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Abstract

Volcanic seismicity is used to monitor volcanic activity worldwide, with seismic monitoring
the main method used to monitor Soufriere Hills Volcano, Montserrat. Soufriere Hills be-
gan erupting on the 18" July 1995 and has undergone five phases of activity, which were
preceded by an increase in seismicity. Earthquake location is a complex problem, with sev-
eral unknowns; computed hypocenters represent the optimal solution given the information
available. Synthetic earthquakes allow the testing of velocity models and location methods
to be compared with known earthquake locations. The current location method used at
Montserrat Volcano Observatory produced large hypocenter errors, with poor constraints
on hypocenters at particular depths. Comparison with other velocity models and location
methods shows the Rowe et al. (2004) velocity model with NonLinLoc produces locations
that more accurately represent synthetic earthquake locations. This new location method
was used to relocate the seismic catalogue at Montserrat from 1995 to 2018, to under-
stand how changes in hypocenters influence interpretations. Relocations show a migration
of hypocenters towards St Georges Hill on the 12t"-14" August 1995; this alongside com-
puted focal mechanisms, suggests dyke propagation and inflation, differing from previous
interpretations. Prior to a Vulcanian Explosion on the 29" July 2008, relocated hypocenters
are located in SE Montserrat. The majority were located using four P phases; this has been
shown to produce large hypocenter errors with synthetic testing. Therefore, earthquakes
were repicked for additional P and S phases to improve locations during this period. This
resulted in reduced hypocenter errors, with the majority of earthquakes relocated beneath
Soufriere Hills with minimal SE locations. This project highlights the importance of using
a robust location method suitable for the region to ensure that outputted hypocenters are
trustworthy and accurate. Use of unsuitable methods can influence earthquake patterns
and thus interpretations. This impacts understanding of volcanic systems, and ultimately

hazard assessment.
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Chapter 1

Introduction

1.1 Summary

This thesis aims to improve the accuracy of locating earthquakes at Montserrat Volcano
Observatory (MVO) by comparing the current methodology with other location methods
and seismic velocity models available. This will help constrain future seismic events used
in monitoring Soufriere Hills Volcano, and will also be used to relocate the past seismic
catalogue from 1995 to 2018. The relocated catalogue is then used to build on current
interpretations that will aid our understanding of the volcanic plumbing system beneath
Soufriere Hills. This methodology will give a greater understanding of which parameters
affect earthquake location in general, and therefore can be applied to locating seismicity in

other volcanic regions.

The thesis first compares different location methods, seismic velocity models and station
configurations to understand how accurately the current methodology locates earthquakes,
and if locations can be improved by using different location methods and seismic velocity
models. The most suitable method from the comparison will be used to relocate the seismic
catalogue from 1995 to 2018 to improve the accuracy of earthquake hypocenters. Producing
higher accuracy locations allows more earthquakes to be included for analysis, which can
result in more detailed geophysical interpretations, and understandings of the volcanic
plumbing system. In the last chapter, synthetic earthquakes are used to understand how a
small number of seismic stations can effect locations and calculated hypocenter errors, and
how in turn this can effect interpretations of seismic activity. A case study of precursory

activity prior to a large vulcanian explosion in July 2008 is studied in more detail due to
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a large number of earthquakes recorded, but only a small number of seismic stations being

used to pick arrival times.

Soufriere Hills Volcano began erupting in July 1995 after three years of increased seismicity;
it has undergone five main phases of eruptions, and is still thought to be active. The
Montserrat Volcano Observatory has used the same seismic velocity model and location
method since the broadband network was installed in October 1996. Since then, several
1D (Rowe et al., 2004) and 3D (Paulatto et al., 2012; Shalev et al., 2010) seismic velocity
models have been produced for Montserrat. Additionally, new location methods have been
developed which have been shown to work well in complex environments, such as NonLinLoc

(Lomazx, 2001), QuakeMigrate (Winder et al., 2021) and Bayesloc (Myers et al., 2011).

It is important to use a reliable location method, so that there is strong confidence in
the calculated locations. This is particularly important when being used in real time for
hazard assessment, as an accurate depth and epicentre location can contribute to a better
understanding of the location of magma, which is used to anticipate when an eruption may
be more likely. An example of this was the 2014-2015 Bardharbunga—Holuhraun event,
where over 30,000 earthquakes were recorded during dyke propagation; this allowed fur-
ther understanding of dynamic processes occurring between dyke propagation and recorded

seismicity, and the implications this has for hazard monitoring ( Woods et al., 2019).

Throughout this thesis, accuracy, precision and confidence are referred to when discussing
different earthquake location methods, and the relocated seismic catalogue. In terms of
earthquake location, high accuracy is when the earthquake is relocated close to the true
hypocenter of the earthquake. This is shown in Figure 1.1 where earthquakes would be
located close to the bullseye - the true earthquake origin. High precision is when a group
of earthquakes are relocated to within a close distance to each other; these can be accurate
(close to the true location) or not accurate (located poorly in absolute location but located
well in respect to each other). This thesis is comparing absolute location methods instead
of relative methods, and hence aims to improve the accuracy of locations. Each earthquake
is thought to be independent of each other, and hence we can not determine precision unless
further analysis is done to determine that a set of earthquakes have originated from the
same location or process. This then allows relative location methods to be used to further

constrain earthquake locations relative to one another. In this thesis, confidence refers to
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whether we can trust the outputted earthquake location with the calculated error. This is
explored further in Section 4.2.3 where a term ’trusted earthquake’ is defined. If we have
a method that produces a high percentage of trusted earthquakes, then we have a high

confidence in the outputted locations, as we can trust the results that method produces.

©e)©),

Accurate & Accurate & Not Not
Precise Not Precise Accurate & Accurate &
Precise Not Precise

Figure 1.1: Schematic showing the difference between accuracy and precision. In this thesis,
the stars represent earthquakes located hypocenter, with the bullseye representing the true
earthquake location.

It is also important to have trustworthy locations when interpreting past seismicity, so that
patterns in hypocenters can be deduced and understood. For example, seismicity beneath
St George’s Hill was recorded in August 1995; if we can not trust the locations related
to this it can be difficult to say if this is a true change in hypocenters, or if it is a result
of poorly-constrained locations. This thesis aims to improve the accuracy of computed
locations, and tests to see if the new methodology can be trusted, so that we can have

confidence in earthquake hypocenters from the seismic catalogue.

1.2 Motivation

Volcanic seismicity is a useful indicator of activity at volcanoes worldwide, and seismic
monitoring is one of the main short term monitoring methods used by volcanic observa-
tories (Luckett et al., 2007). In active fault zones, the location of an earthquake provides
information on the locality of damage, the potential for tsunami warnings and can be used
for future hazard planning (Lomax et al., 2009). For volcanic systems, seismic analysis
can give a wealth of information; the number of events over a given time period highlights
increasing activity; different seismic signals can give an indication of the internal dynamics

of the volcanic system, such as magma movement or magma pressurisation; and the earth-
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quake location itself can determine the source location of the magmatic system/conduit.
Rock fracture earthquakes, otherwise known as Volcano-Tectonic earthquakes, can be used
to track the movement of magma, such as a propagating dyke, which gives an indication of
the eruptive site (Bakker et al., 2016; Eyles et al., 2018; Marchetti et al., 2009; Woods et al.,
2018). Accurate earthquake locations can greatly improve the understanding of subsurface

processes at volcanoes globally.

