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Executive Summary
This report summarises the volcanic activity at the Soufrière Hills Volcano, Montserrat for the period from 1
October 2016 to 31 March 2017 (the reporting period), inclusive, including all monitoring and visual
observations.
Overall, activity during the reporting period has been low. Seismic activity has consisted of sporadic volcanotectonic (VT) earthquakes, sometimes in strings or brief swarms. Low-frequency seismicity has been almost
absent, with only one LP/rockfall recorded during this period, while rockfall activity has continued at a very low
level. A total of seven VT strings, of varying length and intensity, occurred during the reporting period, bringing
the total number since November 2007 to 90. None of the strings were associated with any observable changes
fumarole activity or the occurrence of ash venting.
Ground deformation continued to show slow radial inflation similar to that during previous pauses in activity.
The GPS stations closest to the lava dome show little to no horizontal deformation, while stations further away
show a radial extension from the dome, at a slow rate up to ~1 cm/yr. All GPS stations show a vertical upward
movement. This is consistent with the continuation of the pause in volcanic activity and the long-term inflation
of both the volcanic edifice and the island.
Due to continuing instrument problems, daily SO2 flux was not measured using the UV network. However, SO2
flux was measured via traverses on three occasions during the reporting period. These returned values of
between 73 and 182 t/day. Efforts are underway to obtain new equipment to re-establish continuous
monitoring.
There have been no significant changes to the dome or fumarole activity. Weathering and heavy rainfall
continue to generate occasional rockfalls from the heavily fractured steep slopes located in the collapse scar
and at the head of the Tar River valley. Strong fumaroles continue to be active in the 2010 collapse scar, in the
cliff on the Tar River flank and on the summit of the lava dome. Despite some variations caused by local
atmospheric conditions, the fumaroles remain very hot, with temperatures of over 400 °C measured on several
occasions in the current reporting period. Such high temperatures have been recorded since the end of Phase 5
in February 2010. Continuous temperature monitoring of a fumarole adjacent to Galway’s Mountain began in
February 2017 and has recorded temperatures consistently in the range of 88 to 94 °C. Additional temperature
loggers will be installed at other fumaroles to provide more data about long-term trends in fumarole
temperatures.
The pause in lava extrusion that started on 11 February 2010 continues and is over 85 months long as of 31
March 2017. This prolonged period of persistent low-level unrest, (i.e., continued inflation, sporadic seismicity
and persistent de-gassing) clearly demonstrates that the magmatic system has not shut down. Thus, the
potential for a restart remains. Consequently, MVO continues to hold the view that little has changed in
regards to the Hazard and Risk posed by the Soufriere Hills volcano.
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1 Volcanic Activity for the Period 1 October 2016 to 31 March 2017
1.1 Summary
Figure 1 below summarises the daily seismicity, GPS and SO2 flux for the period 1 October 2016 to 31 March
2017. Due to continued instrument issues, no continuous SO2 flux data is available for this reporting period.
However, data from three traverses carried out between November 2016 and January 2017 is presented (see
Section 1.4 for detail).

Figure 1: Seismic, GPS and SO2 monitoring data for the period 1 October 2016 to 31 Mar 2017. Top: Number of volcanic earthquakes
detected and recorded by the seismic network. Middle: Displacement of cGPS station MVO1 radially away from the SHV vent
(GAMIT processing). Bottom: Measured daily SO2 flux. Traverse derived measurements are shown in black

Activity has remained low during the reporting period, with seismicity dominated by volcano-tectonic (VT)
earthquakes and rockfalls (RFs).
The trend of occasional bursts of VT seismicity in the form of VT strings or brief swarms has continued during
this reporting period. A total of seven VT strings, of varying length and intensity, occurred during the reporting
period, bringing the total number since November 2007 to 90 (see Section 1.2.3 VT Strings). None of the strings
were associated with any observable changes in SO2 flux, fumarole activity or the occurrence of ash venting.
During the night of 1-2 November 2016, up to 15 cm of rain (estimated from Guadeloupe Radar) fell on the
volcano, generating large lahars in most drainages. The largest events appeared to be in Gingoes Ghaut and the
Belham valley, where the upper crossing was cut by a 1-2 m deep channel.

In late October 2016 and again during January and February 2017, several periods of clear weather afforded
excellent views of the volcano, while unusual wind directions blew the plume over neighbouring islands,
including Antigua. This resulted in several false reports of ash. In October 2016, Greg Scott from Caribbean
Helicopters, informed MVO that more than one pilot had reported ash, flying into or away from Antigua. It was
later clarified that what they actually noticed was just the smell of the gas plume.

1.2 Seismicity
1.2.1 Summary
The level of seismic activity recorded at SHV during this reporting period has remained very low.
Figure 2 displays the daily counts of the different volcanic earthquake types for the period 1 October 2016 to
31 March 2017 inclusive, and shows that the pattern of sporadic VT earthquakes and occasional rockfalls has
continued. VT earthquakes made up the majority of the total seismicity.
A further seven VT strings occurred during the reporting period, with the most intense in terms of duration,
event numbers and earthquake magnitude occurring on 7 November 2016.
Low-frequency seismicity has been almost absent, with only one long-period rockfall recorded during this
period. This pattern remains fairly typical of a pause in lava extrusion, although the level of activity in the last
few months has fallen below that seen during previous pauses.

1.2.2 Current levels of seismicity
The total counts and mean daily event rate for each event type are given in Table 1. Counts for both the whole
reporting period and for the period since the end of Phase 5 are shown.
Rockfall activity has been low, in keeping with the declining trend over the last few years as the dome has
stabilised (see Figure 2 and Figure 6). Low-frequency seismicity has been extremely low, with only one longperiod rockfall signal recorded on 14 November 2016.
A further seven VT strings occurred during this reporting period (see Section 1.2.3). Despite this, the mean daily
rate of VTs for the last 6 months of 0.31 is substantially less than the average across the whole of the current
pause of 0.66 (Table 1). This is also a decrease on the value for the previous 5 months reporting period of 0.41
per day. This is indicative of a general trend in declining VT seismicity, which can also be seen in the gradient of
the line in the cumulative energy plot in Figure 7.
Figure 4 displays the hypocentres of all VT earthquakes recorded by the MVO network during the reporting
period that were able to be located, alongside a plot of their focal mechanisms (Figure 5) showing the range of
fault-plane orientations. The focal mechanisms were calculated using FPFIT (Reasenberg & Oppenheimer,
1985) and only those with high-quality, well-constrained solutions are shown. The hypocentres are subject to
the usual errors and network biases, but are consistent with all recent VT seismicity at SHV. They are clustered
within a comparatively small seismogenic volume beneath the dome and the 2010 collapse scar at depths
between 0.5 and 4km. The observation of a trend towards increasing VT hypocenter depths in recent years is
2

discussed in more detail in Appendix A: Trends in VT earthquake depths since Phase 5 – Common Phase
Method
Comparing the current event rates in Table 1 with the rates calculated for previous pauses in Table 2, the total
mean daily event rate for this whole pause period remains broadly comparable with the rates seen during
previous pauses, even if the rates for this reporting period are somewhat lower, indicative of a general
declining trend in overall seismicity rates (of all types).

Table 1: Total number of events and mean daily event rates for each earthquake type during (a) the whole of Pause 5 (since 11 Feb
2010) and (b) the period covered by this report (01 Oct 2016 to 31 Mar 2017).

Event Type
LP/Rockfall
Hybrid
LP
Rockfall
VT
Total

Pause 5 (since 11-Feb-2010)
Total
Events/Day
107
0.04
138
0.05
97
0.04
1632
0.63
1730
0.66
3704
1.42

01-Oct-2016– 31-Mar-2017
Total
Events/Day
1
0.01
0
0.00
0
0.00
17
0.09
57
0.31
75
0.41

Table 2: Total number of events and mean daily event rates for each earthquake type recorded at SHV during pauses in lava extrusion.
The dates of the pauses are defined as Pause 1: 10-Mar-1998 to 27-Nov-1999, Pause 2: 01-Aug-2003 to 15-Apr-2005, Pause 3:
04-Apr-2007 to 29-Jul-2008, Pause 4a: 14-Oct-2008 to 10-Dec 2008 and Pause 4b: 04-Jan-2009 to 04-Oct 2009

Event
Type
LPRFs
Hybrid
LP
RF
VT
Total

Pause 1
Events
Total
/Day
44
0.07
627
1.00
273
0.44
6336
10.11
3689
5.88
10969 17.49

Pause 2
Events
Total
/Day
2
0.00
1696
2.72
145
0.23
257
0.41
256
0.41
2359
3.78

Pause 3
Events
Total
/Day
34
0.07
393
0.82
1458
3.02
454
0.94
432
0.89
2797
5.80

Pause 4a
Events
Total
/Day
31
0.54
78
1.37
74
1.30
153
2.68
84
1.47
420
7.36

Pause 4b
Events
Total
/Day
12
0.04
2
0.01
12
0.04
174
0.64
172
0.63
372
1.36

VT energy release

Analysis of earthquake numbers alone may be misleading as it does not consider the rate of energy release
since the size of the earthquakes are not taken into account. Figure 7 shows an estimate of the cumulative VT
energy calculated from the local magnitudes using the following equation:
log 𝐸% = 1.5𝑀+ + 11.8

(1)

(Gutenberg-Richter magnitude-energy relation). This method to estimate total VT earthquake energy should be
more robust than relying on amplitude measurements at single stations, with the impact of site effects and
data gaps etc. minimised.
Figure 7 highlights the distinct seismic gap (in both VT energy and numbers) that occurred for several months
following the 23 March 2012 episode. A similar, but shorter, gap occurred following the 8 March 2014 activity,
with very little VT energy released between 8 March and June 2014. In the 2.5 years or so since then, the
3

energy release rate has remained roughly constant, and in fact may be slightly declining, despite numerous
smaller VT strings occurring during this time.
This figure also shows that although the VT string occurring on 7 November 2016 was the largest in this
reporting period (see Table 1) it still released more than one order of magnitude less energy than those in
March 2012 and March 2014.
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Figure 2: Daily counts of the different earthquake types recorded by the MVO network for the reporting period (1 October 2016 and 31
March 2017). The total count of all event types is shown at the top, followed by individual counts for VTs, Rockfalls, Hybrids,
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LP events and LP/Rockfalls. The seven VT “strings” to have occurred during this period are marked by the red stars on the VT
plot.

Figure 3: Daily counts of the different earthquake types recorded by the MVO since the end of Phase 5 (12 February 2010 until 31
March 2017. Tick marks are at 3 month intervals. The total count of all event types is shown at the top, followed by individual
counts for VT events, Rockfalls, Hybrids, LP events and LP/Rockfalls. VT “strings” are marked by the red stars on the VT plot.
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Figure 4: Hypocentres of located VT earthquakes (57 events in total) recorded by the MVO seismic network during the reporting period
(1 October 2016 and 31 March 2017). The size of each circle is a function of the earthquake magnitude and the lower panel
displays the depths as a function of time.

