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Ash venting occurring on 23 March 2012 from a new vent in the 11 February 2010 collapse scar.
Ashfall can be seen occurring on the western flank (Right hand side).
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Executive Summary
This report summarises the volcanic activity at Soufrière Hills Montserrat for the period 1 November
2011 to 30 April 2012, including all monitoring and visual observations.
Activity during the reporting period has generally been low. The exception to this has been the events of
the 22 and 23 March 2012, which involved short but intense Volcano tectonic earthquake swarms, ash
venting and increased SO2 emissions.
Seven seismically detectable lahars have occurred in the Belham valley region associated with heavy
rainfall during the reporting period.
Ground deformation recorded by the GPS network continues to show slow inflation similar to previous
pauses in activity.
The SO2 output was initially below the eruption average but periods of increased but fluctuating SO2
have occurred: in November 2011 and following the 23 March event, when very high values were
recorded. The ‘pause’ in lava extrusion which started on 11 February 2010 continues and is twenty six
months long at the time of writing.
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1. Volcanic Activity for the period 1 November 2011 to 30 April 2012
1.1 Narrative

Figure 1.1.1 Seismic, GPS and SO2 monitoring data for the period 1 November 2011 – 30 April 2012. Top: Number
of seismic events detected and identified on seismic system. Middle: GPS measured radial displacement of cGPS
station MVO1 radially away from the SHV vent ‐linearly detrended. Bottom: Measured daily SO2 flux.

Activity has been low during most of the reporting period, although sporadic relatively small
degradation pyroclastic flows (PFs) and rockfalls (RFs) have occurred. The source of these RFs and PFs
has been similar to those that occurred earlier during the pause; however there has been some
instability and RF activity to the SW above Gingoe’s Ghaut that has previously been stable. There have
been very few RFs or PFs from other areas of the dome and one observed PF in the Gages valley in early
March 2012.
Seismicity has generally been low with only brief bursts of volcano tectonic (VT) earthquake ‘strings’
which have occurred a number of times during the reporting period. The events of 22 and 23 March
2012 were the only episode of significant activity during the reporting period (although a VT string in
early December might also have been significant). These events consisted of two intense VT swarms
involving particularly large VT earthquakes (up to ML3.9). It is also worth noting that there was a slight
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but noticeable increase in RF activity which began a few weeks prior to the 22 March (for details of the
events of 22‐23 March see Appendix A1).

Figure 1.1.2 Seismically detected lahars in the Belham valley region (red lines) from 1 November 2011 to 1 May
2012. Blue lines are rainfall (mm/hour) from Windy Hill tipping bucket rain gauge. Green lines are St Georges Hill
weather station tipping bucket rain gauge.

There have been seven seismically recorded lahars in the Belham valley region during the reporting
period (Figure 1.1.2). Five of these events occurred in November and December associated with the end
of the 2011 rainy season. All except one lahar occurred associated with rainfall above 10 mm /hour
(Figure 1.1.2). MVO currently has two operational weather stations, one at St Georges and another at
Windy Hill.

1.2 Seismic Activity from 01 November 2011 to 30 April 2012
1.2.1 Summary
The level of seismic activity recorded at SHV during the reporting period has been low in the context of
the whole eruption. Figure 1.2.1 shows the daily counts of the different earthquake types for the period
1 November 2011 to 30 April 2012 inclusive, and shows that the pattern of declining numbers of rockfall
events and sporadic VT earthquakes has largely continued throughout this pause (pause 5). Low‐
frequency seismicity, encompassing long‐period events, hybrid events and long‐period rockfalls, has
been mostly absent. This pattern of seismicity is typical of a pause in lava extrusion and remains
consistent with the level of activity seen in previous pauses.

Montserrat Volcano Observatory

Page 5

The exception to this was the episode on 22 and 23 March (Appendix A1), when two significant VT
swarms each of around 50 earthquakes occurred. The second swarm was more energetic than the first,
with the largest event having a local magnitude of ML3.9, one of the largest VT earthquakes to have
been recorded at SHV. The most intense phase of the swarm ended with 3 large hybrid earthquakes. A
very long‐period seismic signal (below 0.1Hz) was also observed across the MVO network during this
swarm, coincident with a large amplitude strain signal. This seismicity was followed by mild ash venting
on the morning of March 23.
1.2.2 Current levels of seismicity
The total counts and mean daily event rate for each event type are given in Table 1.2.1. The counts are
given for both the reporting period and for the period since the end of Phase 5, from 12 February 2010
onwards.
Rockfall activity has been generally low, and has broadly continued a declining trend as the dome
stabilizes. However, a slight increase in numbers from 1 March 2012 is visible in Figures 1.2.1 and 1.2.4,
although the low absolute numbers make it difficult to judge its significance.
Several more VT strings occurred during this reporting period (see Section 1.2.3), and with the exception
of the March 22 and 23 episodes, the rate of VT earthquake occurrence has remained roughly constant.
The average daily rate of VTs has been marginally higher for the last 6 months than for the average
across the whole of the current pause, although this will be somewhat skewed by the large number of
events during the swarms of March 22 and 23. Figure 1.2.3 shows the hypocentres of all VT earthquakes
recorded by the MVO network that were able to be located. These locations are, as usual, subject to
large errors and network biases, but the locations are consistent with all recent VT seismicity at SHV,
located within a relatively small seismogenic volume beneath the dome at depths between 1 and 4 km.
The increase in SO2 flux during early December 2011 appears to have coincided with several VT strings
which occurred in November and December 2011 (Table 1.2.3). There was also a clear SO2 response to
the March 22/23 episode with one of the highest daily SO2 fluxes recorded by the DOAS network of 4594
T occurring on 26 March.
Low‐frequency seismicity has been low. However, three large (approximately ML3.5) hybrid events
occurred at the end of the intense VT swarm on March 23, and a further 7 hybrid and 3 LP earthquakes
were recorded during the following 48 hours.
Comparing the current event rates in Table 1.2.1 with the rates calculated for previous pauses in Table
1.2.2, the total mean daily event rate for this pause remains consistent with the event rates seen during
previous pauses.
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Event Type
LP/Rockfall
Hybrid
LP
Rockfall
VT

(a) Pause 5 (since 11‐Feb‐2010)
Total
Events/Day
81
0.10
93
0.12
63
0.08
1240
1.53
721
0.89

Total

2198

(b) 01‐Nov 2011– 30‐Apr‐2012
Total
Events/Day
3
0.02
10
0.06
4
0.02
96
0.53
244
1.35

2.72

357

1.97

Table 1.2.1. Total number of events and mean daily event rates for each earthquake type during (a) the whole
of current ‘pause’ and (b) the period covered by this report.

Event
Type
LPRFs
Hybrid
LP
RF
VT
Total

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

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

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

10969

2359

2797

17.49

3.78

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

Table 1.2.2. Total number of events and mean daily event rates for each earthquake type recorded at SHV during
pauses in lava extrusion. The dates of the pauses are defined as Pause 1: 10‐Mar‐1998 to 27‐Nov‐1999, Pause 2:
01‐Aug‐2003 to 15‐Apr‐2005, Pause 3: 04‐Apr‐2007 to 29‐Jul‐2008, Pause 4a: 14‐Oct‐2008 to 10‐Dec 2008 and
Pause 4b: 04‐Jan‐2009 to 04‐Oct 2009.
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Figure 1.2.1 Daily counts of the different earthquake types recorded by the MVO network between 01 November
2011 and 30 April 2012. 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.
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Figure 1.2.2 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 April 2012. 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 1.2.3 Hypocentres of located VT earthquakes recorded on the MVO seismic network between 01 November
2011 and 30 April 2012 (206 events in total). Note this includes the locatable events of the 100 or so VT
earthquakes which occurred across two swarms on the 22 and 23 March 2012. Error bars indicate the error
estimates in hypocentral latitude, longitude and depth.
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Figure 1.2.4. Daily counts of rockfall events since the end of Phase 5, i.e. from 12 February 2010 until 30 April
2012. The red line represents a 60‐day moving average, and the green a 60‐day low‐pass filter of the daily event
counts. The last 6 months of activity during this reporting period in general continue to show a trend of slowly
declining rockfall activity that was noted in the previous two reports, although a slight increase can be seen from
around the start of March 2012.

