MVO Report to the SAC 14
Part 2 - Appendices
Open File Report OFR 10-01b

Tephra plume developed at 13:27 on 11 February 2010 (Photo courtesy MJ Penkala)
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Appendix 1 - Cyclic Seismic and Volcanic Activity During Phase 5 of the SHV Eruption
H. Odbert and R.C. Stewart

A1.1

Introduction

Phase 5 of the ongoing eruption of the Soufriere Hills Volcano has shown strong cyclic activity, in
different datasets, with at least two very different periodicities. There is a medium-term variation in
seismic, deformation and visible activity with, to date, three distinct episodes between 5 and 7 weeks
long. These appear also to be associated with the location or direction of extrusive activity on the dome.
Additionally, there are regular short-term cycles in seismic and volcanic activity with periods between 4
and 14 hours.

A1.2

Processing Methods and Operational Use

The presence of regular cycles in seismic activity during Phase 5 was used in MVO operations. It allowed
some confidence in forecasting periods of possible increases in volcanic activity which could be
considered in the organisation of field work and managing access to the Hazard Zones. At all times, MVO
adopted a cautious approach in this: MVO did not have a full understanding of the causes of the seismic
cycles and experience had shown that dangerous activity could occur at times that were independent of
the cycles.

Examples of usage include:




Using the longer-term trends in the cycles and in the rockfall counts as a qualitative proxy for
extrusion rate.
Using the regular spacing of cycles to limit fieldwork and access to the Hazard Zones to times
when activity was low.
Watching for patterns in the cycles that might provide warning of a dangerous event. The cyclic
activity during Phase 4b had shown a very rapid escalation in the intensity of the cycles prior to
the explosions on January 3, 2009. There were three occasions in January and February 2010
when MVO took precautionary actions based on changes in the cyclic activity.

Some of the real-time assessment was based on visual examination of helicorder plots, spectrogram
plots and RSAM data. MVO also developed some near-real-time time series analysis tools to allow
regular and rapid assessment of the cycles by MVO staff, both on duty and from home.
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A.1.2.1 RSAM Processing
The RSAM data recorded at MVO provides rapid and easy assessment of cyclic seismic activity. Stewart
et al (2009) showed how a simple running-median filter can be used to separate the RSAM data into
background tremor and individual events, and used this to monitor activity during Phase 4b in 20082009.

The data processing has been updated to provide more stable, consistent estimates of both tremor and
events from RSAM data. The main improvement was a switch to calculate RSAM form short-period (SP)
seismic data instead of Broad-Band (BB) data, by adding a 1 Hz high-pass filter in the real-time data
processing. The other improvement was to develop a scheme to combine the RSAM data from most of
the stations in the MVO network to generate network-average RSAM data including the Network
Average RSAM (NARSAM) and the Network Average Smoothed RSAM (NASRSAM). A full description of
the methodology is given in Section 4.1.3.

Initial analysis of this processed RSAM data is probably just as subjective as the analysis of the helicorder
and seismogram plots. Stewart et al (2009) attempted spectral analysis of the processed RSAM data, but
this proved difficult because of the inherent characteristics of the time series.

A.1.2.2 Wavelet Analysis
Changes in the regularity and intensity of cycles in a time series can be assessed using wavelet analysis,
which compares a time series to an assumed wavelet shape over time and frequency space (Odbert and
Wadge, 2009). Where the wavelet and the time series show strong correlation, the magnitude of the
Continuous Wavelet Transform (CWT) is high. The CWT thus identifies parts of a time series that
approximate to the form of a specified wavelet. In this case, the Morlet wavelet is used which – in
simplest terms – corresponds to a sine wave-like signal. The use of such a generic wavelet is justified for
analysis of data for which no a priori knowledge is available. The wavelet of choice is stretched in the
time domain to calculate the transform value at different ‘pseudo frequencies’. An advantage of CWT
analysis is that it can allow identification of multiple, complex systematic variations present in a time
series over a range of frequencies and through time. There is no requirement of data windowing as-per
spectral and spectrogram analysis. A more extended summary and demonstration of the method was
given by Odbert and Wadge (2009).

CWT RSAM analyses are now automatically generated and routinely used at MVO to indicate where the
processed RSAM time series contains one or more periodic components and to show how the intensity
and frequency of those components varies with time. The results from such analyses have been useful in
tracking variations in cyclic activity at the daily timescale.
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A1.3

5-7 Week Cycles

Since the onset of the current eruptive phase in October 2009, there have been three distinct Episodes
of activity, each lasting between 5 and 7 weeks. These are defined by a change in the frequency of
occurrence of rockfalls, changing ground deformation trends and changes in observed surface
behaviour. Figure A1.1 combines observations of pyroclastic flow activity with seismic and cGPS data
between 3 October 2009 and 14 February 2010. The three Episodes are summarised in Table A1.1.

Figure A1.1
Data for the period 3 October 2009 to 14 during Phase 5 of lava extrusion. The
boundaries of three episodes are indicated using vertical red lines. a) Pyroclastic flows recorded by MVO
staff. Each flow is assigned one of 6 directions and one of 3 sizes. b) Daily count of Rockfalls and
LP/Rockfalls from the MBFL SHZ helicorder plots. c) Northing displacement of TRNT cGPS station after
removal of a linear deflation trend. The line shows the 7-point running mean.
Table A1.1 - Episodes in Phase 5
Duration
(days)

Dates

Dominant PF
direction

Eruptive events

1

42

9 Oct – 20 Nov 2009

West

None

2

49

20 Nov 2009 - 8 Jan 2010

North-East

Culminated with three explosions

3

37

8 Jan - 14 Feb 2010

West

Culminated with two explosions and
dome collapse

4

?

14 Feb 2010 - ?

North and
North-East
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The pyroclastic flow data and the rockfall activity (Figure A1.1(a) and (b) respectively) show a clear
variation in activity, with the seismic data almost cyclic in nature. The cGPS data suggests a cyclic trend
which lags slightly behind the rockfall data, most clearly during Episodes 1 and 2.

Similar episodic behaviour has been observed during previous extrusive phases at the SHV, in 1997 and
perhaps between 2005 and 2007, although none of these appears to have had any associated periodic
ground deformation at first inspection.

A1.4

4-14 Hour Cycles

Cyclic activity with a much shorter period, between about 4 and 14 hours, has been evident during most
of Phase 5, and was a dominant feature between late November 2009 and the dome collapse on 11
February 2010. The cycles are present in both seismic and observational data.

Seismic cycles occurred in three distinct types of seismic activity at different times. The first of these
were swarms of regular hybrid earthquakes, which merged to form continuous tremor (see Figure
1.2.2). The regular nature of distinct earthquakes is still apparent in the tremor and spectrogram
analysis shows spectral features that shift as their frequency-of-occurrence changes, giving rise to
variations in spectral interference (see Neuberg et al. (2000) for an example). This type of cyclic activity
was identified for two periods in Phase 5, from 30 October to 6 November and from 25 November to 7
December, 2009. In both cases, there is evidence of rockfall activity being more common during the
cycle peaks.

The other two types of seismic activity that showed cycles were rockfalls and a continuous low-level
tremor which contained no discrete events. The latter was almost always associated with ash-venting
near the summit of the dome. These occurred both independently and in combination. Two helicorder
plots are shown in Figure A1.2 to illustrate this activity. The left panel shows regular cycles of tremor
where the rockfall activity is not associated with the cycles. The right panel shows regular cycles that
combine both tremor and rockfall activity.
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Figure A1.2
Helicorder plots showing cyclic seismic activity. Left: 17 October 2009, MBLY. Right: 17
December 2009, MBFR.

Rockfalls and pyroclastic flows during Phase 5 were not always confined to the seismic cycle peaks and
there were times when there was apparently no temporal relationship between them. This limited the
confidence in using cycles as an operational tool for hazard forecasting at MVO.
The pattern of short-term seismic cycles during Phase 5 to date can be seen in the NASRSAM data
plotted in Figure A1.3. This was calculated using the BB RSAM data, as SP RSAM data is not available for
the whole period. There were a large number of station outages during Phase 5, particularly from lateDecember 2009 to late-January 2010, making it difficult to calculate a stable NASRSAM. Data from the
most reliable station, MBFL SHZ, are substituted where necessary.
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The data in Figure A1.3 show a number of interesting features. The cycles are very varied in their shape.
The cycles associated with the regular hybrid seismicity in late-November and early-December 2009 are
almost sinusoidal, although they show a degree of asymmetry, usually waning more rapidly than they
start. The cycle peaks associated with rockfall activity and ash-venting tremor are much more impulsive,
with peak duration shorter than the intervals between them. These cycles show a wide variation in
shape, which precludes general characterisation.

Fig A1.3 Processed NASRSAM data for four consecutive 34-day periods from 4 October 2009 to 14
February 2010. Blue indicates NASRSAM data, calculated from the BB RSAM data. The sections plotted in
black represent data from MBFL SHZ, as this was the only station operating at the time. Normalisation
between the two datasets was determined empirically. Timings of large events, including explosions and
the dome collapse, are indicated by red vertical lines.

The most striking feature in Figure A1.3 is that the time between the cycle peaks and, to a lesser extent,
the amplitude of the cycles varies systematically. This is discussed in Section A1.5.

A more detailed examination of the activity for each Episode is made using the CWT method.
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A1.4.1 Episode 1: 9 Oct 2009 – 20 Nov 2009
Figure A1.4 shows the CWT of the RSAM time series recorded at MBFL between 1 October and 25
November 2009. MBFL SHZ is used here because data are available almost without interruption
throughout Phase 5. A slightly elevated transform magnitude can be seen between about 11 and 25
October with a pseudo-period of about 6 hours. This corresponds to the frequency of occurrence of
loosely-bunched groups of rockfall and pyroclastic flow events and tremor. After 25 October, the
spacing of the cycle peaks increased, reaching about 14 hours by mid November. Rockfall activity
reduced towards the end of Episode 1.

Figure A1.4
Absolute Morlet Continuous Wavelet Transform of the RSAM time series calculated for
seismic station MBFL_SHZ between 1 October and 22 November 2009 (upper plot). Transform magnitude
is indicated by the colour scale (blue for low values and red for high values) and is represented
qualitatively here. Pseudo period in hours is given along the left axis. The lower plot shows the original
time series with timings of ash venting episodes indicated by red lines.
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A1.4.2 Episode 2: 20 Nov 2009 to 8 Jan 2010

The transition into Episode 2 was defined by a marked increase in rockfall count concomitant with a
change in character of the sub-daily cycles. Until around 24 November, sub-daily cycles were poorly
organised or absent. For the remainder of Episode 2 cycles were remarkably well defined, with the
period between ‘peaks’ in activity ranging between about 4 and 8 hours. The CWT analysis in Figure A1.5
illustrates the regularity of cycles in the RSAM data throughout Episode 2. From around 9 December,
cycle period increased steadily to about 8-9 hours by early January. Cycles of frequency modulation can
also be seen in the CWT plot, occurring over time scales of about 4-5 days. Intensity of activity waned in
the days leading up to the 8 January explosion and this is reflected by the drop in transform magnitude
in Figure A1.5. Cycle period may have decreased slightly in the few cycles before the explosion.

A1.4.3 Episode 3: 8 Jan 2010 - 14 Feb 2010
The 8 January 2010 explosion disturbed the cyclic behaviour that had been observed in the preceding
months, as shown in Figure A1.6. It is therefore taken as the boundary between the second and third
episode. The character of Episode 3 is markedly different from the first two episodes. The occurrence of
several large eruptive events (Vulcanian explosions and a partial dome collapse) is likely to be
responsible for a disruption to the mechanism(s) generating sub-daily cyclicity. Deformation trends
indicate that the displacement trends observed in the first two episodes were repeated in the third,
suggesting a disruption to the longer-time scale mechanisms as well as the short cycles.
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Figure A1.5
Absolute Morlet Continuous Wavelet Transform of the RSAM time series calculated for
seismic station MBFL_SHZ between 18 November 2009 and 10 January 2010 (upper plot). Ornament as in
Figure A1.4. The lower plot shows the original time series with the timing of the 8 January Vulcanian
explosion indicated by the red line.
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Figure A1.6
Absolute Morlet Continuous Wavelet Transform of the RSAM time series calculated for
seismic station MBFL_SHZ between 1 January and 11 February 2010 (upper plot). Ornament as in Figure
A1.4. The lower plot shows the original time series with the timing of Vulcanian explosions and large
PFs/collapse events indicated by the red line and black lines, respectively.

A1.5

Analysis of Short Seismic Cycles

The NASRSAM data shown in Figure A1.3 was used to measure the characteristics of each seismic cycle.
Because of the very varied nature of the cycles, only three data points were measured for each: the
start, the peak, and the end. This was done as consistently as possible. The times and amplitudes of the
three data points were then used to give useful metrics on the timing, size and shape of the seismic
cycles.