7

Figure 5: Fault-plane solutions of located VT earthquakes (27 events of the 57 total) recorded on the MVO seismic network during the
reporting period (1 October 2016 and 31 March 2017). The focal mechanisms shown were calculated using FPFIT within
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SEISAN, with only well constrained ‘A’ quality solutions shown on the plot. The lower panel displays the depths as a function
of time.

Figure 6: Daily counts of rockfall events since the end of Phase 5 (12 February 2010 until 31 March 2017). The red line represents a 60day moving average, and the green a 60-day low-pass filter of the daily event counts.

Figure 7: VT earthquakes recorded at SHV since the end of Phase 5. The blue histogram shows daily counts of VT earthquakes, with VT
strings marked by red stars. Approximate cumulative VT energy release (calculated from the magnitudes using Equation (1)) is
shown by the green line. Note the total energy release of around 419 GJ during this period is approximately equivalent to a
single M4.5 earthquake.
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VT focal mechanisms: p-axes and fault-classification

The map in Figure 5 is perhaps not the clearest way of showing the focal mechanisms as the solutions can be
obscured if many events are plotted together, so alternative ways of presenting the VT focal mechanism data
are now considered.
The orientation of the azimuth of the p-axis of earthquake focal mechanisms is often taken as a proxy for the
direction of the maximum compressive stress (σ1). The left-hand panel in the rose diagram (Figure 8) shows
that there is predominance towards a trend of roughly NE-SW strike if all events in the current repose period
are analysed. In contrast, the most recent data during this reporting period perhaps shows a dominant NW-SE
trend in the p-axis azimuths, although the low sample size may make this observation misleading.

Figure 8: Rose diagrams showing the distribution of the P-axis strike (azimuth) of the focal mechanisms obtained for VT earthquakes
occurring during: the period since Phase 5 (12-Feb-2010 to 31-Mar-2017 – left) and the current reporting period (01-Oct-2016
to 31-Mar-2017 – right)

There is clearly a range of fault-orientations present in the focal mechanisms, so to assess whether there is a
systematic distribution to this; the focal mechanisms were classified by the fault-type associated with each.
This was achieved using the python script FMC.py (Álvarez-Gómez, 2014) which classifies the earthquake
derived focal mechanisms into seven categories of fault as shown in the ternary diagram in Figure 9. This
scheme goes beyond the three basic Andersonian regimes: normal, reverse and strike-slip, and includes several
oblique slip regimes in addition to these.
The results of the classification for the MVO VT earthquake catalogue are shown in Figure 10, showing ternary
diagrams of the VT earthquake fault mechanisms for the period since Phase 5, and also for the current
reporting period. Histograms showing the distribution between the fault classes are also shown. There is clearly
a broad range of fault-types, with no particular faulting regime dominating the results, although for the larger
event catalogue there is perhaps a slight bias towards strike-slip fault mechanisms.
This method of displaying the focal mechanism data is planned to be developed further for future reports, in
order to assess whether there is useful information to be gleaned on the stress conditions at SHV.
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Figure 9: Ternary diagram showing the 7 classes in the fault-classification scheme used in the FMC.py python script. Taken from
Álvarez-Gómez, (2014).

Figure 10:

Distributions of VT earthquake fault-plane solutions in terms of fault classes. The top two plots show ternary
diagrams of the VT focal mechanisms separated into 7 fault classes, while histograms of the distributions are shown
in the lower panels. The left hand side covers the period since Phase 5 (12-Feb-2010 to 31-Mar-2017), and the right
hand side the current reporting period (01-Oct-2016 to 31-Mar-2017). Based on high-quality solutions calculated
using FPFIT, classified using FMC.py (Álvarez-Gómez, 2014)
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1.2.3 VT Strings
As discussed in previous reports, VT strings, defined as short intense swarms of VT earthquakes (sometimes
referred to elsewhere in the literature as ‘Spasmodic bursts’), have become a relatively common phenomenon
at SHV since they were first identified in 2007 (see Figure 9-Figure 14). Table 3 lists the details of seven more
such strings that occurred during this reporting period. The data in this table and Figure 9-Figure 14 show that
the string occurring on 7 November 2016 was the most significant in terms of the number of earthquakes and
energy release, with the others being much less energetic. However, no significant short-term strain signal was
observed coincident with this seismicity (Figure 9), unlike for some of the previous higher energy VT strings.
It should be noted that Table 3 only contains earthquakes large enough to trigger the earthworm event
detection algorithm (which can be subjective if the event rate is high and several events are manually “cut out”
from a single waveform file). In all cases some additional, lower amplitude events were identified from detailed
inspection of the continuous waveform data (particularly on the more proximal stations MBLY and the MSS1
Spider).

Table 3: Table listing the VT Strings observed at SHV between 1 October 2016 and 31 March 2017. The table lists the date and onset
time of the first earthquake of the string, the number of VT events that triggered the earthworm event detection algorithm,
the number of events that were located, the approximate duration of the string in minutes, the maximum local magnitude,
and the approximate total energy of the earthquakes.

#
1
2
3
4
5
6
7

Date / Time
(UTC)
01-Oct-2016
20:29:24
10-Oct-2016
17:45:41
12-Oct-2016
04:37:03
07-Nov-2016
04:23:06
23-Jan-2017
13:55:39
16-Feb-2017
05:31:03
15-Mar-2017
03:54:55

Triggering
VTs

Located
VTs

Approximate
duration (minutes)

Max. Local
Magnitude

Approx. Energy
(GJ)

2

2

108.5

2.5

0.38

3

3

14.0

2.6

0.53

3

3

0.9

1.4

0.01

7

7

63.7

3.0

2.64

2

2

16.9

1.0

<0.01

3

3

72.7

2.9

1.50

2

2

3.7

2.6

0.51
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Figure 11:

Seismic and strain data from the VT string on 7 November 2016. The top plot shows the vertical component
seismogram from station MBGH. The lower two plots show the 50Hz and 1Hz strain data recorded at 2 CALIPSO
stations: AIRS (Air Studios), GERD (Gerald’s) [TRNT (Trant’s) not available]. Strain data amplitudes have been
corrected to units of nanostrain. No filtering was applied, but a linear trend was removed from the 24hrs of strain
data to account for drift, and the mean subtracted from the data shown in the plots.
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The relationship between VT strings and surface activity has been discussed in previous reports, where it has
been asserted that there is evidence of a positive correlation between the occurrence of VTs, particularly VT
strings, and increased SO2 output. The strings occurring in this reporting period can add no new information
about this relationship as no SO2 flux data was recorded apart from ad hoc traverse data.
None of the strings that occurred during this reporting period were followed by subsequent tremor signals or
any other observable activity or changes at the surface.
The total number of VT strings identified between November 2007 and the end of this reporting period now
stands at 90, with only 17 (≈20%) of these directly preceding observable surface activity or changes.

Figure 12:

Stem plot showing the number of triggered VT earthquakes in each VT string. Filled white circles represent strings
that preceded observable surface activity. The blue line on the right-hand axis represents the cumulative VT energy
release for the same period (including both VT string and non-string VT earthquakes).

Figure 13:

Stem plot showing the durations in minutes of all VT strings since first identified in November 2007. Filled white
circles represent strings that preceded observable surface activity.
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Figure 14:

Stem plots showing individual energy estimates for all VT strings (from a summation of the earthquake energies
derived from magnitudes). The lower plot shows the cumulative string energy converted back to a total or pseudomagnitude for each string – equivalent to plotting the energy on a log scale.

1.3 Ground Deformation
1.3.1 GPS
There was no change in the deformation pattern observed between 1 October 2016 and 31 March 2017,
relative to the previous report (1 April – 30 September 2016). The closest stations to the dome show little to no
horizontal deformation, while the stations further away show a radial extension from the dome, at a slow rate
up to ~1 cm/yr at TRNT. All stations show a vertical upward movement. This is consistent with the continuation
of the pause in volcanic activity and the long-term inflation of both the volcanic edifice and the island.
The slow inflation rate at ‘far-field’ stations (e.g. MVO1, GERD, TRNT, NWBL) implies that the deformation is
best seen on longer time series, as plotted in Figure 15 –Figure 17 for the period October 2015 to March 2017,
and in Figure 18 – Figure 20 for the entire Pause 5 (since 12 February 2010). The time series of the radial and
vertical displacements measured at the campaign stations are plotted in Figure 21 for Pause 5. Appendix B:
Additional GPS Plots contains plots covering the entire dataset since the beginning of the eruption.
Overall, close-field stations (e.g. HERM, SPRI, FRGR), move upwards but no significant horizontal displacements
are recorded, except in relation with strong events such as the ash venting event in March 2012 (Figure 18). No
such events have occurred between October 2016 and March 2017, and no displacements were observed
associated with the VT strings in either the daily position time series or the high-rate GPS data. SPRI (SW of the
dome) time series showed a significant displacement towards the NE, with no obvious vertical displacement,
between July and approximately 10 November 2016. For now, this signal remains unexplained but it is unlikely
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to be related to volcanic activity. HARR and WTYD might show as well signs of slow radial shortening since
December 2016, however a longer time series will be necessary to know if this is a real signal.
Figure 22, where the displacements have been filtered to remove part of the noise, also shows that the
deformation pattern remains the same since the beginning of Pause 5. At each station, the deformation rate is
relatively similar for each of the five pauses.
A comparison of the horizontal velocities of Pause 5, for the last 18 months (since October 2015) and for the
last year (since April 2016) is presented in Figure 23. For Pause 5, the velocities of both continuous (named in
red) and of campaign stations (named in black) have been calculated. Stations missing a significant amount of
data during any of these three periods were omitted for the period concerned (e.g., SGH1).
The directions of the velocity vectors of Pause 5 and of the data since 2016 are overall similar. While velocity
vector directions for the closest stations are variable and their amplitudes are small, if not negligible, the more
distant stations show a clear radial extension away from the dome (indicated by a red star). For these stations,
the extension rate is up to ~1 cm/yr. It is slower for the last 18 months and for the last year, because the
deformation rates were higher at the beginning of Pause 5. This is demonstrated in Figure 24, which compares
the GPS velocities during 2010-2013, 2013-2015 and 2015-2017. This last figure also shows that since 2013, the
velocity amplitude remains relatively constant.
The Pause 5 vertical velocity vectors are also represented in Figure 25 and show an upward movement at all
continuous and campaign GPS stations. Their amplitudes vary, with the maximum velocities to the NE of the
edifice (TRNT, HARR, WTYD), as well as SPRI on the SW flank of the edifice.
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Figure 15:

Radial extension relative to the volcanic vent since 1 October 2015. The reporting period (1 October 2016 – 31
March 2017) is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of
figure. The background Caribbean plate velocity was removed from the data. Displacements due to antenna changes
have been corrected. Higher energy VT strings are indicated with a grey line. The distance separating the gridlines
corresponds to a displacement of 1 cm.
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Figure 16:

Tangential displacements relative to the volcanic vent since 1 October 2015. The reporting period (1 October 2016 –
31 March 2017) is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of
figure. The background Caribbean plate velocity of was removed from the data. Displacements due to antenna
changes have been corrected. Higher energy VT strings are indicated with a grey line. The distance separating the
gridlines corresponds to a displacement of 1 cm.
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Figure 17:

Vertical displacements observed since 1 October 2015. The reporting period (1 October 2016 – 31 March 2017) is
bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of figure. The
background Caribbean plate velocity was removed from the data. Displacements due to antenna changes have been
corrected. Higher energy VT strings are indicated with a grey line. The distance separating the gridlines corresponds
to a displacement of 1 cm.
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Figure 18:

Radial extension relative to the volcanic vent for Pause 5 (12 February 2010 – 31 March 2017). The reporting period
is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of figure. The
background Caribbean plate velocity was removed from the data. Displacements due to antenna changes have been
corrected. High energy VT strings are indicated with a grey line, and the strongest events (27 October 2010, 9 July
2011, 22 March 2012, and 8 March 2014) have been highlighted (red dashed lines). The distance separating the
gridlines corresponds to a displacement of 1 cm.
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Figure 19:

Tangential displacements relative to the volcanic vent for Pause 5 (12 February 2010 – 31 March 2017). The present
reporting period is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top
of figure. The background Caribbean plate velocity was removed from the data. Displacements due to antenna
changes have been corrected. High energy VT strings are indicated with a grey line, and the strongest events (27
October 2010, 9 July 2011, 22 March 2012, and 8 March 2014) have been highlighted (red dashed lines). The
distance separating the gridlines corresponds to a displacement of 1 cm.
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Figure 20:

Vertical displacements for Pause 5 (12 February 2010 to Present). The present reporting period is bounded by the
two blue lines. The distance station-volcanic vent increases from bottom to top of figure. The background Caribbean
plate velocity was removed from the data. Displacements due to antenna changes have been corrected. High energy
VT strings are indicated with a grey line, and the strongest events (27 October 2010, 9 July 2011, 22 March 2012 and
8 March 2014) have been highlighted (red dashed lines). The distance separating the gridlines corresponds to a
displacement of 1 cm.

22

Figure 21:

Radial (top) and Vertical (bottom) displacements recorded at campaign sites during Pause 5 (12 February 2010 to 31
March 2017). The present reporting period is bounded by the two blue lines. The distance station-volcanic vent
increases from bottom to top of figure. The background Caribbean plate velocity was removed from the data.
Displacements due to antenna changes have been corrected. High energy VT strings are indicated with a grey line,
and the strongest events (27 October 2010, 9 July 2011, 22 March 2012 and 8 March 2014) have been highlighted
(red dashed lines). The distance separating the gridlines corresponds to a displacement of 1 cm. See Figure B1 in
Appendix B: Additional GPS Plots for tangential displacements.
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Figure 22:

Comparison of the radial (top) and vertical (bottom) displacements measured at nine MVO continuous GPS stations
during Pause 3, Pause 4b and Pause 5 (solid lines) and subsequent extrusion phases (dashed lines). A 60-day lowpass filter was applied to the data. See Figure B2 in Appendix B: Additional GPS Plots for tangential displacements.
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Figure 23:

Horizontal velocities observed at the MVO GPS stations. Velocities are calculated relative to the Caribbean tectonic
plate velocity model. The velocity vectors compared are those computed for the entire Pause 5 (black), for October
2015 – March 2017 (blue), and for the last year (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.
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Figure 24:

Comparison of horizontal velocities observed at the MVO GPS stations during 2010-2013, 2013-2015 and 2015-2017.
Horizontal Velocities are calculated relative to the Caribbean tectonic plate velocity model. Continuous and
campaign sites are indicated with red and black names, respectively. When lacking a significant amount of data over
one of the period studied, the station is omitted. The red star marks the position of the dome.
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Figure 25:

Horizontal and vertical velocities observed at the MVO continuous GPS stations during Pause 5 (12 February 2010 –
31 March 2017). Horizontal Velocities are calculated relative to the Caribbean tectonic plate velocity model.
Continuous and campaign sites are indicated with red and black names, respectively. When lacking a significant
amount of data over one of the period studied, the station is omitted. The red star marks the position of the dome.
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1.3.2 Spider stations
The deployed Spider continuous GPS stations are processed in combination with the rest of the network. The
deformation recorded at MSUH (Upper Hermitage), MSS1 (Scar), and MSCP (Chance’s Peak) between their
respective deployment in 2014 until 15 April 2016 is presented in Figure 26, in parallel with the displacements
recorded at one close-field (FRGR) and one far-field (GERD) station. Unfortunately, since May-Jun 2015, the
data quality of MSUH and MSCP had been declining, explaining in particular the step in the time series in May
2015. These two stations have not been functioning since November 2015.
None of the Spiders have shown any significant deformation since their deployment, even in relation with the
stronger VT strings which occurred during this period. The radial and tangential displacements recorded at
MSUH are likely related to the spiders settling down, since no similar displacements were recorded at HERM
which is only tens of meters away.

1.3.3 EDM
A map of the EDM baselines measured since Feb. 2010 is given in Figure 27 (filled black circles). EDM
measurements provide data on the near-field deformation of the volcano. In Figure 28, the slant distances
changes recorded over the EDM network are represented for Pause 5 and for the October 2016 – March 2017
time period.
Significant displacements have been recorded since the beginning of Pause 5, in relation with strong VT strings,
e.g. ~5 cm shortening in March 2012 for the SW baselines (EDBR – EDUB and EDBR – EDWR). During the last 6
months (October 2016 – March 2017), a short-term lengthening of less than 2 cm was measured on the SW
flank of the edifice (EDBR-EDUB, EDBR-EDWR) between 27 January and 3 February 2017. However, this does
not correspond to any other volcanic signal. The shortening of ~3 cm of the EDM2-EDGM baseline, NW of the
edifice, observed between 16 February and 7 March 2017, might be related to the VT string which occurred on
16 February but the absence of a similar deformation observed on the other NW baseline (EDM2-EDUF) tends
to indicate that the data recorded on 16 February at EDM2-EDGM is probably an outlier. No significant
deformation has been recorded on the NE flank of the edifice baseline between October 2016 and March 2017.
Due to weather and technical issues, it was not possible to take any measurements of EDM baselines on the NE
flank of the dome (EDJH-EDHE).
The EDM plots are also complemented with horizontal distance variations measured at several pairs of
continuous GPS stations, across the edifice and across the island (Figure 27), for the period 1 October 2016 – 31
March 2017 (Figure 29) and for Pause 5 (Figure 30).
During Pause 5, the step in the horizontal time-series occurring in relation with the Mar 2012 ash venting event
is visible for baselines involving close-field stations. The extension is emphasized between the southern and
northern stations (SSOU-NWBL, FRGR-NWBL) or on baselines NE-SW across the edifice such as HARR-FRGR.
The baselines including close-field stations all include SPRI and the steps in the time series observed between
July and November 2016 are clearly visible in Figure 29 and Figure 30. With this period excepted, the distances
on these short baselines are minimal.
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1.3.4. Strain
There was no strain signal at either the Air Studio or Geralds stations related to the higher energy VT string that
occurred on 7 November 2016 and described in Section 1.2. Although strain measurements during the entire
reporting period need to be studied for confirmation, it is unlikely than any significant deformation was
recorded in relation to the small seismic events which happened during the reporting period.
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Figure 26:

MSCP, MSS1, MSUH ‘Spider’ Stations: Radial, tangential, and vertical displacements relative to the volcanic vent
since MSUH, MSS1 and MSCP deployment (June 2014 – March 2017). FRGR and GERD displacements are also
shown. The distance station-volcanic vent increases from bottom to top of figure. The plate velocity has been
removed from the data. Displacements due to antenna changes have been corrected. High energy VT strings are
indicated with a grey line. The distance separating the gridlines corresponds to a displacement of 1 cm.
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Figure 27:

Map of the EDM network (black filled circles) used at MVO during the reporting period and Pause 5 and of
complementing baselines computed between the continuous GPS stations (black circles). See also Figure 28 to
Figure 30.
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Figure 28:

Slant length variations (m) of the EDM baselines during the reporting period (4 upper panels) and during Pause 5 (5
bottom panels). See Figure 27 for network map. The strongest events (27 October 2010, 9 July 2011, 22 March 2012
and 8 March 2014) have been highlighted (red dashed lines).
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Figure 29:

Horizontal length variations (m) of several pairs of cGPS stations between 1 October 2016 and 31 March 2017. See
Figure 27 for network map.
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Figure 30:

Horizontal length variations (m) of several pairs of cGPS stations during Pause 5 (12 February 2010 – Present). See
Figure 26 for network map. The strongest events (27 October 2010, 9 July 2011, 22 March 2012 and 8 March 2014)
have been highlighted (red dashed lines).

1.4 Gas
1.4.1 SO2 Flux
Following the failure of the SO2 network of DOAS instruments in October 2015, it has not been possible to
collect daily SO2 flux. However, three sets of traverse measurements were carried out during the reporting
period; on 10 November 2016 (182 t/d), 6 January 2017 (73 t/d) and 27 January 2017 (78 t/d) (Figure 31).
These three data points are the only SO2 flux data collected since the UV network went down in October of
2015, and as a result this sparse data set prevents any observation of short term variation in SO2 flux. However
it is possible to say something about the most recent traverse values and how they compare to previous flux
measurements. MVO has been collecting flux data via traverses since 2011 while the SO2 network was still
operational and the values were generally higher than same day values from the network. It must be noted
that the most recent traverse data were collected and processed using a different software and technique to
that of the initial set of traverse data. With that said the traverse values collected during the reporting period
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are lower than values obtained from the initial traverses and the network. Given the continuous nature of
volcanic degassing these three values are isolated snapshots and consequently, not much can be interpreted
from them apart from the SO2 flux was quite likely lower on 6 and 27 January than the long term average of
480 t/d obtained from the spectrometer network over the its 11 year operation.
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Figure 31:

Plot of SO2 flux values comparing measurements by the permanent DOAS network (open circles), which failed in
October 2015 and data collected during traverses using various methods (coloured circles). The three helicopter
based traverses carried out during the current reporting period are shown as red circles on the far right of the plot
and clearly highlight the low values of SO2 detected in comparison to previous traverses and the DOAS network. See
text for discussion.

1.4.2 SO2 Diffusion Tubes
MVO maintains an island-wide network of diffusion tubes for monitoring long-term concentrations of Sulphur
dioxide (SO2). Each site contains three tubes that are collected every four weeks, with concentrations being
calculated as the average of the 4-week period from the three tubes.
Figure 32 shows the average concentration of SO2 (in parts per billion, ppb), from six sites in the southern part
of the island. The concentrations at these sites are low, and continue to show a decline in concentration of SO2.
Concentrations from the sites in the northern part of the island have been omitted from the plot. These sites
are in the inhabited areas and have been showing much lower levels of concentration, and are mostly below
the levels of detection. Results shown are from March 2010 to March 2017.
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Figure 32:

Monthly averages of SO2 concentrations from six sites located inside Zone V from February 2010 to March 2017. The
data show a slowly declining trend in concentrations. This is typified by the concentrations recorded by the diffusion
tubes located at the base of Chance’s Peak, which are the closest to the volcano and consistently record the highest
concentrations.

