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Executive Summary
This report summarises the volcanic activity at the Soufrière Hills Volcano, Montserrat for the period
from 1 May to 30 September 2016, inclusive, including all monitoring and visual observations.
Overall, activity during the reporting period has been low. Seismic activity has consisted of sporadic
volcano-tectonic (VT) earthquakes, sometimes in strings or brief swarms. Low-frequency earthquakes
(hybrids, LPs) have been absent. Rockfall activity continued at a very low level, consistent with
weathering of the collapse scar and the dome.
Ground deformation continued to show slow radial inflation similar to that during previous pauses in
activity.
Due to instrument problems, daily SO2 flux was not measured. Efforts are underway to obtain new
equipment to re-establish continuous monitoring.
There have been no significant changes to the dome or fumarolic activity.
The pause in lava extrusion that started on 11 February 2010 continues and is over 79 months long as of
30 September 2016.
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1 Volcanic Activity for the Period 1 May to 30 September 2016
1.1 Summary
Figure 1 below summarises the daily seismicity, GPS and SO2 flux for the period 1 May to 30 September
2016. Due to continued instrument issues, no SO2 flux data is available for this reporting period (see
Sections 1.4 and 4.3 for details).

Figure 1:

Summary plot of the daily seismicity counts (top), GPS (middle, station GERD) and SO2 flux
(bottom) for the period 1 May to 30 September 2016. Due to instrument problems, there is no SO2
data available.

Activity remained low during the reporting period. Seismicity was dominated by volcano-tectonic (VT)
earthquakes and rockfalls (RF). A slight increase in RFs has coincided with the rainy season in Montserrat
(see Section 1.5.3 Rockfall Activity). There was only one long-period rockfall (LPRF) event on 28 August
2016 and no hybrid or long period events.
The trend of occasional bursts of VT seismicity in the form of VT strings or brief swarms continued.
Three VT strings, of varying length and intensity, occurred during the reporting period, bringing the total
number since November 2007 to 82 (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.
On 26 June 2016, MVO received a report of ash in the upper Amersham area from Caribbean
Helicopters. Two days later, MVO staff visited the area and observed ash blowing around and stuck to
vegetation. Initially, the origin of the ash was not clear, but later investigation of the seismic record
revealed a particularly unusual RF event on 25 June 2016 (based on UTC) that showed some significant
MVO OFR 16-03: MVO Scientific Report for SAC21
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low-frequency energy and a coincident signal in the infrasound. This strongly suggests at least some
(small) explosive component to the RF event. More information on this event is presented in Appendix
A.
Following the passage of a strong tropical wave overnight from 23-24 August 2016, several large lahars
were generated, primarily in the Belham Valley, but also in channels leading through Plymouth and in
Gingoes Ghaut. The lahar in the Belham Valley had a significant impact on the valley (Figure 2), with
both the upper (to Zone C) and lower (to Garibaldi) crossings cut and up to 4 m of erosion occurring. The
lahar flooded the majority of the gravel pits in the valley. This is the largest lahar to have occurred in the
Belham valley since those generated by Tropical Storm Raphael in November 2013 when lahars reached
the sea in Old Road Bay. The sand miners track leading to the jetty in Plymouth was also cut in two
locations by lahars.

Figure 2:

Views of the large lahar in the Belham Valley on 24 August 2016. A) The lahar cut through the
track of the upper crossing. B) 4+ m of erosion in valley downstream of upper crossing cutting
through track. c) Flooded gravel pit between the upper and lower crossing.
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1.2 Seismicity
1.2.1 Summary
The level of seismic activity recorded at SHV during this reporting period has remained low.
Figure 3 displays the daily counts of the different volcanic earthquake types for the period 1 May 2016
to 30 September 2016 inclusive, and shows that the pattern of sporadic VT earthquakes and occasional
rockfalls has continued. VT earthquakes made up the vast majority of the total seismicity.
A further three VT strings occurred during the reporting period, with the most intense in terms of
duration, event numbers and earthquake magnitude occurring on 14 June.
Low-frequency seismicity has been almost absent, with only one single long-period rockfall recorded
during this period. This pattern remains typical of a pause in lava extrusion, with the level of activity
lower, but still comparable to, that seen during previous pauses.
A large rockfall signal occurred on 25 June 2016, with a low-frequency signal onset and coincident with
an infrasonic signal at MBFL. This suggests at least some explosive component to this event that was the
probable source of some minor ashfall observed to the west of the dome near to Plymouth.

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 slowly declining trend over the last few years as the
dome has stabilised (see Figure 3 and particularly Figure 7). The small increase in rockfall activity
compared to the last reporting period was likely a result of seasonal effects and increased rainfall. Lowfrequency seismicity has been extremely low, with only one long-period rockfall signal recorded on 28
August.
Three VT strings occurred during this reporting period (see Section 1.2.3 VT Strings). The mean daily rate
of VTs for the last 5 months of 0.41 is less than the average across the whole of the current pause of
0.69 (Table 1). This is also a decrease on the value for the previous 7 months reporting period of 0.60
per day, a result of fewer VT strings occurring during this period.
Figure 5 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 6)
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 4 km.
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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.

Event Type
LP/Rockfall
Hybrid
LP
Rockfall
VT
Total
Table 1:

Event
Type
LPRFs
Hybrid
LP
RF
VT
Total
Table 2:

Pause 5 (since 11 February 2010)
Total
Events/Day
106
0.04
138
0.06
97
0.04
1615
0.67
1673
0.69
3629
1.50

1 May to 30 September 2016
Total
Events/Day
1
0.01
0
0.00
0
0.00
35
0.23
63
0.41
99
0.65

Total number of events and mean daily event rates for each earthquake type during (a) the
whole of Pause 5 (since 11 February 2010) and (b) the period covered by this report (1 May to 30
September 2016).

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

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 in Table 6.

1.2.2.1 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 8 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.
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Figure 8 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 energy release rate has remained roughly constant despite numerous smaller VT strings
occurring during this time.
This figure also shows that although the VT string occurring on 14 June 2016 was the largest in this
reporting period (see Table 3) it still released more than one order of magnitude less energy than those
in March 2012 and March 2014.
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Figure 3:

Daily counts of the different earthquake types recorded by the MVO network for the period
covered by this report: i.e. between 1 May 2016 and 30 September 2016. The total count of all
event types is shown at the top, followed by individual counts for VTs, Rockfalls, Hybrids, LP
events and LP/Rockfalls. The three VT “strings” to have occurred during this period are marked by
the red stars on the VT plot.
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Figure 4:

Daily counts of the different earthquake types recorded by the MVO since the end of Phase 5, i.e.
from 12 February 2010 until 30 September 2016. 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 5:

Hypocentres of located VT earthquakes recorded by the MVO seismic network between 1 May
and 30 September 2016 (61 events of the 63 total). The size of each circle is a function of the
earthquake magnitude and the lower panel displays the depths as a function of time.
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Figure 6:

Fault-plane solutions of located VT earthquakes recorded on the MVO seismic network between 1
May and 30 September 2016 (37 events of the 63 total). The focal mechanisms shown were
calculated using FPFIT within SEISAN, with only well constrained ‘A’ quality solutions shown on
the plot. The lower panel displays the depths as a function of time.
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Figure 7:

Daily counts of rockfall events since the end of Phase 5, i.e. from 12 February 2010 until 30
September 2016. The red line represents a 60-day moving average, and the green a 60-day lowpass filter of the daily event counts. The last 5 months of activity during this reporting period
show a small increase in rockfall activity, due to seasonal effects and a response to several
periods of heavy rainfall.