The best timing metric is the time between the peaks of adjacent cycles. The times between the starts
and the ends of the cycles shows a similar pattern, but is much more scattered due to the greater
uncertainty in measuring those points. The best size metrics were amplitude and duration. The
amplitude was taken as the difference between the peak amplitude and the average of the amplitude at
the start and end of the cycle. Several shape metrics were calculated in an attempt to capture the
asymmetry or the sinuosity of the cycles. None of these showed anything more than could be seen in
the amplitude and duration data.
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Measurements made from the NASRSAM data are much more accurate than those that had to be made
on the MBFL data. This is because the running-median filter reduces amplitude resolution whereas the
network-averaging process increases resolution.

The three metrics for timing, amplitude and duration are shown in Figure A1.7, for the period 10
October 2009 to 14 February 2010.

Figure A1.7
Analyses of seismic cycles from NASRSAM data between 10 October 2009 and 14
February 2010. The time axis is labelled at weekly intervals. The timing of the six explosions during
January and February 2010, including the dome collapse, are marked as vertical red lines. a) Time gap in
hours between successive cycle peaks. b) Cycle amplitude. c) Cycle peak duration in hours.
The time between the cycle peaks (Figure A1.7(a)) shows three instances of a long-term, approximately
linear increase. These times also show some systematic changes in both the amplitude and the duration
of the cycle peaks.

The first of these is between 16 and 24 October when the cycles were mainly composed of continuous
tremor and abundant rockfall activity which was not associated with the cycles. There is a lengthening of
cycle period from about 2.5 to more than 6 hours in the space of about a week. Over the same period,
the amplitudes of the cycles show no clear pattern, but the duration of cycle peaks show a linear
increase.
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The two other instances are in the run-ups to the explosions on 8 January and 5 February 2010. In both
cases, the time between the cycle peaks gradually lengthens from about 4 hours to about 10 hours at
the time of the explosion. However, this change takes place over a period of almost 5 weeks before the
8 January explosion, but less than 2 weeks before the 5 February explosion. The two explosions also
show contrasting behaviour in the amplitudes and durations of the cycles. For both explosions, there is a
gradual linear change in both metrics consistent with the increase in the time between the cycles.
However, both metrics decrease before the 8 January explosion and both show an increase before the 5
February explosion.

There are other striking features in Figure A1.7. The cycles during Episode 2 generally have much larger
amplitudes than in the other two Episodes. There is also a distinct period in Episode 2, at the time when
the cyclic activity was composed of the large hybrid swarms, when the amplitudes and durations of the
cycles are largest.

Finally, there are some short-term changes in the metrics immediately before some of the explosions
which might be precursors to the explosions. For the 8 January 2010 explosion, the trend of gradual
lengthening appears to have broken down about two days before the explosion, perhaps even
shortening.

Figure A1.8 repeats Figure A1.7 for the period between 1 and 14 February 2010. The time between the
last two cycle peaks before the 5 February explosion, which itself occurred at about the peak of a cycle,
is about 12 hours - significantly longer than previous cycles and a departure from the overall linear
trend. Figure 1.8 also appears to show a pattern immediately before the dome collapse on 11 February
2010. There is a gradual increase in the amplitude of the cycles in the three days between the 9
February explosion and the collapse. There is also an increase in the time between the cycle peaks, but
only for the last three cycles. The dome collapse episode did not coincide with a cycle peak.
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Figure A1.8
Analysis of NASRSAM data between 1 and 14 February 2010. Times marks are in days.
The times of the three explosions in February 2010, including the dome collapse, are marked as vertical
red lines. a) Time gap in hours between successive cycle peaks. b) Cycle amplitude. c) Cycle duration in
hours.

A1.6

Discussions and Conclusions

Phase 5 of the eruption of SHV has been dominated by two different forms of cyclic activity. There are
some similarities with activity seen during previous extrusive phases. There are also some significant
differences.

A1.6.1 5-7 Week Cycles
The seismic, deformation and visual activity observed so far in Phase 5 of the eruption splits it into three
distinct episodes, with durations of 42, 49 and 37 days. Data suggest a cyclic pattern in activity which
was apparently associated with switching of the dominant location of activity on the dome, perhaps
related to a change in extrusion location.
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The trends associated with these cycles are similar to the approximately 6-week deformation cycles that
were observed in 1997 (Sparks and Young, 2002) and subsequently modelled as cycles of inflation of an
elastic-walled dyke (Costa et al., 2007; Hautmann et al., 2009). There is also some evidence for the
presence of 6-7-week cycles between 2005 and 2007 (G.Wadge, pers. comm.). None of these examples
appear to have a related GPS-measured deformation signal.

The deformation data during Phase 5 from the GPS site at Trants (Figure A1.1(c)) show varying rates of
displacement, with a more rapid deformation in the early stages of a deflationary episode becoming less
rapid later. This would be consistent with deformation associated with the elastic relaxation of a
depressurising source. Further analysis of the distribution of deformation will address possible
hypotheses of likely deformation source geometries.

A1.6.2 4-14 Hour Cycles
The type of short-term cyclic seismicity discussed here is not rare at SHV. There were at least eight
episodes of cyclic hybrid swarms, coalescing into continuous tremor at times, between 1996 and 2001
(Thompson, 1996; Thompson, 2001). The times between cycles ranged between 3 and 24 hours. (Voight
et al, 1998; Druitt et al, 2002; Neuberg et al, 2006; Thompson, 2001). The cyclic activity was not
associated with any particular type of volcanic activity; different activity occurred at the times of cyclic
seismicity, including Vulcanian explosions in 1997 and ash venting in 2000 and 2001. Cyclic seismicity
has also been associated with collapses; both before (1995-1998) and after (1999-2001) the collapse.
Some of these examples show a change in the time between cycles after a major volcanic event, such as
a dome collapse or an explosion, but not in any consistent way. None of them appears to show any
change in periodicity before a major volcanic event. Cyclic activity appears to be more common at times
of high extrusion.

Cyclic seismic activity was also present in the month of seismic activity before the explosions in January
2009 (Stewart et al, 2009). Most of this was made up of banded tremor and rockfall activity, with the
latter becoming more dominant as Phase 4b progressed. Although not reported, the presence of cyclic
hybrid earthquakes cannot be ruled out. The cycles were sporadic at first, becoming regular from 27
December 2008 until the explosions on 3 February 2009. The amplitudes of the cycles showed a lot of
variation, including a gradual linear increase over a few days prior to the first explosion. The time
between the cycles was almost constant at 4 hours throughout, but appears to have shortened slightly
to about 3.5 hours in the last three cycles before the first explosion.

There may be other examples of cyclic activity between 2001 and 2008, but none has yet been
identified.

MVO operated tiltmeters near the dome during Phase 1 of the eruption and these showed a very clear
correlation between the cycles of seismicity and cycles of ground deformation (Voight et al, 1998;
Neuberg et al, 2006). The following extract from Voight et al (1998) summarises their interpretation:
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The cycles reflected unsteady conduit flow of volatile-charged magma resulting from gas
exsolution, rheological stiffening, and pressurization. The cycles, over hours to days, initiated
when degassed stiff magma retarded flow in the upper conduit. Conduit pressure built with gas
exsolution, causing shallow seismicity and edifice inflation. Magma and gas were then expelled
and the edifice deflated. The repeat time-scale is controlled by magma ascent rates, degassing,
and microlite crystallization kinetics. Cyclic behavior allows short-term forecasting of timing, and
of eruption style related to explosivity potential.

If we compare the seismic cycles in 2008, 2009 and 2010 with those between 1996 and 2001, there are
enough similarities to suggest a common mechanism. This supports the comparison of the Phase 5
activity to a less-intense repetition of 1997 activity – i.e. of variable lava flux caused by the formation
and ejection of degassed lava plugs in the shallow conduit.

However, there are also significant differences, especially in the pre-explosion trends seen in 2009 and
2010, which might help to further establish the causative mechanism or mechanisms. A re-analysis of
the earlier data, using the same techniques as used here, should provide further information on what is
undoubtedly an important feature of the eruption of the SHV.

Finally, there is some evidence that the cyclic activity can be affected by outside agents. This needs to be
carefully re-examined. Figure A1.9 shows an example of seismic data from a broad-band station for
more than 80 hours between 11 and 14 January 2010. The data are shown as a log-spectrogram,
pseudo-RSAM, and as a compressed seismogram.
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Figure A1.9
Seismic data from MBFR BHZ starting at 14:00 UTC on 11 January 2010. a) Log
spectrogram. b) Pseudo-RSAM data using one-minute RMS amplitudes. c) Seismogram.

The spectrogram clearly shows cyclic seismicity with about 8 hours between cycle peaks. The large lowfrequency signals starting after about 32 hours are from the Mw 7.0 Haiti earthquake on 12 January and
its aftershocks. It has been postulated that the Haiti earthquake could have triggered the restart of cyclic
seismicity after a lull of almost six days, based on the coincidence of events. However, the spectrogram
shows that the cyclic seismic activity started at least 15 hours before the earthquake. The data in Figure
A1.9 could be used to as evidence that the signal from the Haiti earthquake caused a step increase in the
amplitude of the cycles. This is probably impossible to test given the very changeable nature of the cyclic
seismicity at the Soufriere Hills Volcano.

Further investigation and multi-parameter analysis of the events of Phase 5 and their comparison to
earlier occurrences of cyclic volcanic activity are required to determine the signals’ origin.
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Appendix 2 - Vulcanian explosions of January and February 2010
PD Cole, A Stinton, H Odbert, R Stewart,T Christopher, R Robertson, R Watts, M Bernstein, L Gunn
Introduction
Five Vulcanian explosions occurred in 2010, in two sets. There were three explosions between 8 and 10
January and another two explosions on 5 and 8 February. There was no precursory seismicity before any
of these Vulcanian explosions. A long-term pattern of cyclic seismic activity was present before both
sets, and the first explosion in each occurred close to the peak of a cycle and disturbed the cyclic
pattern.
1. 8 January explosion
This explosion occurred at 2:49 pm on Friday 8 January 2010. A collapsing fountain of tephra, associated
with ballistic fragments, was observed at the start of the event (very similar in character to those which
occurred in summer 1997). Ballistic fragments (visible in the high resolution FLIR), were launched both
northeast and northwest (landing on the summit of Gages Mountain).
Large pyroclastic flows (PFs) moved first to the northeast, reaching the sea down Whites Bottom Ghaut.
PFs also moved to the northwest down Tyers Ghaut, and into the Belham Valley (Fig A2.1). The Tyers
Ghaut flows started a few seconds after the north easterly directed pyroclastic flows. These flows
reached as far as approximately 430 m upstream of the old Belham crossing near Air Studios,
approximately 1 km further than the previous longest PF in the Belham valley. PFs also moved to the
west towards Plymouth, although they did not reach the sea. Flows also travelled down the Tar River
valley.
1.1 8 January PF Deposits
PF deposits formed by the 8 January explosion were mapped and studied in some detail (Fig A2.2). The
PFs formed by these explosions contained pumice and also coarse boulders of semi vesicular andesite.
They are not ‘pumice flows’ as they do not possess the sinuous, lobate form of pumice-rich PFs formed
by many other Vulcanian explosions during the eruption (during 1997, 2008 and 2009 for example).
Where these PF lobes were deposited on unconfined surfaces they can be seen to form low ridges of
deposit that taper gradually to the sides and front. Rare pumice-rich levees are diffuse and are only
locally developed in the more pumice-rich examples (in Plymouth and near Farm).

f

s
f
f

s

f

s
Figure A2.1 Pyroclastic flow (f) and surge deposits (S) formed by the 8 Jan 2010 vulcanian explosion in
(a) Tyers Ghaut region (Dyers village is visible on the left) Streatham (Mid right) (b) Whites Bottom
Ghaut
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Figure A 2.2 PF and surge deposits formed by the Vulcanian explosion at 2:49 on 8 January 2010.The pie
charts show the proportion of pumice =white (0.7 -1.5 gcm-3) Semi vesicular andesite = grey (1.5-2.2
gcm-3) and dense dome rock (2.2 -2.7 gcm-3) in the different PF lobes (separated from -3 and -4phi sieve
splits).