The declining trend in concentrations of SO2 is further evident when the annual mean concentrations of tubes
from six southern locations are examined. This is shown in Figure 33, along with the annual 30 ppb limit of the
United States National Ambient Air Quality Standards. All of the southern sites, except for Chance’s Peak, have
been below this limit since 2015, and are continuing to show a decline thus far for 2017. Data from Chance’s
Peak continue to be above the 30 ppb limit due to the site’s proximity to the lava dome and the
near-permanent presence of the gas plume over the site.
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Figure 33:

Annual mean concentrations of SO2 in parts per billion (ppb) as measured by diffusion tubes at six locations in the
south of Montserrat.

1.5 Dome Volume and Geology
1.5.1 Dome Volume
There has been no extrusion of lava since the end of Phase 5 on 11 February 2010. Therefore, there has been
no increase in the dome volume. However, minor rockfall (RF) activity has continued. During the current
reporting period, there have been no pyroclastic flows. The last recorded pyroclastic flow was on 29 September
2012.

1.5.2 Dome Morphology
With no extrusion occurring since 11 February 2010, the lava dome has undergone very little change.
Throughout the reporting period, few observations of the whole dome were made due to persistent cloud
cover. However, favourable weather conditions on 20 January 2017 permitted observation over most of the
lava dome, including the summit crater. Overall, there was little sign of any significant change to the lava
dome. Features such as the large shear lobe on the summit of the 2006-7 lava dome show signs of continued
degradation with the accumulation of large blocks and talus at their base (Figure 34). Large fractures continue
to be observed in the steep cliff in the Tar River (east) flank of the dome with some accumulation of large (up
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to decametre scale) blocks at the base of the cliff. Observations of the summit crater revealed the continued
presence of two large muddy pools and extensive sulphur deposits around several fumaroles in the crater floor
and southern and eastern slopes (Figure 35). There was also extensive talus in the crater, further emphasising
the continued slow degradation of the lava dome.

Figure 34:

View of the large shear lobe on the summit of the lava dome that formed in 2006-7 and forms the eastern part of
the lava dome. Large blocks up to 10 m in size are scattered around the base of the shear lobe, a result of continued
erosion and weathering of the lava dome. Photograph taken 20 January 2017 during an observation flight, looking
towards the west.

Figure 35:

View into the summit crater (created 11 February 2010) showing two muddy pools (centre), extensive fumarole
activity on the southern (rear) and eastern (left) walls and significant talus accumulation below the steep cliff below
the summit of the dome (right). Photograph taken 20 January 2017 during an observation flight.
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1.5.3 Rockfall Activity
Figure 36 shows the daily and cumulative rockfall (RF) counts for the period 1 January 2015 to 31 March 2017.
The long-term trend of low rockfall activity that has existed since approximately the end of 2010 has continued
through the current reporting period, with a total of 17 RFs detected by the seismic network. This is a 50%
decrease in comparison to the previous reporting period and is related to the dry season, which began in
November. Seasonal variations in the RF count are visible in Figure 36, and have been reported in previous
MVO activity reports.
Observations during helicopter flights have shown that the RF activity has been concentrated inside the 2010
collapse scar in the SW corner of the scar, below the SW cliff face. Large blocks continue to be observed on the
talus at the foot of the cliff in the Tar River valley, east flank of the lava dome.

Figure 36:

Daily and cumulative rockfall counts for the period 1 January 2015 to 31 March 2017. Plot shows the low numbers of
rockfalls detected by the MVO seismic network, and the seasonal variation in activity that has been present since
the end of extrusion in February 2010.

1.5.4 Fumarole Temperatures
Routine monitoring of fumarole temperatures is carried out with a FLIR T650sc thermal infrared camera during
helicopter observation flights. When weather conditions permit, thermal images are acquired of various
fumaroles and gas vents located on and adjacent to the lava dome. The primary features imaged are located in
the floor and rear headwall of the 2010 collapse scar and in the cliff at the head of the Tar River. Fumaroles
located on the summit of the lava dome are also imaged, but only when there is little to no cloud on the
volcano. As a result, weather conditions prevent images from being collected on a regular basis. Table 4 lists
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the dates between 1 October 2016 and 31 March 2017 when thermal images could be collected. As shown, it is
possible to go several weeks without being able to collect thermal images. This is particularly so during the wet
season.
The temperatures listed in Table 4 are derived from the thermal images after basic corrections for atmospheric
temperature, relative humidity and distance from the helicopter to the fumarole are applied. There are several
factors that affect the temperatures and the three listed previously are easily measured and accounted for.
One factor that cannot be measured easily or accounted for is the amount of volcanic gas present in the
atmosphere. Volcanic gases, particularly SO2, are very good at absorbing, blocking and reflecting the thermal
infrared radiation emitted by the fumaroles that is measured by the camera. For this reason, it is only possible
to derive reliable temperatures on days when there is little to no atmospheric cloud or visible steam plumes
emanating from the fumaroles or when the gas plume is being blown away from the volcano. Even so, there is
some (considerable) variation in the temperatures recorded, and this is clearly shown in values presented in
Table 4. Despite this variation, it should be noted that some of the fumaroles remain very hot, with
temperatures of over 400 °C. Such high temperatures have been recorded since the end of Phase 5 in February
2010.

Table 4: Maximum recorded temperatures (in °C) for various fumaroles on or near the lava dome. Temperatures are derived from
thermal images that have been corrected for distance to fumarole, atmospheric temperature and relative humidity. Dashes
indicate that no images were recorded of the particular feature due to local atmospheric conditions at time of survey.

Date
5/10/16
26/10/16
18/11/16
29/11/16
29/12/16
29/12/16
13/1/17
20/1/17
10/2/17
14/2/17
21/3/17

Gas
Vent
446
344
330
256
256
306
300
388
373

23 March
crater
66
55
59
-

Headwall
1
293
298
274
217
317
-

Headwall
2
439
353
215
442
-

Tar River
Cliff
440
242
248
162
162
284
192
254
193

Tar River
Summit
432
401
577
-

South Crater
Outer Rim
238
286
-

Summit
Crater
331
-

In February 2017, MVO installed a temperature logger in a small fumarole area located in the saddle between
Galway’s Mountain and the outer rim of the May 2006 dome collapse (Figure 37). The purpose of this
installation is to provide continuous monitoring of fumarole temperatures to supplement the thermal images
acquired by the FLIR camera during the helicopter-based observation flights. A Gemini TinyTag Plus 2 data
logger and PT-100 temperature probe (capable of measuring temperatures of up to 600 °C) were installed on
23 February 2017 adjacent to a strong fumarole. The temperature probe was buried to a depth of 38 cm in the
ground in order to minimise the effects of local weather conditions on the measured temperature. As the
probe is not inserted directly into the fumarole vent, it is recording the steam heated soil temperature (SHST).
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Comparisons between the SHST and the temperature recorded by a thermocouple inserted into the fumarole
vent at the time of logger installation showed a difference of less than 5 °C.

Figure 37:

Photograph of the fumarole area located between Galway’s Mountain and the outer rim of the 2006 dome collapse
scar. See front cover for a wider view of the area. The blue box on right of image contains the Gemini TinyTag Plus 2
data logger, while the grey tube extending across to the left protects the PT-100 temperature probe and cable. The
probe tip is inserted to a depth of 38 cm in the ground adjacent one of several fumarole vents in the area.

Figure 38 shows the 10-minute temperature record between 24 February and 20 April 2017 (the date of last
data download) and also the daily maximum, minimum and average temperatures. As can be seen, the
temperature has varied between 88 and 94 °C during the period, showing sub-daily variation. One exception to
this is a significant drop in temperature on 20 March 2017. Between approximately 12 noon and 6 PM local
time, the temperature dropped from approximately 84 °C to a low of 47 °C over 90 minutes and then
recovered to approximately 84 °C by 6 PM. The cause of this rapid drop and recovery is at present unknown,
but it is not thought to be related to volcanic activity, and although heavy rainfall has been shown to affect
fumarole temperatures by infiltration of cooler groundwater (Gaudin et al., 2015), this is unlikely to be the case
as weather conditions during this period were sunny and dry with light southerly winds and little cloud cover.
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Figure 38:

Temperature time series between 24 February and 20 April 2017 as recorded by the temperature logger located in
the Galway’s Saddle Fumarole. Upper plot shows the 10-minute temperatures, while the lower plot shows the daily
minimum, maximum and average temperatures. The 10-minute temperature time series shows sub-daily variations
and a large drop on 20 March 2017 that cannot be correlated with volcanic activity or weather events.

1.5.5 Incandescence
During clear weather, the remote camera at Harris Lookout has continued to capture incandescence from
fumaroles located in the rear wall of the 2010 collapse scar. Due to the camera settings (longest exposure at
night is 30 seconds), typically only one or two incandescent features are captured. On the evening of 22
January 2017, a long-exposure photograph of the lava dome was acquired from MVO during a period of clear
weather. The photograph, shown in Figure 39, has captured more incandescence from fumaroles in the rear
wall of the 2010 collapse scar. However, the number of incandescent features in the rear wall of the collapse
scar is lower than has observed in other similar photographs acquired since February 2010 (Figure 39). This
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suggests that some changes in incandescent features on the lava dome have occurred since February 2010.
These changes could be the result of either cooling of the gasses venting from the fumaroles or sealing up of
fumarole vents due to mineralisation in fractures and gas pathways. While both explanations are plausible, it is
not possible to definitively say that fumaroles are cooling due to the large variation in temperatures derived
from thermal images of the fumaroles (see Table 4), due to the infrequent rate of image acquisition and the
fact that some factors affecting the recorded temperatures are not (and cannot be) accounted for.

Figure 39:

Long-exposure night-time photographs of the lava dome taken during clear weather from the MVO observation
deck on three different nights. The sequence of images clearly shows a decrease in the number of incandescent
features on the lava dome. This may be due to cooling of some of the fumaroles or sealing of pathways and
fractures through which hot gases escape the lava dome.

Although it appears that some changes in the number of incandescent features (fumaroles) on the lava dome
have occurred, thermal images acquired during clear periods have continued to show no changes in the
number or distribution of fumaroles and hot spots on the dome. This would suggest that some of the
previously incandescent features have cooled sufficiently so as to be below the threshold for incandescence to
occur (approximately 400-500 °C).
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2 Discussion of Activity and Comparison with Past Activity
2.1 Pause in Dome Growth
The current pause, the fifth since the onset of activity in July 1995, is now more than 85 months long.
As with previous periods, this reporting period has been one of very low activity with no restart of lava
extrusion or dome growth. Degradation rockfalls have become extremely rare and there have been no
pyroclastic flows since September 2012.
Figure 40 shows the key monitoring data (seismic counts, GPS and SO2 flux) for the Soufrière Hills Volcano from
1995 to 30 April 2016. Figure 41 shows the same data for the period since the end of Phase 5 in February 2010.
Although the current pause is the longest by far, the data are similar to that during the previous pauses;
seismicity is low, island-wide radial inflation continues and, although the SO2 fluxes measured by traverses in
November 2016 and January 2017 give low values, the presence of a visibly strong gas plume indicates
de-gassing continues at a significant rate.