Figure 1.2.5. VT earthquakes and SO2 flux since the end of Phase 5. Top: daily counts of VT earthquakes, with VT
strings marked by red stars. The red line represents a 60‐day median filter and the green line a 60‐day low‐pass
filter. Note that some values are clipped to show the trend. Middle: available MVO local magnitudes for located VT
earthquakes. Bottom: Daily SO2 flux, with 7‐day median filter shown in green. Note the clipped value of 4594 T on
26 March 2012, indicated by the red star.
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1.2.3 VT Strings
As discussed at some length in previous reports, VT strings, loosely defined as short, intense swarms of
VT earthquakes, have become a feature of this eruption since late 2007.
Table 1.2.3 lists 8 more strings that occurred during this reporting period, which in general show a lower
number of earthquakes per string compared to earlier examples. It should be noted that Table 1.2.3 only
lists earthquakes large enough to trigger the earthworm event detection algorithm, and in most cases
more, lower amplitude events were identified from manual inspection of the continuous data.
The swarms of VT earthquakes that occurred on 22 and 23 March are listed in this table, but are
discussed in more detail in section 1.2.4. Of the others, shown in Figure 1.2.6, the string on 6 December
2011 was the largest in terms of earthquake numbers and magnitudes, with 10 triggered events
occurring in only 3 minutes, the largest with a local magnitude of ML3.2.
The total number of VT strings identified is now 41 since November 2007, and, if the March 23 swarm is
included, 11 of these have directly preceded surface activity.
Date / Time

Triggering

Located

Duration of String

#

(UTC)

VTs

VTs

(minutes)

1

18‐Nov‐2011 00:22

6

6

74

2

01‐Dec‐2011 03:19

4

4

2

3

06‐Dec‐2011 17:36

10

10

3

4

14‐Dec‐2011 20:46

7

5

3

5

17‐Jan‐2012 16:02

9

8

11

6

29‐Feb‐2012 13:36

3

2

8

7

22‐Mar‐2012 20:04

49

40

47

8

23‐Mar‐2012 07:10

50

30

137

Table 1.2.3 Table listing the VT Strings observed at SHV between 01 November 2011 and 30 April 2012. The table
lists the date and onset time of the string, the number of VT events that triggered the earthworm event detection
algorithm, the number of events that were located, and the approximate duration of the string in minutes. The
swarms on 22 and 23 March are discussed in more detail in the next section.
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Figure 1.2.6 Sections from helicorder plots of stations MBFR and MBLY, showing the fist six VT strings listed in
Table 1.2.3. The string on 6 December 2011 was the largest in terms of earthquake numbers and magnitudes.
None of these strings were followed by subsequent tremor signals or surface activity. The swarms of VT
earthquakes on 22 and 23 March are discussed in more detail in Appendix A1.

1.2.4 Low amplitude VT swarm activity on 30 March 2012
Approximately one week after the seismicity on 22 and 23 March, from around 18:20 UTC on 30 March
there was some low‐level VT activity, with 11 triggered and many more smaller VT earthquakes,
occurring across two periods in approximately 24 hours (see Figure 1.2.7). This pattern of low‐level VT
seismicity, sustained over several hours, is unlike the characteristic shorter bursts of earthquakes that
we have become accustomed to observing with VT strings over recent years. However, the activity did
not continue beyond this 24‐hour period.
The events were mostly small magnitude, just visible on the helicorders, particularly the closer stations
MBFR and MBLG. Only the 11 largest events triggered the earthworm event detection algorithm. This
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was partly due to the low amplitude of the events, but timing errors of >1s at MBFR and MBLY also
contributed, as these stations would therefore not have triggered at the same time as the others (e.g.
MBLG).
This seismicity also appears to have coincided with an increase in strain, recorded by the strainmeter at
Trants (see Figure A1.12).

Figure 1.2.7. Helicorder plot from MBFR, showing low‐level VT activity in two periods across 24 hours of data from
30‐Mar‐2012 13:15UTC.

1.3 Ground Deformation
Ground deformation measurements made during the reporting period indicate a signal that is typical of
repose periods, suggesting a general trend of ongoing ‘inflation’ of the volcanic edifice. Variations in
inflation rate have occurred over shorter timescales (weeks‐months). Near field deformation
measurements indicate a possible change over recent months.

1.3.1 GPS
Measurements from the local continuous GPS (cGPS) network indicate ongoing long‐term inflation of
the volcanic edifice that has maintained a consistent rate over longer timescales (months‐years). Figure
1.3.1 shows radial displacements of Montserrat cGPS stations since before Phase 5 (September 2009).
The data show radial motion away from the volcano throughout Pause 5. A step offset of ~1.6 cm
occurred at Hermitage on 23 March 2012 (labelled). A similar signal may be evident at White’s Yard and
Fergus Ridge – analysis is ongoing. Note that the step in timeseries on 27 January 2012 (labelled) is an
artefact of network stabilisation, due to problems at one of the reference stations (KOUR). More details
are presented in the appendices.
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27 Jan

23 Mar

Figure 1.3.1 Outward radial displacements of cGPS stations from a fixed volcanic vent location (coloured crosses)
and associated uncertainties (grey bars). A background plate velocity of [E 1.06 , N 1.40] cm/yr was removed from
the data, as described in the appendices. Horizontal coloured lines indicate a zero‐velocity (mean) reference for
th
the respective stations. The Phase 5 lava extrusion period is shaded pink. A step offset in all timeseries on 27
January 2012 is a processing artefact. Displacements due to antenna changes have been corrected automatically.

A low‐pass filter was applied to these data, allowing observed displacements to be compared between
successive pauses. Figure 1.3.2 shows the radial and vertical displacements measured at 9 stations in
Pauses 3 to 5. These plots indicate that the nature of current deformation trends is comparable to the
previous two pauses.
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Figure 1.3.2 Radial (left) and vertical (right) components of displacement measured at 9 cGPS stations around
Montserrat during Pauses 3 (black), 4b (red) and 5 (blue). Solid lines indicate co‐pause deformation; dashed lines
show deformation during the subsequent extrusion phase. A 60‐day low‐pass filter was applied to the data.

Figure 1.3.3 shows horizontal velocity vectors estimated from GPS data during the reporting period,
compared to those of the whole of during Pause5. Vectors are broadly consistent with a trend of edifice
inflation due to a pressure source beneath the volcano, suggesting that the system remains active and
continues to yield deformation signals that are similar to those observed during previous pauses in
extrusion.
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Figure 1.3.3. Horizontal deformation velocities measured at cGPS and eGPS stations around Montserrat during
Pause 5 (12 Feb 2010 to present, black) and for the reporting period (11 Nov 2011 to present, red). Velocities are
calculated relative to a regional tectonic plate model defined using velocities from local and reference stations that
provide a statistically consistent plate rotation pole/ velocity.

1.3.2 EDM
EDM measurements provide some of the most near‐field deformation data. Figure 1.3.4 shows baseline
length changes recorded over the EDM network. A network map, showing some of the newer baselines,
is provided in the appendices to this document. At least two of the EDM baselines (EDBR_EDWR – on
the southwestern flank – and MVO2_EDUF – on the northern flank) show a significant trend change at
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around February 2012. Both these lines show shortening by 2‐4 cm during this time. It should be noted
carefully that the boulder at EDUF, into which the reflector is fixed, began to split open in late 2011.
However, baseline data from EDBR_EDUB (western flank) may show a similar trend, though the
timeseries for the new site is very short. There is no significant change on the EDJH‐EDHE line
(northeast), which has typically shortened during extrusion, but the other lines were installed since
Phase 5 so there are no comparable data. The sudden shortening of three baselines may be significant
and indicate a change in the distribution of deformation, perhaps associated with an acceleration of
inflation over the past ~2 months. Such conclusions can only be drawn speculatively from data recorded
on unknown baselines, as there may be a localised response to larger‐scale changes in deformation.

Line Length Change (m)

MVO2_EDGM

0.12
0.1
0.08
0.06
0.04
0.02
0
‐0.02
‐0.04
‐0.06
‐0.08
01/Aug/10

EDBR_EDWR

30/Jan/11

EDBR_EDUB

31/Jul/11

MVO2_EDUF

29/Jan/12

EDJH_EDHE

29/Jul/12

Figure 1.3.4 Changes in the length of EDM‐measured baselines around SHV. MVO2: MVO Flemmings; EDGM:
Lower Gages Mountain summit; EDBR: Broderick’s DOAS site; EDWR: Upper White River/ St Patrick’s; EDUB: Upper
Broderick’s/ Spring’s; EDUF: Upper Farrell’s plain (boulder appears to be splitting since Nov 2011); EDJH: Jack Boy
Hill; EDHE: Hermitage cGPS site.

1.3.3 Strain
Strain measurements have shown significant deformation associated with the 23 March 2012 seismic/
venting event. These data and discussions are included in Appendix A1.
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1.4 Gas Monitoring
1.4.1 SO2 Emissions
This report covers the period from January 2011 until 13 April 2012, during which data was obtained for
83% (388) of the days. The daily average during this period was 420 t/d, a striking feature of the period
is the departure of the SO2 fluxes from the ~2.5 pulsatory signal observed from 2002‐2010. The daily
average from January 2011‐mid February 2012 was 389 t/d, after which the daily average was 720 t/d,
from then until the end of the reporting period. There are pulses of elevated flux present in the signal
on the order of months, occurring in March 2011 ‐June 2011, August 2011‐ October 2011 and November
2011‐ January 2012. The March 2011 ‐June 2011 and November 2011‐ January 2012 pulses , correlate
well with VT earthquake activity (Fig 1.4.1). The increased daily average starting in mid February 2012,
was initially independent of earthquake activity however the intense seismic events of March 22nd and
23rd correlated well with a further increase in the SO2 emission rate. There was a time lag between the
occurrence of the earthquakes and the SO2 which responded on the 24th (2400 t/d). The daily flux value
of 4600 t/d on March 26th is the third highest value measured by the spectrometer network since its
installation in 2002.