Pyroclastic surges also spilled out of Whites bottom Ghaut in a number of places (particularly at bends),
just singing the edge of the Hermitage monitoring station where the surge reach 200 m from the main
valley (Fig A 2.1b).
To quantify the proportions of components in the coarse fraction of these PFs samples were collected
from several PF lobes in four different valleys. The coarse fraction was then sieved and clasts were
separated into one of three types in the -3 (8mm) and -4 phi (16mm) sieve splits. The three types were
pumice, semi-vesicular andesite and dense dome rock. The proportion of these clasts in the different
lobes is shown in Figure A2.2 and Table A2.1. The proportions of the pumice component varies from 1 to
27 wt% in the different valleys. PF deposits in Whites Bottom Ghaut are particularly pumice-poor with
an average of 1% and form nearly 50% of the volume of the 8 January explosion derived PFs. PF deposits
in Plymouth were the most pumice-rich with 27 wt% pumice. The PFs in the Belham valley contained an
average of 10 wt% pumice (5 -16 wt%).
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Drainage

Volume
(x 106 m3)

Tar River
White’s Bottom

Runout
distance
(km)
2.1
4.7

Conduit
volume

0.04
2.93

Pumice
content
(wt%)
nd
1

Paradise

4.7

0.44

16

0.07

Farrell’s Plain
Tyers/Belham V

2.0
5.8

0.38
1.33

nd
10

0.049
0.133

0.005
0.029

Notes

Distance is to where flows
reached the sea.
Distance is to where
Paradise empties into Tuitts.
Flows reach ~ 430 m short
of the old Belham crossing.

Gages Fan
Gingoes
Spring
White River

3.5
0.58
27
0.156
2.6
0.204
nd
0.027
2.7
0.10
nd
0.013
1.5
0.03
nd
0.005
Total:
6.03
0.482
Table A2.1 - Runouts and volumes of the different lobes of PF deposits formed by the 8 January
explosions. Where pumice contents of lobes are not know then the Mean pumice content of 13% is
used.

1.1 Lava Dome Observations
On 11 January, visual observations from MVO revealed that the shear lobe that had been extruded in
the week prior to the explosions ( 2 – 7 Janaury) along with dome material from along the northern and
northeastern edges had been removed by the explosions (Figure A2.3).

Figure A2.3 Dome profiles before and after explosions on 8th and 10th of January, 2010.
The estimated 6.03 M m3 of flow deposits is derived from a combination of the dome and the vent.
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Estimations from the PF deposits indicate that about 0.5 M m3 (12%) of the material erupted during this
explosion was derived from the conduit.
The visible material removed from the dome by the explosions totals 1 M m3 (0.3 Shear lobe and 0.7 M
m3 below). Therefore a large depression (crater) must have been excavated into the north eastern part
of the summit of the lava dome. A depression 250 m in diameter and 80 m deep can account for the
volume of material expelled by this explosion.

2. 10 January Explosions
Following the explosion on 8th January, two smaller explosions occurred on 10th January at 1:28 AM and
8:27 PM (LT). Neither explosion was as large as the first on 8th January, but pyroclastic flows were still
associated with each event.
The explosion at 1:28 AM, sent PFs down Whites/Tuitts, Farrells Plain, Tyers and Gages Fan. None of
these flows travelled as far as those associated with the first explosion on 8 January. The PFs in Whites
and Tuitts travelled out of the field of view of the thermal camera, whilst those on Farrells Plain stopped
short of the PFs from the first explosion.
The third explosion at 8:27 PM was the smallest of the three and as a result, the PFs had shorter runout
than the previous two events. Pyroclastic flows were primarily concentrated in Whites and Tuitts
Ghauts, with smaller flows flowing into the top of Tyers Ghaut (1.5 km total runout). A small pyroclastic
flow travelled over Gages Fan and into Spring Ghaut. Pumiceous lapilli fallout occurred in northwestern
Montserrat associated with this explosion (Fig A2.4).

Figure A2.4 Pumice isopleth map for lapilli fallout from the 10 January 2010 explosion.
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3. 5 February explosion
Between the restart of dome growth on 11 January and 5 February the focus of extrusion had shifted to
the western part of the dome summit.
This explosion removed a large protuberance of dome approx 40 m high above the western side of the
dome that was first identified on the morning of 5 February. However the exact dimensions of this lobe
are unclear.
The explosion, which started at 13:49, was vertically directed and associated with extensive ballistic
fragments that could be seen producing puffs of ash where they fell onto Farrell’s Plain and on to the
northern flanks of Chances Peak.
The location of the vent for this explosion (and that on 8 February) partly accounts of the distribution of
PFs associated with the event. The majority of PFs travelled westwards and reached the sea
approximately 3.5 minutes after the onset of the explosion (mean velocity 20 m/s). Surges travelled over
the sea for > 500m moving in north-westerly direction. PFs and surges also occurred with runouts up to
approximately 2 km in most other valleys.
The pumice content of the pyroclastic flow deposits at the mouth of Aymers Ghaut is approximately 3
wt% (Fig A2.5). This is low, but is in line with the low pumice content (13 wt%) of 8 January explosion.

Figure A2.5 PF and surge deposits formed by the Vulcanian explosion at 13:49 on 5 February 2010. For
details on Pie charts see Figure A2.2.
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4 Seismicity
None of the five explosions had any precursory VT, Hybrid or LP seismicity.

4.1 Seismic Cycles
Both sets of explosions occurred following a period of well-developed cyclic seismicity. This is illustrated
in Figure 6. Figures A2.6(a) and 6(b) both show the NASRSAM data (see Section 4.1.3) data from 21 days
before to 7 days after the first explosion in either set. This data highlights the cyclic seismic activity
which, at that time, was composed of continuous low-level tremor and rockfall activity. Figure 6 also
shows the time interval between successive peaks in the cycles.

Figure A2. 6 Seismic data for a 28-day period covering the Vulcanian explosions in January and February
2010. The times of the explosions (and the final dome collapse on 11 February 2010) are marked as
vertical red lines. Times are in UTC. (a) 8 January 2010. (b) 5 February 2010. Top: time in hours between
cycle peaks. Bottom: Smoothed RSAM data – BB NASRSAM data in blue, smoothed MBFL SHZ data in
black.
There are a number of observations common to the 8 January 2010 and 5 February 2010 explosions, the
first explosions in either set,


The explosion occurred after a well-established period of cyclic seismicity where the time
between cycles had been gradually increasing from about 4 hours to about 10 hours at the time
of the explosion. The gradual increase took place over a period of four weeks for the 8 January
explosion and less than two weeks for the February 10 explosion.
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The pattern of increase in the time between cycles appears to break down prior to the
explosion. This occurs a few days before the 8 January explosion and less than a day before the
5 February explosion.
The time of the explosion was close to the peak of a seismic cycle.
The pattern of cyclic seismicity was broken by the explosion. Cyclic seismicity was re-established
after a few days for the 8 January explosion and after less than a day for the 5 February
explosion.

There is no clear pattern with the other explosions. There were no seismic cycles at the times of the
explosions on 10 January. The 8 February explosion occurred during a seismic cycle.

4.2 Seismic and Infrasound Signals Generated by the Explosions
Figure A2.7 shows the seismic and infrasound signals generated by all five explosions recorded at MBFL.
The signals have been lined up (at t=100) on the first seismic energy that appears to be associated with
the explosive event.
Most of the energy in the seismic signals is generated by the pyroclastic flows. There is considerable
variation in the seismic signals, consistent with different directions and runouts of the flows. The
infrasound signals all show a similar low-frequency positive pulse, which is interpreted as an acoustic
signal generated by the explosion. This occurs at different times relative to the start of the seismic
signals: less than a minute for the first four explosions and more than two minutes for the last explosion
on February 8.
Section 1.2.4 of Part 1 of this report discusses some very low frequency signals that appear in the
seismic data from these explosions. These signals are associated temporally with the infrasound signals
shown in Figure 7 and could be no more than a well-coupled air-to-ground conversion. It was pointed
out in Section 1.2.4 that the low-frequency energy had not been seen in data from the 2008 – 2009
explosions. Reasons for this observation have not yet been determined.
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Figure A2.7 Ten minutes of seismic (MBFL SHZ) and infrasound (MBFL HDF) data for the five explosions
in January and February 2010. All data has been normalised and lined up at t = 100s. a) 8 January 2010,
18:50 UTC. b) 10 January 2010, 05:28 UTC. c) 11 January 2010, 00:27 UTC. d) 5 February 2010, 17:49
UTC. e) 8 February 2010, 23:57 UTC.

5. Discussion
The Vulcanian explosions formed in January and February 2010 are different in several key aspects in
comparison with other explosions at SHV during this eruption (Druitt et al 2002; Komoroski et al 2010).
The fact that the deposits (both PF and lapilli fallout) contain considerably less pumice than the products
of Vulcanian explosions that occurred earlier during the eruption (Phase 1 and 4) strongly suggest that
the January and February 2010 explosions did not have a large conduit derived magmatic component.
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Instead these explosions removed significant portions of the lava dome. The low column heights (5 - 8
km) and apparent lack of lapilli fallout with some of these explosions is probably also associated with the
smaller magmatic contribution to the explosion. Nevertheless these explosions were volumetrically
large and produced extensive PFs as the event on 8 January is the largest discrete Vulcanian explosion
yet recorded during the eruption.
The other problem posed by the 8 January explosion is hazard. The PF which travelled down Tyers Ghaut
and Belham valley has an estimated volume of 1.3 M m3. This flow travelled three quarters the length of
the Belham valley and stopped < 2 km from the sea. Previous estimates based on a modelling indicate
that a pyroclastic flow of 10 M m3 would reach the sea. Clearly it now seems that a PF far smaller than
10 M m3 could reach the sea. This suggests that the boundaries of hazard zones need to be re-evaluated.
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Appendix 3: Partial Dome Collapse Event of 11 February 2010
A Stinton, P D Cole, R Stewart, H Odbert, L Gunn,
A3.1 Overview
A large partial dome collapse event took place at around noon on 11 February 2010. This was a complex
event and generated extensive pyroclastic flows (PFs) which impacted approximately 11.5 km2 of the
northern flanks of the volcano.
PFs reached the sea to the north-east of the volcano, between White’s Bottom Ghaut and Trant’s Bay,
completely inundating the region. Pyroclastic surges associated with these flows were seen from
Lookout village to travel more than 1 km offshore. The only landmark now visible in the region of the
WH Bramble airport is the old sugar mill tower at Trant’s which has been buried to about half its height.
The coastline has been extended 650 m out to sea in the Spanish Point region.
Pyroclastic surges also inundated the area to the north of the volcano, impacting large areas that had
not previously been affected, including Harris Village, Harris Lookout, Farm River and Bugby Hole. A
surge-derived pyroclastic flow travelled eastwards down the Farm River valley to Trant’s.
Table A3.1 lists the chronology and timing of the partial dome collapse event. The chronology has been
compiled from a variety of sources including seismic and infrasound data, visual observations and digital
and thermal images. The event started at 11:52 am LT with sustained pyroclastic flows initially moving to
the northeast. Within 7 minutes, MVO observers reported pyroclastic flows had reached to within 300 m
of Bramble airport. Pyroclastic flow activity started to increase at about 12:42 am and remained at an
elevated level for about an hour: seismicity associated with the activity waned at 13:40 LT. During this
hour, there were six peaks in pyroclastic flow activity and at least two explosions. There is also evidence
of a small lateral blast type pyroclastic surge, based on the extensive damage to buildings in the Harris,
Streatham and Farrell’s plain region. There were two pulses of PFs into the Belham valley. The second
contained two pulses, the first of which was the largest and reached Corkhill, roughly 500 m further than
the second pulse.
The event created a large scar in the northern flank of the lava dome oriented close to north- south and
approximately 300m wide. The floor of the scar contains some large remnants of what appears to be the
old crater rim that have been intensely eroded by the pyroclastic flows formed during the event. There
is a large crater in the summit of the lava dome, separated from the collapse scar by a narrow wall.
Owing to the west-southwest winds, fallout on Montserrat was restricted to the eastern portion of the
island. Lookout village was the only inhabited area of the island where ashfall was reported. The ash was
blown east and then southeast by light winds with ashfall reported in Antigua, Guadeloupe, Dominica,
Martinique and St Lucia. As a result there was extensive disruption to air travel in the Eastern Caribbean
region for several days.
The start of this event was not aligned with any of the cycles in seismic sctivity, in contrast to some of
the Vulcanian explosions in January and February 2010.
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10:50
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Time
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A
11:52:23

15:53:23

0 min

11:58

15:58

5 min

11:58

15:58

5 min

12:00

16:00

7 min

12:10

16:10

17 min

12:23

16:23

30 min

12:42

16:42

49 min

12:44

16:44

51 min

12:56

16:56

63 min

12:56

16:56

63 min

B

C
D
E

F
G

1

Activity

Description

Source

Seismic Cycle Peak

Peak of last seismic cycle before dome collapse. PF activity in the cycle was
on Gages, Farrell's Plain and to the NE. The level of seismic activity was
down to about half the peak by the start of the collapse activity. The gaps
between the last four peaks were 6.7, 7.5 and 8.1 hours.