Figure 8:

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 409 GJ during this period is approximately equivalent to a single
M4.5 earthquake.
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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 12). Table 3
lists the details of three more such strings that occurred during this reporting period. The data in this
table and FiguresFigure 9-Figure 12 show that the string occurring on 14 June was the most significant in
terms of the number of earthquakes and energy release. However, no significant short-term strain signal
was observed coincident with this seismicity (Figure 9), unlike for some of the previous high 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 many additional, lower amplitude events were
identified from detailed inspection of the continuous waveform data (particularly the more proximal
stations MBLY and the MSS1 Spider).

#
1
2
3

Date / Time
(UTC)
14-Jun-2016
20:56:27
28-Aug-2016
20:23:42
17-Sep-2016
04:48: 58

Table 3:

Triggering
VTs

Located
VTs

Approximate
duration (minutes)

Max. Local
Magnitude

Approx. Energy
(GJ)

9

8

7.2

M3.2

5.98

4

4

37.7

M1.7

0.04

2

2

2.0

M2. 5

0.36

Table listing the VT Strings observed at SHV between 1 May and 30 September 2016. 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.
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Figure 9:

Seismic and strain data from the VT swarm on 14 June 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 the 3 CALIPSO stations: AIRS (Air Studios), GERD (Gerald’s) and TRNT (Trant’s).
Strain data amplitudes have been corrected to units of nanostrain. No filtering was applied, but a
linear trend was removed from the 24 hrs 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.
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 85, with only 17 (≈20%) of these directly preceding observable surface activity or changes.

Figure 10:

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 11:

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 12:

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 pseudo-magnitude for each string – equivalent to plotting the
energy on a log scale.
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1.3 Ground Deformation
1.3.1. G.P.S
There was no change in the deformation pattern observed between 1 May and 30 September 2016. The
closest stations from the dome show no deformation while the stations further away show a radial
extension from the dome, at a slow rate. 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 the
edifice/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 13-Figure 15 for the period June
2015 – September 2016, and in Figure 16-Figure 18 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 19 for Pause 5. Additional plots covering the entire dataset are presented in Appendix C.
‘Close-field’ stations (e.g. HERM, SPRI, FRGR), move upwards but no significant horizontal displacements
are recorded, excepted in relation with strong event such as the ash venting event in March 2012
(Figure 16). No such events have occurred between May and September 2016, and no displacements
were observed associated to the VT strings neither in the daily position time series, nor in high-rate GPS
data. Only SPRI (SW of the dome) time-series shows a significant radial shortening towards the dome
since July 2016. For now, this signal remains unexplained and could still be related to the rainy season
(June-November), which commonly affects SPRI data the most amongst the network.
Figure 20, where the displacements have been filtered to remove part of the noise, also shows that the
deformation pattern is the same since the beginning of Pause 5. At each station, the deformation rate is
relatively similar for the five pauses.
The horizontal velocities vectors are represented in Figure 21 for Pause 5, for a duration of 18 months
(since June 2016) and for a 12 month period (since SAC 20), the latter for indication since velocities need
at least 18 months data for a reliable time-series. For Pause 5, the velocities of both continuous (names
in red) and of campaign stations (names 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 last 18 months of data are overall similar.
While the closest stations velocity vectors directions are variable and their amplitudes small if not
negligible, the more distal 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 is slower for the last 18 months period,
because the deformation rates were higher at the beginning of Pause 5 (see previous SAC reports).
The Pause 5 vertical velocity vectors are also represented in Figure 22 and show an upward movement
at all stations. Their amplitudes vary, with the maximum velocities in the NE of the edifice (TRNT, HARR,
WTYD), as well as SPRI on the SW flank of the edifice.
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Figure 13:

Radial extension relative to the volcanic vent since 1 June 2015. The reporting period (MaySeptember 2016) is bounded by the two blue lines. The station-volcano distance increases from
bottom to top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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 14:

Tangential displacements relative to the volcanic vent since 1 June 2015. The reporting period
(May-September 2016) is bounded by the two blue lines. The station-volcano distance increases
from bottom to top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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 15:

Vertical displacements observed since 1 June 2015. The reporting period (May-September 2016)
is bounded by the two blue lines. The station-volcano distance increases from bottom to top of
figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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:

Radial extension relative to the volcanic vent for Pause 5 (February 2010-September 2016). The
reporting period is bounded by the two blue lines. The station-volcano distance increases from
bottom to top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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, 8 March 2014) have been highlighted (red dashed line). The distance separating the
gridlines corresponds to a displacement of 1 cm.
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Figure 17:

Tangential displacements relative to the volcanic vent for Pause 5 (February 2010-September
2016). The present reporting period is bounded by the two blue lines. The station-volcano
distance increases from bottom to top of figure. A background plate velocity of [E 1.06, N 1.40]
cm/yr 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, 8 March 2014) have been highlighted (red dashed line). The distance
separating the gridlines corresponds to a displacement of 1 cm.
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Figure 18:

Vertical displacements for Pause 5 (February 2010- September 2016). The present reporting
period is bounded by the two blue lines. The station-volcano distance increases from bottom to
top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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, 8 March 2014) have been highlighted (red dashed line). The distance separating the
gridlines corresponds to a displacement of 1 cm.
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Figure 19:

Radial (top) and Vertical (bottom) displacements recorded at campaign sites during Pause 5
(February 2010-September 2016). The reporting period is bounded by the two blue lines. The
station-volcano distance increases from bottom to top of figure. A background plate velocity of [E
1.06, N 1.40] cm/yr 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, 8 March 2014) have
been highlighted (red dashed line). The distance separating the gridlines corresponds to a
displacement of 1 cm. See Appendix C: Additional GPS Data for tangential displacements.
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Figure 20:

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 low-pass filter was applied to the data. See Appendix C:
Additional GPS Datafor tangential displacements.
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Figure 21:

Horizontal velocities observed at the MVO GPS stations. Velocities are calculated relative to a
tectonic plate model defined using velocities from local and reference stations that provide a
statistically consistent plate rotation pole / velocity. The velocities vectors compared are those
computed for the entire Pause 5 (black), for June 2015-April 2016 (blue), and for the reporting
period (red). Continuous and campaign sites are indicated with red and black names,
respectively. Stations missing a significant amount of data have been removed for the
corresponding period. The red star marks the dome location.
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Figure 22:

Horizontal and vertical velocities observed at the MVO continuous GPS stations during Pause 5.
Horizontal Velocities are calculated relative to a tectonic plate model defined using velocities
from local and reference stations that provide a statistically consistent plate rotation
pole/velocity. 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 23, in
parallel with the displacements recorded at one close-field (FRGR) and one far-field (GERD) station.
Unfortunately, since May-June 2015, the data quality of MSUH and MSCP has been degrading,
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 February 2010 is given in Figure 24 (filled black circled).
EDM measurements provide data on the near-field deformation of the volcano. In Figure 25, the slant
distances changes recorded over the EDM network are represented for Pause 5 and for May to
September 2016.
Significant displacements have been recorded since the beginning of Pause 5, in relation with strong VT
strings. No significant deformation has been recorded during the period May to September 2016 at the
baselines located in the SW of the dome. Due to weather and technical issues, it was not possible to
take any measurements of EDM baselines in the North of the dome
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 25), for the period May –
September 2016 (Figure 26) and for Pause 5 (Figure 27).
During Pause 5, the step in the horizontal time-series occurring in relation with the March 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). Some distances do not vary, for
example, the baseline SPRI-WTYD, two close-field stations SW and NE of the dome, respectively. The
contraction seen at the end of the time-series is due to the unexplained radial displacement of SPRI
mentioned earlier.
Between May and September 2016, no deformation is clearly visible.
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Figure 23:

MSCP, MSS1, MSUH ‘Spider’ Stations: Radial, tangential, and vertical displacements relative to
the volcanic vent since MSUH, MSS1 and MSCP deployment (June 2014- September 2016). FRGR
and GERD displacements are also shown. The station-volcano distance 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 24:

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 25Figure 27.
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Figure 25:

Slant length variations (m) of the EDM baselines during the reporting period (2 upper panels) and
during Pause 5 (5 bottom panels). See Figure 24 for network map. The strongest events (27
October 2010, 9 July 2011, 22 March 2012, 8 March 2014) have been highlighted (red dashed
line).
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Figure 26:

Horizontal length variations (m) of several pairs of cGPS stations between May and September
2016. See Figure 24 for network map.
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Figure 27:

Horizontal length variations (m) of several pairs of cGPS stations during Pause 5 (February 2010 –
present). See Figure 24 for network map. The strongest events (27 October 2010, 9 July 2011, 22
March 2012, 8 March 2014) have been highlighted (red dashed line).