Figure 40:

Seismic, GPS and SO2 monitoring data for the period 1 January 1995 – 31 Mar 2017. Extrusive phases and pauses are
shown in 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 7-day running median filter. Green:
COSPEC, Blue: DOAS, White: Traverse data.
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Figure 41:

Seismic, GPS and SO2 monitoring data for the period since the end of Phase 5: 12 February 2010 – 31 Mar 2017. 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. Bottom: Daily SO2 flux measured by
the DOAS network, filtered with 7-day running median filter, Blue: DOAS, White: Traverse data.

This prolonged period of persistent low-level unrest, (i.e., continued inflation, sporadic seismicity and
persistent de-gassing) clearly demonstrates that the magmatic system has not shut down. Thus, the potential
for a restart in extrusion remains.

2.2 Dome Stability
The lava dome at Soufrière Hills volcano remains stable despite containing heavily fractured regions,
particularly on the east flank and inside the 2010 collapse scar, where weathering generates rockfalls. There
have been no pyroclastic flows since September 2012 and the number of rockfall events is currently very low.
Despite this, there is some evidence that the lava dome is capable of responding to external factors, such as
rainfall. From the rockfall activity shown in Figure 36 and summarised by season since 2010 in Table 5, rockfall
activity is up to 5 times more likely to occur in the wet season than in the dry season. This is a result of rain
falling on the dome infiltrating down through cracks and fractures into the warmer interior of the dome, being
heated up and expanding, possibly also turning to steam. This increases the pressure on loose or weak blocks
eventually leading to rockfalls.
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Table 5: Summary rockfall activity by season from 2010 to 2016. The data clearly shows seasonal variation in the rockfall activity with a
higher number of RFs occurring during the wet season. Data for 2010 does not include the rockfall counts during Phase 5
activity (1 Jan-11 Feb 2010).

Year
2010
2011
2012
2013
2014
2015
2016

Dry Season
367
139
82
21
23
5
8

Wet Season
481
179
151
84
22
18
40

Total
848
318
233
105
45
23
48

The persistent fumaroles observed on the lava dome are further evidence for a stable dome. The persistence of
these fumaroles indicates that very stable pathways exist in the dome and material surrounding the conduit
allowing gas to escape, suggesting that there could be suitable pathways for magma to reach the surface,
should there be a restart. Any restart of extrusion would likely cause significant disruption to the present
dome, as suggested by the increase in rockfall activity and decreases in EDM lines prior to the onset of ash
venting in March 2012 (see MVO OFR 12-01).

2.3 Criteria for Continuation of Activity
Since SAC 16 (November 2011), the potential for continuing activity has been considered against the following
three criteria that indicate the potential for future activity:
1. Seismicity – the presence of low frequency seismic swarms and of seismic tremor
2. Gas – daily SO2 rates above 50 tonnes per day
3. Ground deformation – significant ground deformation
As discussed below, Criteria 3 is currently being met. Although there is limited data from the past 11 months, it
appears that Criteria 2 is also being met. Therefore, there is evidence that the deep plumbing system beneath
the volcano is still active.

1. The presence of swarms of low-frequency seismicity or the presence of seismic tremor indicate the potential
for future volcanic activity.
Low-frequency seismicity has continued to be extremely low and has been completely absent during the
current reporting period with no low-frequency swarms or tremor observed.

2. Daily SO2 rates above 50 tonnes per day indicate the potential for future volcanic activity.
Due to instrument failure, there has been no continuous measurement of SO2 flux October 2015. However,
three traverses in November 2016 and January 2017 returned values of between 73 and 189 t/day SO2.
Although the values were calculated using a different processing method than previous traverse data, they
are still above the 50 tonnes per day threshold. In addition, visual observations in the current reporting
period indicate a strong gas plume is still present.
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3. Significant ground deformation indicates the potential for future volcanic activity.
The cGPS network continues to show significant slow inflation, similar to that during previous pauses.

2.4 Phases and Pauses
Table 6 lists the phases and pauses of the eruption of the Soufrière Hills Volcano, up to 31 March 2017, and
follows the traditional definition of a Phase as a period when lava is being extruded at the surface.

Table 6: Phases and pauses of the eruption of the SHV, up to 31 March 2017.

Phase

#

Start

End

Seismic
Phreatic
Extrusion
Pause
Extrusion
Pause
Transition
Extrusion
Pause
Transition
Extrusion
Pause
Extrusion
Pause
Transition
Extrusion
Pause

0

01-Jan-92
18-Jul-95
15-Nov-95
11-Mar-98
27-Nov-99
02-Aug-03
15-Apr-05
01-Aug-05
21-Apr-07
05-May-08
08-Aug-08
09-Oct-08
02-Dec-08
04-Jan-09
05-Oct-09
08-Oct-09
12-Feb-10

17-Jul-95
14-Nov-95
10-Mar-98
26-Nov-99
01-Aug-03
14-Apr-05
31-Jul-05
20-Apr-07
04-May-08
07-Aug-08
08-Oct-08
01-Dec-08
03-Jan-09
04-Oct-09
07-Oct-09
11-Feb-10
31-Mar-17

1
1
2
2
3
3
4a
4a
4b
4b
5
5

Duration
(days)
1294
120
847
626
1344
622
108
628
380
95
62
54
33
274
3
127
2605

Duration
(months)
42.5
3.9
27.8
20.6
44.2
20.4
3.5
20.6
12.5
3.1
2.0
1.8
1.1
9.0
0.1
4.2
85.6
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3 Hazards and Risks
3.1 Risk Assessment
The present lava dome, estimated at 190 Mm3 (Stinton et al., 2014), is still of considerable size. Since the
beginning of Pause 5, no more than a few percent of the dome has been removed by rockfalls and pyroclastic
flows. Consequently, with little material removed over the intervening period, the dome still represents a
significant hazard.
With so little material shed from the dome over the past six months, the stability of the dome and the quantity
of material available remains virtually identical to that discussed in SACs 17-20. Therefore, we continue to hold
the view that little has changed in regards to the Hazard and Risk associated posed by the Soufriere Hills
volcano since SAC 20 (November 2015, Neuberg et al., 2015).

3.2 Hazard Level System
Due to the ongoing persistent low-level unrest, the Hazard Level has remained at Level 1 throughout the period
under review. There have been no changes to the Hazard Level System since August 2014.

3.3 Access and Visits to Zone V
Access to Zone V is permitted only using very strict safety procedures, coordinated by DMCA with assistance
from MVO and the Police. All groups seeking access must apply for permission in advance with a safety plan. If
permission is granted, they are required to be in constant contact with the MVO Operations Room throughout
their visit. Activities are normally restricted to office hours, unless special arrangements are made for the MVO
Operations Room to be staffed. The procedures are reviewed regularly and there have been only a few
incidents where they have been breached.
The site of the geothermal well MON#3 is just inside Zone V on the north side of St Georges Hill. Special safety
procedures were put in place to ensure that, during drilling, the site could be evacuated at short notice from
MVO.
Table 7 shows the numbers of visits and visitors to Zone V for various purposes for the year ending 15 March
2017. This excludes activities at the MON#3 drilling site, which was permanently occupied from September
through to mid-December 2017. The table shows that on average, we have two sand-export operations and
five tourist trips per week. The latter are only allowed if carried out by an authorized and trained tour guide.
A large film crew shooting on Montserrat worked for several days in Zone V, in both Plymouth and areas near
the old airport, during February 2017. This work required a lot of preparation and close co-operation with MVO
and the DMCA. It also required the construction of a track suitable for vehicles from Trants.
On 9 March 2017 the ferry from Antigua, the MV Jaden Sun, could not dock at Little Bay due to weather
conditions. The ferry was successfully docked at Plymouth Jetty and disembarked over 70 passengers. This was
the first use of procedures that had been developed by government agencies, including MVO, specifically for
this eventuality. Many lessons were learned and the procedures were subsequently updated.
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Table 7: Data on the number of visits and people involved according broken down by category. Data covers a 12 month period ending
15 March 2017 and is sourced from MVO Ops room logs.

Activity
Industrial
Sand export
Scrap metal
Dredging
Geothermal
Tourism, etc
Tourist visits
Ferry
Journalists
Film crew
Education
Students
Government
MVO
DMCA
RMPS
Other
Total

Area(s) visited

# visits

# people

Plymouth jetty
Lover’s Lane
Plymouth jetty
Plymouth jetty

98
1
28
1

700
5
60
40

Plymouth
Plymouth jetty
Plymouth
Plymouth, SGH, Trants

256
2
4
23

2425
101
6
401

Plymouth

4

115

Various
Various
Various
Plymouth

27
27
2
7

107
65
10
50

480

4087

Comments
# people estimated
# people estimated
12 days; # people estimated
2 days; # people estimated

Includes 1 test

Includes tours
Does not include patrols
# people estimated
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4 MVO Monitoring Networks
4.1 Seismic Monitoring
The MVO seismic network has continued to perform adequately during this reporting period, although there
were several notable issues that occurred:
•

On 16 November 2016, a combination of issues, including a power outage, MVO generator failure and
internal/external network problems, caused severe monitoring problems and around 8 hours of
seismic data to be lost.

•

On 22 and 23 December, issues with the MVO mailserver, a reboot of the host machine meant both of
the main acquisition and processing servers, were restarted several times leading to some data loss.

•

Reluctantly, from 5 January 2017 an external gmail account has been used to send out the MVO
seismic alarms since the MVO mailserver had become too unreliable to be trusted for this critical
function. This change has worked well so far.

•

On 13 March 2017 a problem with the UPS in the server room caused a probable loss of power and
reboot of several machines in the server room and Ops Room, leading to around 1 hour of data loss.

Frequent, and in some cases extended, power outages have occurred on island during this reporting period.
The MVO generator, UPS, and acquisition systems have fared remarkably well, although loss of external
network access during power cuts (due to problems at the Olveston repeater site) has meant frequent data
loss from the stations routed via Silver Hills (MBHA and MBRY) during outages.
A lack of functioning spare equipment has continued to impact on monitoring capacity, notably for some of the
more proximal stations, such as MBFR and MBLG, which have suffered extended outages. This has meant a
reduced triggering threshold, and an overreliance on the two most proximal stations MBLY and MSS1 for
detecting small events.
Seismic data has also been supplemented by a network of temporary stations installed in collaboration with
Glenn Thompson of the University of South Florida, primarily to monitor the injection of the geothermal well
MON3 in December 2016 (see Section 4.2).

4.1.1 Software and acquisition changes
There were no software changes to the main seismic acquisition and processing systems during this reporting
period.
However, between 29 and 30 March 2017, acquisition software for the Spiders had to be migrated and
reinstalled onto another PC due to a hard disk failure in the Spider acquisition laptop. This caused some
disruption of acquisition from the Spiders with around 24 hours of monitoring data lost. This arrangement is
intended to be only a temporary/interim measure until a more permanent environment - hopefully a dedicated
virtual server - can be arranged.
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4.1.2 Instrumental changes at stations
Table 8 below lists the changes to instruments that have taken place at individual seismic stations during the
period covered by this report, as well as specific issues that have been resolved.