Seismic Data

Start of PF Activity to
N

Beginning of near-continuous PF activity to the N on Farrell's Plain. The first
PF was preceded by a Long Period earthquake. This was common in many of
the moderate to large PFs in the last month.

Seismic Data

Large PF on Farrell's
Plain

First Farrell's PF to travel behind ridge. Small to moderate PF reached
bottom of Tyer's Ghaut.

Observations Log

Ash Calldown

Notification to VAAC Washington of large ash plume.

Observations Log

Flows Close to
Bramble Airport

Observers at Jack Boy Hill report flows reached to within 300 m of Bramble
Airport.

MVO Staff (PW)

Large PF

Appears to have been a larger PF on Farrell's Plain.

Observations Log

Large PF

Appears to have been a larger PF on Farrell's Plain.

Observations Log

Start of steady increase in PF activity, as recorded on seismic network.

Seismic Data

Increase in visible activity. Lateral expansion of active flow area.

Rod's Photos

Increase in Activity

Increase in visible activity. Lateral expansion of active flow area. More PFs in
Farrell’s and the NE with lots of convecting ash.

Observations
Log/Rod's Photos

First PF Peak

First peak in PF activity, as recorded on seismic network.

Seismic Data

Increase in PF
Activity
Increase in Activity
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LT

UTC

Time
since
onset

Fig.
A3.1
H

Activity

13:04

17:04

71 min

Increase in Activity,
First PF in Belham

13:04

17:04

71 min

MVO Advise
Evacuation Siren

13:06
13:10
13:14

17:06
17:10
17:14

73 min
77 min
81 min

13:15:16

17:15:16

83 min

13:16

17:16

83 min

13:16:03

17:16:03

83 min

Description

Source

Increase in visible activity. Lateral expansion of active flow area. First PF into
the upper Belham, reaching to the kink in river seen from MVO at 17:11:51
UTC.

Rod's Photos

Siren heard within two minutes of advice.

Rod

2
3
4
I

Second PF Peak
Third PF Peak
Fourth PF Peak
MBHA Down

Last data from seismic station at Harris (MBHA). Probably wiped out by flow.

Seismic Data

5
J

Fifth PF Peak

Fifth and largest PF peak, as seen on seismic data.

Seismic Data

Explosion

Heard at MVO. Infrasound sensors show single pulse.

Infrasound Data

K

Seismic Data
Seismic Data
Seismic Data

13:17

17:17

84 min

Increase in Activity,
Second PF in Belham

Increase in visible activity. Second PF in Belham reached Corkhill at approx.
13:33. This is possibly two flows as it seemed to pause by Waterworks.

Rod's Photos

13:18:58

17:18:58

86 min

Vigorous Convecting
Plume from Harris?

Vigorous upward-going plume seems to originate from low down on Farrell's
Plain or from Harris.

Adam

Explosion(s)

Infrasound sensors show three or four pulses. This explosion is larger than
the 13:16 LT explosion: infrasound signal is approximately twice the
amplitude. Thermal camera shows several large explosions, not vertical but
probably directed to NE, starting at 17:15 camera time. Thermal camera
shows first explosion was seen at same time the large PF hit the crook in the
Belham River, timed at 13:20:51 LT +/- 10 seconds UTC by Rod's GPScamera.

Infrasound and
Thermal Data

Sixth PF Peak
Large LP Event

Sixth peak in PF activity, as recorded on seismic network.
Large Long-Period event.

Seismic Data
Seismic Data

L

13:20:29

17:20:29

87 min

13:21
13:25:39

17:21
17:25:39

88 min
92 min

6
M
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LT

UTC

13:40

17:40

18:15

22:15

Time
since
onset
107 min

Fig.
A3.1

Activity
Seismic Activity
Levels Off

Description
Seismic activity starts to be fairly constant, mainly rockfalls and stuff.

Last data from seismic station at Windy Hill (MBWH). Probably powerrelated.
Table A3.1: Chronology and timing of activity prior to and during the partial collapse event on 11 February 2010.
382 min

MBWH Down

Source
Seismic Data
Seismic Data
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A3.2 Seismic and Infrasound Signals
Figure A3.1 shows the seismic and infrasound data recorded during the dome collapse event on 11
February 2010. Activity started at about 15:53 UTC with a small-moderate pyroclastic flow. This was
itself preceded by a Long-Period event, as was common for many of the pyroclastic flows during Phase 5
(see Section 1.2.5 in Part 1). In the subsequent 50 minutes, there were several pyroclastic flow signals of
relatively small size.

Figure A3.1: Seismic and infrasound data from station at MVO (MBFL) for the dome collapse episode on
11 February 2010. Time scale is minutes relative to 15:53:23 UTC. All data are normalised. a) Seismic
data from MBFL SHZ. The six PF peaks in Table A3.1 are marked. b) Infrasound data from MBFL HDF,
bandpass filtered between 0.05 and 1 Hz. Red lines correspond to labelled entries in Table A3.1. c)
Unfiltered infrasound data.

The size of the seismic signals generated by the pyroclastic flows started to increase about 50 minutes
after the start and remained high for about 60 minutes. There are six clear peaks in the seismic activity
during this hour, with the last two being the largest. The seventh, sharp, peak in Figure A3.1 (a) is a large
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Long-Period earthquake, which occurred as activity was declining. The seismic activity after this was
composed mainly of rockfall signals.
The unfiltered infrasound data (Fig. A3.1(c)) is dominated by very low frequency signals. These were
probably generated by large-scale air movements, displaced by the mass and heat of the flows. These
low-frequency signals are largest near the end of the collapse episode, suggesting that most of the mass
movement happened at this time.
The filtered infrasound data (Fig. A3.2(b)) mimics the seismic data to some extent. This is because the
microbarograph also works as a (very poor) seismograph. Figure A3.2(b) shows two signals that are
different from the seismic data, which occurred during the last two peaks of the seismic signals. These
are acoustic waves, probably generated by explosions.
These two signals are shown in Figure A3.2 with data from all three infrasound sensors in the MVO
network: one at MVO (MBFL) and two at Waterworks (MBW2 and MBW3). Figure A3.2(a) shows the
first, smaller, signal at about 17:16 UTC. This shows a similar waveform on all three stations, lasting for
about 20 seconds. This signal arrives at MBFL about 2 seconds later than at MBW2 or MBW3. This is
consistent with an acoustic wave originating near the dome.
Figure A3.2(b) shows the infrasound signals at about 17:21 UTC. These are much larger, and much more
complex, lasting for well over a minute, and with at least two distinct events. The timings of these are
also consistent with an acoustic wave originating near the dome.
Correcting for travel time, the two explosions took place at 17:16:03 UTC and 17:20:29 UTC.
The second of these explosions was captured on the thermal camera installed at MVO. Figure A3.3
shows a series of still images taken from the camera, at intervals of 2.5 seconds. Unfortunately, the time
stamp on the camera was not correct. However, this event occurred at almost exactly the same time as
a large PF reached the crook in the Belham Valley that is visible in the lower right of each image. By
comparing these images to photographs taken with an on-board GPS, we can establish that the thermal
camera images in Figure A3.3 started at approximately 17:20:00 UTC.
Figure A3.3 shows two important observations. First, although most of the explosion is hidden by ash
rising from earlier PFs, it is clear that the explosion is not vertical but shows an incline towards the left of
the image, to the north-east. Second, it took only about 13 frames, or 30 seconds, for the explosion to
go from nothing to its full size. This compares well to the 20 seconds of infrasound signal from this event
shown in Figure A3.2(b).
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Figure A3.2: Infrasound data from MBFL, MBW2 and MBW3 for the two explosions during the collapse
episode on 11 February 2010. All data normalised. a) 17:15 UTC. b) 17:20 UTC.
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Figure A3.3: Still images taken from the thermal camera at MVO at around 17:20 UTC. Images are 2.5
seconds apart.

A3.3 Distribution and Effects of Pyroclastic Flows
The partial dome collapse generated extensive PF deposits that cover approximately 11.5 km2 of the N,
NE and NW flanks. The majority of the PFs were on the N and NE flanks, from Streatham in the NW to
Trant’s in the NE and White’s Bottom Ghaut in the E. Several types of PF have been identified, including
high and low concentration PFs, pumice-rich flows and a lateral blast-type PF. Figure A3.4 shows the
mapped distribution of the PF deposits as of 11 March 2010.
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Figure A3.4: Map of the deposits from pyroclastic flows resulting from the partial collapse event on 11
February 2010. The majority of the deposits have been mapped based on the TerraSAR-X satellite radar
image from 13 February 2010 (used as a background image for this map). Others have been identified
from helicopter and field observations (e.g. pumice flows in the Farm River, Tuitt’s and in Trant’s; lateral
blast in Harris and Farm River). No inference on the order of events should be made from the layering of
flow types on the map at present.

A3.3.1. High concentration PFs
High concentration PFs (labelled ‘Dome Collapse’ flows in Fig. A3.4) moved down ghauts on the northern
and northeastern flanks. The majority of the PFs appear to have moved to the N where they were
channelled into Paradise Ghaut just west of Harris. They then travelled east down the Ghaut inundating
the region around the old Bramble airport. High concentration PFs also moved down the northeast flank
reaching the sea at the end of White’s Bottom Ghaut and at Spanish Point.
The 3 km of coastline between White’s Bottom Ghaut and Trant’s Bay, just north of the old Bramble
airport has been extended by up to 650 metres out to sea by extensive deposition of high concentration
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PFs. Large secondary explosion pits and lagoons are present in several places along the coast line. A total
area of 0.8 km2 of new land has been added.
The one landmark that remains is the old mill chimney at Trant’s which has been partially buried, but
not toppled. Assuming that the chimney is about half buried and was 30 m high then it is likely that the
deposits are more than 10 m thick in this area. A mill tower just to the north of the chimney has been
almost completely buried leaving only the very top that just visible above the deposits (Fig. A3.5a).
PFs were observed travelling out over the sea in Trant’s Bay from Lookout village. The exact location of
the observers at the time is not known and the minimum over-sea flow (starting from the pre-event
coastline) is 1-1.5 km.
Abundant large boulders several 10’s of metres in size are strewn across the pyroclastic flow fans in the
Spanish Point area. Many of these boulders are aligned to form crude ridges that define the direction of
flow (Fig. A3.5b).

A3.3.3. Low Concentration PFs
Low concentration PFs appear to have affected the largest area and travelled the longest distances. Low
concentration PFs overtopped Harris Ridge, in the western part between Windy Hill and Harris,
travelling as far as the Fairywalk in Bugby Hole Estate on the northern side of the Farm River valley, 4.4
km from the summit of the volcano. Trees have been knocked down in several areas in the Bugby Hole
Estate, at the head of the Farm River, as well as either side of the Farm River Valley where the PF seems
to have become more concentrated in the form of a surge-derived PF, which eventually continued on
eastwards to Trant’s Bay.
The ridge upon which Harris Lookout and Smoky Hill is situated was also overtopped by low
concentration PFs. However the low level of damage to buildings and trees in this region indicates these
flows were less destructive with lower dynamic pressures. Minimum flow velocities at the base of the
ridge below Harris Lookout are calculated to be approximately 32 ms-1.
PFs did not overtop the hill immediately to the west of Harris village; the vegetation on the north side of
this hill is either scorched or unaffected. This suggests a minimum flow velocity of approximately 45 m
s-1.
Low concentration PFs moved beyond the SE edge of White’s Ghaut by a few tens of metres although
the limit was similar to that formed by the pyroclastic surges from the 8 January 2010 explosion.

A3.3.2. Pumice-rich PFs
Pumice-rich flows were extensive and are thought to be associated with the later stages of the 11
February event. They were probably associated with the explosions that occurred at 17:16 and 17:20
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UTC. Pumice-rich flow deposits have been indentified in White’s Bottom Ghaut, at Trant’s Bay, and on
Farrell’s Plain below Streatham. There is also a small lobe of pumice flow deposit at the head of the
Farm River valley. It is unclear if pumice flows extended across the whole of the area inundated by PFs,
however it seems they affected the majority of the area. The PFs that travelled down the Belham Valley
were also pumice flows (Fig. 3.5c).

Figure A3.5: A) The chimney and mill tower at Trant’s. It is estimated that the top half of the 30 m
chimney remains exposed suggesting deposits are more than 10 m thick. The very top of a mill tower
can be seen to the right of the chimney (arrowed). Large boulders in background are several metres
across. B) A line of boulders forming one of many boulder trains on the surface of the deposit fan. The
arrowed boulder is the largest to be identified so far and is in excess of 15 m high. Note size of mill
tower in lower right for scale. Flow direction is from front to back of photograph. C) Pumice flow
deposits in the Belham Valley showing well defined coarse lateral and terminal levees.