1.3.4. Strain
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. There was no strain signal related to the higher energy VT strings
which occurred during May-September 2016, and described in Section 1.2.
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1.4 Gas Monitoring
1.4.1 SO2 Daily Flux
Unfortunately, due to failure of the last working DOAS instrument on 17 September 2015, it has not
been possible to measure the daily SO2 flux from the Soufriere Hills Volcano during this reporting period.
Prior to this, the DOAS network had been running on one instrument located at Broderick’s. This had
been the case since February 2013.
Figure 28 below shows the daily SO2 flux for the 20 months prior to the failure of the last DOAS
instrument at Broderick’s (1 January 2014 to 17 September 2015). During this period, the average daily
SO2 flux was 340 tonnes per day. This is slightly below the long term average of 375 tonnes per day for
Pause 5 and considerably lower than the averages for previous pauses (Table 4; Christopher et al.,
2014).
As discussed in previous MVO reports, the data in Figure 28 still shows the absence of the SO2
pulse/cycle pattern on the order of years (see SAC 13 report). Instead, the SO2 flux is dominated by
variations on times scales on the order of days to months, which at times still correlate with VT
earthquakes, e.g., the large spike in SO2 output following the VT strings in March 2014. Prior to the
failure of the instrument in September 2015, it appeared that the gas flux was descending into a trough
of a 6-8 month cycle, the second since January 2014. This reflects the overall trend in SO2 flux since the
start of Pause 5 (see Figure 32 and Figure 33).

Figure 28:

Daily and 30-day average SO2 flux from the Soufriere Hills Volcano for the period 1 January 2014
to 17 September 17 2015 when the DOAS instrument at Broderick's failed. The 6-8 month pulses
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are present in the data, as is the influence of the elevated SO2 flux following the March 2014 VT
string on the 30-day running average.

Eruptive phase

n

I – 15th Nov 1995
II – 27th Nov 1999
III – 8th Aug 2005

68
563
604

Mean daily flux
(t/d)
569
471
429

IVa – 29th Jul 2008

77

923

IVb 3rd Dec 2008
V – 4th Oct 2009

32
7

451
379

Table 4:

Pause following

n

I – 10th March 1998
II – 1st August 2003
III – 4th April 2007
IVa – 14th October
2008
th
IVb – 4 January 2009
V – 11th February 2010

112
698
482

Mean daily flux
(t/d)
699
561
620

50

800

258
2270

627
376

Overview of phases of lava extrusion and eruptive pauses 1995-2010 and the mean SO2 flux for
each. “Pause following” is the eruptive pause that immediately followed the eruptive phase in the
same row; n is the number of days in the eruptive phase or pause (updated to 30 April 2016, from
Christopher et al., 2014).

1.4.2 SO2 Diffusion Tubes
MVO measures the average ground-level concentration of SO2 using diffusion tubes positioned at twelve
different locations on Montserrat. Figure 29 shows the average concentration of SO2 from all twelve
sites around the island and covers the period March 2010 to August 2016. The concentration values for
Chances Peak are considerably higher than all over locations due to its close proximity to the lava dome
(1.5 km).
During the current reporting period, measured SO2 concentrations continue to show an overall declining
trend. Measured concentrations at the most distal locations are now falling below the minimum
detection level of 0.28 ppb.

MVO OFR 16-03: MVO Scientific Report for SAC21

40

400

SO2 Concentra^on (ppb)

350
300
250
200
150
100
50
0

Police Head Quarters, Plymouth
Weekes
St. Johns (DMCA)
Salem Clinic

Figure 29:

Richmond Hill Sugar Mill
Vue Pointe Hotel
Jack Boy Hill
Brades Primary School

St. Georges Hill
St.Augus^nes Primary School
Brodericks (DOAS Site)
Chances Peak

Monitored SO2 concentrations (ppb) between February 2010 and August 2016.

Figure 30 shows a comparison of SO2 concentration from 6 of the most proximal locations to that of The
United States National Ambient Air Quality Standards (US NAAQS) annual limit of 30ppb. All of the
locations, which are in either Zone C or Zone V are now showing concentrations below the US NAAQS
limit. This includes Plymouth (measured near Angelo’s Supermarket) which prior to 2015 had been
consistently over the 30 ppb limit. Since 2015, Plymouth has now dropped below the 30 ppb limit and
reflecting a continued decreasing trend since 2008. Chance’s Peak, not shown on the plot due to the
high concentrations levels, has consistently remained over the limit.
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Figure 30:

The annual mean concentrations of the SO2 diffusion tubes from six of the most proximal
locations. Chance’s Peak, the most proximal location, is not shown due to the high concentrations
of SO2 recorded at that site.
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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. There has, however, been some minor rockfall (RF) activity.
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. When observations were possible, little to no obvious signs of significant change were
identified. Large fractures continue to be observed in the step cliff in the Tar River (east) flank of the
dome with some accumulation of large blocks at the base of the cliff. The near-continuous presence of
cloud prevents more regular observation of the dome summit.

1.5.3 Rockfall Activity
Figure 31 shows the daily and cumulative rockfall (RF) counts for the period 1 January 2015 to 30
September 2016. Although it shows a continued low level of RF activity, there has been a slight increase
in RF activity during the current reporting period with a total of 35 RF events triggering the seismic
monitoring system. Of these, there were 4 RF events on 25 August, associated with heavy rainfall during
the passage of a strong tropical wave, and a further 5 on 1 September 2016. Overall, the increase is
related to the onset of the rainy season in Montserrat, a trend which has been observed in previous
years.
A large RF event occurred on 25 June 2016 (UTC). No observations were immediately possible to due to
cloud cover, but a report of fresh ashfall in the upper Amersham area was received from Caribbean
Helicopters on 27 June. It is assumed that the event occurred inside the 2010 collapse scar. See
Appendix A: 25 June 2016 RF event for more detail.
Observations during helicopter flights have shown that the RF activity has been concentrated in two
main locations: inside the 2010 collapse scar where RFs originate from the cliff face in the SW corner;
and from the Tar River cliff face with large blocks accumulating on the talus slope at its base.
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Figure 31:

Daily and cumulative rockfall counts for the period 1 January 2015 to 30 April 2016

1.5.4 Dome Incandescence and Fumarole Temperatures
No long-exposure photographs have been acquired from MVO due to unfavourable night-time
conditions. Incandescence has, however, been recorded on occasion by the remote camera at Harris
Lookout. These photographs reveal no changes to the location of the recorded incandescence.
Thermal images acquired during brief clear periods have continued to show no changes in the number,
distribution or intensity of fumaroles and hot spots on the dome. Temperatures of individual fumaroles
derived from the thermal images show some variation (primarily due to atmospheric conditions and
scattering/absorption of IR radiation), but are not outside of normal ranges. All temperatures reported
below in Table 5 are the result of basic corrections for atmospheric temperature and humidity, and
distance to feature.
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Cumulapve RF Count

Daily RF Count

5

Location
Gas Vent, 2010 collapse scar
Headwall, 2010 collapse scar
23 March 2012 crater,
(inside 2010 collapse scar)
Tar River
Summit Crater
Summit 2006-7 dome
E and N flank of Galway’s Mtn
South flank of dome
Table 5:

Max T (°C)
422
356

Last imaged
21 Sept 2016
21 Sept 2016

64

26 Aug 2016

372
-

16 June 2016
30 Sept 2015
31 March 2015
25 February 2015
30 Sept 2015

Maximum recorded temperatures of fumaroles on the lava dome derived from thermal images
acquired during the period 1 May to 30 September 2016.