There are several challenges faced with earthquake location; one of the main issues arises
from the lack of a complete seismic velocity model of the region. Normally location algo-
rithms use a simplified 1D velocity model, or can use more complex 2D and 3D models.
Additional errors are introduced with more complex models, as these themselves have had
to be calculated through several iterative processes. In essence, we can never truly know the
complete velocity model, especially beneath volcanic regions where the magmatic system
can be constantly changing in the lead-up to an eruption. The volcanic edifice is likely het-
erogeneous, with steep topography, which makes portraying the velocity model difficult. At
volcanic observatories, resources can be limited, and therefore full seismic networks are not
always deployed until activity increases. This can result in a loss of information of internal
dynamics during the initial processes, and can delay interpretations of the volcanic system.
Another challenge is that the earthquake location itself is not always well constrained, with
calculated hypocenters representing the most optimal solution with the given input data.
It is therefore hard to test different location methods and velocity models, as a change in
location with each method does not clearly define which method produces the most accu-
rate result. Use of synthetic earthquakes (where we control the location of the earthquake,
and calculate exact travel times to the stations) helps eliminate the unknown of the origi-
nal earthquake location, allowing the velocity model and location method to be tested for

suitability.

Different location methods have not been compared for their applicability in locating earth-
quakes on Montserrat before; a crucial step that can be used to understand how much
confidence we have in MVO’s locations. Miller (2011) compared three 1D seismic velocity
models by relocating one VT earthquake that was recorded during a time period with a
large number of active seismic stations (an additional 26 temporary SEA-CALIPSO sta-

tions, alongside MVO’s nine permanent stations). Time residuals were compared at each
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seismic station, alongside the location of the relocated earthquake. Miller (2011) found
that the Rowe seismic velocity model (Rowe et al., 2004) was better at predicting arrival
times at the North of the island, but RMS values over the island were smaller with the
SEA-CALIPSO velocity model. However, Miller (2011) tested these velocity models with a
high density seismic network, not representative of MVO’s current configuration. This was
tested on only one VT earthquake, and so does not give a good representation of the veloc-
ity model for the whole island, such as earthquakes occurring in the North, or at varying
depths. Using a grid of synthetic earthquakes across Montserrat at several depths will allow
a full understanding of how each seismic velocity model performs, and where weaknesses

may occur.

This thesis is using absolute location methods for relocation (where earthquakes are located
individually and not relative to one another), which has a limit on what structures can be
resolved. Absolute location methods are more useful for volcanic observatories as they allow
an initial location for the earthquake to be computed relatively quickly and per earthquake,
instead of having to use a cluster of earthquakes. Relative location methods are best for
constraining faults and layers in the subsurface, although these can still be located with
absolute location methods (used in this thesis), but with lower certainty. These locations
can then be combined with other geophysical methods and models of the subsurface to help

interpret the recorded seismicity.

Improving earthquake locations gives an improved understanding of processes leading up to
and during the eruption at Soufriere Hills Volcano, by helping to refine what location and
depths the seismicity was at during different stages of the eruption. Trends in seismicity
with time can highlight dyke propagation, distal clusters and magma movement — all
of which are useful in understanding the magmatic system, and for future understanding
for hazard assessment. For example, there are several proposed orientations for a dyke
during the early stages of the Soufriere Hills eruption; if location errors can be reduced,
and locations refined, this can be used alongside other geophysical data to constrain the
orientation and location of the dyke, confirming or providing alternative interpretations to

previous research.

Accurate locations also aid placing rough boundaries of the magmatic chamber - a region

where we see less volcano-tectonic earthquakes. This has been estimated to be around 5 km
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depth using earthquake locations from (Aspinall et al., 1998) alongside other geophysical
and geological models. Reducing location errors on relocated earthquakes will aid con-
straining the depth to the top of the magmatic system, providing additional evidence on

where this resides.

There are limits to the work used in this study: 1D seismic velocity models are rough
estimates of Montserrat and do not represent the whole island perfectly - with differences
in seismic velocity expected beneath Soufriere Hills Volcano compared to the North of the
island. However, they provide a good starting estimate for the velocity in this region and
are still useful in producing meaningful locations. This thesis also looks at including a 3D
seismic velocity model for location, although this also provides its own errors due to the
way the model is created. There is also a limit to what structures can be defined using
this method. It is unlikely to resolve hydrothermal systems or previous volcanic deposits;
these are better imaged using relative location methods or seismic tomography. Overall,
relocations provided in this thesis will improve the locations in the seismic catalogue during
the five phases of eruption, which can then be used in conjunction with other research to

solidify our interpretations of volcanic processes during this timeframe.

1.3 Geology

Montserrat is a 16 km by 10 km volcanic island situated in the Lesser Antilles in the
Caribbean, North-West of Guadeloupe (Figure 1.2). Soufriere Hills Volcano is situated
in the south of the island and began erupting in July 1995 after three years of increased
seismicity (Young et al., 1998). Soufriere Hills Volcano is still thought to be active, with

MVO using seismic analysis as one of its primary monitoring tools.

The Lesser Antilles arc has formed due to the subduction of the North American plate
under the Caribbean plate at 2 cm/year (Wadge et al., 2014). North of St Lucia, the Lesser
Antilles arc subdivides into two branches: an external eastern arc that was active 55—
30 Ma and that is now overlain by carbonate sediments, and an inner arc where volcanism
begun 22 Ma, and now consists of the current volcanic islands (Bouysse and Westercamp,
1990; Paulatto et al., 2010a). Lépez et al. (2006) proposes that the Northern Lesser Antilles

forearc block is separated from the Caribbean plate by a strike-slip fault system; this change
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Figure 1.2: Map showing the location of Montserrat in the Lesser Antilles. Red line denotes
plate boundaries between the North America, South American and Caribbean plate. Plate
boundaries taken from Bird (2003). Inset image shows Montserrat, with red cross marking
Soufriere Hills Volcano. Bathymetry data is from BODC-GEBCO 30 arc-second global
grid.

in arc type is interpreted to represent the westward shift of the volcanic front which is seen

today (Macdonald et al., 2000).

Montserrat consists of a number of volcanic centres up to 2.6 Ma years old (Harford et al.,
2002) including: Silver Hills in the north of the island (2600-1200 ka), Centre Hills situated
in the centre (950-550 ka), and Soufriere Hills and South Soufriere Hills situated in the
south (170 ka—present), shown in Figure 1.3 (Harford et al., 2002; Sparks and Young, 2002).
Radiocarbon dating of pyroclastic deposits suggest that Soufriere Hills Volcano was active
24 and 16 Ka years ago (Wadge and Isaacs, 1988). Prior to the 1995 eruption, Soufriere
Hills Volcano consisted of five central andesitic lava domes formed during past eruptions:
Gages Mt, Chances Peak, Galway’s Mt, Perches Mt and Castle Peak (Wadge and Isaacs,

1988). Castle Peak was buried during the recent eruption.
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Figure 1.3: Figure showing the faults and geological complexes on Montserrat. Locations
of faults and geological features are taken and adapted from Baird et al. (2015). Coloured
regions represent volcanic complexes grouped by age; orange areas represent complexes
relating to Soufriere Hills. Annotations: GH = Garibaldi Hill, SGH = St George’s Hill,
MHEFS = Montserrat-Havers Fault System, CP = Castle Peak, GM = Galways Mt, CM =
Chances Peak, PM = Perches Mt and GaM = Gages Mt. Topography used from Stinton
(2015); this source for topography is used from here on. Darker blue regions represent
increase in bathymetry.

A number of faults cross through Montserrat, making the tectonic structure complex (Figure
1.3). The Belham Valley Fault cuts across the centre of Montserrat through the Soufriere

Hills complex and has an ESE trend (Harford et al., 2002). The five volcanic domes align
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along the ESE trending fault; this is interpreted as a zone of crustal weakness which formed
during periods of past dome growth at Soufriere Hills resulting in crustal extension (Baird
et al., 2015; Wadge and Isaacs, 1988). The Bouilante-Montserrat half graben extends
SE towards Guadeloupe and is thought to interact with Montserrat in the south of the
island (Feuillet et al., 2001, 2002). Related faults to the Belham Valley fault strike WNW
and bound St George’s Hill in the west and across the Soufriere Hills complex including
Richmond Hill; these are thought to extend offshore to the SE forming the Montserrat

Havers Fault System (Baird et al., 2015; Miller et al., 2010).