Table 8: Changes to seismic station instruments during the period 1 October 2016 to 31 March 2017.

Station

Date

MBBY
Broderick’s Yard

20-Jan-2017

MBFR
Fergus Ridge

18-Nov-2015

MBGB
Garibaldi Hill

24-Mar-2017

Station back up after outage. Lantronix box serial-to-LAN converter
power-cycled - communications were restored

MBGH
St. George’s Hill

22-Nov-2016

Timing problem that was present since at least 15-Sep-2016 resolved.
GPS antenna and cable replaced following site visit by PW and MF

MBLG
Long Ground

05-Dec-2015

No data acquired since this date.

MBHA
Harris

23-Feb-2017

Station back transmitting after an outage since 8-Feb. Problem due to
damage to the digitiser GPS antenna connector and cable by an animal.
Timing problem
Timing error fixed-replacement GPS antenna cable installed.
Station offline and L4 sensor and digitiser A806 retrieved for testing at
MVO. Amplitude of the output appeared very low- as if it was just bitnoise with no sensor connected
Station back up after outage - Digitiser A806 replaced by DD12
Communications restored following few days outage. Problem seems to
have been a fuse on the regulator caused battery discharge - regulator
and batteries replaced.
Telemetry and transmission problems appear to be fixed. Following visit
to Silver Hills repeater by MF, problem has been identified as physical
problem with the antenna. This will need replacing, but telemetry has
temporarily been swapped to the MBLG antenna

28-Feb-2017
21-Mar-2017
28-Mar-2017
MBLY
Lee’s Yard

06-Jan-2017

MBRY
Roche’s Yard

16-Feb-2017

Details of changes
Station back up after outage since 25-Dec 2016. Station back up and
transmitting following a site visit by MF to replace and repair corroded
cabling and connectors
No data acquired since this date.

4.1.3 Ongoing problems and known issues
Seismometer mass problems

Instrument T4344 installed at MBLY has continued to suffer from mass problems, with persistent long-period
noise on the N-S horizontal component.
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Spiders

In October 2015 the Spider at Chance’s Peak (MSCP) ceased functioning. The electronics had been previously
recovered for testing, and on 02-Nov-2016 weather conditions finally allowed the frame to be recovered
On 7 December 2016 station MSNW that was deployed near to the sinkhole close to North West Bluff, was
retrieved and moved to Molyneux, close the Belham Valley (see Figure 42), to become station MSMX as part of
a temporary deployment to monitor injection at the Geothermal well site MON3.

Figure 42:

Map generated by webobs showing the location of Spider instrument deployed at station MSMX below to the
former village of Molyneux, close to the Belham Valley.

MSMX suffered an extended outage between 25 December 2016 and 25 January 2017, but has since
functioned normally.
MSS1 in the collapse has functioned well, operating more or less continuously throughout this reporting period
with no major problems.
MSUH at Upper Hermitage has not operated at all during this reporting period.

Telemetry issues

Several stations have continued to be affected by telemetry and communications problems during this
reporting period. Stations on the Eastern side of the island in particular (MBHA and MBRY) as well as MBBY and
the Spiders have suffered most often with data gaps. Even small data gaps can have a knock-on effect in terms
of event triggering in earthworm, especially for more proximal stations (e.g. MBFR or MBLG).
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4.1.4 Future developments
Short term goals

The main issues currently affecting the performance of the network are telemetry problems and a lack of
functioning spare seismometers and digitisers to replace those with mass problems or other issues. Several
instruments and digitisers are still awaiting return to Guralp for repair. This would help, in the short-term, to
resolve the instrument mass problems at some stations and alleviate pressure on resources, particularly with
the current outages to important proximal stations such as MBFR and MBLG. In the slightly longer term, issues
such as this should shortly be solved by the planned seismic network upgrade which will provide much greater
spare capacity.

Spiders

Another more immediate short-term goal is to try and retrieve or repair the non-functioning Spider at MSUH,
and also to deploy one of remaining instruments, with the site at Galways including a tiltmeter being the
priority; although the timing of this is heavily dependent on favourable weather conditions and helicopter
availability which has yet to occur.
The acquisition software for the data from the Spiders is also planned to be moved from its current temporary
position on a desktop PC in the Ops room and migrated over to a dedicated virtual server as soon as this
resource can be made available.

Longer term plans

In their proposal to manage MVO in 2008, SRC and IPGP suggested that the seismic monitoring system should
be reviewed before the end of the first five-year contract (April 2013). The recommendations from this review
formed part of the proposal submitted for the renewal of the current MVO management contract. This report
was completed and formed part of the new MVO management contract which was finally signed in September
2016. We are still awaiting final costings for instruments and additional telemetry and hardware, but the
equipment for the upgrade should be ordered soon
The proposals include:
•

Standardising equipment and installations, including instrument periods and gains etc to allow ease of
swapping between sites.

•

Replacing older/broken equipment and increasing stock of spare parts.

•

Upgrading vertical short-period stations to broadband where possible. Hopefully, depending on cost, to
include at least one 120s ultra-broadband instrument for detection of VLP signals.

•

Installation of two new broadband stations at South Soufriere (collocated with cGPS), and Jack Boy Hill
(re-occupying existing site)

•

Establishing several new near-dome stations to help with depth constraints and detection of smaller
magnitude events. Candidate sites are Hermitage, Galways and Gages Mountain. The quality and
usefulness of data from the additional Spiders that have been or are planned to be deployed in similar
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locations to these may influence the decision on final locations and whether permanent stations in
such locations are necessary or desirable. Current research into the impact of near field stations on the
precision of located earthquake depths suggested proximal have an important positive effect on the
quality of the hypocentres.
•

Integration of two SRC-funded stations (at sites in the north of Montserrat/Silver Hills and Redonda).
Instrumentation and equipment for these sites has been ordered and deployed is expected to take
place within the next few months

•

Minor revisions and upgrades to software and some computer hardware, particularly the seismic
display machine(s) and Seismic analysis PCs.

4.2 Temporary geothermal site deployment: monitoring of well MON3
4.2.1 Introduction and deployment
The MVO seismic network detected a small number of micro-earthquakes during injections into the
geothermal well MON2 in 2013, although the hypocentral locations determined from the data were poor. To
address this, in December 2016 four additional temporary stations were deployed to monitor a planned
injection into well MON3. Three of these stations were provided on loan by Dr. Glenn Thompson from the
School of Geosciences, University of South Florida. Additionally, one of the Spider instruments was moved from
North-West bluff to Molyneux. Details of these temporary stations are given in Table 9, with their locations
shown on the map in Figure 43.

Table 9: Temporary seismic stations deployed for monitoring of injection into MON3.

Code

Location

MSMX

Molyneux
(SPIDER)
Agricultural
Compound,
Plymouth
MON2
Compound,
Waterworks (at
MBWW)

MTAC
MTM2
MTWW

Date installed

Latitude

Longitude

Altitude
(m asl)

Sampling
Rate (Hz)

09-Dec-2016

16.73075

-62.20287

135

100

03-Dec-2016

16.71487

-62.21858

48

200

03-Dec-2016

16.72733

-62.21770

72

200

04-Dec-2016

16.73835

-62.21197

147

200
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Figure 43:

Map of southern Montserrat showing the locations of MON3 (white) and the MVO permanent (blue) and temporary
seismic stations (red). MVO is marked in green.

4.2.2 MON3 injection test
The injection into MON3 reportedly took place between 01:45 and 05:45 (local time) on 11 December 2016. No
micro-earthquakes were detected during the injection or several hours afterwards. There were no triggered
events during this time and nothing could be seen from a close inspection of the continuous waveform data
from the nearest permanent seismic stations. Waveform data retrieved from the temporary stations were also
analysed with an STA/LTA triggering algorithm, and no micro-earthquakes were identified.
Full details of the injection test and analysis are contained in MVO Internal Report IR 16-01.

4.2.3 Data availability
As well as providing monitoring of the geothermal well, the additional stations have supplemented the
permanent MVO network in terms of volcano monitoring. All of the temporary stations were still deployed at
the time of writing. Continuous waveform data has been retrieved up to 2 February 2017. This has been
converted from miniSEED to seisan format and stored alongside the MVO network data. Generated helicorder
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plots (see Figure 44) show relatively high noise levels, perhaps due to the rapid posthole deployment, and
cultural noise from proximity to the Cork Hill road. Despite this, the data from the additional stations has been
used to further constrain hypocentral locations for some of the larger VT earthquakes that occurred during
their deployment period, such as that shown in the example in Figure 45.

Figure 44:

Example helicorder plots for 14 December 2016 from the temporary stations deployed for geothermal monitoring.
Spider MSMX is shown on the left, followed by the 3 temporary stations: MTAC, MTM2 and MTWW. Note the high
cultural noise levels during daytime hours – particularly at MTAC and MTM2 situated close to the Cork Hill road.
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Figure 45:

Waveforms of VT earthquake recorded by temporary stations on 07-Dec-2016. The left hand panel-compares
vertical components from all stations and the right-hand panel shows the 3 components of the temporary stations

4.3 Ground Deformation Monitoring
4.3.1 Continuous GPS (cGPS, see also $2.7)
The cGPS network has experienced several issues during the reporting period:
•

HERM: The GPS antenna has been replaced on 23 December 2016 and the data collection resumed (no
data between 19 May 2015 and 23 December 2016). However, the receiver had to be rebooted twice,
on 24 January 2017 and 10 February 2017, causing loss of data from 14-24 January 2017 and 1-10
February 2017.

•

SGH1: The receiver was moved inside a building to prevent damage, the radio and cabling equipment
were changed, and data collection resumed on 4 November 2016. However the receiver failed on the
21 November 2016. Since 13 January 2015, data were collected only between the 4 and 21 November
2016.

•

RCHY: Several issues at the site caused loss of data between 25 November and 31 December 2016, and
8 and 13 January 2017.

•

GERD: Between mid-November 2016 and mid-January 2017, issues at the site did not allow collecting
data evenly during the day, causing either a larger error on the position calculated, or even complete
loss of data between 18 and 22 November 2016 and 6 and 10 December 2016.

•

TRNT: Issues at the site prevented loss of data between 5 and 29 Jan 2017.
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Telemetric access to most of the MVO cGPS stations has remained good throughout the reporting period.
However there have been some delays for the data transfer of some of the CALIPSO stations, typically up to
one week, particularly for TRNT.
New antennas and receivers are planned to be purchased as soon as possible, in order to replace SGH1 receiver
which failed, the 6 NetRS receivers still in place which are not serviced by Trimble anymore, and provide some
spare equipment. MVO1 will be discontinued in the near future, the land-owner needing the area where the
monument is built. A new site will be built to replace it.
In addition of being incorporated in the MVO daily processing, data gathered at the UNAVCO- and
NASA-funded sites (RDON, NWBL, RCHY), and at the four stations operated by the CALIPSO project (AIRS,
GERD, OLVN, TRNT) are being transferred daily to the UNAVCO FTP site, where they are made publicly
available.