MVO OFR 16-03: MVO Scientific Report for SAC21

45

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 79 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 32 shows the key monitoring data (seismic counts, GPS and SO2 flux) for the Soufrière Hills
Volcano from 1995 to 30 April 2016. Figure 33 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 is similar to that
during the previous pauses; seismicity is low, island-wide radial inflation continues and the gas (up to
September 2015 when monitoring stopped) is consistently above background levels, maintaining daily
fluxes in excess of 300 t/d.

Figure 32:

Seismic, GPS and SO2 monitoring data for the period 1 January 1995 – 30 September 2016.
Extrusive phases and pauses are in shown red and green respectively. Top: Number of seismic
events detected and identified by the seismic system. Middle: Radial displacement of cGPS
stations MVO1 (red) and GERD (blue) smoothed with 7-day running mean filter, Black: GPS
Height of HARR. Bottom: Measured daily SO2 flux, filtered with 7-day running median filter.
Green: COSPEC, Blue: DOAS. No data available since mid-September 2015.
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Figure 33:

Seismic, GPS and SO2 monitoring data for the period since the end of Phase 5: 12 February 2010 –
30 April 2016. 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.

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.

2.2 Dome Stability
The lava dome at Soufrière Hills volcano remains stable despite containing heavily fractured regions,
particularly on the east flank where repeated fracturing induced by cooling and weathering generates
occasional rockfalls. There have been no pyroclastic flows in the current reporting period and the
number of rockfall events, while slightly elevated compared to the previous reporting period, is still
extremely low (see above). Clearly, the dome has become very stable. However, it is clear the variations
in RF activity, shown in Figure 31, indicate that the dome may be capable of responding to external
factors, such as heavy or prolonged rainfall. Research into possible links between the rockfall counts,
rainfall and seismicity continues.
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The persistent incandescent features observed inside the 2010 collapse scar are further evidence for a
stable dome. The persistence of these fumaroles and others on the summit of the dome and on the Tar
River flank, indicates that very stable pathways exist in the dome and material surrounding the conduit
allowing gas to escape, suggesting that these could be suitable pathways for magma to reach the
surface, should there be a restart. Any restart of extrusion could possibly cause significant disruption to
the present dome, as suggested by the increase in RF activity 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 no data from the past 11 months,
it is assumed that, based on visual observations, Criteria 2 is also being met. Therefore, there is evidence
that the deep plumbing system beneath the volcano is still active.

2.3.1 Seismicity
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.

2.3.2 Gas
Daily SO2 rates above 50 tonnes per day indicate the potential for future volcanic activity.
Due to instrument failure, there has been no SO2 flux measured during the current reporting period.
However, in the period 1 May 2015 to 31 October 2015, SO2 levels averaged 436 tonnes per day with
spikes in the flux above 1,000 tonnes per day. Visual observations in the current reporting period
indicate a strong gas plume is still present.

2.3.3 Ground deformation
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.
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2.4 Phases and Pause
Table 6 lists the phases and pauses of the eruption of the Soufrière Hills Volcano, up to 30 September
2016, and follows the traditional definition of a Phase as a period when lava is being extruded at the
surface.

Phase

#

Start

End

Duration (days)

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
On going

1,294
120
847
626
1,344
622
108
628
380
95
62
54
33
274
3
127
2,423

Table 6:

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

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
79.7

Phases and pauses of the eruption of the Soufriere Hills volcano, with durations calculated up to
and inclusive of 30 September 2016.
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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
There have been no changes made to the Hazard Level System since the current version was released in
August 2014. The Hazard Level remains at Level 1.

3.3 Access to Zone V
MVO continues to work closely with DMCA and other authorities to control access to Zone V.
To date, access has been arranged for the following activities:
•
•
•
•
•

Export of sand and gravel using Plymouth Jetty.
Reclamation of metals from Lovers Lane.
Geothermal well MON#3 (see below).
Control of feral livestock by Department of the Environment.
Tourists visit to Plymouth (see below).

No access has yet been allowed for any activities south of Plymouth Jetty.

3.4 Tourist Visits to Plymouth
Between April and September 2016, the number of tourist visits to Plymouth decreased significantly,
primarily due to the end of visits by cruise ships in March 2016. Once hurricane season is over and cruise
ship visits begin again, the number of visits should increase again.
There have been a few occasions where agreed safety procedures for tourist visits were not properly
adhered to. MVO is working closely with DMCA to ensure that proper safety procedures are followed at
all times.
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3.5 Geothermal Well MON#3
MVO have been heavily involved in the safety procedures associated with the drilling of geothermal well
MON#3.
The drilling rig arrived by ship at Plymouth Jetty in late August 2016. MVO helped write the safety
procedures for dredging at Plymouth Jetty and for unloading the rig. The MVO Operations Room was
manned continuously during these operations.
The location of the drilling site is just inside the Zone V boundary on the northern side of St Georges Hill.
MVO help develop safety procedures and evacuation plans for the rig site. The MVO Operations Room is
not continuously manned during the drilling, but communications protocols have been established to
enable rapid notification of the need for an evacuation by the duty scientist.
MVO has hosted orientation courses for almost all of the crew working on MON#3. These courses
include awareness of the volcanic hazards likely from the Soufrière Hills Volcano.
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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.
On 14 May 2016 a problem with a breaker board/panel in the server room led to a loss of power in the
server room which resulted in complete data loss for all stations for several hours.
On 7 September 2016 an unknown issue caused a simultaneous loss of network connectivity for several
of the Lantronix serial-to-LAN converter boxes, resulting in minor data loss for several stations.
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 during power outages.
Also, other ongoing telemetry problems, particularly with the Spiders and stations routed via Silver Hills,
have again compromised data quality at some of the stations in the network.
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.

4.1.1 Software and acquisition changes
There were no software changes to the seismic acquisition and processing systems during this reporting
period.

4.1.2 Instrumental changes at stations
Table 7 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.

Station

Date

Details of changes

MBBY
Broderick’s Yard

03-Oct-2016

Fixed 3 day outage due to loss of communications.
Ongoing telemetry issues, causing regular small data gaps

MBFR
Fergus Ridge

18-Nov-2015

No data acquired since this date.

MBGH
St. George’s Hill

15-Sep-2016

Since at least this date there has been a timing error of up
to several seconds.
Problem is likely due to a faulty GPS antenna or cable,
currently unresolved

MBLG
Long Ground

05-Dec-2015

No data acquired since this date.
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MBRY
Roche’s Yard

29-Jun-2016

MBWH
Windy Hill

05-May-2016

MSCP
Chance’s Peak

01-Oct-2015

MSUH
Upper Hermitage

11-May-2016
01-Aug-2016

Table 7:

No data was received from this station for several days,
between approximately 25-Jun-2016 12:44 UTC and 15:37
UTC on 29-Jun. Link restored following site visit by MF.
Ongoing telemetry issues, causing regular small data gaps
Following site visit by MF communications were restored problem appears to have been water in connector
following recent heavy rainfall. Transmission issues first
arising in mid-April appear to have now been resolved.
No data acquired since this date. Damage to Spider due to
corrosion. Electronics retrieved for testing, frame still
awaiting retrieval.
Communications restored following site visit.
No data received from this date. Station currently offline
with ongoing telemetry issues

Changes made to instruments at individual seismic stations.