Soufriere Hills Volcano has one of the most active hydrothermal systems in the Lesser
Antilles, with hot springs and fumaroles spread across the island (Chiodini et al., 1996).
Prior to the eruption in 1995, hydrothermal activity was mainly seen along the western and
southern flanks of the volcano, and on the northern rim of English’s crater (Boudon et al.,
1998). Kenedi and Ryan (2010) suggests that a network of faults beneath St George’s Hill
complex is responsible for a hydrothermal circulation system, which has previously altered
the rocks in the local vicinity. St George’s Hill has faults on both sides, and is an uplifted
block of volcaniclastic deposits (Harford et al., 2002). This area has undergone several
seismic crises, first recorded in 1933 (Aspinall et al., 1998); this yields further evidence to
the complex nature of a fault system beneath St George’s Hill. P wave tomography data
also shows a low velocity zone beneath this region (Shalev et al., 2010); this is looked at in

more detail in Section 1.6.

Soufriere Hills Volcano is a Pelean style volcano comprised of predominantly andesitic prod-
cuts containing 40% phenocrysts (Barclay et al., 1998), with the volcano flanks dominated
by previous dome collapse material (Sparks and Young, 2002; Wadge and Isaacs, 1988).
Volcanic rocks on Montserrat date back to 2.6 Ma (Harford et al., 2002). Eruptions con-
sisted of mostly dome growth with frequent dome collapses, pyroclastic density currents
(PDC’s), and block and ash flows (Sparks and Young, 2002). A large collapse 4000 years

ago resulted in English Crater being formed (Roobol and Smith, 1998).

Prior to the 1995 eruption there had been no volcanic eruption since European habitation
on the island in 1632 AD; however, there is evidence that Soufriere Hills Volcano was active
in the 1500s and 1600s due to partial dome regrowth inside English Crater ( Young et al.,
1998). Castle Peak’s partially filled crater is thought to be 323 +/- 50 years old (Young
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et al., 1996). Soufriere Hills Volcano followed a 30 year cyclic pattern in seismic activity,
with an increase in earthquakes recorded in 1890’s, 1930’s and 1960’s, none of which led
to an eruption. There is no record of seismicity recorded prior to 1890. An increase in
seismicity in the early 1990s led to the beginning of the eruption in July 1995 ( Young et al.,
1998).

1.4 Current Eruptive History

Soufriere Hills Volcano began erupting on the 18" July 1995 after three years of increased
seismicity; it has since undergone five main phases of eruptions (Odbert et al., 2014; Shep-
herd et al., 2003). 18 earthquake swarms lasting from hours to days were recorded from
1992 to the beginning of the eruption in 1995 (Ambeh and Lynch, 1996). Changes in seis-
micity have been recorded throughout the eruption with a decrease in volcano-tectonic
(VT) earthquakes as the eruption has progressed (Figure 1.4). VT seismicity at the start
of the eruption was common due to the conduit forming (Aspinall et al., 1998), this then
changed to hybrid and Long Period earthquakes once the system had stabilised. More in-
formation on the types of volcanic signals recorded on Montserrat is explained in Section
2.1. Soufriere Hills Volcano has undergone several phases of dome growth and collapses,
resulting in many Pyroclastic Density Currents (PDC’s), that have destroyed the majority
of south Montserrat. A timeline highlighting the key events throughout the eruption is
shown in Figure 1.6. Soufriere Hills Volcano is still thought to be active, although no main

dome growth has been recorded since 2010. Phases throughout the eruption have been

defined by MVO as time periods with active extrusion.
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Figure 1.4: Histogram showing the number of earthquakes recorded by MVO per day
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Pre-1995

Earlier seismicity in 1933-1937, and 1966-1967 recorded earthquakes beneath St George’s
Hills, however, seismicity was not recorded there in the lead up to the eruption in 1995

(Powell, 1938; Shepherd et al., 1971).
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Figure 1.5: Figure taken from (Powell, 1938). Figure shows epicentre estimates for earth-
quakes located between 28" April 1936 to 26" May 1937; location estimates were calculated
using the amplitudes of recorded earthquakes on the island.
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Phase 1

The phreatic phase began on the 18" July 1995, which transitioned to the magmatic phase
later on the 15" September (Wadge et al., 2014). Phreatic explosions with 3 km ash
columns were common during the first few months of Phase 1, with high SOy levels of
300 tonnes/day (Young et al., 1998). Phase 1 was subject to several cycles of continuous
dome growth and collapse, resulting in several large scale PDC’s. A large dome collapse on
the 25" June 1997 resulted in a PDC travelling 6 km to the north-east, reaching Bramble
Airport and killing 19 people (Loughlin et al., 2002). A large PDC in August 1997 destroyed

Montserrat’s capital Plymouth, which had previously been evacuated ( Wadge et al., 2014).

Seismicity during the first few months of the eruption was located across most of southern
Montserrat, and was recorded beneath St George’s Hill, Windy Hill and to the NE near
Long Ground (Aspinall et al., 1998; Miller et al., 2010). From summer 1996 the majority
of seismicity was then recorded beneath the main crater. There are several hypotheses for
the reason seismicity was recorded beneath St George’s Hill, such as a response to stress
change from a magmatic intrusion, or from the triggering of local fault and hydrothermal
systems (Miller et al., 2010). Seismicity was also recorded to the NE near Long Ground
and was interpreted as stress changes as a result of a secondary intrusion that ascended as
a NE/NNE dyke (Miller et al., 2010; Roman et al., 2008). Aspinall et al. (1998) showed a
migration of seismicity to the SW over a two-day period, but this was discounted by Roman

et al. (2008) due to large hypocenter errors.

Overall seismicity was located widely across south Montserrat during the first year of the
eruption, highlighting the complex environment, and the effect that a magmatic intrusion
can have on seismicity in the region. Lava extrusion ceased on the 10t March 1998 marking
the start of an 18 month pause in activity (Wadge et al., 2014). Higher levels of activity
were noticed every 5-6 weeks, with a partial dome collapse on the 3™ July 1998; increased
seismicity, ash and explosions reached a climax in November 1999 marking the start of

Phase 2 (Norton et al., 2002; Wadge et al., 2014).
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Phase 2

Phase 2 was the longest period of continuous lava extrusion lasting 3.5 years with two short
breaks in extrusion: March-May 2001, and June—July 2002 ( Wadge et al., 2014). There
were three main dome collapses: 20" March 2000 resulting in a PDC down the Tar River
Valley and a 9 km ash column (Carn et al., 2004); 29*" July 2001 where rainfall is thought
to have triggered a large volume dome collapse (Matthews et al., 2002); and a major collapse
on the 12" July 2003 (Herd et al., 2005). There was very little seismicity recorded with the
first two dome collapses; these were both preceded by heavy rainfall, which was thought to

have destabilised the dome (Carn et al., 2004; Matthews et al., 2002).

The 12" July 2003 dome collapse lasted for over 18 hours, ending with a Vulcanian explo-
sion, marking the onset of Pause 2 (Edmonds et al., 2006). PDC’s to the east of the island
formed lobes and turbidite deposits off the coast (Herd et al., 2005; Trofimovs et al., 2006).
A swarm of 9500 hybrid earthquakes that merged intro tremor were recorded in the lead
up to the dome collapse (Figure 1.4); this was interpreted as an indicator of magma pres-
surisation in the upper conduit ( Wadge et al., 2014). Activity during Pause 2 was limited

to ash venting, SO pulses and hybrid earthquake swarms ( Wadge et al., 2014).

