modelling efforts of the tectonic contribution have
been attempted to try and explain the observed velocity at Montserrat northernmost stations
(Collinson et al., 2016). Results from this work suggest that a general N-S stretching of the island or
some strike-slip motion across inland faults in Montserrat - along with near-field volcano
deformation driven by shallow processes - could explain some of the distal velocity field. Here we
put these results in the regional tectonic context and assess whether these processes are likely to be
occurring currently.
General N-S stretching of the Montserrat area
Montserrat is located in the north-eastern part of the Lesser Antilles, in area where the interpolate
convergence is dominantly perpendicular to the margin. Any potential N-S stretching of Montserrat
would have to be consistent with local/regional velocity field relative to the Caribbean plate. Recent
work by Symithe et al. (2015) substantially improved our knowledge of velocity field and strain
partitioning throughout the Caribbean plate. Instead of deciding a priori which regional stations
define a stable Caribbean reference frame, they defined the latter by essentially writing that station
positions are the sum of rigid rotations and strain accumulation on active faults, while solving for
coupling. This allows for a far more geologically-sound definition of regional velocities relative to a
stable reference frame. Based on the improve definition of the Caribbean plate motion, results from
this work indicate very little — if any — northward tectonic motion of the Lesser Antilles with
regards to the Caribbean plate over the course of the study (Symithe et al., 2015; Calais pers. comm.
02/10/2016). A substantial N-S stretching of Montserrat is therefore very unlikely hence may not
explain the observed large northward velocity at the northern stations.
Onshore active faulting in Montserrat
Beyond the general, large scale strain regime in this part of the Lesser Antilles, large NNW-SSE fault
systems with sinistral strike-slip cross the island between the currently active Soufriere Hills Volcano
(SHV) and the Centre Hills (CH) massif. The approx. 4km E-W offset between the old (CH) and
currently active centres (SHV) system is consistent with that observed in Guadeloupe and offshore
on corresponding fault systems (Feuillet et al., 2010). Offshore observations of faults cutting the
young submarine debris avalanche deposits indicate that slip along these large faults around
Montserrat has been active in recent time (Feuillet et al., 2010 and references therein), raising the
question of whether such slip could currently be contributing to the observed velocity at the
Montserrat northernmost GNSS stations.
No abnormal seismicity has been recorded along this fault system for at least the last 10 years. It just
be noted, though, that aseismic slip along faults in active, fluid-rich volcanic areas is not uncommon.
Discounting slip along the Belham fault system on the basis of the lack of observed seismicity only is
therefore difficult. However, in spite of the northern GNSS stations showing a northward motion,
EDM lines EDM2-EDGM and EDM2-EDUF cross the Belham fault system and have not shown any
lengthening/shortening since 2014 (Stinton et al., 2016). This suggests that while sinistral strike-slip
across inland fault may happen in Montserrat in the overall geological history of the island, it does
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not seem to be currently occurring. Such slip along tribe Belham fault system is therefore unlikely to
explain the observed GNSS signal in the north of the island for the same period and, more generally,
the recent years.
Note on GNSS data processing and the Caribbean reference frame
During the course of their work, Symithe et al. (2015) noted that depending on how the “Caribbean
fixed” frame was defined, they have seen significant variations in apparent NS velocities in the
Lesser Antilles. This suggests that the apparent N velocity at the distal station could be an artefact of
the GNSS data processing (Calais pers. comm. 02/10/2016). As a result, while regional tectonics
don't seem to currently be able to explain the observed GNSS signal, magmatic processes (recharge
or volatile exsolution) driving distal ground deformation at depth are not the only potential
explanation for the observed GNSS signal. Data processing artefact are a distinct possibility and
would be worth investigating in more details.
References
Collinson A, Neuberg J and Pascal K (2016) Magma accumulation, second boiling or tectonics –
investigating the ongoing deformation field at Montserrat, West Indies.Geophysical Research
Abstracts, 18, EGU2016-13692, EGU General Assembly.
Feuillet N, Leclerc F, Tapponnier P, Beauducel F, Boudon G, Le Friant A, Déplus C, Lebrun J-F,
Nercessian A, Saurel J-M and Clerment V (2010) Active faulting induced by slip partitioning in
Montserrat and link with volcanic activity: new insights from the 2009 GWADASEIS marine cruise
data. Geophysical Research Letters, 37, L00E15, doi: 10.1029/2010GL042556.
Stinton A, Bass V, Christopher T, Fergus M, Pascal K, Smith P, Stewart R, Syers R, Williams P (2016)
MVO Scientific Report for Volcanic Activity between 1 May and 30 September 2016. Open File
Report OFR 16-03 – SAC version, 2 Nov 2016, pp. 83.
Symithe S, Calais E, de Chabalier JB, Robertson R and Higgins M (2015) Current block motions and
strain accumulation on active faults in the Caribbean. Journal of Geophysical Research, 120, 37483774, doi: 10.1002/2014JB011779.

58