Figure1.4.1 ‐ Daily SO2 flux variation from Jan ‐2011 till present. Red line is 11 day filtered data, green vertical lines
represent Volcano‐Tectonic earthquake strings/swarms.

The SO2 emission rate went down on 27 March, and stayed low (daily average 400 t/d) unitil early April.
The SO2 emission rate once again increased till mid April (880 t/d), after which the average daily
emissions were back at 400 t/d till the end of the reporting period.
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1.5 Dome Volume and Morphology
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 PF and RF activity that has
continued to remove very small amounts of material from the dome. During the current reporting
period, there has been only one PF which occurred on 9 March 2012. As with previous PFs during this
current pause, it has not been possible to make direct measurements of the deposit volume for the
event due to its proximity to the dome. However, using an empirical relationship between runout and
flow volume (Calder et al., 2002; Wadge et al., 2010), the small PF on 9 March 2012 is estimated to have
a volume of the order of 104 m3. Thus, the volume of the dome at the end of the current reporting
period is still approximately 190 x 106 m3.

1.5.2 Dome Morphology
The general morphology of the dome remains largely the same as described in MVO Report to SAC 16
(MVO 2011). Minor changes have occurred during the reporting period, related to mass wasting
processes and the ash venting in March 2012 (Appendix 1).
When observations were possible, it was noted that minor rockfall activity continued to remove
material from the steep faces in the northern (collapse scar), eastern, southwestern and western sectors
of the dome.
During an observation flight on 17 February 2012, a new thermal feature on the east side of the dome
was observed for the first time by MVO staff (Fig. 1.5.1). The fumarole area is located at the base of the
cliff in the 2006‐7 dome, at the head of the Tar River Valley and appears to be situated in a rubbly unit of
lava (Fig. 1.5.1). There is an area of yellow and white sulphur deposits on the cliff above the region
where the warmest temperatures have been identified. This area has been the site of warm
temperatures (< 60 °C) prior to January 2012, however, the temperatures recorded on 17 February were
considerably higher, ranging from ~90 °C to a maximum of 275 °C.
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Figure 1.5.1: Visual and thermal IR images of the larger and warmer fumarole area located at the base of the cliff in
the 2006‐07 dome at the head of the Tar River Valley. All images acquired 17 February 2012. The black box in the
upper panel shows the approximate location of the close up shot of the fumarole region in the lower right panel.

The small PF that occurred 9 March 2012 travelled approximately 1.5 km down the west flank and into
the head of Spring Ghaut. The source of the flow, which appears to be in the same area on the flank as
previous PFs, close to the summit of Chance’s Peak appears to be marked by a small overhang. This PF
occurred 3 days after an unseen large RF/small PF originated from the same location, forming a warm

Montserrat Volcano Observatory

Page 21

spot on the fixed FLIR camera at MVO. The warmspot was still visible on 8 March and did not appear to
increase in either temperature or area following the PF on 9 March.
The most significant changes to the dome occurred associated with the ash venting on 23 March 2012,
which saw the formation of two new vents on the northern and NW flanks of the dome (for more details
see Appendix A1).
1.5.3 Dome incandescence and fumarole temperatures
Incandescence continues to be observed on the dome during exceptionally clear nights from the various
features described in MVO Open File Report 11‐02. The VT swarms and ash venting in late March 2012
do not appear to have affected the number or location of incandescent features. The long‐established
gas vent located in the floor of the collapse scar continues to record uncorrected temperatures > 200 °C.

2. Discussion of activity and comparison with past activity
2.1 Pause in dome growth

Figure 2.1.1 Seismic, GPS and SO2 monitoring data for the period 1 January 1995 – 30 April 2012. Extrusive phases
and pauses are in shown red and green respectively. Top: Number of seismic events detected and identified on
seismic system. Middle: GPS data smoothed with 7day running mean filter. red: Radial displacement of station
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MVO1 (GAMIT processing), linearly detrended.. black: GPS Height of HARR. Bottom: Measured SO2 flux, filtered
with 7day running median filter.

The current pause is now 27 months long, easily the longest pause in the eruption so far. Similar to the
SAC 16 reporting period (1 March to 30 October 2011) this six month period has been one of low activity
and no visible extrusion. Degradation rockfalls and pyroclastic flows have been rare throughout the
period. However the events of 22‐23 March demonstrate that the volcano has not shut down and
interpretation of the geophysical monitoring system indicates that these events were involved with
dynamic processes occurring at depths of at least 6 km and that surface activity occurred associated
with this in the form of ash venting.

2.2 Dome Stability
The lava dome at Soufrière Hills continues to exhibit remarkable stability. There has been only one PF in
the current reporting period, on 9 March 2012, from the Gage’s Flank, and the number of rockfall events
has remained low, averaging less than one event per day (see section 1.2.1). The continued decline in
rockfalls and PFs probably reflects the continued cooling of the dome interior leading to a more stable
outer carapace.
The seismic and ash venting activity from 23 March has not disturbed the overall integrity of the dome
with no new fumaroles or fractures forming on the dome (although clear observations have been rare).

2.3 Criteria for continuation of activity
At SAC 16 it was agreed that we would move away from the notion of identifying the ‘end of the
eruption’. Rather we will now consider three established criteria that indicate the potential for future
activity, these are:
• Seismicity – low frequency seismic swarms and tremors
• Gas – daily SO2 rates above 50 tonnes per day
• Ground deformation –significant ground deformation
Although low‐frequency seismicity has been low, some of the largest VT earthquakes to have been
recorded at SHV occurred during this reporting period. SO2 levels are around 420 tonnes per day (on
average since January 2011) and have had periodic marked increases. Furthermore the cGPS network
continues to show ongoing slow inflation which is considered significant. Therefore there is abundant
evidence that the volcano is still active and linked to the deep plumbing system.
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3.

Hazard and Risk

The remaining lava dome is still of considerable size. This was estimated at 190Mm3 at the start of the
pause in February 2010. Only a few percent of the dome has been removed by rockfalls and pyroclastic
flows since then. As so little material has been shed in the past 6 months the situation with the stability
of the dome and the quantity of material available is near identical to that in SAC 16. We consider that
little has changed in with regards to the Hazard and Risk associated posed by SHV since SAC 16.

4. MVO Monitoring Networks
4.1 Seismic Monitoring
The MVO seismic network has performed adequately, although monitoring capacity and data quality at
some stations in the network has been compromised by ongoing timing issues, and a lack of functioning
spare hardware‐ particularly digitisers and GPS antennas.
4.1.1 Instrumental changes at stations
Table 4.1.1 below lists the changes to instruments that have taken place at individual seismic stations
during the period covered by this report, and specific issues that have been resolved.
Station

Date

MBBY
Broderick’s Yard

13‐Jan‐2012

MBGB
Garibaldi Hill

14‐Feb‐2012

MBHA
Harris

21‐Nov‐2011

MBRV
Rendezvous
MBWW

11‐Apr‐2012

Details of changes
Station offline from 30‐Nov‐2011 due to power cable
problem and water in the pit, following heavy rainfall. Re‐
established on 13‐Jan‐2012 after a change of seismometer,
digitiser and seismometer cable. T36253 (CMG‐3ESPC)
replacing T4343.
Due to the construction of the new LIME building this
station has now moved from the top of Garibaldi Hill to a
pre‐existing concrete vault a few metres South down the
slope. The site now operates with independent power and
is telemetred direct to MVO.
Instrument T4C67 was re‐installed at Harris on 21‐Nov
2011, but the station has since suffered from a timing
problem, with the digitiser unable to get a GPS fix from
several different antennas.
Station offline as instrument and digitiser were retrieved
and brought back to MVO for testing.
Visit and extensive maintenance by J. Neuberg and team
from University of Leeds. A different 120s CMG‐3T (T333)
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Station

Date

Waterworks

26‐Mar‐2012

Details of changes
instrument has now been installed. A brand new 6 channel
digitiser and new GPS antenna were also installed.