Phase 3

Three and a half months of phreatic explosions began on the 15 April 2005, with dome
growth restarting a few months later on the 8" August 2005; the increase in activity in April
marked the start of Phase 3. A series of Volcano-Tectonic and Long Period earthquakes on
the 7% and 9" February 2006 marked an opening of a NNE trending fissure (Wadge et al.,
2014). On the 20" May 2006, a three hour dome collapse removed all prior dome growth
from Phase 3; the collapse was gas rich resulting in a high energy PDC down Tar River
Valley, and a small tsunami (Trofimovs et al., 2012; Wadge et al., 2014). Dome growth
continued throughout 2006 with a small dome collapse on the 8 January 2007 triggering
a PDC down Belham Valley (De Angelis et al., 2007; Wadge et al., 2014). Dome growth
slowed, with Phase 3 finishing on the 20" April 2007. Activity during Pause 3 was limited

to mostly gas flux from Gages wall and long period seismicity.
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Phase 4

Phase 4 consisted of mainly short duration periods of activity with a high degree of cyclic-
ity and explosivity; this marked a different pattern to observations seen in earlier phases.
An increase in volcano-tectonic earthquakes on the 215 to 26" July preceded the start
of Phase 4; this was followed by a two-day swarm of hybrid and long period earthquakes
(Wadge et al., 2014). On the 29" July, a vulcanian explosion resulted in an ash column and
several pumice flows to the East and West of the island (Chardot et al., 2010; Komorowski
et al., 2010). Over 1800 earthquakes were recorded in the 10-day period leading up to the
vulcanian explosion, with a continuous change from high frequency to low frequency earth-
quakes. Both volcano-tectonic and long period seismicity was relatively shallow, and was
inferred to be the ascent of decoupled magmatic fluid and gas which triggered earthquakes
in this shallow region (Rodgers et al., 2016). Original MVO locations show a pattern of
seismicity to the SE, but these events have large associated errors, and therefore are not

included for intepretations.

Phase 4 was divided into two short episodes of explosions and extrusion (named 4a and
4b). Lava extrusion halted in September 2008 marking the end of Phase 4a. Little surface
activity was observed until the beginning of December, where an increase in seismicity and
dome growth was recorded (Komorowski et al., 2010). Several PDCs occurred throughout
December 2008, with a PDC on Christmas Eve reaching the sea at Plymouth ( Wadge et al.,

3rd

2014). Two large explosions on the January 2009 resulted in a 11 km ash cloud marking

the end of Phase 4b.

Phase 5

A swarm of 24 volcano-tectonic earthquakes were recorded prior to ash venting on the 5
October 2009, marking the start of Phase 5 (Wadge et al., 2014). Lava extrusion began on
the 9" October 2009, with dome growth mostly focussed to the SW. Dome growth switched
to the NE later in November after an increase in hybrid and volcano-tectonic earthquakes,
and shifted again to the NW in December ( Wadge et al., 2014). Three vulcanian explosions
occurred on the 8 10" and 11** January 2010, all of which resulted in fountain collapse

PDCs through several valleys. On the 11" February, a large dome collapse resulted in
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several PDC’s, extending the shoreline by 650 m, and leaving a horseshoe-shaped scar open
to the north at the crater (Wadge et al., 2014). Two terminal vulcanian explosions resulted

in tephra plumes reaching a height of 15 km ( Wadge et al., 2014).

Although little surface activity has been recorded since the 11"

February 2010, marking
the end of Phase 5, Soufriere Hills Volcano still shows signs of an ongoing eruption with
changes in seismicity, deformation and gas flux being recorded daily. However, no dome
growth has been recorded since the end of Phase 5. VT strings were recorded during and
after Phase 4, but were dominant in Phase 5; these are a series of VT earthquakes which
occur over a short period of time (Smith, 2013). VT strings on the 22"¢ and 23"¢ March
2012 were followed by a strong gas and strain signal, which correlated with ash venting
at the surface (Smith, 2013). A Very Long Period signal was recorded on Montserrat on
the 23"% March 2012 which coincided with outgassing at Soufriere Hills Volcano (Sindija
et al., 2021). A gradual deepening of seismicity has been recorded since 2012 which was
first highlighted in a MVO report in 2018; an increase in hypocenter depth correlated with

the installation of the Spider stations (portable vertical component seismometers) (MVO,

2018).
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Figure 1.6: Schematic showing key events throughout the first five phases of the eruption.
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1.4.1 Seismicity at Volcanic Settings

Eruptions are generally preceded by an increase in seismic activity, driven by the fractur-
ing of crust as magma migrates to the surface (Matthews, 2009). Signals throughout the
eruption vary in frequency and amplitude depending on the source and location that they
originate from. Differences in frequency signals can be explained by source parameters and
different volcanic processes. For example high frequency earthquakes are representative of
fracturing of the local country rock as magma rises to the surface (McNutt, 1996), whereas
lower frequency events are thought to be related to degassing and pressurisation of the
magmatic system (Neuberg, 2000). Different seismic signals are explained in more detail in

Section 2.1

Earthquakes recorded in volcanic settings are usually related to magma movement, and
can provide details on the magmatic chamber, dyke location and magmatic processes. Dif-
ferences observed in the temporal pattern of seismic events can be explained by variation
in parameters such as flow rate, volatile content and groundwater composition (McNutt,
1996). An increase in earthquakes were recorded in the 8 months prior to the Augustine
Volcanic eruption in January 2006; this intensified in the days leading up to the eruption
with an increase in low frequency earthquakes suggestive of magma ascent (McNutt and

Roman, 2015).

Volcanic earthquakes generally occur at shallow depths of 1-9 km bsl, events generally occur
in swarms with similar locations and magnitudes (McNutt and Roman, 2015). There is a
general background level of seismicity which varies at different volcanoes across the world;
an increase in seismicity above the background level can suggest reactivation of the volcanic
systems, such as a fresh influx of magma, or magma movement which usually precedes a

volcanic eruption.

Earthquakes are mainly located beneath the final eruption site, but can also be recorded
at ‘distal clusters’ away from the final eruption. These distal clusters are thought to occur
on previous faults in the region that are triggered by an increase in pressure beneath the
volcano, resulting in earthquakes along previous faults that may be distal to the final
eruption site (Baird et al., 2015). Seismicity in the lead up to the 2004 eruption at Mount

St Helens were located in a small cluster at 1 km depth; the eruption then occurred directly
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above this location. Whereas, initial seismic activity at Mount Pinatubo in 1991 was located
5 km NW of the final eruption site, in what is thought to be a distal cluster (McNutt and

Roman, 2015).

Earthquakes have also seen to migrate with time which can be interpreted as a propagating
dyke. The 2014-2015 Brdharbunga—Holuhraun event recorded over 30,000 earthquakes that
migrated a total of 50 km over a 13 day period, ending at the location of the new eruption.
The direction of the dyke followed regions of pre-existing weaknesses, and the seismicity
allowed the tracking of magma giving an idea of the final eruptive location ( Woods et al.,
2019). Similarly, seismicity in the Red Sea prior to a new volcanic island being formed
showed a migration of earthquakes along a NW orientated dyke prior to the final eruption

(Eyles et al., 2018)

1.4.2 Seismicity Cycles

Cyclicity of geophysical measurements at silicic volcanoes is thought to be related to the
periodic slowing of the magma flow due to an increased viscosity resulting from shallow
degassing (Sparks, 1997; Voight et al., 1998, 1999). Viscosity increases as volatiles escape
from rising magma due to microlite crystallisation; this can result in a magma plug forming,
stopping the flow of more volatile rich magma at deeper levels, and hence a decrease in
recorded SOz (Lensky et al., 2008). This leads to an increase in pressure of magma beneath
the magma plug which is recorded at the surface as hybrid seismicity and inflation around
the dome. The pressure increases to a critical threshold where it then overcomes the
resistance of the plug, pushing it out of the dome. This leads to deflation at the surface
and an increase in SOg as the fresh magma is able to degas, marking the start of a new

cycle (Voight et al., 1998; Watson et al., 2000).