4.1.3 Ongoing problems and known issues
4.1.3.1 Seismometer mass problems
Instrument T4344 installed at MBLY has continued to suffer from mass problems, with persistent longperiod noise on the N-S horizontal component.
4.1.3.2 Spiders
In October 2015 the Spider at Chance’s Peak (MSCP) ceased functioning. The electronics were recovered
for testing while the frame is still awaiting suitable conditions for retrieval.
MSUH at Upper Hermitage has suffered from several prolonged communication outages during this
reporting period.
MSS1 in the collapse has functioned well, operating more or less continuously throughout this reporting
period with no major problems.
Station MSNW deployed near to the Sinkhole close to North West Bluff, also functioned normally during
this reporting period, although suffers from high noise levels due to its proximity to the coast.
4.1.3.3 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 knockon 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
4.1.4.1 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 be solved by the planned seismic network upgrade
which will provide much greater spare capacity.
4.1.4.2 Spiders
Another more immediate short-term goal is to try and retrieve the Spider from MSCP 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
position on a laptop and migrated over to a dedicated virtual server as soon as this resource is made
available.
4.1.4.3 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 awaiting final costings for instruments and
additional telemetry hardware, but the equipment for the upgrade should be ordered within the coming
weeks.
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 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.
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•
•

Integration of two SRC-funded stations (at sites in the north of Montserrat/Silver Hills and
Redonda) and potentially one more Leeds University station (borehole sensor in Olveston)
Minor revisions and upgrades to software and some computer hardware.

4.2 Ground Deformation Monitoring
4.2.1 Continuous GPS (cGPS)
On-going issues with the cGPS network:
•
•

HERM: issue with GPS antenna has caused loss of data since 19th May 2015.
SGH1: receiver not workings since the 13th Jan 2015. One NetR9 receiver given by SRC, and will
be used to replace SGH1 receiver, once the site is ready (the receiver needs to be installed inside
a building rather than outside as it was).

The cGPS network has experienced other issues during the reporting period; which have been solved:
•
•

RCHY: damaged auxiliary equipment caused loss of data between 11 February and 25 May 2016.
NWBL: the antenna LNA had to be replaced which caused loss of data between 30 July and 18
August 2016.

Telemetered access to most of the MVO cGPS stations has remained good throughout the reporting
period. However, the access to SSOU has been particularly difficult in the last 2 months.
In addition of being incorporated in the MVO daily processing, data gathered at the UNAVCO- and NASAfunded 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.

4.2.2 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 Dec.
2014. The campaign measurements have been resumed on the 5 May 2016, however problems with the
auxiliary equipment (battery, cable) has caused loss of few weeks of data. These issues are now solved.

4.2.3 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 (e.g. Figure 13).
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4.2.4 EDM
There were no changes in the EDM network monitoring the volcanic activity during the reporting period.
Two EDM baselines have been established next to the sinkhole in order to measure any possible
subsidence near the sinkhole or landslide down the slope from the sinkhole. No deformation has been
observed.
The coordinates of the total station and of the two reflectors are the following:

Total station (SKTS)

North (m)

East (m)

Elevation (m)

1859990.584

585337.755

43.397

Reflector 1 (SKH1)

By sinkhole

1859841.173

585388.457

35.462

Reflector 2 (SKH2)

Downslope

1859837.618

585366.120

25.941

Two EDM baselines have been established from the MVO helipad (EDM2) to the geothermal site, in
order to monitor any potential movements (in particular landslide) related to drilling. The EDM
reflectors site are also measured every 2nd week using the kinematic GPS. No deformation has been
observed.
The coordinates of the two reflectors are the following:
North (m)

East (m)

Elevation (m)

Reflector 1 (GEO1)

1849784.403

584638.199

144.765

Reflector 2 (GEO2)

1849821.175

584581.988

135.936

4.2.5 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.

4.2.6 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.
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4.2.7 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’, were deployed close to the 2010 collapse 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 28th
Nov. 2015 and 02nd Oct 2015, for MSUH and MSCP respectively.
The raw data from the Spider GPS stations are processed with a similar methodology to that of the other
GPS stations. The raw data are converted into rinex format using the teqc utility and then 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 North West Bluff sinkhole to monitor for any further
ground failures. The spider is also equipped with a GPS and data have been collected since 25 February
2016. Unlike the rest of the Spider network, its data are processed using a kinematic approach using the
continuous GPS station NWBL as a base station. The spider code is MSNW and is located at North
1859991.699 m, East 585202.883 m, Up 62.290 m (UTM20).
Finally, it is expected that, once the equipment is available and the weather allows, a tiltmeter will be
included with GPS and seismic instruments on a Spider to be deployed to Galway’s Mountain.

4.3 Gas Monitoring
4.3.1 Multigas
The MVO multigas was taken to Italy for repairs in February 2016. INGV recently began developing a
new, more compact version of the multigas. Consequently, it was decided that MVO acquire two
instruments; one would be a refurbished version of the older model using the same LICOR spectrometer
and two new sulphur sensors. This instrument would be put together by a private company in Italy
under contract from INGV Palermo. The second instrument would be built from scratch by INGV
Palermo. At present there is a change in the directorship of INGV Palermo thus there is a slight delay on
this new instrument. However, the refurbished instrument from the private company has been shipped
by INGV and should arrive on Montserrat by the end of October.

4.3.2 DOAS UV spectrometer network
Since the current network of two S2000 spectrometers failed, MVO has been unable to collect SO2 flux
data for approximately one year. Prior to this, the SO2 network was running on one instrument for 18
months, thus the SO2 flux data has been of limited utility since February 2013. The most recent venture
to put in a new network of new USB2000+ instruments with the Cambridge group did not bear fruit.
Following a visit by Dr T. Christopher to the UV group at INGV Palermo, MVO is in the process of
purchasing three boxes to house calibrated spectrometers from Bo Galle. Preparation of the boxes takes
6 months, after which they will be delivered to Fabio Vita, INGV Palermo. Fabio Vita and other
colleagues from the INGV group will then bring the completed instrument boxes to MVO to set up the
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network and train the relevant MVO staff in maintaining the network and processing the raw data to
obtain SO2 flux. This is likely to take place during the first half of 2017.

4.4 Dome Volume
Two methods are employed for monitoring dome growth and geologic mapping: aerial photogrammetry
and the AVTIS3 radar instrument.
Aerial photography for photogrammetry studies is currently collected using a GoPro Hero3 action
camera. While this camera is easy to use and program for high-frame rate acquisition, the images
acquired are of moderate quality. This is due to the very wide (172°) field of view of the camera’s lens. A
higher quality system is currently under development in house. In September, following discussion with
Caribbean Helicopters, the prototype housing underwent a test flight to ensure there was no sign of the
housing becoming detached from the helicopter. This test was successful. The next stage is to acquire
and test a suitable camera, after which the whole setup will be tested before being pressed into service,
mapping the lava dome and surrounding flanks.
The AVTIS3 radar instrument is currently non-operational. Both the radar instrument and the remote PC
used to control it are in storage at MVO awaiting refurbishment by Dr Dav MacFarlane, University of St
Andrews. Dr Adam Stinton and Pyiko Williams are working closely with Dr MacFarlane on the AVTIS
instrument, which will include two planned visits by Dr MacFarlane in December 2016 and early 2017.