4.1.2 Ongoing problems and known issues
MBHA, MBLG and MBRY at Harris, Long Ground and Roches Yard on the Eastern side of the island have
had continual telemetry problems with regular daily data gaps. Whether this is due to interference
during radio telemetry or in the network path via Silver Hill is still unresolved.
Several stations have experienced timing problems, notably MBFL, MBFR, MBGB, MBHA and MBLY. This
is seemingly due to a combination of faulty GPS antennas and/or digitisers.
On 9 February 2012, the clocks of digitisers at three stations (MBFL, MBGH and MBLY) simultaneously
jumped by 1 second due to a leap‐second bug related to certain Trimble‐Lassen GPS antennas. This issue
was corrected by manually applying a patch to the affected digitiser’s firmware as advised by Guralp.
For several weeks during this reporting period the station at MBLY appeared to show a step change in
gain or sensitivity on the vertical component throughout the day. There were also some strange low‐
amplitude noise/spikes that were seen as regular lines (aliased) in the spectrograms. After
correspondence with Guralp, this issue remains unresolved. We suspect the digitiser is faulty as it
currently reports the timing at this station is OK despite an obvious offset in the data.
No available six‐channel digitisers has meant data from the infrasound sensor at MBGB is currently not
being recorded.
4.1.3 Future developments
4.1.3.1 Short term goals
12 new GPS antennas and cables have been ordered from Guralp. Also, 7 digitisers have been sent back
to Guralp for repair, and will be returned to MVO shortly. These, together with the new GPS antennas
should help, in the short‐term, to resolve the persistent timing problems at some stations and reduce
some of the pressure on resources.
4.1.3.2 Longer term plans
In their proposal to manage MVO, SRC and IPGP suggested that the seismic monitoring system should be
reviewed before the end of the first five‐year contract. The recommendations from this review will form
part of the proposal that will be submitted for the renewal of the MVO management contract. This
report is now almost complete, and is currently being costed. Preliminary proposals include:
•

Standardising equipment and installations
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•
•
•
•
•
•

Replacing older equipment
Upgrading vertical short‐period stations to broadband
Two new broadband stations at South Soufriere (collocated with cGPS), and Jack Boy Hill (re‐
occupying existing site)
Several potential new near‐dome stations to help with depth constraints and detection of
smaller magnitude events. Candidate sites are Hermitage, Galways and Gages Mountain.
Integration of two SRC‐funded stations (at sites in Silver Hills and Redonda) and one more Leeds
station (borehole sensor in Olveston)
Minor revisions and upgrades to software

4.2 Ground Deformation Monitoring
4.2.1 cGPS
Upgrades and maintenance of the cGPS network is ongoing. A new cGPS site at St George’s Hill (SGH1)
was activated on 16th April 2012. The rusting spike monument at White’s Yard (WTYD) was replaced with
a braced, reinforced cement monument in March 2012. Two new NASA‐funded stations were installed
at Roache’s Yard and Northwest Bluff (Silver Hills) in April 2012 with help from UNAVCO engineers. The
sites are part of a collaborative venture by G. Mattioli with MVO. One further MVO site installation at
Redonda is scheduled for late May 2012. MVO will be assisted by UNAVCO to install a CORS‐standard
site and data will be pooled publicly into the (UNAVCO) COCONet project.
Telemetred access to MVO cGPS stations has remained good throughout most of the reporting period.
The continuous Link to SPRI (Spring Estate) has been restored. Data from four cGPS stations operated by
the CALIPSO project are available publicly and used by MVO in routine processing. Numerous regional
reference stations are used in stabilisation of GPS processing results. There has been significant loss and
degradation of data from the KOUR (Kourou) reference station, which is important in local data
stabilisation. It remains unclear whether and when this will be fixed.
Following a lightning strike, the whole Air Studios (CALIPSO) site, including AIRS cGPS, was offline. An
interim receiver setup was installed on 30 March 2012 and collected data until the site was overhauled
in April 2012. Corrosion of the antenna cable at Spring Estate (SPRI) cGPS caused loss of data between
22 Feb and 3 May 2012.

4.2.2 eGPS
A network of eleven benchmark surveying pins are occupied episodically (for about a week every ~2
months), to extend MVO’s deformation surveying coverage. Upgrades to some of these sites is ongoing;
installation of a short, threaded rod antenna mounts at selected sites will improve installation accuracy
and speed up deployment time.
4.2.3 GPS Archiving & Processing
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Significant effort has been made to re‐convert and organise archive GPS data (pre‐2004). An absence of
detailed records and metadata logs has been a major obstacle but the archive is approaching a stage at
which the data can be processed. Upgrades to the current acquisition and archiving routines at MVO are
also in progress in order to accommodate raw GPS data formats from newer receiver models in use.
Processing of raw GPS data is carried out using the MIT GAMIT/GLOBK software suite. A new suite of
automated MATLAB scripts now read GAMIT/GLOBK output, apply correction and quality control
algorithms and rotates each station’s timeseries data into a radial, tangential and vertical local
coordinate frame. A series of plots, such as those included in this report, are then automatically
generated each day from the up‐to‐date GPS data. This output will shortly be synchronised with
WEBOBS.
4.2.4 EDM
Routine EDM surveying is ongoing and incorporates a number of single baselines (see map in
appendices). One new reflector was installed at Upper Broderick’s (EDUB) to provide a radial baseline on
the west‐southwest flank. This site is measured from Broderick’s DOAS (EDBR) and will also be
measurable from the new cGPS site at St George’s Hill.
4.2.5 Tilt
MVO has two platform tiltmeters awaiting installation when digitiser(s) become available. The priority of
this work remains low due to the considerable risk that the instruments are not sufficiently sensitive to
measure volcanic signals from the sites that they could be deployed at (without the expense of large‐
scale site construction). Borehole tiltmeter instruments would be more appropriate for installation on
Montserrat and the potential for such a project continues to be explored. The largest obstacle to
overcome is acquiring appropriate drilling equipment to make a deep enough borehole.
4.2.6 Strain
Strain data are measured at the CALIPSO stations and data are transferred to MVO. Air Studios was
offline for most of the reporting period as it awaited repairs. The team from CIW visited Montserrat in
April 2012 and overhauled the strainmeter acquisition system. The updated acquisition system at MVO
synchronises the strain data archive with the main UNAVCO repository.

4.3 Gas Monitoring
4.3.1 UV network upgrade
The four new spectrometers that form part of the network upgrade are being tested at MVO to assess
the stability of the operational and retrieval software. To date the longest duration of continuous
operation without crashing has been nine days. During the testing the instruments are being controlled
remotely thus the telemetry link is also being tested and has worked well throughout the testing period.
When the robustness of the software and telemetry has met satisfactory standards (approximately

Montserrat Volcano Observatory

Page 27

another month), the next step will be to install the spectrometers at the 4 chosen sites. At around this
time that the final visit from Vitchko Tsanev is expected where the processing of the acquired data will
be addressed. Traverses (from the helicopter and boat) using new spectrometers have been performed
on an ad‐hoc basis since June 2011; traverses have been used to test the integrity of the data obtained
from scanner networks (e.g. Salerno et al., 2009). There are two important observations from the
comparison, first is that the values obtained from the traverses are consistently higher that the values
obtained from the network (Figure 4.3.1), the second is a similar trend on both datasets from December
2011 till present.
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Figure 4.3.1‐ Comparison of daily flux values obtained from traverses with the new USB2000+ spectrometers and
the S2000 network spectrometers.

4.4 Dome Volume
No changes to MVO’s capabilities for measuring Dome Volume have occurred in the reporting period.
The AVTIS3 instrument and stereo photogrammetry remain the methods for data acquisition.
The AVTIS3 instrument, which had been out of commission since late September 2011 due to a problem
with the computer and gimbal (see MVO report to SAC 16, MVO 2011), has been repaired and is
currently waiting to be redeployed to Windy Hill.
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4.5 Remote Cameras
Currently, MVO has two remote cameras in operation at Harris Lookout and Garibaldi Hill. Both cameras
have experienced short‐term outages due to various power and firmware issues that were resolved
quickly. Harbortronics, manufacturers of the time‐lapse kit in operation at Harris Lookout, released a
firmware upgrade for their digisnap controller to fix issues relating to random freezes. This upgrade was
installed in late April 2012. There are plans to acquire one additional StarDot IP camera for installation at
a site, most likely Harris, on the NE side of the volcano for observing changes in the scar. The camera
damaged by lightning in September 2011, is on its way back to the manufacturer to see if it can be
repaired.
A new StarDot IP camera has been installed in the Belahm Valley, just east of Cork Hill. This camera,
provided by Mel Froude and Jenni Barclay of UEA, is telemetered back to MVO and is for monitoring
lahars. Images from the camera are available through Webobs.

4.6 Thermal Cameras
The fixed FLIR (Forward Looking Infrared) thermal camera mounted on the roof of the MVO has
continued to be an important part of monitoring activities. No problems have been encountered during
the current reporting period. The handheld camera continues to be used on observation flights and from
various vantage points around the volcano whenever weather permits clear observations of the dome.
Although useful, the camera is rather old and somewhat limited in terms of its specification. The existing
batteries have reached the end of their life and replacements have been ordered. In addition, a range of
options for purchasing a new, much more sophisticated handheld thermal imager are being
investigated.