A3.3.3. Evidence for a Lateral Blast
Helicopter observations and preliminary investigations in the field have revealed evidence for the
occurrence of a lateral blast in the form of extensive tree downing, large boulders and considerable
structure damage to buildings.
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The villages of both Harris and Streatham have been heavily impacted by violent PFs. More than 270
buildings have been severely damaged or completely destroyed. The only buildings that survived intact
are those on the top of the ridge at Harris Lookout and those toward Windy Hill. The PFs caused
extensive structural damage in Streatham, in many cases removing all walls down to the foundations.
This shows that the 11 February 2010 flows were much more violent than the pyrocastic surge on 25
June 1997, when many of the buildings in Streatham were damaged by high temperatures but remained
largely intact (Baxter et al., 2005). In Harris, the school was a substantial building with two stories. At
present, no evidence of this building has been found and it is thought to have been razed to its
foundations. The destruction of such a large building indicates dynamic pressures well in excess of 25
KPa (Baxter et al., 2005).
The deposits in Harris contain three units, two of which represent individual flow events. The first of
these units is a fine-grained surge deposit with a slightly coarser base. This was about 6 cm in the village
of Harris. Above this is a thicker (about 8 cm) and coarser unit. The base of this unit contains sand-sized
grains, but grades upwards into finer ash. In Harris Lookout, the contact between the two units was not
as well defined, appearing to be more gradational, with the upper unit accounting for less than half of
the total thickness of 10 cm. The lower unit is interpreted to be a low-concentration flow, probably
associated with the high-concentration, dome collapse PFs. The upper flow unit is thought to represent
the lateral blast-type surge, given the coarser nature of the base layer in the unit. Overlying these two
units is a fine-grained ashfall unit that contains accretionary lapilli.
On the hill between Streatham and Windy Hill, the two flow units seen in the Harris Village area are also
seen. However, there is one distinct difference. The upper flow unit appears to be cross-bedded and is
17 cm thick.
There has been extensive tree downing in the Bugby Hole region. Some of the trees downed in this area
are substantial, measuring 15 – 20 cm in diameter (needs checking) which would indicate dynamic
pressures of 1-2 KPa (after Clarke and Voight, 2000). Large boulders up to approx 1 m across are also
apparent in the Bugby Hole region, at the head of the Farm River. The deposits in that area are coarse
grained breccias at least up to 40 cm thick near the Farm River. These thin to 20 cm, then 5 cm over
approximately 60 m vertically (Fig. A3.7). At the northerly margin PF deposits are 0.5-1 cm thick.
In the Bugby Hole region the PF still had the velocity to climb 120 m above the base of the valley. This
equates to a minimum velocity of approximately 50 m s-1. Evidence from tree blowdown directions
indicates that the PF still had enough momentum to down trees in both the uphill and downhill
directions (Fig. A3.8).
The deposits on Farrell’s plain immediately north of the collapse scar are very coarse and include many
boulders 10’s of metres across. These can be seen to be crudely arranged in ridges (from satellite
images). Some of the boulders must approximate 10-20m across however some smaller boulders (a few
metres across) extend up to the top of the ridge (and some have travelled over into the Farm river),
approximately 35 m above Farrell’s plain immediately north of Margie Ghaut (west of the hill M17 -1326
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ft). There appears to be a relatively thick blanket of tephra (probably deposited by PFs) in the Farrell’s
plain area. These deposits will be investigated when possible.

Figure A3.6: Stratigraphic sections for deposits in the Farm River and Bugby Hole Estate areas. Location
of sections identified by A-C on Figure A3.7 below.
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Figure A3.7: Flow directions in Bugby Hole from tree blow down (black arrows) and burned trees (red
arrows). The solid purple line indicates the maximum extent of the surge deposits. Letters A-C identify
the location of the sections shown in Fig. A3.6.

A3.4. Dome morphology and volume changes
Prior to the partial collapse event, the dome had attained a volume of approximately 235 x 106 m3 and
reached an elevation of 1170 m (see Section 1.5.2). There is now a large scar oriented north/south on
the north flank of the dome. In addition there is a crater in the summit of the dome that is
approximately 300 m in diameter. The crater and collapse scar are separated by the headwall of the
scar.
From examination of an ASTER satellite imagery acquired on 21 February 2010, the collapse scar is
about 350 m wide and 800m long. The depth is difficult to assess but there are some prominent features
about half way inside which are probably parts of the northern rim of the old crater. This suggests that
the base of the scar in this area is about 800m asl, the height of the old crater rim and the head wall of
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the scar would be around 370 m high as the height of the dome was approximately 1170 m immediately
prior to the collapse. The volume of the collapse scar is probably 30-40 M m3. This is based on the lateral
dimensions of 350 x 800 m, where a head-wall height of 370 m gives a volume of 42 M m3 and a height
of 250 m gives 30 M m3.
The crater in the dome is approximately 250 m in diameter and could be up to 125 m deep. Assuming a
cylindrical shape gives a volume of 6.1 M m3. In addition approximately 4.2 M m3 has been removed
from the dome above the level of the crater rims. This gives a total of 40-50 M m3 for the entire event.

A3.5 Ashfall and pumice fallout
Preliminary field investigations and analysis of satellite and meteorological RADR imagery has yielded
information on the distribution of ash and pumice fallout from the partial dome collapse.
A3.5.1. Distal Tephra Dispersal
Satellite imagery shows that ash plumes (at least until 16:45 UTC) were diffuse and limited in extent,
moving to the NE and SE of Montserrat consistent with altitudes of up to 9.5 km. The image of 17:15
UTC show a marked change with a dense tephra plume spreading westwards at around 120 km/hr
(33m/s) first E then ESE over a four hour period until 21:15 (Fig. A3.4). These observations are
consistent with seismic and visual observations of a marked increase in the intensity of activity at about
16:42 UTC.
Guadeloupe radiosonde data (12:00 UTC- 11 February 2010) shows that winds from 280 to 295o were
occurring between 10.9 and 16.6 km altitude. This data is consistent with pilot reports of plume
altitudes of approximately 15 km. Winds consistent with the observed velocity of tephra dispersal were
concentrated in a narrow range at around 12.5 km.
Overnight the plume spread at a lower velocity < 100 km/hr to the SE and also SW. The 00:00 12
February 2010 radiosonde data, indicates winds at lower altitudes influenced the plume at that time.
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Figure A3.8: Distal tephra dispersal from the eruption column. The edge of the ash plume was traced
from Satellite imagery.
Away from Montserrat ashfall was heaviest in Guadeloupe with values of 100 gm-2 being recorded.
Ashfall on Dominica was considerably lighter with 5 gm-2 being recorded in Portsmouth in NW Dominica.

A3.5.2. Local Pumice Fallout
Analysis of pumice clasts collected from the Bugby Hole region and other location to the NE and E of the
volcano have revealed an interesting bilobate distribution, as shown on the isopleth map in Figure A3.9.
At each location on the map, the largest 5 or 6 pumice clasts were collected. The Mean Spherical
Diameter (MSD) was calculated from the averages of the three axes of the clasts.
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Figure A3.9: Isopleth map of the Mean Spherical Diameter of pumice clasts collected from the marked
locations. Isopleths show a bilobate distribution for the pumice clasts. For an explanation of the
coloured and shaded areas, see Fig. A3.4.

Although the sampling of sites to the E, NE and NW of the volcano is currently limited, there is sufficient
evidence for a bilobate distribution of the pumice clasts. The northerly directed lobe corresponds to the
northerly directed lateral blast (see Fig. A3.4). Pumice clasts with MSDs of over 100 mm are found more
than 4 km from the volcano. As can be seen in Figure A3.9, these clasts were found outside of the area
affected by pyroclastic surges. It is possible that these pumice clasts are associated with the lateral blast
in a pumice-rich plume. The easterly directed lobe, although at present poorly defined, corresponds to
the general direction of ash plume (see Fig. A3.8). Pumice clasts found to the E of the volcano are
therefore likely fallout from the main plume and thus related to the explosions. Further planned
sampling from sites to the E and S of the volcano will help to complete the picture.
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Appendix 4 - Petrology and Geochemistry
T Christopher

Introduction
The report presents an overview of the available petrological data in possession of the MVO. The main
aim of this report is not to unlock the driving processes of the volcano but to highlight the gaps present
in the dataset, present a hypothesis based on available data and emphasize the importance of
completing the dataset and keeping it up to date as the eruption continues. The majority of the
petrology data is from Madeline’s work and comprehensively covers Phases 2, 3 and to a lesser extent
Phase 4. Data from Phase one is scarce.
General sample description
The samples are all crystal-rich (30-46% phenocrysts) andesite with a phenocryst assemblage dominated
by plagioclase feldspar (64-78% of phenocrysts) with lesser magnesio-hornblende (8-28%),
orthopyroxene (3-7%) and Fe-Ti oxides (1.5-7%). In the groundmass, hornblende is replaced by
orthopyroxene and clinopyroxene, thus yielding a groundmass comprising of plagioclase, two pyroxenes
and Fe-Ti oxides, microlites of hornblende may be present in the groundmass. Rare clinopyroxene
microphenocrysts have been observed. Quartz may also be present as rounded embayed crystals and is
sometimes though not always jacketed by clinopyroxene. Maximum phenocryst sizes are typically ~7
mm (hornblende), ~3-4 mm (plagioclase) and ~5 mm (orthopyroxene). In several samples, the
groundmass glass has undergone Phase separation, and/ or devitrification, and cristobalite is almost
always present, making it difficult to assess the initial porosity of the samples.

Mineral Textures
Plagioclase
Plagioclase phenocrysts display three main textures – sieve texture, oscillatory zoned and boxy-cellular
cores. Crystal habits range from anhedral to euhedral. The modal proportion of each plagioclase
textural type varies from sample to sample. Oscillatory and patchy zoning may be present in the cores of
sieved crystals. The sieve textures are interpreted as the result of mixing phenocrysts into hotter, mafic
magma. The crystals are then transferred back into the andesite as mixing continues. In almost all cases,
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plagioclase phenocryst rims are normally zoned. Amphibole occurs as a mineral inclusion in some sieve
plagioclase. Plagioclase microlites are generally calcic, normally zoned and can be hopper shaped.

Orthopyroxene
Typically occurs as euhedral to phenocrysts with uniform compositions; some crystals show slight
rounding of the cores with a more Mg rich normally zoned euhedral opx outer rim. Some crystals are
overgrown by augitic-clinopyroxene though not always right round the crystal. Melt inclusions can be
present and some orthopyroxene phenocrysts have dark haloes around melt inclusions. Crystals with
reversed zoned rims are present although not in every sample. They are however more common than
the normally zoned orthopyroxenes in sample (MVO1218 and MVO1521). They normally have slightly
rounded inner cores, the reverse zoning however only appears to form where the pyroxene is in contact
with melt. Orthopyroxene is also present as an overgrowth on hornblende in mafic material. Some
clinopyroxene overgrowths contain sieve plagioclase inclusions in the rims. Orthopyroxene microlites
are calcic with tendency to have a skeletal appearance, they can be reversely zoned e.g. (sample
MVO1445).

Clinopyroxene
Clinopyroxene occurs as microphenocrysts and microlites; it can be very common in the groundmass. It
is also common in the mafic material. Microphenocrysts can be normally zoned, unzoned and to a lesser
extent; oscillatory zoned. Microlites can also be zoned. Some of the clinopyroxene microlites have a
skeletal appearance. Rare, sector-zoned microphenocrysts can be present and occur in glomerophyric
clusters e.g. (MVO1521). Unzoned and normally zoned microphenocrysts also occur in glomerophyric
clusters.

Hornblende
Phenocrysts display habits ranging from euhedral to slightly rounded and can be partially opacitised
along cleavage and cracks. In some cases e.g. (sample MVO1236Loc22) completely opacitised crystals
are present. Decompression breakdown rims, thermal breakdown rims and resorbed rims are present in
every analyzed sample apart from sample (MVO1524), where the hornblende phenocrysts rims are
generally pristine. Resorbed rims are however present in this sample. Measured decompression
breakdown rims can be up to 115 microns while thermal breakdown rims can be as thick as 500 microns,
zoning is also present. Rare euhedral crystals of amphibole can occur in groundmass (e.g. MVO1234-22,
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-32). They tend to be elongate, pale yellow in color and pleochroic. They occur as inclusions in sieve
plagioclase rims and are common in the mafic inclusions.

Oxides
Ilmenite and magnetite occur as phenocrysts, microphenocrysts and microlites. Magnetite is the
dominant oxide mineral in the andesite. Phenocrysts are typically euhedral to rounded, resorbed rims as
well as inclusion rich and exsolved textures can be present. They also occur in glomerophyric clusters
along with pyroxene. Phenocrysts are normally unzoned however rare, zoned microphenocrysts with
rounded, irregular cores and thick, bright, anhedral overgrowth rims were observed in sample (MVO
1330). Some microphenocrysts have highly irregular possibly resorbed rims (e.g. MVO1330-2a) but there
is no clear compositional difference associated with this texture. Some samples have no groundmass
ilmenite present (MVO1524-MVO1330). Microlites are typically euhedral but can have highly irregular
shapes. Oxide inclusions in hornblende or pyroxene tend to be rounded. They also occur as inclusions in
plagioclase.