4.5 Fumarole 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 5, Section 1.5.4 above.
In September 2016, MVO acquired three Gemini Tinytag Plus 2 temperature loggers for the purpose of
developing a continuous time-series of fumarole temperatures. The loggers, capable of recording
temperature every 60 seconds and storing 32,000 readings, are currently undergoing testing and when
completed, will be installed on Galway’s Mountain where three low-temperature fumaroles (~ 100 °C)
are located in close proximity to the lava dome. Should these prove to be successful, additional loggers
may be acquired and installed in higher temperature fumaroles located on the SW flank of the lava
dome.

4.6 Remote Cameras
Currently, MVO has only one remote camera in operation, located at Harris Lookout, in addition to a
network IP camera at MVO.
On 1 July, the network camera previously installed at Garibaldi Hill suffered a failure of the wall mount
bracket, such that the camera was left hanging from the roof by the power cable. The mount had
suffered severe corrosion due to the weather and gas. The camera has been removed and there are as
yet no plans to deploy a new camera to the site.
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The Harbortronics time-lapse camera kit installed at Harris Lookout has continued to acquire images.
However, two major issues have affected the setup. Firstly, in August 2016, it was noticed that some
daytime images were overexposed, i.e., too bright. The problem was traced to the metering system
inside the Canon DSLR. It was also found that the camera had clocked up more than 220,000 shutter
actuations. The camera was swapped for a spare, which also appears to suffer from the same metering
issues. Both Canon DSLRs are more than 6 years old and have far surpassed the official rating of just
100,000 shutter actuations. As a result, replacement cameras are being sourced.
A second issue developed shortly after the metering issue. In early September, the digisnap controller
used to trigger the camera began triggering the camera at random intervals of up to 150 minutes,
instead of the programmed every 15 minutes. Similar issues have occurred in the past, and were
resolved by simply rebooting the digisnap controller. However, this had little effect on the timing issue,
which appears to be caused a communications error between the lens and the camera body. It is
anticipated that the new camera and lens will resolve this issue.
Continuous video recording from the Stardot network IP camera at MVO has been tested using software
from the camera manufacturer. The setup, which records during daylight hours only, provides invaluable
video coverage in the event of renewed activity. Data is kept for a period of 21 days before being
automatically deleted. This gives MVO staff ample time to save suitable video clips of activity.

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 with either instrument 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 use during the current period of quiescence.

4.9 Infrasonic Monitoring
There have been no changes to the MVO infrasonic network during the 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.
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).
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4.10 WEBOBS
The WEBOBS system continues to function well as the main portal to MVO monitoring data. There are
occasional issues with WEBOBS, often associated with network connectivity. MVO now maintains this
installation of WEBOBS without support from IPGP.
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5 MVO Operations
5.1 Staffing
Kristoffer Hell began work as Software Engineer in August 2016. One of his main tasks during his first
months at MVO is the development of a new MVO website.

5.2 Education and Outreach
Education and Outreach Coordinator Natalie Edgecombe had a three-month work secondment to the
Incorporated Research Institute for Seismology (IRIS) in Washington DC. It provided an opportunity to
observe management of the IRIS Undergraduate Internship Program and also online course
development. The experience and contacts gained at IRIS will help facilitate the development of similar
programs and courses at MVO. The next step in this process will be collaborating with the principal and
staff at Montserrat Secondary School and Montserrat Community College to create MVO based
programmes for maths and science education. SRC is expected to provide valuable support in
establishing these educational programs.
Work is almost complete on an illustrated children's story book featuring winning stories from the 2013
MVO Creative Writing Competition. The launch is anticipated to be before the end of 2016.
While the MVO Creative Writing Competition will not be held this year due to Natalie's work in the US,
MVO will partner with the Ministry of Education in the planning and execution of Math and Science
Week, scheduled for November 28-December 2. Math and Science Week is one of MVO’s most visible
education and outreach events.

5.3 Helicopter
Helicopter support continues to be provided once per week by Caribbean Helicopters, Antigua. The
current contract ends in April 2017 and, at the request of the Government of Montserrat, MVO will be
calling for bids for a new multi-year contract. The contracting process is currently underway.

5.4 Volunteers / PhD students / Visitors
Oswen Carty and Marissa Allen, Geology students at Kingston University, UK, and the University of the
West Indies respectively, carried out their final-year project work on Montserrat during the summer,
with assistance from Dr A. Stinton.
Professor Dale Webber, Pro-Vice Chancellor for Graduate Studies and Research at the University of the
West Indies visited MVO in September 2016. He is the most senior UWI staff member to visit MVO.
Professor Webber was very impressed by work of the staff at MVO and will be looking at ways to bring
more UWI activities to Montserrat and to involve MVO staff more in UWI.
Professor Jurgen Neuberg (Leeds, UK) and J. Saltzer (GFZ, Germany), visited MVO from 16-20 May to
discuss potential collaborations on InSAR and photogrammetry.

MVO OFR 16-03: MVO Scientific Report for SAC21

61

5.5 Internships
The MVO internship programme has been suspended temporarily. This was due to the need to provide
positions for work-experience students from Montserrat Secondary School and for students on their
summer break from scholarships to study Geology at university.
The programme will re-start in October, but MVO may have to limit the numbers.

5.6 Collaboration and External Projects
MVO continues to work with external researchers on a wide variety of projects. At the last count, there
were over 40 such projects either funded or with funding applied for. Some of these are collaborations
and some simply involve the provision of data under a data licence.
Highlights from the current list of collaborations are given below.
On-going collaborations for K. Pascal:
•

•
•
•

With Professor J. Neuberg and Dr A. Collinson (University of Leeds): modelling of alternative
source of deformation (tectonic, second boiling) which could contribute to the Montserrat
deformation field
With Dr K. Palamartchouk (University of Newcastle): combined processing of Spider singlefrequency data and MVO dual frequency data
With Dr H. Odbert (University of Bristol): modelling of the deformation induced by
loading/unloading of the edifice.
With Dr S. Hautmann (University of Zurich): modelling of groundwater flow triggered by
pressurized magmatic sources, using deformation and gravity data.

New collaborations for K. Pascal:
•
•

With Dr Graham Ryan (University of the West Indies): Integration of InSAR (ALOS, ALOS2) data
and of the GPS data on Montserrat.
With Prof. Guy Nason (University of Bristol), Dr Sourav Nason (University of Bristol), Dr Henry
Odbert, Dr Patrick Smith (MVO): investigating patterns of non-stationarity in volcanological time
series

Dr Adam Stinton is involved with two pending projects (both awaiting funding confirmation):
•
•

Analysis of core material from Geothermal Well MON#3, with Dr Steve Sparks (Bristol, UK) and
Dr Graham Ryan (SRC/UWI, Trinidad);
Modelling lahar hazard and landscape disturbance following a volcanic eruption on the island of
Montserrat – proposed PhD project with Dr Georgina Bennett (Supervisor, UEA, UK), Dr Jenny
Barclay (Co-supervisor, UEA) and Dr Adam Stinton (Co-Supervisor).

Projects unassigned to any staff member:
•
•

STREVA
VUELCO
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•
•
•

Documenting the cultural memory of the eruptions on Montserrat and St Vincent (with
Universities of East Anglia and Oxford).
Coring and analysis of geothermal well MON#3 (Graham Ryan, Steve Sparks).
Provision of data to WOVO as part of WOVOdat.

5.7 MVO Archive
Work on the MVO Archive has slowed recently. It should pick up at the start of 2017 with new resources
and the support of the MVO Software Engineer. The next stage of the project is to design a portal that
can be used by researchers and the general public.