4.7 Remote Sensing Data
Acquisition of TerraSAR‐X radar imagery continues on a monthly schedule. Continued conflicts with the
TanDEM‐X satellite acquisitions mean that only imagery from the ascending orbit, from which the best
view of the western flanks of the volcano is gained, is consistently acquired. No imagery has yet been
acquired from the descending orbits that image the eastern flanks of the volcano. A solution to this is
still being investigated.
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4.8 Sulphur Dioxide (SO2) Diffusion Tubes
Ground level SO2 concentrations are measured using diffusion tubes (passive samplers) at ten locations
on Montserrat; the tubes are supplied by Gradko Environmental who are accredited by the United
Kingdom Accreditation Service (UKAS).
Air quality guidelines are formulated to assess the health impacts associated with SO2 concentrations
and recommendations vary depending on the country. SO2 guidelines tend to be for shorter averaging
periods (10 minutes to 24‐hours) and therefore cannot be used when looking at the monitored SO2
diffusion tube concentrations on Montserrat. The United States National Ambient Air Quality Standards
include an annual limit of 30ppb which could be used when looking at the annual mean monitored
concentrations.
Concentrations were averaged on a monthly basis, using three (3) tubes as of July 2010, and two(2)
tubes prior to that time. The Chances Peak site was added in November 2011.
The average concentration of the diffusion tubes at each location since the beginning of Pause 5 to the
end of February 2012 are shown in Figure 4.8.1.
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Figure 4.8.1 Monitored SO2 concentrations (ppb) Feb 2010 to February 2012.
Figure 4.8.1 shows average concentrations during this period have remained relatively stable, except for
that of Chances Peak, which is in very close proximity and downwind of the volcano. The readings for
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Chances Peak were diluted by five (5) to read within the method of the calibration range. The low level
readings, corresponds with the low level of volcanic activity during this monitoring period. However,
results corresponding to the VT activity in March were not received up to the reporting period. There
have been several peaks in data at both the Plymouth (P.H.Q.) and Brodericks (DOAS) monitoring sites.
As expected, monitored concentrations are higher at those locations closer to the volcano and
downwind of the plume (Plymouth (P.H.Q.), Chances Peak and Brodericks).
The annual mean concentrations of tubes at some locations, is shown in Figure 4.8.2. The result shown
for 2012 is from three readings collected thus far.
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Fig 4.8.2. A comparison of concentration of tubes to that of The United States National Ambient Air Quality
Standards which has an annual limit of 30ppb. Since 2009, only the expected sites closest to the volcano were
showing readings of above 30ppb. Sites further away in inhabited areas are not shown, but remain way below the
30ppb limit.
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4.6 Infrasonic monitoring
The infrasound array at MVO, operated by The University of Florence, has been inoperative during this
reporting period. This is due to hardware damage caused by the 17 September 2011 lightning strike, and
the installation is currently awaiting replacement parts for repair.
During maintenance of the MBWW (Waterworks) seismic station in March by a team from the
University of Leeds, the three infrasound sensors at this site were found to be damaged. These have
been removed and are yet to be replaced.
The two infrasound sensors operated by MVO at seismic stations MBFL (Flemmings) and MBGH (St.
George’s Hill) have continued to function during this reporting period. However, data from the
infrasound sensor at MBGB (Garibaldi Hill) has not been recorded since April 11 due to a lack of available
6‐channel digitisers.

5. MVO Operations
5.1 Staffing
There have been no staffing changes at MVO during the reporting period. However Dr Henry Odbert will
be leaving his position as of 18 May 2012. A replacement for him is being sought. Interviews will be held
before the end of May 2012. In the meantime cover for ground deformation will be provided by SRC
staff.
5.2 Local Staffing Review
A review of Local Staff compensation packages including new job descriptions, terms and conditions and
introducing performance related pay for all local MVO staff was finally undertaken by Ms Sarah
Holloway in February and March 2012.
5.3 Education and Outreach
In November2011, MVO organised a poetry competition themed “Volcano in my Backyard” for
Montserrat schoolchildren.140 students participated and the winners presented their poems at the
‘Alliouagana Festival of the Word’ in November 2011.Poetry entries are on display on MVO’s website
and Montserrat Public Library.
MVO’s monthly radio programme “Volcano Vibes” debuted in late February and has aired regularly
since. The programmes are posted as podcasts on MVO’s website and in iTunes.
Montserrat Science Week was held in late January. The event was organized in collaboration with other
groups on island and included activities that featured Soufriere Hills volcano, Reefs, Sea turtles, the
endangered Mountain Chicken, and the Montserrat Oriole Activities included three public presentations
(that were well attended), MVO Open Day, an informational display at the Montserrat Public Library, a
guided forest hike, a guided boat tour from Little Bay to Plymouth led by Dr. Paul Cole, a Children’s Fun
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Day, and a Children’s Scavenger Hunt. The MVO’s Open Day included a tour of the Operations Room
with interactive seismic activities, hands‐on demonstrations of deformation monitoring, gas monitoring,
and safety equipment, and viewing of volcanic rocks and artefacts.88 students participated in the
Children’s Scavenger Hunt and the winners received a helicopter ride to view the volcano and Trants.
In addition to regularly posting news articles, the website has been updated with such things as an “Ask‐
a‐Question” button, which is used by people from both Montserrat and abroad. On request from
schools, classroom visits and school field trips, ranging from nursery children to secondary
schoolchildren, to MVO have been conducted.
5.4 Helicopter
The contract between MVO and Caribbean Helicopters has been renewed for another year until 31
March 2013. This continues to be an excellent working relationship, although a fuel source on
Montserrat is still to be established. The current contract includes a minimum of 2 hours per week
throughout the year.
5.5 Volunteers
The volunteer program remains popular with three different volunteers being at MVO over the
reporting period. The volunteers, who have worked on a variety of projects have included:
Victoria Sword‐Daniels November 2012
Seb Mueller University of Lancaster, UK, March‐April 2012. photogrammetry tools for extracting digital
terrain models of the dome from oblique aerial photographs.
Tom Sheldrake Bristol University March April 2012
5.6 Collaboration
Selwyn Sacks and others from Carnegie Institute of Washington DC, USA visited for CALIPSO site
maintenance in April 2012.
UNAVCO technicians installed 2 new cGPS stations in April 2012. These are collaborative with Glen
Mattioli at University of Texas.
Dav MacFarlane, (University of St Andrews, UK) AVTIS maintenance /troubleshooting April 2012
Jurgen Neuberg and a team from the University of Leeds visited for maintenance of the MBWW seismic
station in March 2012. They were accompanied by Yan Lavallee, Bettina Scheu and others from LMU
Munich, to gather field samples for their research.
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In February 2012, Henry Odbert visited Benoit Taisne and Steve Tait at IPGP to start a project
investigating a new approach to deformation modelling, accounting for surface loading, source
deformation, magma decompression and more realistic source geometry.
In January 2012 Henry Odbert organised a GAMIT/GLOBK workshop at with 15 overseas participants.
Vitchko Tsanev / Brian Jones (Cambridge University, UK) – DOAS Upgrade December and January 2012
5.7 External Research Projects with significant MVO involvement
In March and April 2012 Dr Adam Stinton was involved in IODP Expedition 340: ‘Lesser Antilles
Volcanism and Landslides’ as member of the scientific staff. The expedition drilled and recovered
sediment cores through volcaniclastic and marine deposits adjacent to the islands of Montserrat and
Martinique. The expedition proved to be very successful and collaboration will continue with
researchers from the University of Southampton (UK), Tuffs University and Oregon State University
(USA) on the tephrochronology of a site SW of Montserrat.

5.8 WEBOBS
Development of WEBOBS at MVO, to incorporate more sophisticated handling and access to datasets
and automated plotting tools, is ongoing. Infrastructure for equipment management has been
incorporated and simple issue‐tracking modules in WEBOBS have been developed but not yet
completed. The use of WEBOBS for tracking important changes in monitoring networks/ equipment
upgrades and repairs provides a relatively easy means of preventing loss of information, as has
happened previously.
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Appendix 1. Events of 22 ‐23 March 2012
A1.1 Introduction and Chronology
On 22 and 23 March seismicity increased markedly at SHV in the form of two VT swarms. The first
occurred at 20:04 UTC on 22 March with 49 VT events over 47 minutes and had no visible surface
activity associated with it. Eleven hours later at 07:10 UTC on 23 March a second more intense VT
swarm occurred over more than two hours (see next section on seismicity for details). There were no
precursors to the VT swarms although there had been a slight increase in rockfalls for the two weeks or
so prior.
The first visible activity occurred at around 12:00 UTC on 23 March when increased fumarolic activity
was noticed, together with a steam plume emanating from a previously unknown location behind Gages
mountain (See white arrow on Fig A1.1a). At this time ash was being weakly emitted from the collapse
scar/dome summit region. Ash emission then increased in intensity and vigour over the next few hours,
with fallout occurring on the western flanks (Fig A1.1b). This reached a peak at 15:45 UTC with intense
black jets or ‘cocks tails’ rising to heights of 500 m above the crater floor (Fig A1.1c) and lasted 10 to 15
minutes. The ash venting plumes reached maximum altitudes of around 6000 ft during the morning of
23 March.
Observers at Jack Boy hill confirmed that this ash venting was occurring from the back of the collapse
scar and not the long‐lived fumarole that had previously been identified (Black arrow in Fig A1.1c)