Hornblende rims
Thermal breakdown rims are texturally distinct from decompression breakdown rims. They comprise of
aligned crystals in contrast to the finer-grained, non-aligned decompression breakdown rims
These differences in rim texture have been noticed before (Murphy et al. 2000) but not fully
understood. The following observations can be made:
• In breakdown rims that have aligned crystals, the outermost part of the rim is almost always
clinopyroxene-rich
• In breakdown rims that have aligned crystals, the grain-size of the breakdown products is much
coarser than typical non-aligned rims
• In amphiboles with breakdown rims of aligned crystals, any plagioclase inclusions in the amphibole
are almost always sieved. Where the plagioclase is also in contact with the external melt (i.e. not
fully included in the amphibole), the sieved region has a clear, normally zoned overgrowth rim.
• In amphiboles with the coarse, aligned breakdown rim, breakdown seems to occur right through the
crystal. In contrast, “normal” breakdown rims only form where the amphibole is in contact with the
external melt and not where it is in contact with included minerals.
• Where the amphibole contains an orthopyroxene inclusion, the inclusion is commonly rimmed with
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clinopyroxene, as observed for individual opx phenocrysts in the andesite
It therefore appears that the coarse-grained breakdown rims with aligned crystals and cpx-rich rim are a
texturally distinct type.

Mineral Chemistry
Plagioclase chemistry
The analyzed plagioclase crystals span a wide range of compositions An46 to An90. The plagioclase
phenocryst rims show An contents ranging from An46 to An85, which is almost the entire range of all
plagioclase analyzed (Fig A4.1). Modal composition for the entire plagioclase dataset is in the range An50
to An55. The same modal An contents are observed in Phases 2 and 4, however Phase 3showed a modal
An content of An55 to An60 (Fig A4.1). The plagioclase microlites display a mode of An (65-70) for the entire
eruption. The modal An content for the microlites also show some inter-Phase variation with Phases 2
and 3 showing modal contents of An (60-65) and Phase four a mode of An (70-75) (Fig A4.2). In general, the
most calcic compositions are from the rims of sieve-textured plagioclase phenocrysts An (90-52) and
plagioclase from mafic material An (89-52). A point of note is that the microlites are more calcic than the
phenocryst rims.

All the plagioclase crystals show increasing MgO concentrations increasing FeO. The plagioclase sourced
from the mafic inclusions however show elevated FeO concentrations at similar XAn contents (Fig A4.3).
Microlites and sieve rims in the host andesite also have the same range of elevated FeO contents. The
plagioclase phenocrysts rims generally do not have correspondingly high FeO concentrations as do the
mafic plagioclase. However, several of the phenocrysts have zones or rims which fall onto the microlite
pattern of Fe-enrichment (Fig A4.3). This suggests that some of the phenocrysts have been in contact
with hotter, more mafic material, at points during crystallization, or even shortly prior to eruption.
The overlap in compositions between the andesite microlites and basalt plagioclase suggests that
plagioclase microlites are derived from mafic material that has mingled or mixed with the andesite.
Sieved plagioclase cores are probably derived from the host andesite, since they share compositional
and textural characteristics e.g. oscillatory zoning with phenocrysts from the andesite.

Pyroxene chemistry
Orthopyroxenes
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Orthopyroxene compositions are homogeneous, with the vast majority of compositions plotting in the
enstatite compositional field; however minor inverted pigeonite is present as microlites (Fig A4.4). The
Opx microlites show a weak trend of increasing calcium with decreasing iron, the phenocryst rims show
a similar behavior at higher Fe contents however calcium drops at about 70% enstatite. As is the case
with plagioclase, the opx microlites are more basic than the main phenocryst population (Fig A4.5). They
have similar modal compositions as pyroxenes from the mafic inclusions. The graphical thermometer of
Lindsley, (1983) produced temperatures up to ~1000 °C for the microlites and mafic inclusion crystals
while the phenocrysts compositions produced temperatures in the range 800-900 °C.

Clinopyroxenes
Clinopyroxene microlite and microphenocryst crystals are normally heterogeneous in composition; they
are mostly Augite to Calcic-Augite (Fig A4.6). One pigeonite analysis was obtained (not plotted), which
implies a temperature in excess of 1000 °C. Two pyroxene temperatures obtained from microlites lie, for
the most part, in the range 903-1104 °C. Two-pyroxene temperatures from mafic inclusion material are
typically in the range 1075 – 1100 °C. Combined with the overlapping compositional data, this implies
that many of the pyroxene microlites found in the andesite are derived from disaggregated mafic
material. However, it is possible that the clinopyroxenes are metastable (Lindsley 1983), in which case
the calculated temperatures should be treated with some caution.

Amphibole
Typical phenocryst compositions are 6-8 wt% Al2O3, 0.5-0.6 wt% MnO, 0.1-0.16 wt% Cl and Mg#
62-68. The analyzed amphibole phenocrysts show a good correlation of AlT with (Na+K) A and with Tivi,
a weak correlation of AlT with Mnvi and little correlation of AlT with Alvi. This suggests that the chemical
variation is controlled by two temperature-sensitive coupled substitution mechanisms:
SiT + Mnvi = AlT + Tivi [1]

However, the pressure-sensitive coupled substitution appears relatively unimportant, although there is
a
weak negative correlation of AlT with Mgvi
SiT + Mgvi = AlT + Alvi [3]
Zoned phenocryst rims are not clearly distinguishable from phenocryst cores by these geochemical
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characteristics. Mafic inclusion material, microlites and microphenocrysts, which are more yellow in
color and are less strongly pleochroic, can be distinguished, however. Mafic hornblende plots at high
values of AlT, (Na+K) A, Tivi and at low Mnvi. These are consistent with crystallization at higher
temperatures. The microlites and microphenocrysts have values intermediate between the mafic
crystals
and the phenocrysts.

The mafic hornblende and microlites also show a good correlation of AlT with Alvi
This seems to suggest that the pressure-sensitive substitution is more important during
crystallization of this material. However, microlites, microphenocrysts and mafic hornblende together
show a positive correlation of Mgvi with AlT. This is inconsistent with crystallization controlled by the
pressure-sensitive Tschermak substitution [3]. Instead, it is inferred that these compositions are a result
of
changing to a melt composition to one that is richer in Mg, and to hotter temperatures. Because
microlites
and microphenocrysts compositionally intermediate between the mafic material and the phenocrysts, it
is hypothesized that these crystals are derived either from the mafic material directly, or from a partially
mixed, more mafic melt at hotter temperatures.

Oxides
Microphenocrysts and microlites from the andesite have 23-51 mol% Usp or ~80 mol% Ilm and variable
TiO2 concentrations. Microlites are typically more Ti-rich, with 31-46% Usp. Mafic microphenocrysts
have ~25% Usp or ~81%Ilm, while mafic microlites are more Ti-rich (37-54% Usp or 97% Ilm). Magnetite
inclusions in phenocrysts typically have 23-25 mol% Usp.

Temperature estimates
A number of geothermometers were used to obtain temperature estimates for the samples. This was
dependent on the mineral assemblage and textural association in each sample. The thermometers used
are the Hornblende-Plagioclase thermometer of Holland and Blundy, (1994); the Plagioclase liquid
thermometer of Putirka, (2005); the ilmenite-magnetite thermometer and the two pyroxene
thermometer of Lindsley, (1983). Calculated pre-eruptive temperatures using the hornblendeplagioclase thermometer varies from 804-890 °C for the andesites. An inclusion of hornblende inside an
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unsieved plagioclase phenocryst core (An78) gave a temperature of 890 ± 35 °C. Hornblende included in
the rims of sieved plagioclase phenocrysts gave temperatures in the range of 925-947 °C. Hornblende
and plagioclase from mafic material gave temperatures of 820-940 °C.

Plagioclase-liquid temperatures range from 801-919 °C for the phenocryst rims while microlite rims give
temperatures up to 950 °C. Plagioclase-liquid pairs from a mafic inclusion gave temperatures in the
range of ~971-1045 °C. Magnetite-ilmenite pairs gave temperatures in the range 848-997 with oxygen
fugacities in the range NNO +0.5-1.4. Two-pyroxene microlite pairs from the andesite magma gave
temperatures in the range of 857 °C (±162) - 1142 °C (±5), while microlites from a mafic
inclusion gave a temperature in the range 1086-1196 °C.

Bulk Rock and Glass Chemistry
It must be noted at the outset that the bulk rock dataset presented in this report is not ideal. It has been
based on sampling done by a number of different individuals over time and analytical data from
different labs.
Major element variation
Andesite
The sample dataset for the combined Phases display a SiO2 compositions range of (62-56) wt%. Harker
plots with SiO2 wt% as the index of differentiation show a number of trends with changing silica content.
The elements Ti, Al, Fe, Mg and Ca, all show decreasing trends with increasing silica while Na and K both
show compatible behavior (Fig A4.7). There is a considerable inter-Phase compositional overlap for most
elements at similar silica contents; calcium in particular shows a fairly tight distribution. Inter-Phase
variation is however present in the elements Fe, Mg Na and K.

There has been an increase in K since the first episode. Na displays some degree of scatter; however
there appears to be an increase from Phase 1 to Phase 2 then a return to previous compositions in
Phases 3 and 5. Mg shows a weak decrease in Phases 2 and 3 then recovered in Phase 5. Fe also
decreases in Phases 2 and 3. Intra Phase variations are such that CaO decreases with time in the third
Phase and Na2O appears to increase with time in the first Phase, and decrease with time in the third.

Mafic inclusions
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Data from the mafic inclusions is at present, limited to the first three Phases of dome building. The
samples show overlapping silica content with the second episode having a narrower silica distribution.
A number of trends are still however obvious with changing SiO2 content. Like in the host andesite, all
three Phases show decreasing trends of elements Ti, Al, Fe, Mg and Ca with increasing silica (Fig A4.8).
Na and K both show increasing trends; the silica content for each Phase shows considerable overlap. The
same can be said for the other elements with the exception of Fe which is lower in the third Phase. The
decreased third Phase Fe content noticed in the in the mafic inclusions is similar to the lower third Phase
Fe content in the host lavas. There is however no noticeable inter Phase variation of K, Na and Mg like
that noticed in the host lavas.
Host lavas glass
The glass data presented here was collected during the same study as the microprobe data. Glass
compositions are mainly rhyolitic; there is some degree of scatter in the major element compositional
behavior with changing silica content. Due to the degree of scatter present there is no significant inter
Phase variation, regardless to this a number of intra Phase trends are evident (Fig A4.9). Aluminum
decreases in all the Phases with increasing silica; there however appears to be an inflection at ~ 79%
silica where the trends flatten out. A trend of decreasing Fe with increasing silica is present in Phases 2,
4 and to a lesser extent 3. As is the case with Al, there is also an inflection present at similar silica
contents. A weak trend of decreasing Mg is present in Phase 2. Calcium decreases with increasing silica
in all three Phases while Na only does so in the first three Phases. As is the case with the bulk andesite, k
displays an incompatible behavior with a bimodal distribution.

Trace element variation
Limited and sporadic trace element data is present for the first three Phases of dome building, it is
however sparse for Phase three. It is therefore thought pointless to present or discuss bulk rock trace
element chemistry in this report.

Summary and discussion
This report highlights the gaps present in both datasets. However, a fair quantity of information can be
extracted. The mineral chemistry data for the major mineral Phases e.g. plagioclase, orthopyroxenes
and hornblende suggest that the relative changes in the composition, hence crystallization conditions of
the phenocrysts and microlites are not consistent with a straight forward fractional crystallization
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model. Although the data set is sparse, this phenomenon seems evident in the first Phase of dome
building. The amphibole chemistry has been used to rule out pressure increase as the likely cause of
changes in mineral composition but supports increased temperature as the likely reason.

The cpx-rich outer rim and sieved plagioclase inclusions suggest that some hornblende rims are derived
from substantial heating by mafic material. They are therefore analogous to the sieved plagioclase
crystals, which are the result of interaction with mafic material. The rimmed orthopyroxene phenocrysts
also share some of these textural characteristics. In particular, in orthopyroxene phenocrysts with
overgrowth rims of Mg-rich orthopyroxene or clinopyroxene, plagioclase inclusions (if present) tend to
be sieved. In contrast, the homogeneous orthopyroxene phenocrysts contain clear plagioclase
inclusions. This therefore suggests that the sieved plagioclase, rimmed orthopyroxene and thermal
breakdown rims on amphibole are quite likely produced during mixing of silicic and mafic material.