5.8 MVO Website
MVO continues to maintain a minimal website following a server crash more than two years ago that
resulted in loss of both the primary website and backup data. With the appointment of a new Software
Engineer, development of a new website has begun. The design is expected to be completed in
November 2016 and the website should be populated for release enough by the end of the year. In the
interim, MVO makes extensive use of Facebook and the local radio station ZJB to publicise events and
distribute information about the volcano.
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Appendix A: 25 June 2016 RF event
P. Smith, A. Stinton, T. Christopher, K. Pascal

A1 Introduction
On 27 June 2016, MVO received reports of recent ashfall in the Upper Amersham area from Greg Scott,
a pilot with Caribbean Helicopters. Prior to this, and despite the absence of thermal imagery and visual
observation due to cloudy conditions, MVO had not observed or recorded any unusual activity capable
of generating ashfall.
Following the reports of possible ash fall, ash was observed on the ground in the Upper Amersham area
during a field visit on 29 June. A search of the seismic events databsae also identified a large rockfall
event on 25 June 2016.

A2 Seismics
A search of the seismic catalogue identified a large triggered rockfall signal recorded at around 01:59
UTC on 25 June as a likely source of the observed ash. This event was recorded across the MVO seismic
network, and the signal waveforms are shown in Figure A1. There was also a coincident infrasound
signal recorded by the pressure sensor at MBFL (Flemmings).

A2.1 Infrasound
The record at station MBFL shows an infrasonic signal following the seismic signal, with the pressure
signal onset beginning around 15 seconds after the seismic P-wave arrival.
Using these arrival times, an approximate distance, d, of the source from station MBFL was calculated
using the following formula:
𝑑 = 𝑡! − 𝑡! 𝑣!!! − 𝑣!!!

!!

(2)

Where 𝑡! is the infrasound arrival time, 𝑡! the P-wave arrival time, vi the acoustic velocity and vp the Pwave velocity.
Using the picked arrival times (shown in Figure A2) and velocities vi =348 m/s and vp= 2.5 km/s, resulted
in an approximate distance between the source and station MBFL of 5.9 km. Unfortunately, due to
station outages, no additional infrasound data from other stations were available to corroborate the
signal seen at MBFL, so noise cannot be completely ruled out. However, the coincident timing and the
time delay between the seismic and infrasound arrivals strongly suggest otherwise.

A2.2 Low frequency onset
In addition to the infrasonic signal, spectral analysis shows that the seismic waveforms also contain
significant low-frequency energy (in the 0.1-1Hz range) in the signal onset (Figure A3), similar to that
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seen in previous small explosions at SHV (Figure A4). The examples shown are for minor explosive
events that preceded the onset of extrusion in Phases 3 and 4 respectively (Cole et al., 2014).

Figure A1:

Seismic (and infrasonic) waveforms for the rockfall event on 25 June 2016. The raw vertical
component velocity seismograms are shown from each station, along with accompanying
amplitude spectra. Time axis is in seconds after 01:59:27 UTC and for the spectra the frequency
axis is from 0 to 10Hz. Note that the signal amplitude clipped on the two SPIDERs (MSS1 and
MSUH)

MVO OFR 16-03: MVO Scientific Report for SAC21

66

Figure A2:

Seismic and infrasonic waveforms for the rockfall event on 25 June 2016 recorded at station
MBFL. The top panel shows the seismic signal, with the P-wave onset marked. The lower plots
show the raw and filtered infrasound signals associated with the seismic signal. The marked
arrival times and appropriate seismic and acoustic velocities were used to derive an approximate
distance to the source of 5.9km
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Figure A3:

Seismic signal and its associated S-transform for the rockfall event on 25 June 2016, recorded at
station MBGH. The top plot shows the vertical component seismogram, and the lower plot the
associated S-transform – highlighting the low frequency signal onset with energy in the 0.1 – 1 Hz
range. Note the log frequency scale in the time-frequency transform.

Figure A4:

Seismic signals and associated spectrograms for four different small explosive events at SHV,
recorded at station MBGH. The examples shown are from precursory explosive activity to Phases
3 and 4 (see Cole et al., 2014). The top plots in each panel show the vertical component
seismogram, and the lower plots the associated spectrograms, with low frequency signal onsets
with energy in the 0.1 – 1 Hz range.
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Figure A5:

One hour of seismic and strain data for the rockfall/explosive event on 25 June. The top plot
shows the vertical component seismogram from station MBGH. The lower two plots show the
available 50Hz and 1Hz strain data recorded at 2 CALIPSO stations: AIRS (Air Studios) and GERD
(Gerald’s). 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. No significant strain transient associated
with the seismic signal is seen in the strain data.
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A3 Field observations
Following the reports of ashfall in the Upper Amersham area, MVO staff carried out a field investigation
on 27 June. On landing, ash was observed blowing around and also on the leaves of some plants. Some
of it was caked unto the plants suggesting it may have rained either during or after the ash was
deposited. A small sample of the ash was collected and brought to MVO for analysis.
Observations of the ash under a binocular microscope showed that it is very fine grained and pale
coloured. The ash appeared to contain a high proportion of altered material, as well as some crystal
fragments (Figure A6). A small subsample was sent to Dr Jenni Barclay, UEA, for further analysis, which
confirmed the lack of juvenile material in the ash (J. Barclay, pers. comms., 2016).

Figure A6:

Photograph of the ashfall sample collected from the Upper Amersham area following the rockfall
event on 25 June 2016. The ash appears to contain a high proportion of altered material and no
sign of any juvenile fragments.

A4 Summary
On 25 June 2016, at 01:58 UTC, a large rockfall occurred on the lava dome at SHV. The presence of an
infrasonic signal, along with the low-frequency onset to the seismic signal, strongly suggests at least
some (small) explosive component to the event and that this event was therefore the probable source
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of the ashfall deposits observed in the Upper Amersham area. A viewshed analysis, combined with the
5.9 km distance derived from the seismic signal timings suggests that the source of the infrasound
signal, and therefore the ash and rockfall, is located somewhere on the summit or upper western flank
of the lava dome (Figure A7). A number of high temperature fumaroles (temps > 400 °C) are located at
both the eastern (2006-7 dome) and western ends of the lava dome summit, as well as inside the
summit crater and the upper part of the rear headwall of the 2010 collapse scar. All of these fumaroles
have been present since the start of Pause 5 and are surrounded by altered material. The lack of visual
observations directly after the event has prevented the identification of an exact location for the
rockfall.

Figure A7:

Map showing a circle of 5.9 km radius centred on station MBFL at Flemmings, indicating that this
(approximate) distance is consistent with the source of the signal being from somewhere close to
the dome. The red shading shows the landscape that has an uninterrupted line of sight from the
infrasound station, indicating that the source of the signal may have come from somewhere on
the summit or upper reaches of the west flank of the lava dome.

Analysis of the available strain data from the CALIPSO boreholes shows that no significant short-term
strain signal was observed coincident with this seismicity (Figure A5), suggesting that any explosive
component to the signal was probably small in magnitude.
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Appendix B: Trends in VT earthquake depths since Phase 5
P. Smith (updated October 2016)

B1 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 observation was reported in the previous MVO activity
report, so this section serves as an update to the previous analysis and to promote further discussion
now that an additional few months of data are available.
Depths of local crustal earthquakes such as VTs, with few stations picks and a poorly known velocity
model, are notoriously badly constrained; but identifying a demonstrably robust trend over time may
well provide some useful and important information about long term changes in the stress conditions
and hence the shallow volcanic system.

B2 Data analysis
Figure B1 shows a plot of the depths of VTs recorded since Phase 5, 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 B1, which
show the depths filtered with a sliding 50-day time window.
In order to assess how robust this trend is, and whether it is an artefact of either the location process or
network bias, Figure AX.1 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.
As expected, as the number of station picks increases the error in the depths is reduced, particularly
following the introduction of the SPIDERS to the MVO seismic network in June 2014, shown by the red
dashed line. An important point to note however is that it is not necessarily just the number of stations
that is relevant, as some stations – such as for example more proximal stations with better signal-tonoise ratio for smaller events– will have a greater impact on the hypocenter uncertainty than others.
However, this is something that is difficult to assess here without a much more detailed and in depth
study, although this is potentially an important effect and should be considered a goal for future work to
address.
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Figure B1

Plot of VT hypocentral depths vs time. Left hand panel shows post-Phase 5, right-hand panel
shows post-March 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.