Fig A1.1 views of volcano on morning of 23 March 2012 from MVO. (a) 8:00am LT white arrow indicates new
fumarole and crater formed sometime after the VT swarm earlier on 23 March (b)10:30 am LT showing ash venting
and ashfall (c) Peak of ash venting at 11:55am LT showing strong black jets.
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A1.2 Craters
The main vent, which was the source of the ash venting, was located in the floor of the 11 February
2010 collapse scar, south of the remnants of the old English’s Crater wall and southwest of the long‐
lived, high temperature fumarole (Black arrow in Fig A1.1, ‘Gas vent’ in Fig. A1.2). The vent is estimated
to be around 30 and 50 metres across and has a slightly elliptical shape, elongated in the NNE‐SSW
direction. A significant tephra rampart was constructed around the rim of the vent. The second, smaller
vent is located outside of the collapse scar, on the slope between Gage’s Mtn and the lava dome. This
vent, estimated at 30 m long, has a more elongate shape, having a fissure‐like appearance. It is
elongated crudely in a E‐W direction and appears to be aligned with the gas vent in the floor of the
collapse scar. However, there appears to be no obvious structural relationship between the three vents.
Thermal images acquired on 13 April revealed three hotspots and a maximum (uncorrected)
temperature of approximately 43 °C inside the vent, while observations on 24 April revealed water was
ponding inside the vent outside the collapse scar. No thermal images or close visual observations of the
new ash vent in the collapse scar have been made due to cloud conditions.

Figure A1.2 : Two oblique aerial photographs of the new vents formed during the ash venting on 23 March 2012.
The image on the left shows the location of the main vent inside the 11 February 2010 collapse scar relative to the
long‐lived gas vent and the remnants of English’s Crater. Photo by Greg Scot, Caribbean Helicopters, 4 April 2012.
The second image shows the new steam vent located to the west of the 11 February 2010 collapse scar, behind
Gage’s Mtn.

1.3 Rockfall activity
Although the numbers are low, there was a slight increase in the number of rockfall events beginning 5
March 2012, 18 days prior to the first VT swarm on 22 March. The start of the increase cannot be
correlated with heavy rain or changes in SO2 flux (due to the lack of data) suggesting it is a possible
precursor to the VT swarms and ash venting.

Montserrat Volcano Observatory

Page 37

Figure A1.3.1 Cumulative plot of daily rockfall events as recorded by the MVO seismic network against the SO2 flux
for the period 5 November 2011 to 23 April 2012. The orange star marks the occurrence of the two VT swarms.

Increases in rockfall activity have occurred prior to activity in previous pauses at SHV (e.g., Pause 1;
Norton et al., 2002) and other volcanoes e.g., Redoubt, 2005 (DeRoin and McNutt, 2012), so it is
reasonable to assume this the increase observed from 5 March is related to the VT strings on 22 and 23
March 2012. The cause of the increase is not known, though one possibility might due to slight
pressurisation inside the dome.
It is perhaps somewhat surprising that, although the two VT swarms on 22 and 23 March are two of the
most intense since 1995 and included events that were reported as being felt locally on Montserrat,
there was almost no RF activity on the 22 and 23 March with only three events on 23 March, two of
which occurred several hours after the VT swarm and ash venting had begun. Clearly the VT activity did
not shake the dome enough to generate rockfalls.

A1.3 Seismicity on 22 and 23 March 2012
Swarm 1: 22 March 2012
Beginning at around 20:04 UTC on March 22, a string or swarm of VT earthquakes occurred, including
several relatively large amplitude events. A total of 49 events were triggered by the earthworm
detection algorithm in 47 minutes between 20:04 and 20:51 UTC, although this number is somewhat
subjective as the high event rate meant some triggered files contained several events which had to be
manually selected and cut out. A manual count, including many smaller events identifiable in the
continuous data, gave a total 113 events in just less than 1 hour between 20:04 and 20:59 UTC. Three
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60s RSAM alarms were triggered at 20:11:08, 20:20:07 and 20:26:06 UTC, corresponding to some of the
largest events in the swarm with MVO local magnitudes of between ML2.6 and ML2.9.
Due to outages and timing errors at several stations (particularly two of the closest MBFR and MBLY) a
maximum of only 7 stations were available for picking phases. This meant large errors in the determined
hypocentres, particularly the depth constraints. Nevertheless, the locations appear to show the vast
majority of events occurred <2km below the northern part of the dome, with no obvious migration of
the hypocenters with time (Figure A1.3). There was no visible increase in degassing, ash venting or
accompanying tremor immediately after this seismicity; however it was followed by a more intense VT
swarm approximately 11 hours later.

Figure A1.3. Hypocenters of all located VT earthquakes during the swarm on 22 March 2012. Top: 30 minute long
vertical component seismogram recorded at station MBLG. Left: Hypocenters of 40 located events with associated
errors. Right: Temporal evolution of the local magnitudes and hypocenter coordinates.

Five of the best constrained of these earthquakes were selected for further analysis. These were
selected on the basis of the smallest depth error and clearest first‐motion polarities. VT earthquakes
such as these are similar to small tectonic earthquakes, and focal mechanisms of such events are
typically determined from P‐wave first‐motion polarities. Fault‐plane solutions calculated in this way,
using a small number of polarities, are notoriously sensitive to various sources of error, including
polarity errors and poorly constrained local seismic velocity structure (Hardebeck & Shearer, 2002;
2003). Nevertheless, hypocenters and some determined focal mechanisms for these 5 earthquakes are
shown in Fig A1.4. For more detail, further examples and discussion on the quality of the solutions, see
Appendix A2.
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Firstly, the focal mechanisms, although in some cases badly constrained, show that there are a range of
fault‐orientations and solutions in these events. There are however some similar mechanisms, with
events 1 and 3 closely located and sharing similar mostly normal‐fault type mechanisms. Events 2 and 4,
with mostly strike‐slip mechanisms are actually among the least robust (see Appendix A2), and do not
correspond to the “rotated” events of Roman et al. (2006), as the p‐axis azimuths are closer to the un‐
rotated NE‐SW trend.

Figure A1.4. Best‐fitting average focal mechanisms for 5 of the best constrained events from the March 22 VT
swarm. Those shown are estimates of the best solutions with associated errors, using polarities only and generated
by USGS HASH software (Hardebeck & Shearer, 2002;2003). See Appendix A2 for more details.

Swarm 2: 23 March 2012
At 07:10 UTC on March 23, an intense swarm of VT earthquakes occurred, including several very large
amplitude events, undoubtedly some of the largest magnitude VT earthquakes to have occurred at SHV
during the last few years. A total of 52 VT events were triggered by earthworm between 07:10 and
09:27 UTC, although the majority (and the largest magnitude) occurred in only 15 minutes between
07:10 and 07:25. Again, this count of triggered events is somewhat subjective due to the high event
rate. A manual count gave a total 123 events in 79 minutes between 07:10 and 08:29 UTC. Because of
the very large amplitude and overlapping codas due to the close temporal spacing, this is likely to be an
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underestimate and some smaller events will likely have been missed. Three 60s RSAM alarms were
triggered at 07:12:04, 07:20:04 and 07:22:05UTC, corresponding to some of the largest events in the
swarm with MVO local magnitudes of up to ML3.9, significantly larger than the swarm 11 hours earlier,
or any VTs recorded at SHV since the end of Phase 5.
The end of the most intense sequence of large magnitude VTs was marked by the largest amplitude
earthquake at 07:19:58. There were several felt reports from Montserrat, and this event was recorded
regionally and able to be located by SRC, with a recorded duration magnitude of 3.5. This was followed
by 3 distinct large magnitude (ML3.5) hybrid events at 07:20:31, 07:21:00 and 07:21:45 (Figures A1.5 and
A1.6). The spectrogram in Figure A1.5 shows that these hybrid events had energy concentrated between
0.5‐5Hz, distinctly different to the broader spectral content and lack of low frequencies seen in the VT
events. The third large hybrid event at 07:21:45 was able to be located at a depth of 3.0 km ±1.2km bsl.
Following this 15‐minute long sequence, the swarm continued for approximately 2 hours, but at a much
reduced rate and amplitude. Outages and timing errors at several stations, and the close spacing and
overlapping codas hindered picking of first arrivals for some events. Therefore the errors in the
determined hypocenters (Figure A1.7) are even larger than for the swarm on March 22. Again, there was
no clear migration or evolution of the hypocenters.
As for the March 22 swarm, six of the best constrained earthquakes were selected for further analysis,
again selected on the basis of the smallest depth error and clearest first‐motion polarities. Hypocenters
and determined focal mechanisms for these earthquakes are displayed in Fig A1.8. Again, for more
detail and discussion on the quality of the fault‐plane solutions see Appendix A2. One observation is that
the largest magnitude ML3.9 event appears to have occurred slightly to the north of the others, even
with errors considered, placing it beneath the 11 February 2010 collapse scar, rather than below the
dome summit (Figure A1.8).
The focal mechanisms again show a range of fault orientations, although these are even worse
constrained, as the extremely close temporal spacing of these events will likely have led to polarity
errors. There are some similarities with the previous swarm, with two of the shallower events, 1 and 3,
showing similarly oriented normal‐fault type mechanisms. Again, the two mostly strike‐slip type
solutions would if anything, correspond to the un‐rotated solutions of Roman et al. (2006) with NE‐SW
trending p‐azimuths rather than the 90° rotated NW‐SE trending solutions.
On this basis, the evidence does not appear to support the interpretation of an opening of a NW‐SE
trending dyke, which could be inferred from the strain data, although it cannot be ruled out either.
However, the poor quality of the solutions, and the fact that only a small subset of the events have been
analysed suggests any interpretation should be treated with caution.
As discussed earlier, following this seismicity on the morning of March 23 there was a clear increase in
degassing from a new fumarole on the flank behind Gages mountain and ash venting from a new vent in
the collapse scar. Only most vigorous phase of the venting was accompanied by low‐amplitude tremor,
shown alongside a photo of the vent in Figure A1.9. The tremor signal was clearest on stations closest to
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the dome, and has a broad spectral content, with energy between 3 and 12 Hz, and lasted for
approximately 7 minutes.