Inter Phase plagioclase phenocryst compositions suggest that the plagioclase rims that crystallized in the
third Phase did so under more basic conditions than the previous and subsequent Phases. The
microlites however indicate that Phase 4 has the most basic crystallization conditions to date. In
general, matrix glasses and melt inclusion display rather scattered trends with SiO2, even for normally
well-behaved elements such as Al and K. Matrix glasses and melt inclusions from the andesite cannot be
distinguished chemically from residual glass from mafic inclusion material. On the basis of K and Cl
contents, two groups can be identified. One has high K2O (Fig A4.9) and relatively low Cl, and the other
has high Cl and low K. In both groups, Cl and K correlate positively, consistent with increasing
concentrations of incompatible elements during continued crystallization. Both groups appear to
contain a full range of textural types, including mafic inclusion material, matrix glass and melt inclusions,
so it seems that a simple mixing origin between mafic and silicic material is not the explanation.

Bulk rock major element variations suggest that the andesite composition has remained largely constant
through the eruption, although in the third Phase possibly shows signs of mixing e.g. in the low Fe
signature, which may have been inherited from the Phase three basalt. The inter Phase bulk rock
variation of Fe and Mg suggest that Phases two and three were the least basic.

There are a number of independent lines of evidence which suggest magma mixing might be an
important differentiation process during the present eruption. Determining the likely timing and
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duration between such a mixing event and changes in the behavior of eruption may prove important.
For example, the Mg-rich rims on orthopyroxene phenocrysts represent a sudden transition to a new,
hotter environment. If this happened just prior to eruption, we should see a very abrupt Mg
concentration profile across the boundary, and a relatively thin rim. In contrast, if mixing happened
some time before eruption, the zone boundary would be diffuse, and the rim would likely be thicker.
Diffusion modeling will therefore allow us to quantify the timing of mixing events. The timing could then
be compared with SO2 and seismic. However the present gaps in the geochemistry and mineral
chemistry data set need to be filled if the magma chamber processes at this volcano are to be
understood.
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Figure A4.1 Histogram showing An variation in phenocryst rims through the first four dome building
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rims, microlites and crystals from the mafic inclusions tend to have Fe contents above 0.5 wt%.

Figure A4.4 Compositional variation of Opx phenocrysts (A) and microlites (B)
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Figure A4.5 Histogram of opx magnesium numbers of all Phases for phenocryst cores (A), phenocryst
rims (B), microlites (C) and crystals from the mafic inclusions (D).

Figure A4.6 Clinopyroxene compositional variation for microlites (A) and phenocryst rims (B).
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Figure A 4.7 Harker plots of hose andesites, showing major element variation with silica as
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Figure A4.8 Harker plots for mafic inclusions, showing major element variation with silica. Symbols are
the same as in figure A4.7
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Appendix 5: Ash fall data

-

L Gunn

5.1. Method of Ash Collection
Ash fall was collected from several prearranged sites around the West and North of the Island. The sites
were chosen based on flat regions with limited interactions between ash fall and wind, buildings,
vegetation and traffic. In more exposed locations, such as Garibaldi Hill, ash trays were used to try to
prevent the removal of ash from the collection site.
During ash collection the time of collection and time since the site was last cleared of ash were noted.
This information was then compared to the MVO Observation Notebook in order to constrain the
number, position and run out of the pyroclastic flows associated with the volcanic activity during the
period of ash fall. When the sample sites were left for longer periods of time between collections a
cumulative ash sample was collected representing ash fall from more than one cycle of activity. When
deposits were sufficiently course the maximum average lapilli size was calculated and used to plot
isopleths maps. In all instances the ash fall was collected from a measured area.
5.2. Data Analysis and Calculations
To plot Isopach maps of the ash fall from individual events the samples were weighed to the nearest
gram giving a mass per unit area. This was then converted to thickness using equations 1 and 2 assuming
an ash density of 700 kg/m3.

Equation [1]

Equation [2]
Thickness data was then plotted onto an outline base map of Montserrat using GPS data to accurately
locate the sample sites. Pyroclastic flows associated with the time of ash fall were indicated by a black
arrow in the direction that the flow travelled. Where information was known the arrow length
represents the run out of the pyroclastic flow. Isopachs were then drawn by hand incorporating the ash
fall thickness data and the source area of the ash fall. The constraints of the isopachs varies for all ash
fall events depending on the density of sample sites collected and the spread of the thickness data
indicated. In all ash fall events both proximal and distal regions of the isopachs are purely inferred.
Once the isopach map was complete the total volume of the ash fall was estimated using the semi-log
thickness against square root isopach area plots proposed by Pyle (1989) and the calculation method of
Fierstein & Nathenson (1992).
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For each event where an Isopach map was generated the volume of pyroclastic flow deposits associated
with it was estimated based on an assumed volume of 5 X 104 to 1 X 105 m3 per individual flow
depending on the observed run out (Cole et al, 1998). From this data the percentage total ash volume
was calculated as a percentage of the overall volume involved in the activity.
5.3. Results
5.3.1. Ash fall variation with time
To compare the amount of ash fall received by different areas in the West-North-West of the island,
histograms have been plotted showing the mass of ash fall, collected in 1 m2, between the 8th November
2009 and the 14th February 2010 (Figure 1). The chosen locations are Olveston, Old Town, Woodlands
and the MVO as these are the sites with maximum data collected throughout this time period. Dates
showing no data do not correlate to periods of no ash fall, and the lack of data following the 27 th
December 2009 in Old Towne is due to the sample site no-longer being used.
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Date

Volume
(m3)

Maximum
Measured
Thickness (cm)

Associated Volcanic Activity

Estimated
Pyroclastic
Flow Volume
(m3)

Percentage
of Ash Fall
Generated
(%)

19/11/2009 4.7 X 104

0.18
(Woodlands)

Pyroclastic flows: Gages 2 X 105
Valley and Spring Ghaut
(approximately 3 km)

23.5

04/01/2010 9.3 X 103

0.06 (Olveston)

Cycle at 13:00 LT. Pyroclastic 1 X 105
Flows: 1 down Farrells Plain

9.3

06/01/2010 7.0 X 104

1.03
Hill)

23/01/2010 6.5 104

0.07 (St Johns)

Ash Venting over night and 1 X 105
1 flow down Gages Tar
River.
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07/02/2010 7.6 X 104

0.08 (St Peters)

Mainly due to pyroclastic 2.5 X 105
flow down Gages Valley.
Also 1 down Spring Ghaut
and 1 behind Gages
Mountain

25.33

(Garibaldi Cycle between 12:00 and 6.5 X 105
13:00 LT. Pyroclastic Flows:
2 Farrells Plain, 2 White
Ghaut, 1 Behind Gages
Mountain and 2 to the NE

10.8

Table A5. 1: Summary table showing the 5 dates where a sufficient number of ash samples were collected to
produce isopach maps and calculate total ash volumes. Pyroclastic flow volume estimates are based on the
observed data for the period of ash fall.
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Figure A5.1: Histograms showing the mass of ash fall collected in 1 m2 at Old Towne (a), MVO (b), Olveston (c) and Woodlands (d) between 08/11/2009 and
14/02/2010. Red bars indicated the dates where isopach maps were plotted from the data. Dates without data do not indicate that there was no ash fall. Note
the total ash fall in Old Towne on the 20/12/2009 is beyond the scale of these graphs.
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a

b

d

c

e

Figure 2: Isopach maps showing the distribution of
ash fall on (a) 19/11/2010, (b) 04/01/2010, (c)
06/01/2010, (d) 23/01/2010 and (e) 07/02/2010.
Thicknesses are in cm, black arrows represent the
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direction of pyroclastic flows during the period of
ash fall.

The blue bars are represent ash fall on dates where ash was collected but insufficient samples sites were
available for an isopach map to be produced, while red bars represent the data associated with the
isopach maps of the following sections. Table 1 summarizes the activity involved in the production of
ash fall on these dates along with the results of the analysis carried out.
Figure 1 shows that of these four locations Old Towne generally receives more ash fall than the others,
while Woodland, being the most Northerly of the four, receives much less ash fall. The ash fall data from
the MVO and Olveston are between these two extremes and despite Olveston being more distal to the
volcano the results suggest similar amounts of ash fall received by each following many of the events.
5.3.2. Ash Fall on 19 November 2009
Ash fall was collected from 10 sample sites in the morning of 19/11/2009 following a pyroclastic flow
down Gages Valley and Spring Ghaut with run out distances of approximately 3 km (Figure 2a). Isopachs
were drawn for 0.1 cm and 0.05 cm thicknesses showing a general North Western wind direction,
however, to fit the data the isopachs curve to a Northern direction in more distal regions. The most
Northern extent of the ash following this event was in Manjack where the ash fall collected was
negligible.
Volume Calculations made using the isopach area of both the 0.1 and 0.05 cm isopach suggest a total
ash fall volume of 4.7 X 104 m3 for this event. Total deposit volumes have been estimated as 2 X 105 m3
indicating that 23.5 % of the material was deposited as ash fall following this event.
5.3.3. Ash Fall for the 4 January 2010
Ash fall was collected from 9 sample sites on the West-North-West side of the island following the cycle
at 13:00 LT during which there was one pyroclastic flow down Farrells Plain (Figure 2b). Isopachs were
drawn for 0.06, 0.04 and 0.02 cm showing a North Western wind direction. The isopachs are well
constrained on the Northern side, however, to the south they are entirely inferred based on symmetry
and the position of the associated pyroclastic flow.
Volume calculations using the three isopachs drawn suggest a total ash fall volume during the 13:00 LT
cycle of 9.3 X 103m3. The deposit volume of this single pyroclastic flow was estimated as 1 X 105 m3
indicating that 9.3 % of the material was deposited as ash fall.
5.3.4. Ash Fall for the 6 January 2010
Ash fall was collected from 8 sample sites representing ash fall between 12:00 on the 05/01/2010 and
15:30 LT on the 06/01/2010. The ash fall occurred predominantly during the cycle between 12:00 and
13:00 LT on the 06/01/2010 during which there were 7 pyroclastic flows (two down Farrells Plain, two
down Whites Ghaut, 1 behind Gages heading towards Tyres and 2 others to the North East (Figure 2c).
Isopachs were drawn for 0.09, 0.07 and 0.05 cm thicknesses showing a West-North-West wind direction
and the transportation of ash beyond the island coast. These isopachs are ill constrained towards the
South West due to the position of the exclusion zone at the time of sampling.
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Volume calculations were made using the three isopachs and suggest a total ash fall volume of 7.0 X 10 4
m3 for this period. Of the 7 pyroclastic flows within this event, 6 have been assumed to have run outs of
1 to 3 Km so assumed total volumes of 1 X 103 m3 while the 1 which occurred behind gages is likely to
have a smaller run out and therefore an assumed volume of 5 X 104 m3. This gives a total deposit volume
of 6.5 X 105 m3 suggesting that 10.8 % of the overall material was deposited as ash fall.
5.4.5. Ash Fall for the 23 January 2010
Ash fall was collected from 19 sample sites on the 23/01/2010, between Zone B to the West of the
island round to the Airport in the North of the island, following a period of ash venting over night.
During this time period there was a single pyroclastic flow down the Tar River which may have
generated additional ash in some areas further North and may represent a source of error in the data
collected. In addition to this, the ash collection trays at Garibaldi Hill, Vue Pointe and Salem Police
Station represent cumulative ash fallout and although their thicknesses are labeled on the isopach map
the values were not used to constrain the isopachs drawn (Figure 2d).
Isopachs were drawn for thicknesses of 0.02, 0.03 and 0.05 cm showing a North-North-Westerly wind
direction at the time of the ash fall. The slight pull of the isopleths towards the West may be due to the
reduced ash fall at these sites due to the absence of the ash produced by the Tar River pyroclastic flow
which was unlikely to have reached those locations.
For volume calculations, only the 0.03 and 0.05 cm isopachs were used to calculate volumes due to the
lack of data constraining the North Eastern limit of the 0.02 isopach. The volume calculated indicates a
total ash fall of 6.5 X 104 m3 during this event. The total deposit volume from the one pyroclastic flow
was assumed at 1 X 105 m3 suggesting that 65 % of this fell as ash fall, however, this event was
dominated by ash venting.
5.3.6. Ash Fall for the 7 February 2010
Ash fall was collected from 13 samples sites in the morning of 07/02/2010. The majority of this ash fall
was associated with a pyroclastic flow down Gages Valley that occurred at 18:00 LT on 06/02/2010
generating a dense ash cloud reaching a height of 16,000 ft (Pilot report). Between this event and
collection a further two pyroclastic flows occurred, one down Spring Ghaut with a 1.5 km run out and
the other to the West behind Gages Mountain (Figure 2e).
Isopachs were drawn for thicknesses of 0.04 and 0.07 cm showing a North-North Western wind
directions generating ash fall predominantly to the North of the Island. Given the spread of data
collected the isopach are well constrained and fit observational data which indicates that the ash cloud
from the pyroclastic flow down Gages Valley could be observed from the Olveston area, and that little
ash fall occurred there (Figure 6).
Volume calculations were made using the two isopach suggesting a total ash fall volume during this
period of 7.6 X 104 m3. Of the 3 pyroclastic flows associated with this ash fall, two have estimated
volumes of 1 X 106 m3 while the other had a shorter run out so has an estimated volume of 5 X 104 m3.
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This gives a total volume of 2.5 X 105 m3 and suggests that 25.33 % of the material was deposited as ash
fall.
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Appendix 6.
Using RSAM Data to Locate Pyroclastic Flow Activity During the 11 February 2010
Partial Dome Collapse
R. C. Stewart
6.1

Introduction

The seismic signals generated by pyroclastic flows (PFs) are invariably complex and difficult to interpret.
Given an adequate model of how the seismic signals are generated, it should be possible to use the
seismic data to determine changes in the size and location of flow activity. In practice, this has been very
difficult to achieve. Calder et al (2002) and De Angelis et al (2007) show that seismic data, particularly
RSAM data, can be used to characterise PFs at the Soufriere Hills Volcano, Montserrat (SHV). Jolly et al
(2002) proposed a detailed processing scheme to locate the flows using seismic waveform. This had
some success for individual flows in discriminating between the major PF routes at the SHV. The 11
February 2010 Partial Dome Collapse (PDC) is a more difficult problem as there are likely to have been
several PFs in closely-spaced locations at the same time.