Cyclic patterns in SOq, seismicity and tilt measurements are commonly recorded at Soufriere
Hills Volcano, and are thought to be correlated to each other. Repetitive inflation and de-
flation cycles of 6-8 hours were recorded in December 1996 to January 1997, and cycles
of 12—-18 hours were recorded in May 1997 to August 1997 (Voight et al., 1998). Watson
et al. (2000) found a strong correlation of 0.73-0.9 between ground deformation and SOq
which was consistent with a rise in magma and flow rate. This was broadly correlated to

an increase in hybrid seismicity, thought to be triggered by an increase in pressure as a
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result of the rise of magma ( Voight et al., 1998, 1999; Watson et al., 2000). An increase in
hybrid seismicity is recorded with an increase in inflation; later in the cycle this turns into

a tremor signal, which is shortly followed by explosions ( Voight et al., 1998, 1999).

Cycles of seismicity, tilt and SO have also been recorded at other active volcanoes including
Mount Pinatubo in 1991, and Sakurajima volcano in 2008-2010. Low frequency seismicity
turned into long period events at Mount Pinatubo that lasted 7 to 10 hours; seismicity was
often accompanied with intermittent explosive activity, similar to Soufriere Hills Volcano
(Newhall and Punongbayan, 1996). Inflation at Sakurajima volcano often culminated with
a slight decrease in gas emissions before explosions several hours later; this was interpreted
as an increase in gas and magma accumulation beneath a sealed surface such as a magma
plug ( Yokoo et al., 2013). Work by Michaut et al. (2013) shows that magma ascent can yield
gas expansion; this along with magma compaction can result in pressurised gas waves. This
would be recorded at the surface as cyclic low frequency seismicity with cycles repeating

every 1 to 100 hours (Michaut et al., 2013).

The cyclic behaviour was used for actively monitoring the volcano; once inflation began to
flatten, an increased likelihood of rockfalls and PDC’s would occur within the following few
hours. As a result, volcanologists were sent out at the beginning of the inflationary cycles to

take any measurements needed, when the risk of rockfalls were lower (Voight et al., 1998).

1.5 Monitoring

Several seismic networks were deployed at the beginning of the eruption in 1995 by the
University of West Indies Seismic Research Centre (SRC), the USGS Volcano Disaster
Program and the British Geological Survey (Aspinall et al., 1998; Neuberg et al., 1998).
Following the first phreatic explosions in July 1995, the SRC were the first to establish a
base in Montserrat to monitor the eruption; this was then followed by the USGS which
visited Montserrat for 6 weeks establishing a new seismic network and data acquisition
system (Aspinall et al., 2002). By 1996 several institutions were employed to monitor the
volcano on a daily basis, forming the Montserrat Volcano Observatory (MVO). MVO has
been moved several times from its original location in Plymouth from 1996-1997, to its

purpose-built observatory in Flemmings in January 2003.
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Routine monitoring of Soufriere Hills Volcano falls into four main techniques: visual obser-
vations, seismic monitoring, ground deformation and gas monitoring. Videos and photos
are regularly taken from helicopters and permanent cameras to help assess changes in dome
volume and morphology of the surrounding region. In addition, research looking at envi-
ronmental monitoring of groundwater, deposit mapping, gravity surveys, and geochemical
and petrological analysis has been completed to understand more about volcanic processes
occurring at Soufriere Hills (Aspinall et al., 2002; Barclay et al., 1998; Hautmann et al.,
2013; Murphy et al., 2000).
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Figure 1.7: Locations of seismometers active from 1995-2020 (black) and seismometers
active in January 2021 (coloured) shown by an inverted triangle; current seismic stations
are coloured by type.

The seismic network on Montserrat has changed several times since the beginning of the
eruption. There have been over 30 seismic stations deployed by MVO since 1995 with a
maximum of 12 stations being active at any one time (Figure 1.7. Three main types of
seismic stations are used on Montserrat: Short Period seismometers (vertical component),

Broadband three component seismometers and Spider Stations. Spider stations are portable
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vertical component seismic stations that can be easily deployed and orientate themselves
in the field. These were provided by USGS, and were particularly useful for deploying in
remote regions, due to their ability to self-orientate. Seismic data is monitored daily by

MVO staff and is used as the main monitoring technique.

Ground deformation monitoring began in 1995 with three tilt stations installed on the
western flank of Soufriere Hills Volcano; this was to monitor Gages crater wall and Castle
Peak dome. In 1999, additional sites were added to the network to monitor the eastern
flanks (Aspinall et al., 2002). A differential GPS system was installed across Montserrat in

April 1996 to be used in conjunction with the tiltmeters.

Gas monitoring on Montserrat was taken via remote sensing using a COSPEC correlation
spectrometer and Infra-Red Spectroscopy during the early stages of the eruption (Oppen-
heimer et al., 1998; Young et al., 1998). Gas monitoring is now from two permanent Dif-
ferential Optical Absorption Spectroscopy (DOAS) stations based downwind of the plume
(Edmonds et al., 2003). Direct sampling from the dome was rarely taken, but direct samples
from hydrothermal vents were taken during the beginning of the eruption before conditions
became too dangerous (Hammouya et al., 1998). Samples were used to monitor SOy and
COg, release; this gives an insight into deeper processes occurring in the magmatic system

(Aspinall et al., 2002).

1.5.1 Seismic Data Acquisition

Each seismometer on Montserrat is connected to a digitiser and GPS (for time stamp);
this is transmitted over freewave radio back to the observatory. MVO use the Guralp
software SCREAM! which allows communication with the digitisers, before being passed
to Earthworm for analysis. Farthworm has several built in programs that are able to collect,
process and analyse the data (Johnson et al., 1995). It is formed through multiple modules
which can communicate with each other, allowing each module to be independent but still
able to interact with each other (Luckett et al., 2007). Earthworm has the ability to do
routine processing and calculations including RSAM which calculates the mean amplitude
of the signal, normally over a 60 second window. This is used as MVQO’s alert system: when
an amplitude threshold is recorded at three or more stations, an alert is sent to MVO staff

so that they can analyse the signal. A back-up alert on SCREAM! is also present incase
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Earthworm was to fail.

MVO locates earthquakes using the location program Hypocenter (Lienert et al., 1986);
this is built into the program Seisan which allows the user to pick arrival times, locate
earthquakes and do further analysis. Events are handpicked by an analyst for arrival time
phases and are classified by type before being located; locations are kept inside the S-
files inside of Seisan. MVO currently uses a basic 1D seismic velocity model based on
Guadeloupe and adapted for Montserrat; the velocity model is comprised of five layers and
does not account for topography. More information on the velocity model and Hypocenter

program can be found in Section 4.1.2 and 3.2.1 respectively.

1.6 Plumbing System

Island arc volcanoes are complex systems that can display irregular distributions of seismic
velocities, making it difficult to accurately represent this in velocity models (Paulatto et al.,
2010b). If the seismic velocity model used for earthquake location does not represent the
main changes in seismic velocity, then this can affect the located hypocenters. Previous
research on Montserrat has produced conflicting results of the depth and size of the magma
chamber. This section compares different techniques and interpretations used to constrain

the magmatic system beneath Soufriere Hills Volcano.

1.6.1 Geological Models

Petrological observations are often used alongside geophysical techniques to constrain the
location and dimensions of magma reservoirs. Petrological experiments performed by Bar-
clay et al. (1998) concluded that magma stored at Soufriere Hills Volcano was stored at a
Proo (the partial pressure of water in stored melt) of 115-130 MPa. This corresponds to
a water-saturated magma chamber at a depth of 56 km bsl (Barclay et al., 1998). This
is consistent with depths calculated via geochemical analysis of hornblende phenocrysts,

which suggested a depth of 5 km to the top of the reservoir (Rutherford and Devine, 2003).