4.3.2 Campaign GPS (eGPS)
Eight benchmarks are being occupied episodically, for a week approximately every second month. A short
threaded rod was installed at four stations (North White River, Long Ground, Dry Ghaut, Bransby point) to
facilitate deployment and improve data accuracy. No changes to the eGPS network have been made during the
reporting period.
One NetR9 receiver has been borrowed from SRC to replace the NetRS receivers which failed in December
2014. The campaign measurements have been resumed on 5 May 2016.

4.3.3 GPS Archiving and Processing
After being downloaded, raw data are converted with the UNAVCO teqc utility into Rinex format, to be
processed using the GAMIT/GLOBK software suite. A series of MATLAB scripts then read the GAMIT/GLOBK
output, apply correction and remove a common ‘tectonic’ trend, rotate each station time-series into a radial,
tangential and vertical local coordinate frame centered on the volcanic vent, and produce plots as some of
those present in this report.

4.3.4 EDM
There were no changes in the EDM network monitoring the volcanic activity during the reporting period.
The reflectors installed on Gage’s mountain (EDGM, EDUF), needed to be re-oriented or dusted. Being difficult
to access, it has not been possible to measure these two baselines regularly.
A New total station has been purchased (Leica TS15). It replaces the total station (TC1800) borrowed from the
University of Puerto Rico and used since the beginning of the eruption. The TS15 gives the most accurate
measurements on the market (1 mm + 1.5 ppm). It allows taking baseline measurements with a reflector or
reflector-less. It also can map a surface automatically using a grid, which could be useful for monitoring
changes in topography in areas prone to collapse or of the dome if the dome growth resumed.
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4.3.5 Tilt
MVO currently has no operational tiltmeters. It is planned to deploy one tiltmeter with the SPIDER on Galways
Mountain, which is proving very difficult to access due to weather and logistical problems. MVO has two other
tiltmeters than can be deployed at seismic stations. The deployment of these will be considered in the seismic
upgrade scheduled for 2018.

4.3.6 Strain
Strain data are measured at the four CALIPSO stations (OLVN, AIRS, TRNT, GERD) and are transferred to the
UNAVCO FTP site, and to the MVO. A significant amount of data is at the moment missing, because of data
transmission issues.

4.3.7 Spiders stations: single-frequency GPS, EDM and Tiltmeter
In June and December 2014, in collaboration with the USGS, three additional continuous GPS stations, so-called
‘spiders’, have been deployed close to the scar (MSS1 and MSUH), and on Chance’s Peak (MSCP).
The spiders have been recording and transferring data daily since deployment. During the reporting period,
there have been issues with MSUH and MSCP, with deteriorated data or no data at all, since 28 November
2015 and 2 October 2015, for MSUH and MSCP respectively.
Like for the other GPS stations, the raw data are converted into rinex format using the teqc utility, to be
processed by GAMIT/GLOBK. The ‘spiders’ are processed using GAMIT/GLOBK in combination with the rest of
the network, although through a more complex procedure, due to having a different type of receiver.
In February 2016, a spider was deployed near the sinkhole (MSNW) to monitor the local seismic activity. This
spider was also equipped with GPS. Data were collected between 25 February and 7 December 2016, when the
spider was relocated to Molyneux. Unlike the rest of the spider network, the data are processed using a
kinematic approach, using NWBL and WTYD as base stations for MSNW and MSMW respectively. Due to a
problem in the data collection of MSMX, which was solved at the same time as the migration of the acquisition
software to a new computer (See Section 4.1.1), GPS data have been retrieved from MSMX only since April
2017.
Finally, it is expected that, once the equipment is available and the weather allows a tilt-meter should be
installed with the Galways spider station.

4.4 Gas Monitoring
MVO has been working to replace the network of DOAS instruments since the old network instruments failed
in October 2015. Dr Thomas Christopher has been working with a group of researchers based in Italy at INGV.
The boxes housing the new instruments should be completed by the end of May 2017. Four spectrometers,
currently undergoing calibration, will be delivered to MVO with the boxes and a team, led by Fabio Vita, should
be on island within a fortnight of the boxes arriving on island to begin installation of the network.
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4.5 Dome Volume
Two methods are employed for monitoring dome growth and geologic mapping: aerial photogrammetry and
the AVTIS3 radar instrument.
Upgrading the aerial photogrammetry system has been completed. The new kit consists of a Sony a6000
mirrorless camera and a 20 mm f/2.8 lens and wireless remote control housed in a pelican hardcase that is
attached to the underside of the MVO helicopter using RAM brand suction cup mounts. This setup enables
MVO to collect high resolution aerial photographs over a wide areas efficiently. High resolution (2-10 m grid
spacing) digital elevation models (DEMs) and geo-located orthophotos can be derived from the initial
photographs using the structure-from-motion software AgiSoft Photoscan Professional. This kit will be used to
generate new and update existing deposit and geomorphological maps and DEMs of the volcano.
The AVTIS3 radar instrument is currently non-operational, with both the radar instrument and the remote PC
used to control it in storage at MVO. Dr David MacFarlane, University of St Andrews, visited MVO twice, in
December 2016 and in March 2017 to carry out upgrades and refurbishment work on both the radar unit and
the remote PC. Initially, following the upgrades and refurbishment, the AVTIS instrument was working fine.
However, the failure of two parts inside the AVTIS radar unit means the instrument is currently nonoperational while replacement parts are ordered and shipped to MVO. It is hoped to have AVTIS back up and
running within 6-8 weeks.

4.5 Fumarole Temperature Monitoring
Currently, the temperature of fumaroles on and adjacent to the lava dome are monitored on an ad hoc basis,
principally when weather conditions allow, using a either a handheld FLIR Thermal IR camera from the
helicopter, or using J-type thermocouples inserted to at least 50 cm depth. Only low-temperature fumaroles
are measured on the ground with thermocouples due to access and safety. Temperatures are presented in
Table 4, Section 1.5.4 above.
In March 2017, one of three Gemini TinyTag Plus 2 temperature loggers acquired in September 2016 was
installed in a fumarole area between Galway’s Mountain and the May 2006 dome collapse scar. The logger is
connected to a PT-100 temperature probe (capable of measuring temperatures of up to 600 °C) that is buried
to a depth of 38 cm. The logger records the soil temperature adjacent to one of several fumarole vents every
10 minutes with the data being downloaded manually. MVO plans to acquire and install a small automatic
weather station adjacent to the fumarole area to collect local weather data so that any correlations between
weather and fumarole temperature can be made or discounted. Additional temperature loggers will also be
installed in this location in future to gather more temperature data from different depths.

4.6 Remote Cameras
Currently, MVO has only one remote cameras in operation, located at Harris Lookout, in addition to a camera
at MVO. The camera previously at Garibaldi Hill that failed in July 2016 has not been replaced.
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The Harbortronics Time-lapse camera kit installed at Harris Lookout has continued to acquire images. Following
the issues with the cameras described in the previous report, two new Canon EOS Rebel T5 DSLRs with 18-55
mm lenses were acquired in October. One of the new cameras was installed in the box at Harris Lookout. The
second new camera remains at MVO, but could be deployed to an additional location or used to replace the
Harris Lookout camera should that encounter problems.
The StarDot IP Camera at MVO has been moved from inside the Ops Room and is now mounted on the external
wall adjacent to the Ops Room. This camera continues to provide a live feed to MVO, with still images captured
every 15 minutes and continuous video recording capabilities. All this occurs for images during daylight hours
only.

4.7 Thermal Cameras
MVO continues to operate two thermal cameras. A fixed camera at MVO and a handheld FLIR T650sc which is
used during observation flights. There have been no issues to either during this reporting period.

4.8 Remote Sensing Data
Acquisition of TerraSAR-X radar imagery ceased at the end of July 2015 when the two-year extension to the
original project ended. Due to the lack of surface activity at SHV, there will be no more acquisition of the data
as it has proved to be of limited usefulness during the current period of quiescence.

4.9 Infrasonic Monitoring
There have been no changes to the MVO infrasonic network during this reporting period.
The infrasound array around MVO operated by the University of Florence has been inoperative since it was
damaged by a lightning strike on 17 September 2011. MVO is still waiting for a visit by staff from the University
of Florence to repair and/or replace the instruments, although the current status is unknown.
MVO still operates and maintains its own network of four infrasound sensors at the following seismic stations:
MBFL (Flemmings), MBGB (Garibaldi Hill), MBGH (St. George’s Hill) and MBLG (Long Ground). An upgrade of
the infrasound monitoring system is planned as part of the upcoming seismic upgrade, potentially with sensors
installed at each seismic station. Instrumentation options and advice were recently provided in discussions with
staff at GNS, New Zealand, during P. Williams’ recent visit in March.
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5 MVO Operations
5.1 Staffing
Mr Kristoffer Hell, Software Engineer, left at the end of March 2017, after seven months employment at MVO.
Mr Hell will continue to assist MVO with development of the new website. The post is currently under
discussion by the MVO Boards and will be advertised soon.
Ms TiVonne Howe is now employed on a short-term contract with UWI as a Technical Assistant. She is working
mainly on the MVO Archive and STREVA projects and assisting scientific and technical staff.
The recruitment process for the sixth scientific staff member is under way and the University of the West Indies
will be shortly making an appointment. The appointee is expected to start work in the summer of 2017.
Clifdel Ryan and Anthony Gardener, students at Montserrat Secondary School, attended MVO for their work
experience during February 2017.

5.2 Staff Training, Visits and Conferences
Drs Patrick Smith and Karen Pascal attended a scientific workshop on borehole strainmeters hosted by the
Department of Terrestrial Magnetism at the Carnegie Institute for Science in Washington DC, USA from 5 – 9
December 2016.
Mr Roderick Stewart and Ms TiVonne Howe visited SRC from 30 January to 5 February 2017 to discuss archiving
of old paper seismic records.
MVO staff were trained on the new GPS total station during a visit by Mr John Mackay, FLT Geosystems, Florida
in February 2017.
GNS Science, New Zealand’s national agency for earth science, sponsored Mr Carlisle Williams to train with
them for a month in March and April 2017.

5.3 Education and Outreach
MVO helped to organize and then hosted induction courses for all people working on the drilling of the
geothermal well MON#3, which is inside Zone V. The courses, which were mandatory for everyone working in
site, covered a wide range of topics including likely volcanic hazards and the appropriate safety procedures.
The MVO/SRC book titled “Volcanic Stories” was launched at Government House on 26 January 2017. The
book, containing 26 stories written by Montserratian children, has been very-well received.