Figure A1.5. Vertical component seismogram and associated spectrogram showing the 3 large hybrid events that
occurred at the end of the VT swarm, following the largest ML3.9 VT event. Note the energy concentrated between
0.5‐4Hz, in contrast to the 3 VT earthquakes between these hybrids, which shown a lack of low‐frequency content.
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Figure A1.6. Vertical component seismograms recorded at 6 broad‐band stations showing the waveforms of the 3
large hybrid events that occurred at the end of VT swarm. Traces are arranged in approximate order of distance.
These three events occurred in 2 minutes, with the third event having a local magnitude of ML3.5

Figure A1.7. Hypocenters of all located VT earthquakes during the swarm on 23 March 2012. Top: 15 minute long
vertical component seismogram recorded at station MBLG. Left: Hypocenters of 30 located events with associated
errors. Right: Temporal evolution of the local magnitudes and hypocenter coordinates.
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Figure A1.8. Best‐fitting average focal mechanisms for 6 of the best constrained events from the March 23 VT
swarm. Those shown are estimates of the best solutions, with associated errors, using polarities only generated by
USGS HASH software (Hardebeck & Shearer, 2002;2003). See Appendix A1 for more details.
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Figure A1.9. Photo and seismogram showing the tremor signal associated the most vigorous phase of ash venting
on March 23. Note that station MBLY used in the figure has a timing error of around 20s, but possessed the best
signal‐to‐noise ratio in order to display the tremor signal. Note the small rockfall signal at ~260s and VT event at
~550s on the plot. The photo was taken from Jack Boy Hill at approximately 15:48 UTC.
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Very long‐period signal
Figure A1.10 shows the very‐long period (below 0.1Hz, greater than 10s period) seismic signal, that was
recorded by the MVO network during the intense phase of the VT swarm on March 23. It shows vertical,
radial and transverse component velocity seismograms from the operational broadband stations; low‐
pass filtered using a 2‐pole zero‐phase Butterworth filter with a 0.1Hz cut‐off. The dominant period
varies between stations, but is as long as 100s seconds and below at some stations.
The amplitude has been corrected for instrument gain and digital calibration (but the instrument
response has not been removed) and normalized for each station. Interestingly, the horizontal
components dominate at some stations such as MBBY, but at other such as MBGB, the vertical
amplitude is much more significant, ruling out tilt as a source of the signal. The data also appear to show
three distinct pulses at most stations, although the horizontal components of the closest station (MBLG)
in particular have much more complex waveforms. These three pulses coincide with each of the three
phases seen in the large amplitude strain signal recorded at Trants, shown together with the seismic
signal in Figure A1.11. The source of this very long‐period signal is still being investigated.

Figure A1.10. Vertical, Radial, and Transverse component seismograms, low‐pass filtered below 0.1Hz.The
amplitudes have been normalized for each of seven broadband stations, showing the relative amplitude between
horizontal and vertical components. Note amplitudes have been linearly corrected to velocity and are uncorrected
for the instrument response. The traces are arranged in approximate order from the source (closest at top)
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Figure A1.11. Seismic, strain and high‐rate GPS data for the event on March 23. Both panels show 900 seconds of
data beginning at 07:10:00 UTC, with data in the right‐hand panel low‐pass filtered below 0.1Hz. The seismic data
are vertical component seismograms recorded at MBRY and MBGB. Strain data are high‐rate (50Hz) and 1Hz
signals recorded at Trants. The 1Hz GPS data show the vertical, north and east components of motion from 3
stations at Harris, Hermitage and White’s Yard, processed relative to station MVO1.

A.1.4 Strain
Notable strain measurements were recorded during the seismic/ash venting event of 23 March 2012.
FigureA1.12 shows strain data recorded by the Trants borehole strainmeter in March and April. A clear
~diurnal variability in the data is the ocean tide loading at Trants. Long term instrument drift (positive
change) is approximately linear and is caused by ongoing equilibration of the borehole instrument. The
drift in the timeseries is more complex in the weeks either side of a periodic valve reset; one of which
occurred on 17 April 2012.
A ‘step’ of about 250 nanostrain (nE) occurred at Trants during the seismic activity of 23 March. High‐
rate detail of the strain timeseries is shown in Figure A1.11. Though the event appeared to generate an
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inelastic strain signal in the short term, it seems that some or all of the strain step was reversed over the
following 4‐5 days. There is no ready explanation for a long‐term (>>hours) negative gradient in the
data, other than such a release. The increase in strain at Trants between 30 March and 3 April was
perhaps a repeat of a similar process, associated with VT activity on 30th/31st March. Three small (10s of
nE) strain steps occurred in late April 2012, and these may correspond to very small fragmentation
events in the shallow conduit. There was no seismicity associated with these events.
Typically, data from multiple strainmeters can significantly constrain the source of strain signals. Data
recovered from the Gerald’s strainmeter by the CIW team indicates that the strain source was
consistent with a shallow reservoir and dyke (Mogi+Okada) source. Notably, these extra data can be
used to confidently exclude the involvement of a lower pressure source (deep reservoir). To this extent,
the March 2012 appears to have similarities with the March 2004 explosive activity.

Figure A1.12. Strain measurements made at Trants (tr) between 13 March and 10 April 2012. Data are
sampled at 1Hz and unfiltered. Calibration factor provided by A.Linde

A1.5 SO2 pulse
SO2 pulses associated with previous VT activity has been recognised, however in the other previous
cases the gas pulses were less intense and had longer durations. The SO2 pulse associated with the
events of 22‐23 March occurred roughly a month after the SO2 emission rates started increasing from
an average of ~400t/d. The delayed pulse began on the 24th, and peaked on the 26th . The flux value on
the 25t March was considerably lower (690 t/d) than the days either side. The OMI satellite mounted
spectrometer produced flux estimates of > 1000‐2000 t/d on the 24 March and 600‐1300 t/d on the 27th,
no data was available for the 25th and 26th. These observations are consistent with the increased flux
rates obtained from the network spectrometers.
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A1.6 Summary and some speculative interpretation
The events of the 22‐23 March represent a remarkable occurrence in terms of the magnitude of both
the seismicity and strain signal generated. Surface activity was less striking, but the ash venting was
certainly the strongest to have occurred during this ‘pause’ and two new craters were formed, one by
the ash venting and another associated with steam‐rich fumarolic activity.
The slight increase in rockfalls about two weeks prior, and some proximal deformation suggested by the
EDM data up to two months prior, as well as increased levels of SO2 emissions suggest some precursory
local near‐field deformation of the dome and immediate surroundings. Such proximal deformation
shallow in the edifice could perhaps be explained by an intrusion of magma within the dome, although
the low rockfall numbers and lack of significant thermal anomalies indicate the volume of such an
intrusion is likely small. A broader deformation step‐change is evident in the most proximal continuous
GPS stations before and after the event.
The VT earthquakes on 23 March were some of the largest recorded at SHV. Focal mechanisms of a
selection of events show no obvious patterns, although more detailed analysis might reveal more.
The absolute magnitudes (100s nE) and ratio of the strain signals measured at Trants and Geralds
indicate that the source of deformation is consistent with the shallow magma reservoir and dyke with
no contribution from the deeper system. The relatively short duration of the strain signal, and the
inferred speed of mass transport through the dyke, suggests gas rather than magma was the driving
force, entering a dyke/fracture above a shallow (~6 km) magma reservoir. That this did not lead to
explosive fragmentation is perhaps surprising. The correlation of three VLP seismic signals with three
distinct phases in the strain signal suggest a propagation of the strain source, and further analysis may
place some depth constraints on the source of these signals.
The 22‐23 March events have broad similarities with VT strings that have occurred at SHV since 2007, in
terms of the relatively short duration of the VT seismicity and correlation with ash venting and increased
degassing. The strong pulse of SO2 associated with this event is similar to increases in emission
associated with several other VT strings. However, the magnitude of this event was clearly much larger
and strain events have not been identified with other VT strings. It seems that these events likely share
some, but perhaps not all, of the same system dynamics.
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Appendix 2: Focal mechanisms of VT earthquakes on March 22‐23 2012.
Focal mechanism analysis was undertaken for two datasets comprising of the best constrained
(hypocenters) events selected from the VT swarms on March 22 and 23 2012 (see Section A1.3).
In order to try and assess the quality and robustness of the focal mechanisms determined, this appendix
presents various tests that were performed on the datasets for each swarm. The solutions were
calculated using several different software packages and approaches, and the sensitivity to the
(relatively) large depth errors was explored. The use of SH to P amplitude ratios to try and further
constrain the solutions was also trialled.
A2.1 March 22 swarm
Comparison of methods