Geological evidence also suggests a secondary deeper source of magma. Small amounts of

basalt are found mixed into the andesite, implying that the upper reservoir may tap into



28 Chapter 1. Introduction

a deeper source of mafic magma (Annen et al., 2006; Murphy et al., 2000). In agreement
with this, Devine et al. (2003) has shown that crystal phases from erupted lavas suggest a
deeper reservoir at depths greater than 10 km. Chemical concentrations and the longevity
of the eruption suggests that the upper reservoir is voluminous with a calculated volume of
4 km? (Voight et al., 2006); this has been suggested to be an extensive zone of magmatic

mush beneath Soufriere Hills (Christopher et al., 2015).

1.6.2 Seismic Models

The SEA-CALIPSO (Seismic Experiment with Airgun-source — Caribbean Andesitic Lava
Island Precision Seismo-geodetic Observatory) project in December 2007 used a combi-
nation of land and ocean based seismometers, with a sea-based airgun source to image
variations in seismic velocity around Montserrat ( Voight et al., 2014). The project aim was
to image the upper crust at Montserrat with the hope to further constrain the magmatic
system beneath Soufriere Hills (Paulatto et al., 2010a). However, due to seismic velocities
being higher than expected and the short distance between source and receivers, the project
was limited by the maximum depth of ray penetration resulting in unreliable data at depths

greater than 5 km (Shalev et al., 2010).

A 3D seismic velocity model of Montserrat was produced from seismic tomography of P wave
first arrivals produced from the SEA-CALIPSO project, further described in Shalev et al.
(2010). The seismic model highlights high velocity anomalies beneath all three volcanic
centres at 2-3 km depth, and low velocity anomalies on the volcanic centres’ flanks —
particularly around Centre Hills (Shalev et al., 2010). High velocity anomalies are thought
to correspond to solid andesitic cores that are made up of multiple sill and dyke intrusions
(Paulatto et al., 2010a). This is consistent with crystalline cores found by Harford and
Sparks (2001), suggesting that intrusions beneath the volcanic centre solidify at 3 km depth
(Shalev et al., 2010). Interpretations for low velocity anomalies are more disputed, and are
thought to be due to several reasons: syn-volcanic apron deposits from previous eruptions

(Shalev et al., 2010), and hydrothermal alteration (Carlson, 2001).

A subset of the SEA-CALIPSO data (four land and four ocean seismometers) was used
to create a 2D seismic velocity cross section orientated NW/SE across Montserrat. The

2D velocity model extends to a depth of 10 km, and suggests a two layered model with
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a velocity change at 2-2.8 km bsl (Paulatto et al., 2010a). The upper layer has seismic
velocities ranging from 1.5-5.5 km/s, whilst the lower layer increases from 4 km/s to a

maximum of 6.5 km/s at the base of the model (Paulatto et al., 2010a).

The upper layer is thought to consist of a sedimentary cover composed of a calcareous and
volcaniclastic composition (Paulatto et al., 2010a), and an island structure divided into a
volcanic core and a lower velocity volcanic apron, similar to results found in Shalev et al.
(2010). The lower layer is interpreted as the upper part of the crust, composed of an
intrusive network of sills and dyke of intermediate composition. Petrological studies show
the upper crust to be dominated by granitoid intrusions produced from silicic magma,
supporting Paulatto et al. (2010a)’s interpretation. The interface between the upper and
lower layer is interpreted as a paleoseabed, formed prior to volcanic activity of the inner

Lesser Antilles arc 22 Ma years ago (Bouysse and Westercamp, 1990).

Paulatto et al. (2012) combined seismic tomography from SEA-CALIPSO with numerical
models of magma chamber growth to further constrain the size and depth of the magmatic
chamber beneath Soufriere Hills Volcano. The seismic velocity model produced was gen-
erated using a regularised inversion of first arrival times (Hobro et al., 2003). The model
shows the three volcanic centres share a similar shallow structure up to 4 km bsl, before
beginning to differ (Paulatto et al., 2012). A low velcocity zone beneath Soufriere Hills
Volcano has a maximum seismic velocity reduction of 0.7 km/s compared to Centre Hills
(Paulatto et al., 2012), and is estimated to be 6-8 km wide and 4 km high, resulting in a
volume over 100 km?® . However, this is likely an overestimate due to the model not taking
into account the presence of melt in the magma which reduces seismic velocity. Petrological
observations indicate that the magma contained 35% melt prior to eruption (Murphy et al.,
2000). Including this in the model suggests a magma chamber of 13 km? at a depth of
5.5-7.5 km bsl (Paulatto et al., 2012). This is supported by early seismicity in the region
during Phase 1, which showed the magma chamber must be at depths greater than 5 km
(Aspinall et al., 1998). This is shown by the reduction in earthquakes recorded at depths
greater than 5 km; this lack of seismicity suggests that the region is too warm for brittle

failure proposing the start of a magma chamber.
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1.6.3 Geodetic Models

Tilt measurements from the flanks of volcanoes can provide information on shallow processes
that contribute to dome growth and collapse (Voight et al., 1998, 1999). Three tiltmeters
deployed on Chances Peak from December 1996 to August 1997 were analysed to provide
constrains on the size, depth and pressure of the shallow magmatic system beneath Soufriere
Hills Volcano ( Widiwijayanti et al., 2005). A calculated pressure of 1-4 Mpa suggests a
source depth of 740-840 m with radius 200-340 m ( Widiwijayanti et al., 2005). These
dimensions are considerably larger for conduit size than estimates calculated from magma
flux (Voight et al., 1999). This suggests that the conduit size is likely to be much smaller,
with overpressures measured accounted for by a fluid saturated, heavily fractured rock mass

surrounding the conduit (Christopher et al., 2015; Widiwijayanti et al., 2005).

The CALIPSO project involved four 200 m boreholes consisting of a dilatometer, seismome-
ter, tiltmeter and surface GPS (Mattioli et al., 2004). Volume changes were used to estimate

the dimensions of the magmatic system using data from the dilatometers for the 12"

July
2003 dome collapse. The results modelled an oblate spheroid at 6 km depth, radius 1 km
and an overpressure of 1 MPa ( Voight et al., 2006), providing similar results to seismic and

geological studies (Aspinall et al., 1998; Barclay et al., 1998).

Geodetic and efflux records can provide information into deeper processes contributing
to volcanic behaviour (Elsworth et al., 2008). Geodetic and efflux data (used data from
extrusion record on Soufriere Hills) from three eruptive periods over a 12 year duration at
Soufriere Hills Volcano show that surface eflux levels respond to a pressure and volume
change at a large depth, rather than deflation of the shallow reservoir (Elsworth et al., 2008).
Therefore, Elsworth et al. (2008) suggests that there are two reservoirs at 6 and 12 km bsl.
Data indicates that during eruptive periods magma is depleted from the deeper reservoir,
with the shallower reservoir inflating slightly due to inflow exceeding outflow. During pauses
in eruption, the deeper reservoir re-inflates from a source deeper than 12 km, but at half
the rate that it was depleted during an eruption; this results in the deeper reservoir having

been slowly depleted since the start of the eruption in 1995 (Elsworth et al., 2008).

A gravity survey over Montserrat aimed to understand the islands subsurface density distri-

bution. The survey showed high density material beneath Silver Hills and Centre Hills to a
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depth of 500 m, and low density anomalies beneath Soufriere Hills Volcano, and the flanks of
Silver and Centre Hills, which were angled at 30-45° to a depth of 1 km (Hautmann et al.,
2013). This correlates with the results from seismic studies during the SEA-CALIPSO
project (Paulatto et al., 2010a; Shalev et al., 2010). High density anomalies are interpreted
as subsurface volcanic domes, and low density anomalies are interpreted as either hydrother-
mally altered rocks or melt accumulation (Hautmann et al., 2013). A low velocity and low
resistivity zone at 1-4 km depth was also confirmed by a magnetotellurics study (Shalev

et al., 2010).