Figure B2 shows the frequency distributions of the VT hypocenter depths and their associated errors,
with the depths approximately normally distributed around a mean depth of just over 1km. The depth
errors are typically 1-2 km, but can be much higher in a few cases.
In order to eliminate events with large uncertainties when assessing the depth trends, earthquake
hypocenters with errors greater than a cut-off depth error of ±4.5 km were discarded. This threshold
was chosen from the depth error distribution to remove outliers and is marked by the dashed red line
on the plots in Figure B2. As can be seen in the lower-right panel of Figure B2, these were mostly events
with 8 picks or fewer. The dataset with these earthquakes with large uncertainties removed is re-plotted
in Figure B4, and shows that the trend remains clear whilst some of the scatter has been reduced –
particularly by removing some of the shallowest events.

MVO OFR 16-03: MVO Scientific Report for SAC21

73

Figure B2:

Frequency distributions of hypocenter depths and their associated errors for VT earthquakes
recorded since March 2012. The lower panels show the depths and their errors as a function of
the number of station picks (P-waves) used in the locations. The red dashed line(s) in the two
right-hand plots mark the chosen cut-off of 4.5 km for the maximum depth error in further
analysis.

For each number of possible station picks (from 4 to 14) the mean and median of the earthquake depths
and their associated depths were calculated, with the results shown in Figure B3. The errors decrease
approximately exponentially as the number of picks increases; whilst the depths appear to increase
almost linearly (the end members of 4 and 14 probably contain too few events for reliable estimates).
However, as both the number of picks and the depths are time-dependent (we are looking at temporal
trends) it is difficult to separate these effects and confidently attribute the change in depth to a causal
result of the number of station picks used.
The depth of the first interface in the 1-D seismic velocity model used by the location program is also
plotted, marked by the black dashed line at approximately 2.5km depth, to gauge whether the depths
are simply converging towards the depth of this interface – although without further data it is difficult to
conclude one way or the other.
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Figure B3:

Hypocentral depths and associated errors, as a function of the number of station picks used in
the location. For each number of picks, the mean (left) and median (right) of the depth and
associated error for the earthquakes (as shown in lower panel of Figure B1 – including all VTs)
are plotted. The dashed horizontal line indicates the depth of the first interface in the 1-D velocity
model used by the location program.

Figure B4:

Plot of VT hypocentral depths vs time. Panels are as in Figure B1, except with earthquakes with
large uncertainties (depth error > 4.5 km) removed from the dataset.
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A further check for bias in the dataset is whether the results are affected by the occurrence of the VT
strings during this time period. These can be seen as short-term increases in depth variability – either
due to physical effects or increased scatter and error due to the high event rates reducing the number
and quality of P-wave picks and hence location quality.
Figure B5 shows the same dataset as in Figure B4 (outliers removed), plus additionally with earthquakes
occurring as part of VT strings removed – leaving ‘normal’ or ‘background’ VTs. This shows that the
trend remains largely unchanged, perhaps even showing a greater increase in depths in the last year or
so.
One of the suggestions in the previous report was to include a longer time series including VT seismicity
occurring prior to Phase 5, and this is shown in Figure B6. This shows that depth errors and scatter in the
dataset are much larger prior to around 2010, likely to be due to the reduced station coverage. Hence it
this makes confident assessment difficult, although there is certainly no clear or trend such as seen since
2012, and the depths could be argued to have remained relatively stable over time.

Figure B5:

Plot of VT hypocentral depths vs time. Panels are as in Figure B1, except with (1) earthquakes
occurring as part of VT strings, and (2) events with large uncertainties (depth error > 4.5 km),
removed from the dataset.
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Figure B6:

Plot of VT hypocentral depths vs time. Panels are as in Figure B1, except that the timescale has
been extended to include all VT events recorded at SHV since December 2004 (left) and July 2008
(right). The black dashed line on the left-hand plot represents the start of time period shown in
the right-hand plot.

B3 Discussion
Recent VT seismicity at SHV appears to show a trend of deepening hypocenters, with the average depths
increasing by around 1000m, from 1 to 2 km, in the 4.5 years or so since March 2012. This suggests the
large magnitude VT string and associated events in March 2012 may have had a significant impact on
the system. The additional data from recent VT hypocenters acquired since the previous MVO report has
continued to follow the same trend of increasing depths.
Overall, the results of the analysis and investigation into possible effects of network bias are
inconclusive. Despite the obvious correlation between increasing station picks and increasing depths
(with decreased errors), it can be argued that the trend is physically real for the following reasons:
•

The trend remains present once outliers and events with large uncertainties are removed

•

The pattern is not a function of being biased by the VT strings (with higher event rates and
higher location uncertainties)

•

Between February 2010 and March 2012 there is a pattern of shallowing depths that occurs
while the number of station picks remains roughly constant (argues against bias)
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•

The trend of increasing depth has continued during last 12-18 month, despite the number of
station picks available reducing due to some extended station outages

Several possible interpretations of this trend are: cooling of the edifice and upper conduit system; an
increased/more established hydrothermal system and degassing pathways, as well other tectonic or
non-volcanic effects. However as yet these explanations are fairly speculative, and this suggests further
investigation into possible causes is warranted.
An interesting observation is that there appears to be no obvious change following the VT string on 8
March 2014, despite this being almost as large in terms of energy release and magnitude as that in
March 2012.
It may also be instructive to look at including the number of S-wave picks rather than just P-waves, as
these are also likely to have a significant impact on depth resolution. The horizontal hypocentral
coordinates could also be investigated for any corresponding spatial patterns.
This analysis highlights that the pattern and distribution of VT seismicity hypocenters should also
continue to be monitored in the future, to see if the trend continues, as any changes may be an
indicator of a further change in the volcanic system and hence possible future behaviour.
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Appendix C: Additional GPS Data

Figure C1:

Tangential displacements recorded at campaign sites during Pause 5 (February 2010- September
2016). The reporting period is bounded by the two blue lines. The station-volcano distance
increases from bottom to top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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, 8 March 2014) have been highlighted (red
dashed line). The distance separating the gridlines corresponds to a displacement of 1 cm. See
Figure 19:
Radial (top) and Vertical (bottom) displacements recorded at campaign sites
during Pause 5 (February 2010-September 2016). The reporting period is bounded by the two
blue lines. The station-volcano distance increases from bottom to top of figure. A background
plate velocity of [E 1.06, N 1.40] cm/yr 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, 8 March 2014) have been highlighted (red dashed line). The distance separating the
gridlines corresponds to a displacement of 1 cm. See Appendix C: Additional GPS Data for
tangential displacements. for radial and vertical components.
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Figure C2:

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 19 for radial and vertical
displacements.

MVO OFR 16-03: MVO Scientific Report for SAC21

80

Figure C3:

Radial extension relative to the volcanic vent since the 1st Jun. 2015. The reporting period (MaySeptember 2016) is bounded by the two blue lines. The station-volcano distance increases from
bottom to top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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 C4:

Tangential displacements relative to the volcanic vent since the 1 June 2015. The reporting period
(May-September 2016) is bounded by the two blue lines. The station-volcano distance increases
from bottom to top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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 C5:

Vertical displacements observed since the 1st of Jun. 2015. The reporting period (May-September
2016) is bounded by the two blue lines. The station-volcano distance increases from bottom to
top of figure. A background plate velocity of [E 1.06, N 1.40] cm/yr 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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