5.4 Helicopter
Helicopter support continues to be provided once per week by Caribbean Helicopters, Antigua.
The current contract has been extended to October 2017 and a competitive-tendering process is being
followed to secure a new multi-year contract.
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5.5 Volunteers / PhD students / Visitors
There were several visits to MVO by staff and students from SRC, Trinidad. Mr Elliot Jiwani-Brown and Ms
Racine Basant visited for staff training. Dr Graham Ryan provided staff cover at MVO. SRC Director Dr Richard
Robertson accompanied Prof Dale Webber, UWI Pro-Vice Chancellor, on a visit to Montserrat to sign the new
MVO Management Contract and meet with government officials.
Alice Smith, a student at Leeds University, worked as a volunteer at MVO from 13 December 2016 to 5 January
2017. She worked on the MVO Archive.
Dr Anna Hicks, Prof Jenni Barclay, Dr Wendy McMahon and Dr Teresa Armijos Burneo, all from the University of
East Anglia, UK, visited MVO in February 2017 with a film crew fom Lambda Films. They worked with MVO
filming for projects on volcanic hazards and the experiences during the eruption of the Soufrière Hills Volcano.
Staff and students from Simon's Rock College, Massachusetts, USA visited on 11 January 2017. They were given
scientific lectures and a tour of MVO.
Staff and students from Ottos Comprehensive School, Antigua, visited on 10 February 2017. They were given a
scientific lecture and a tour of MVO as well as a guided visit to Plymouth where they carried out some
biological field work.
Staff and students from the University of Toronto visited on 20 and 21 February 2017. They were given
scientific lectures and a tour of MVO as well as guided visits to Plymouth and Trants.
MVO provided briefings on the volcano to the following:
•
•
•
•
•

UK-based search and rescue specialists visiting Montserrat.
Visiting DFID officials.
UK-based security needs assessment team visiting Montserrat.
Johnny Wegener, independent TV producer working on a pilot for BBC.
Visiting team from the UK Hydrographic Office

MVO continues to employ interns, typically on three-month contracts.

5.6 Collaboration and External Projects
Dr David Macfarlane visited MVO twice during this period to re-install and work on the AVTIS ground-based
radar installed at Windy Hill.
Dr Glenn Thompson, University of Southern Florida, visited MVO from 25 November to 5 December 2016 to
install temporary seismic stations to assist monitoring of the geothermal project.
Dr Adam Stinton visited Dominica from 6 – 10 December 2016 to install a time lapse camera at Boiling Lake
with assistance from SRC, and the Dominican Office of Disaster Management and Department of Forestry.
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The University of Göttingen, led by Dr Karsten Bahr, have installed two magneoto-telluric stations on
Montserrat. These are not for volcano monitoring, but to image the deeper geological structures beneath the
Eastern Caribbean.
On-going collaborations for K.Pascal:
•

With Prof. J. Neuberg and Dr. A. Collinson (University of Leeds, UK): modelling of alternative source
of deformation (tectonic, second boiling) which could contribute to the Montserrat deformation
field

•

With Dr K. Palamartchouk (University of Newcastle, UK): combined processing of Spider singlefrequency data and MVO dual frequency data

•

With Dr J. Hickey (University of Exeter, UK) and Dr H.Odbert: modelling of the deformation induced
by loading/unloading of the edifice.

•

With Dr S. Hautmann (University of Zurich, Switzerland): modelling of groundwater flow triggered
by pressurized magmatic sources, using deformation and gravity data.

•

With Dr Graham Ryan (University of the West Indies, T&T): Integration of InSAR data (ALOS, ALOS2)
and GPS data on Montserrat.

•

With Prof. Guy Nason, Dr Sourav Nason (University of Bristol, UK), Dr Henry Odbert, Dr Patrick
Smith (MVO): investigating patterns of non-stationarity in volcanological time series.

New collaborations for K. Pascal:
With Dr Peng Fang (University of California, San Diego, USA) and Prof M. Bevis (University of Ohio, USA): reprocessing of 1998-2016 continuous GPS timeseries, modeling and correction of the transient and seasonal
variations at SHV, to improve the deformation monitoring methods and the comparison of the deformation
rates throughout the eruption.

5.7 MVO Archive
MVO continue to collect material for the MVO Archive. The next step is to design and construct a database and
web portal that will allow access to the database.

5.8 MVO Website
A new MVO website is currently being built on the Wordpress platform. This will be launched once it is
populated with information, probably in the second quarter of 2017.
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Appendix A: Trends in VT earthquake depths since Phase 5 –
Common Phase Method
A1 Introduction
This investigation was prompted by the observation that VT hypocentres at SHV appear to show a trend of
increasing depth over the last few years. This was reported extensively in the last two MVO activity reports,
and this section serves as an update to the previous analysis now that an additional few months of data are
available. It also includes new analysis through relocation of a subset of earthquakes using a common set of
stations to try and eliminate any network bias effects.

A2 Data analysis
Figure AX.1 shows a plot of the depths of VTs recorded since Phase 5 (updated to March 2017), with the right
hand panel zooming in to the period since March 2012. Despite some scatter in the data, there appears to be a
general trend of shallowing VT depths from February 2010 until March 2012, followed by increasing VT depths
with time since March 2012 (vertical dashed black line), getting deeper by around 1km over this period. This
trend is observed more clearly in the mean and median filtered moving average plots in Figure AX.1, which
show the depths filtered with a sliding 50-day time window.

Figure A1:

Updated plot of VT hypocentral depths vs time. Left hand panel shows post-Phase 5, right-hand panel shows postMarch 2012. Black dashed vertical line represents the large magnitude VT string on 23 March 2012, red dashed
vertical line marks the introduction of the SPIDERS to the MVO seismic network. Top plot shows the hypocenter
depths, followed by: the error in the depth, the number of station (P-wave) picks used for the location, a 50-day
moving average filter of the depths, minimum and maximum depths in a sliding 50-day window and finally the
bottom plot shows the 50-day standard deviation of the depths.
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In order to assess how robust this trend is, and whether it is an artefact of either the location process or
network bias, Figure A1 also shows the error in the depth (as given by the output of the HYPOCENTER program)
and the number of station picks (P-waves) used in obtaining the location.

A3 Common station/phase method
As the MVO seismic network has not remained constant over time – for example due to station outages or the
introduction of the Spiders - scatter may have been introduced into the locations as different combinations of
stations were used in the hypocentral solutions. In order to try and reduce any impact of this network bias, an
approach that uses a common set of phase-picks from fixed stations (e.g. Lahr, 1992) was employed on the VT
earthquake catalogue.
First, a subset of earthquakes was identified by analysis of the phases used in each hypocentral location. Figure
AX.2 shows the fraction of VT events that include P-wave and S-wave phases in the solutions, for each station
in the network. Focussing only on events since Phase 5 (after 11-Feb-2010), using cut-off values of 0.8 (for P)
and 0.6 (for S) found 340 earthquakes containing a common set of phase picks. These were: P-phases at 6
stations: MBBY, MBFL, MBGH, MBLY, MBRY and MBWH, and S-phases at 4 stations: MBBY, MBLY, MBRY,
MBWH. This choice was a trade-off between the number of events in the subset whilst having enough phases
to calculate robust locations.

Figure A2:

Fraction of VT earthquakes that possess P-wave (left) and S-wave (right) picks for each seismic station in the MVO
network. The top two panels show fractions calculated using all VT earthquakes from SHV and the lower panels for
earthquakes since Phase 5 only. Using this plot, cut-off fractions of 0.8 for P-waves and 0.6 for S-waves, were
chosen to select earthquakes for relocation using a common set of stations.
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Once the subset of earthquakes with common phases was identified, the hypocenters were relocated using
only this set of phase picks. This was done using the same location program within SEISAN (HYPOCENTER), and
using the exactly the same velocity model as used for the original MVO catalogue. The results are shown in
Figure A3 and Figure A4 which compare the relocated depths to the original catalogue locations, with 50-day
moving averages and the associated uncertainties.

Figure A3:

Depth of VT earthquakes with time since Phase 5. A subset of 340 earthquakes were selected for relocation with a
common set of station picks. Relocated hypocenters using only these stations are shown in blue, while original MVO
catalogue hypocenters are shown in red. 50-day moving averages are also plotted.
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Figure A4:

Depth of VT earthquakes with time since Phase 5, with error bars indicating the uncertainty. A subset of
earthquakes were selected for relocation with a common set of station picks. Relocated hypocenters using only
these stations are shown in blue, while original MVO catalogue hypocenters are shown in red.

The results show very little difference between the relocated and original hypocentre depths, with the overall
trend consistent between both. There is perhaps a suggestion that the relocated hypocenters (in blue) are
slightly shallower – particularly in the last 2 years – but the difference is minimal. The error bars in Figure A4
also show that in general there is a larger uncertainty associated with the relocated results – but this is not
surprising given that in most cases they will contain fewer phase picks as additional stations are excluded from
the solutions.
It should also be kept in mind that this process of selecting a subset has in itself introduced a bias, as it is more
likely to be larger events that possess clear arrivals at each of the stations used. Despite this, the results are
encouraging and provide further evidence that the observed changes in hypocenter depths with time are a real
effect, and not the result of network bias.
This strongly suggests that further work is now needed to explore possible physical mechanisms and models to
explain this observation, as this result may be significant when considered in the wider context of the eruption
and possible future behaviour at SHV.
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Appendix B: Additional GPS Plots

Figure B1:

Tangential displacements recorded at campaign sites during Pause 5 (12 February 2010 – March 2017). The
reporting period is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top
of figure. The background Caribbean plate velocity was removed from the data. High energy VT strings are
indicated with a grey line, and the strongest events (27 October 2010, 9 July 2011, 22 March 2012 and 8 March
2014) have been highlighted (red dashed line). The distance separating the gridlines corresponds to a displacement
of 1 cm. See Figure 21 for radial and vertical components.
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Figure B2:

Comparison of the tangential displacements measured at nine MVO continuous GPS stations during Pause 3, Pause
4b and Pause 5 (solid lines) and subsequent extrusion phases (dashed lines). A 60-day low-pass filter was applied to
the data. See also Figure 22 for radial and vertical displacements
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Figure B3:

Radial extension relative to the volcanic vent since 1 June 2015. The reporting period (1 October 2016 – 31 March
2017) is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of figure.
The background Caribbean plate velocity was removed from the data. Displacements due to antenna changes have
been corrected. Higher energy VT strings are indicated with a grey line. The distance separating the gridlines
corresponds to a displacement of 1 cm.
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Figure B4:

Tangential displacements relative to the volcanic vent since 1 June 2015. The reporting period (1 October 2016 – 31
March 2017) is bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of
figure. The background Caribbean plate velocity was removed from the data. Displacements due to antenna changes
have been corrected. Higher energy VT strings are indicated with a grey line. The distance separating the gridlines
corresponds to a displacement of 1 cm.
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Figure B5:

st

Vertical displacements observed since the 1 of Jun. 2015. The reporting period (1 October 2016 – 31 March 2017) is
bounded by the two blue lines. The distance station-volcanic vent increases from bottom to top of figure. The
background Caribbean plate velocity was removed from the data. Displacements due to antenna changes have been
corrected. Higher energy VT strings are indicated with a grey line. The distance separating the gridlines corresponds
to a displacement of 1 cm.

74