Figure A2.1 Focal mechanisms for the 5 best constrained events chosen from the VT swarm on March 22. Each
focal sphere shows focal mechanisms determined using first motion polarities only by three different methods.
Positions of the P and T axes are also marked. Blue: best fitting average solution computed by USGS HASH software
(Hardebeck & Shearer 2002;2003). Green: solution computed from PINV moment tensor inversion software, Red:
solution determined using FPFIT fortran software (Reasenberg & Oppenheimer 1985).
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Depth sensitivity

Figure A2.2 Depth sensitivity of focal mechanisms for selected March 22 events. The solutions were determined by
moving the hypocenter vertically within its depth error bounds. Top: solutions for upper depth bound (truncated
to 0.5km bsl if above), Middle: solutions using original hypocentral depth. Bottom: solutions for lower depth
bound. Focal mechanisms were determined using a 10° search angle using FOCMEC (Snoke et. al 1984) by varying
the hypocenter depth and recomputing the appropriate take‐off angles.
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SH to P amplitude ratios

Figure A2.3 Focal mechanisms for March 22 events constrained using SH (tangential) to P (vertical) amplitude
ratios in addition to first‐motion polarities. Top: Solutions determined using FOCMEC with a 5° search angle.
Bottom: Best fitting average solutions computed using HASH software.

The three methods employed use slightly different approaches. FPFIT uses a grid search method to find
the double ‐couple fault plane solution that best fits a given set of observed first‐motion polarities.
HASH also uses polarities but in addition can employ amplitude ratios, and one of the advantages with it
is that it finds one or a few best solutions, rather than having to select one from amongst many as with
FOCMEC. The PINV program makes a preliminary best fault plane solution based on polarities, by
inverting for an assumed double‐couple moment tensor with unit amplitudes.
The results in Figure A2.1 show that the three methods are in broad agreement for most of the events,
although event number 4 is the worst constrained, perhaps suggesting polarity errors.
Figure A2.2 shows that some of the solutions obtained are more robust (e.g. event 1), and less sensitive
to depth, as the solutions appear stable across the depth range. Other events show multiple solutions
(particularly event 5) which show distinct families, possibly related to the network configuration.
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Figure A2.3 suggests that using amplitude ratios does not necessarily improve or better constrain the
solutions, although it did reduce the range of solutions found by FOCMEC. Those generated by HASH in
particular, change little from the solutions using polarities only, although event number 2 switches from
strike‐slip. The many assumptions and sources of error introduced by using amplitudes such as: poorly
constrained velocity structure, Poisson’s ratio, Q model and site effects, as well as difficulty in identifying
some S‐wave arrivals, suggests their use should be avoided as the impact on the solutions appears
minimal. More picks and polarities, from a fully functioning network without timing errors, would likely
help to improve hypocentral locations and constrain focal mechanisms more.
A2.2 March 23 swarm
Comparison of methods

Figure A2.4 Focal mechanisms for the 6 best constrained events chosen from the VT swarm on March 23. Each
focal sphere shows focal mechanisms determined using first motion polarities only by three different methods.
Positions of the P and T axes are also marked. Blue: best fitting average solution computed by USGS HASH software
(Hardebeck & Shearer 2002;2003). Green: solution computed from PINV moment tensor inversion software, Red:
solution determined using FPFIT fortran software (Reasenberg & Oppenheimer 1985).

The differing methods are again in general agreement, although maybe not as much as for the March 22
swarm. Event 1 seems the most reasonable and again, in general, the normal faulting mechanisms seem
to be more robust.
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Depth sensitivity

Figure A2.5 Depth sensitivity of focal mechanisms for selected March 23 VT events. The solutions were determined
by moving the hypocenter vertically within its depth error bounds. Top: solutions for upper depth bound
(truncated to 0.5km bsl if above), Middle: solutions using original hypocentral depth. Bottom: solutions for lower
depth bound. Focal mechanisms were determined using 10° search angle using FOCMEC (Snoke et. al 1984) by
varying the hypocenter depth and recomputing the appropriate take‐off angles.
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SH to P amplitude ratios

Figure A2.6 Focal mechanisms for March 23 events constrained using SH (tangential) to P (vertical) amplitude
ratios in addition to first‐motion polarities. Top: Solutions determined using FOCMEC with a 5° search angle.
Bottom: Best fitting average solutions computed using HASH software.

Figure A2.5 shows the largest magnitude ML3.9 event (number 6) appears to be very depth sensitive –
with a different solution in the middle of its range compared to the extremes. This is reflected in the
different solution generated by FPFIT and HASH, which show something closer to strike‐slip than the
dip‐slip solution produced by FOCMEC. As this event was detected regionally and located by SRC, it is
planned to incorporate these further distal picks and polarities to try and constrain the solution further.

It should be noted that all the solutions shown in this appendix have assumed a pure‐double source
mechanism, so this analysis does not give any information about any volumetric or CLVD components of
the earthquake sources.
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Appendix 3: GPS‐Measured Deformation at SHV
A3.1 GPS post processing
Figures A3.1‐A3.3 show the radial, tangential and vertical components of displacement at Montserrat
cGPS stations, compared to Antigua. The first‐order response of ground deformation to volcanic activity
is most pronounced in far field stations in the horizontal (radial) component and near field stations in
the vertical component.

Figure A3.1 Horizontal displacement of cGPS stations radially outward from the volcano. A fixed tectonic
motion has been removed from the data but no other de‐trending was used. Automated step‐offset
adjustments were applied where equipment has been changed over the years. Stations are arranged in
order of increasing radial distance from the vent. A zero‐velocity reference line is shown at the zero‐
mean position for each station, coloured accordingly. Phases of lava extrusion are shaded pink
(transitional phases in pale pink). Ornament is otherwise as used in the MVO report to SAC 16.
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Figure A3.2 Horizontal displacement of GPS stations tangentially, clockwise around the SHV vent. Data
manipulation otherwise as described in Figure A1.1.
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Figure A3.3. Vertical displacement of GPS stations on Montserrat. No tectonic signature is removed
from these data. Data manipulation otherwise as described in Figure A1.1.
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Figure A3.4. Horizontal radial displacement of campaign (e)GPS stations on Montserrat between 2009
and 2012. Data manipulation and ornament as described in Figure A1.1.
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Figure A3.5. Vertical displacement of eGPS stations on Montserrat between 2009 and April 2012. Data
manipulation and ornament as described in Figure A1.1.

A3.2 Tectonic Plate Model for Montserrat
The tectonic component of displacements recorded on Montserrat would ideally be removed before
analysing timeseries data and velocity estimations. This tectonic component can be gleaned from
knowledge of regional plate motions or derived from our own data. The GAMIT/GLOBK software
contains a ‘plate’ module, which has allowed us to estimate the tectonic motion of the Antilles region
based on data recorded on Montserrat and regional stations. This approach has been used to remove
the tectonic component of time series shown in this report and the following brief explanation serves as
a summary/ reference.
Velocities were estimated from the complete cGPS timeseries record. Longer timeseries generally
constrain velocity estimates better. The method for defining a plate model for use in geodetic
computation involves grouping a series of stations which are statistically consistent when compared to a
fixed‐plate rotation (i.e. their residual velocity to that ‘plate’ is acceptably low). The plate motion may
thus be defined by three rotation velocities, around three orthogonal earth‐centred axes. The plate
model removed from the data shown here is defined by rotation velocities of ‐0.084, ‐0.110 and 0.117
degrees per million years about the X, Y and Z axis of the WGS84 Earth‐Centred, Earth‐Fixed (ECEF)
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Cartesian reference frame. This is used in conjunction with a‐priori velocities of various stations used in
the processing routine to estimate velocities that are approximately relative to a fixed Northern Antilles
tectonic plate.

A3.3 EDM Network
Figure A3.6 shows the distribution of EDM baselines around the flanks of SHV for reference to the main
report text.

Figure A3.6 MVO EDM Network sites (circles) and measured baselines (dashed lines). Pale red indicate
sites that are not used in routine surveying.

Montserrat Volcano Observatory

Page 61