1.6.4 Summary

Accumulating information from geophysical and geological studies suggests that the mag-
matic system beneath Soufriere Hills Volcano is comprised of four main elements (Figure

1.8):

e The strato-volcano, combining the solid andesitic cores from multiple dyke intrusions,
and volcanic deposits from previous eruptions such as debris from PDC’s, lahars and
avalanches (Carlson, 2001; Harford and Sparks, 2001; Paulatto et al., 2010a; Shalev
et al., 2010). Low density and low seismic velocity anomalies are recorded on the
flanks of Silver and Centre Hills, and beneath Soufriere Hills; this is interpreted to
be a result of hydrothermal alteration and/or melt accumulation (Hautmann et al.,
2013). Evidence from tiltmeters suggests the area surrounding the conduit is heavily

fractured and fluid saturated ( Widiwijayanti et al., 2005).

e A large zone of magma mush is thought to be beneath Soufriere Hills complex
(Christopher et al., 2015). This is broken into two regions where different signals
are recorded: an upper and lower zone which magma transfers between. Barclay
et al. (1998) showed that water saturated magma is stored at depths of 5-6 km bsl,
with Murphy et al. (2000) supporting that the region beneath 5 km is where andesitic
magma resides prior to eruptions. Seismic tomography and the depth of VT earth-
quakes suggests the upper extent of the magma mush region extends from 5 km depth

(Aspinall et al., 1998; Paulatto et al., 2012).

e A deeper subregion of melt at 12 km depth where andesitic magma is generated from
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fractionation of basalt (FElsworth et al., 2008). Evidence from crystal phases and
inclusions of basalt in erupted andesite confirm the presence of a region of increased
melt deeper than 10 km (Annen et al., 2006; Devine et al., 2003; Murphy et al., 2000).
This region is thought to feed eruptions, and inflates the shallower mush zone located

at 5 km during periods of unrest (Elsworth et al., 2008).

A primary source of mafic magma deeper than 12 km, which refills the deeper reser-
voir, and is thought to originate from the mantle wedge (Elsworth et al., 2008; Zellmer

et al., 2003).
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beneath Soufriere Hills Volcano.
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Seismicity

Volcanic seismicity is a useful indicator for current and future activity at active volcanoes,
and can be used to map the extent and evolution of magmatic regions (Chouet, 1996;
Luckett et al., 2007). Different types of seismic signals can give an insight into the internal
dynamics of the volcano (Luckett, 2005). Changes in seismicity have been recorded prior
to and during increased volcanic activity at volcanoes worldwide including Soufriere Hills
Volcano; as a result seismic monitoring is one of the primary short term methods currently

used by MVO in monitoring Soufriere Hills Volcano (Luckett et al., 2007).

There are over 1500 volcanoes worldwide, but only the minority of these are actively mon-
itored by an observatory. Volcanoes close to large population in well developed countries
tend to be more closely monitored than those in developing countries. For example, the
Hawaii Volcanic Observatory seismic network covers the majority of the island of Hawai’i
and is able to accurately record earthquakes greater than magnitude 1 (Okubo et al., 2014).
Volcanic activity is forecasted by analysing rates, types and location of earthquakes, includ-
ing how seismic signals may differ in frequency throughout time. Swarms and tremors are
common precursors to volcanic activity, whereas the difference between volcano-tectonic and
long period seismicity can give an indication of the internal state of the volcano ( Thompson

et al., 2015).

The start of the eruption in July 1995 resulted in several seismic networks being deployed,
and the establishment of the Montserrat Volcano Observatory (MVO) (Aspinall et al.,
1998). MVO had 12 seismic stations in use across the island in January 2020; however,
due to timing issues and frequent power outages, it is not common to have all 12 stations

receiving data.

34
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The terms seismicity, earthquake location and hypocenter are sometimes used interchange-
ably in seismology. The location of an earthquake is the point where the main seismic
energy is released, and in the case of volcano-tectonic earthquakes, the point of local dis-
placement. In this study earthquake location and hypocenter are used to define the location
of one or several earthquakes, whereas seismicity refers to a group of earthquakes that form
a particular trend in either time or location. For example, ‘seismicity during the 1966 seis-
mic crisis’, would refer to all earthquakes in this time period, and would be talking about
the trends seen as a whole, not focussing on just locations. Whereas, relocated hypocenters
refers to the location of that subset of earthquakes only. All earthquakes referred to in this
study are volcanic related earthquakes, and are thought to have originated in the volcanic

and magmatic system.

2.1 Signal Types

The type of seismic signal and the frequency of earthquakes are used as tools to help
understand physical processes and the potential severity of eruptions at volcanoes (Lahr
et al., 1994). Volcanic earthquakes can originate in either fluids such as magma or gas
(thought of as a triggered resonance signal), and in solids such as the surrounding country
rock (Chouet, 1996); these give different seismic signals which give an indication on the
source process. A change in signal type has been recorded at a number of volcanoes prior
and during ongoing eruptions such as Mount St Helens (1980), Pinatubo (1991), and Ito-oki
(1989) (McNutt, 1996).

On Montserrat, seismicity was predominantly Volcano-Tectonic (high-frequency) earth-
quakes at the start of the eruption in 1995; this was interpreted as shear failure in the
surrounding country rock (Aspinall et al., 1998). As the eruption progressed, a switch to
low frequency earthquakes was observed, suggesting a change in trigger mechanism or en-
vironment that the earthquakes were originating from (Miller et al., 1998). Low frequency
earthquakes, such as long period and hybrid earthquakes, provide an important link be-
tween processes observed at the surface, and physical processes acting within the magmatic

system (Neuberg et al., 2006).

The classification of seismic events on Montserrat was first described by Miller et al. (1998),
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who adapted a broad classification scheme used at other volcanoes to fit signals recorded on
Montserrat (Lahr et al., 1994; Latter, 1981). Examples of different seismic signals recorded
on Montserrat can be seen in Figure 2.1. There has been debate over the differences
between hybrid and long period earthquakes, with Neuberg et al. (2006) and Rodgers et al.
(2016) suggesting that these should be under the same classification of Low Frequency
earthquakes. Neuberg and Pointer (2000) suggests that long period and hybrid seismicity
share the same source process, with the only difference due to the depth of the initial trigger
of the earthquake. This is agreed with by Rodgers et al. (2016) who suggests that both long
period and hybrids are end members of the same spectrum, and therefore can be classified

as the same category.

This thesis uses the classification system used by MVO which follows that of Miller et al.
(1998), where hybrid and LP earthquakes are classified as two separate families. The fol-
lowing sections describe the signals and their interpretations generally and specifically at
Montserrat. These classifications are based on waveforms and are used in subsequent chap-
ters when looking at seismicity through different phases in the eruption to aid understanding

of processes that were occurring during these timeframes.

2.1.1 Volcano-Tectonic Earthquakes

Generally, Volcano-Tectonic (VT) earthquakes have clear P and S wave arrivals with fre-
quencies mostly between 5-10Hz, and generally occur in swarms (McNutt and Roman,
2015). These are interpreted as rock fracture, double-couple earthquakes in country rock,
or slip on pre-existing faults — similar to earthquakes seen at active fault lines (Chouet,
2003; McNutt, 1996). In volcanic settings, this is a response to stresses imposed by the
movement of fluids at volcanoes, and magma intruding into country rock resulting in lo-
calised fractures and increased stress (Lahr et al., 1994; Latter, 1979; Luckett et al., 2007).
VT seismicity can be used to map stress concentrations in the area surrounding the magma
conduit, giving an estimate of the magma source (Chouet, 1996). It is commonly one of
the first signs of renewed volcanic activity at volcanoes (Endo et al., 1981; Lockwood et al.,

1985; Power et al., 1995; Team, 1991).