The seismic signals from PFs are generated by the interaction between a large amount of material and
the ground surface. The size of the seismic signals should therefore be related to the mass and speed of
the material involved in the flow and the location of the active flow area relative to the station. The
difficulties encountered in carrying out this type of study may well be because there are many other
factors involved, some of which are almost impossible to quantify and may well be the dominant
factors. These include:





The unknown nature of the seismic wave-field. The seismic signal will be a chaotic mixture of P,
S and surface waves, which would need to be disentangled before any wave-based analysis
could be carried out.
The effects on the seismic wave-field of the topography between the location of the PF and the
station. These effects are likely to be large.
The efficiency of coupling between the PF and the ground. Observations at Montserrat Volcano
Observatory (MVO) indicate a very wide variation in coupling, with some large flows generating
very small seismic signals. The coupling will depend on the physical properties of the flow
material and the topography of the route. The number and sizes of previous flows on that route
is probably also a factor, as these would tend to make the channel smoother.

This paper looks at the RSAM data for the PFs associated with the PDC on 11 February 2010 at the SHV.
Previous investigations of this type by the author have been unsuccessful, probably because the
approach taken was too general and used several untenable assumptions about the expected size of the
signals. The methodology used here was adopted to minimise the effects of the many uncertainties in
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the model in order to provide results that, while having a lower spatial and temporal resolution, may be
more reliable.

6.2

The 11 February 2010 Partial Dome Collapse

Figure 6.1 shows the seismic and infrasound data recorded for a period of more than two hours
including the PDC on 11 February 2010. The significant events during the PDC are listed in Table 6.1 and
marked on Figure 6.1. Some of these times were taken from MVO monitoring equipment, so are
accurate. The other times are based on visual observations and are probably accurate to about one
minute.

Figure 6.1
Seismic and infrasound data from a monitoring station at MVO (MBFL) for the PDC on 11
February 2010. Time scale is in minutes relative to 15:53:23 UTC. All data are normalised for clarity. a)
Seismic data from MBFL SHZ. The six peaks in seismic activity discussed in the text are numbered in red.
b) Infrasound data from MBFL HDF, band-pass filtered between 0.05 and 1 Hz. The events listed in Table
6.1 are marked in red. c) Unfiltered infrasound data.
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Activity in the PDC started on the northern flank of the volcano with a small to moderate PF triggered by
a Long-Period (LP) earthquake. The time scale in Figure 6.1, and the relative times given in Table 6.1 are
in minutes relative to the LP earthquake. The seismic signals are relatively small for the first 50 minutes
of the PDC. There was then a 40 minute period of much more intense activity, which included the largest
flows and the two explosions which have been identified to date. This intense period included six
distinct peaks in the seismic activity, numbered 1 to 6 in Figure 6.1(a). Peaks 5 and 6 were each
associated with an explosion (marked J and L in Figure 6.1(b)), with the second one larger by a factor of
at least three.
The PDC generated many PFs. Most of these were on the north and north-east flanks of the volcano, on
Farrell's Plain and in Tuitt's Ghaut and White's Ghaut. Figure 6.2 shows a map of the flow and surge
deposits, based on satellite radar data. The flows appear to have been restricted to four narrow
channels from the summit in directions between the north east and the north west. There were only
two flows to the north west that travelled into the Belham Valley, and a few smaller flows that were
restricted to the area that used to be Tyer's Ghaut. There were some small flows to the west, a few of
which reached Gages Fan.
Table 6.1

Significant Events During the 11 February 2010 PDC

Times of events in italics are approximate as they are based on visual observations.

Time
(UTC)

Rel. Time
(minutes)

Activity

A

15:53:23

0

Start of PF activity on N flank of SHV

B

15:58:00

5

First large PF on Farrell's Plain

C

16:00:00

7

PFs to NE to within 300m of Brambles Airport

D

16:10:00

17

Large PF on Farrell's Plain

E

16:23:00

30

Large PF on Farrell's Plain

F

16:44:00

51

Increase in visible PF activity

G

16:56:00

63

Increase in visible PF activity

H

17:04:00
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Increase in visible PF activity, PF in Upper Belham

I

17:15:16

83

Seismic station at Harris (MBHA) stops

J

17:16:03

83

First explosion

K

17:17:00

84

Increase in visible PF activity, PF in Middle Belham

L

17:20:29

87

Second explosion

M 17:25:39

92

Large LP earthquake
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Figure 6.2
Map showing MVO seismic stations and the distribution of deposits from the PDC on 11
February 2010. Pumice flows are in blue and block and ash flows are in light blue. Surge deposits are
shown in purple, with the surge-derived ash flow in light purple. The base map is a TerraSAR-X satellite
radar image acquired on 13 February 2010.

6.3

Analysis of RSAM Data

Figure 6.2 also shows the locations of four seismic stations operated by MVO that are very close to the
PF activity. All four of these stations are equipped with broadband (BB) three-component seismometers,
and it is the data from these that is used here to locate flow activity during the PDC. This study is
restricted to these stations as the seismic signals from them are much more likely to reflect changes in
position of the flow activity than from more distant stations.

The data used here is 1-minute RSAM data, which is essentially the same as the envelope of the seismic
signal. This is calculated from short-period (SP) seismic signals obtained by filtering the BB seismic data
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with a 1 Hz high-pass filter. The SP RSAM data is preferred to BB RSAM data, as it is much less sensitive
to variations in the natural background noise.

SP RSAM data is calculated individually for all three components at each of the four stations. These are
then combined to give a single RMS SP RSAM for each station, increasing the signal-to-noise ratio in
some cases. Figure 6.3 shows the RMS SP RSAM at all four stations for the same time period as Figure
6.1.

Figure 6.3
RMS SP RSAM at four seismic stations for the 11 February 2010 PDC. Time scale is the
same as in Figure 6.1.

The data for all four stations is very similar in shape but not in amplitude, despite all stations having the
same nominal gain. This is probably due to the various factors outlined in Section 6.1 that can affect the
size of the seismic signals generated by pyroclastic flows, as well as some more general factors, such as
site amplification effects, that are also not easy to quantify.

It was not possible to correct the RSAM data to give values that could be assumed to be the true signal
size as it relates to the PF activity. Instead, an alternative approach was adopted where the data for each
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station is normalised empirically, then combined to calculate an average RSAM which can then be used
for comparison. Each station was normalised using the RMS SP RSAM from MBGB, a more distant
station where the amplitude of the seismic signal should be much less sensitive to the location of the PF
activity. The normalisation was carried out using only the first 60 minutes of data, excluding the most
intense period of PF activity. The average SP RSAM was then calculated as the mean of the normalised
RMS SP RSAM from three stations, excluding MBHA which did not record data for the entire period. The
normalised SP RSAM and the average SP RSAM are shown in Figure 6.4.

Figure 6.4
Normalised SP RSAM for four seismic stations for the 11 February 2010 PDC, along with
the mean SP RSAM. Time scale is the same as in Figure 6.1.

Figure 6.4 shows that there is a common RSAM signal for the first 60 minutes of the PDC and interstation variations thereafter. Although this appears to be a circular argument, given that the first 60
minutes of data was used for the normalisation, it is justified as the data in Figure 6.4 was arrived at
after considerable experimentation with the normalisation process, all of which gave similar but more
scattered results.
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6.4 Discussion and Conclusions

Figure 6.5 shows the average RMS SP RSAM and the SP RSAM ratios calculated for each station relative
to this average. The ratios have been smoothed using a 3-point running mean filter. Note that the Y axis
for the ratio plot is logarithmic. The value of the ratio at any time is expected to be related to the
distance between the station and the seismic source or sources, ie the active area(s) of the PF(s), at that
time. Values greater than one indicate proximity. The figure shows several interesting features, which
are here interpreted in terms of the location of the PF activity.

MBHA has the largest positive ratios. These occur in two distinct time periods, from 10 to 18 minutes,
and from 63 to 83 minutes: the last being the time when the station failed. The values are much larger
than any other values in Figure 6.5, and are interpreted as a result of the very close proximity of the PF
activity to MBHA. The RSAM ratio at the time the station was destroyed, presumably by a surge from a
nearby PF, is no greater than the RSAM ratio throughout the two periods in question.
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Figure 6.5
a) Mean SP RSAM for the 11 February 2010 PDC. The data is plotted a second time with
a magnification of x8, to highlight the smaller features. The events listed in Table 6.1 are marked in red.
b) SP RSAM ratios for each station, relative to the mean SP RSAM, smoothed with a 3-point running
mean filter. Time scale is the same as in Figure 6.1.

The first period occurred in the latter part of the initial episode of PF activity, on Farrell's Plain and
towards the north east. The second period occurred just after the first peak in the intense PF activity
which started to increase at 50 minutes (Peak 1 in Figure 6.1(a)). There is a 10-minute delay between
the start of growth in PF activity and the increase in the MBHA SP RSAM ratio. This indicates that the
extent of the renewed PF activity continued to grow after the PF intensity had peaked, reaching MBHA
after about 10 minutes.
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The three other stations also show variations, smaller than for MBHA, that can be linked to changes in
the PF activity, as long as the interpretation is restricted to times when the average RSAM is not close to
background levels. The effects of noise on the RSAM ratio are amplified greatly when the values are low.
There are at least three occasions where the RSAM ratios can be correlated with the location of PF
activity.

The PF activity that occurred just after 40 minutes has a larger RSAM ratio at MBLY than at the other
stations. MVO has a sequence of GPS-timed photographs that show a small to moderate PF on the
western margin of the Farrell's Plain flow zone at this time.

MBWH becomes the most dominant station shortly after the increase in PF activity at 50 minutes.
Although it was overtaken by MBHA, the MBWH ratio remains high compared to the other two stations
throughout the period of intense PF activity. This could be either because the PF activity starting at 50
minutes was directed more towards the north than the PF activity in the first 50 minutes. Alternatively,
it could just be that the distance travelled by the flows to the north increased at that time.

MBLG becomes more dominant at the same time that MBLY declines, during the slowly decreasing PF
activity from 90 to 100 minutes. This is almost immediately after the second, and larger, explosion at 87
minutes. This indicates that the flows that followed this explosion were directed more towards the
north-east than those before the explosion.

Finally, there is no evidence that the largest of the two flows in the Belham Valley, which occurred at
about the same time as the second explosion, had any effect on the RSAM ratios. It has already been
shown that MBLY is sensitive to flows on Farrell's Plain, so it might be expected to be as sensitive to
flows in the Belham. That it isn't is probably due to a difference in the mass of material involved and
perhaps the fluidity of the flow. Although the Belham deposits appear to be fairly extensive in Figure
X.2, the material was all pumice and the amount involved was a very small fraction of the total amount
involved in the PDC. This underlines the importance of parameters such as the mass of the PF in this
type of study.

Although some of the interpretations proposed here are fairly speculative, it is clear from the RSAM
data that the PDC can be divided into three distinct Episodes, where the locations of the PFs were
significantly different. These are from 0-50, 50-90 and from 90 minutes onwards.
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