VT earthquakes recorded at Montserrat have been located throughout southern Montserrat

at depths shallower than 7 km (Aspinall et al., 1998). Interpretations of VT seismicity on
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Figure 2.1: Examples of different seismic signals recorded at Soufriere Hills Volcano, and the
associated spectrograms showing frequency variation throughout the signal. A) Volcano-
Tectonic earthquake, B) Hybrid earthquake, C) Long Period earthquake, D) Rockfall event.

Montserrat suggest these are a result of rock fracture from intruding magma, and increased
stress around a magma conduit. A recent feature at Montserrat is VT strings; these are
short intense swarms of VT earthquakes that have a duration up to an hour (Smith, 2013).
A quarter of these VT strings have been related to increased degassing and ash venting.
Correlation with SO flux data suggests there is a relationship of increased gas release

generating the VT strings (Smith, 2013).

2.1.2 Low Frequency

Low Frequency (LF) earthquakes include Long Period and hybrid earthquakes defined by
Miller et al. (1998), but some researchers combine these into one category (Neuberg et al.,
2000, 2006; Rodgers et al., 2016; Rowe et al., 2004). These have frequencies ranging from
0.2-10 Hz (Neuberg et al., 2006). Generally, LF earthquakes originate from a fluid-rock
boundary (Chouet, 1988; Neuberg et al., 2000), with trigger mechanisms including: ascent
of magma in a conduit (Neuberg et al., 2006; Rodgers et al., 2016), pressurisation of fluid

filled cracks (Chouet, 1996), interaction of magma and water (Zimanowski, 1998), shear
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fracture due to stick-slip motion of magma plugs in the conduit (Goto, 1999), and degassing

processes within the conduit (Stiz et al., 1997).

Rowe et al. (2004) suggests that LF events on Montserrat in 1996 during dome growth were
initiated by rapid bubble formation, the continued creation and destruction of fluid filled
cavities within the magma conduit. The majority of the energy from LF earthquakes is
trapped within the conduit due to the high impedance contrast with the surrounding rock
(Neuberg et al., 2006). This results in conduit resonance, and can make arrival picks more
difficult at seismic stations. The majority of LF swarms show a high correlation between
events suggesting the trigger mechanism is a stable non-destructive source (Neuberg et al.,

2006).

MVO classifies Low-Frequency events into Hybrid and Long Period — which are described
in more detail below. Although both show similar processes, this study will keep the terms
Hybrid and Long Period seismicity separate to help differentiate between different changes

in seismicity at Soufriere Hills Volcano.

Long Period Earthquakes

Long Period (LP) earthquakes are emergent with monochromatic waveforms (Neuberg et al.,
1998); LP’s recorded at Montserrat generally have less clear P and S waves with frequencies
between 1-2.5 Hz (Fehler and Chouet, 1982). At Galeras volcano, LP seismic coda can
last up to 1.5 minutes (Cruz and Chouet, 1997). Shallow LP events are related to the
resonance of fluid filled cavities whilst deeper LP events are thought to relate to magma
movement (Kumagai et al., 2003, 2005). LP earthquakes are a result of short term pressure
disturbances occurring within fluid filled conduits, such as bubble formation and collapse
(Aki et al., 1977; Chouet, 1985; Koyanagi et al., 1987; McNutt and Roman, 2015). Shear
failure of rock or non-linear flow processes that occur at very shallow depths are also
thought to cause LP events, due to path effects changing the seismic signature (McNutt
and Roman, 2015). Modelling by Tuffen et al. (2008) shows that earthquakes may occur in
crystal rich and crystal free silicic magmas, suggesting that LP earthquakes could originate
from processes in erupted magma. This fits observations seen where growing lava spines
have coincided with small earthquake swarms locating in the lava dome (Cooper et al., 2008;

Nakada et al., 1999).
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On Montserrat, there is still some debate on interpreting LP events. They are thought
to be related to strong pressurisation of the volcanic plumbing system, which is seen in a
sealed system (Chouet, 1996; Neuberg et al., 2000). This is the result of volumetric changes
within the magma conduit, involving the movement of fluids within a resonating magma
conduit (Chouet, 1996; De Angelis, 2009). The similarity in coda between events in the
same LP swarm suggests that there is a repetitive excitation of the same source (Lahr et al.,
1994; Qamar et al., 1983; Stephens et al., 1994). The lack of high frequency content in the
seismic signal is thought to be due to the interaction with the free surface, where surface
waves dominate (Neuberg and Pointer, 2000). LPs generally show the same polarisation
at all stations (Lahr et al., 1994), and are frequently associated with ash venting from the

dome (Neuberg, 2000).

The restart of dome growth in March 1997 resulted in PDC’s to the South of Soufriere Hills.
LP seismicity increased in mid-March with 50% of LP earthquakes preceding rockfall events
by a few seconds (Miller et al., 1998). No movement on the dome during LP seismicity
suggests that the LP signal was not caused by a surface process, and instead shallow magma

movement (Neuberg et al., 1998).

Hybrid Earthquakes

Hybrid earthquakes are a mixture of VI' and LP events; seismic signals have an impul-
sive, high frequency P wave arrival (similar to a VT event), followed by a low frequency,
monochromatic coda (seen in LP events) (Luckett et al., 2007). Hybrid earthquakes can
occur in repetitive swarms which show similar waveforms and magnitude, suggesting a
repetitive source mechanism (similar to LP) (White et al., 1998). At Galeras volcano, hy-
brid earthquakes were recorded but not classified as a separate family to LP earthquakes,
similar to some researchers when looking at hybrid events on Montserrat (Cruz and Chouet,
1997). It is thought hybrid earthquakes represent a mixture of processes such as an earth-
quake occurring adjacent to a fluid filled cavity resulting in oscillations, or that hybrids
are shallower than LF earthquakes and hence are able to preserve more higher frequency

energy (McNutt, 1996).

On Montserrat, hybrid earthquakes are thought to be triggered by shear faulting on an

interface between a fluid filled crack and country rock (Chouet, 1996; Lahr et al., 1994),
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violent degassing into cracks (White et al., 1998), and the build up of pressure resulting
in stick-slip motion along conduit walls (Voight et al., 1998, 1999). Repetitive hybrid
earthquakes preceded the first magma extrusion in September 1995 ( White et al., 1998).
Similar swarms were noted once dome growth began, with over 8000 events recorded during
the first eight months (Miller et al., 1998). This changed to non-repetitive swarms which
merged into tremor lasting roughly an hour on the 20" July 1996, accompanied by an

increase in steam emission from the dome (Sparks et al., 1998).

To clarify the difference between hybrid and LP seismicity, a hybrid earthquake is a result
of an earthquake occurring on a interface between a fluid filled system and the local country
rock, or through the build up of pressure, but normally resulting on a boundary along a
liquid-solid interface. Where LP earthquakes are a result of the movement of fluids as a

result of either a resonating conduit, increased pressure or magma movement.

2.1.3 Very Long Period and Ultra Long Period Signals

Very and Ultra Long Period (VLP and ULP) earthquakes have been recorded at different
types of volcanoes across the world (Chouet and Matoza, 2013). They can last from seconds
to several minutes and have very low frequencies; these form a continum ranging from LP
signals to ULP signals which show the lowest frequencies (Sindija et al., 2021). They are
thought to originate from a fluid-rock interaction such as magma or gas movement in the
volcanic system (Chouet and Dawson, 2011), and are commonly observed prior to caldera
collapses and phreatic explosions (Kawakatsu et al., 2000; Kumagai et al., 2001). A VLP

signal was recorded on Montserrat on the 23" March 2012 during an outgassing event.

2.1.4 Tremor

Volcanic tremor on Montserrat is a continuous signal that can last for several minutes
(or days in some locations) with similar frequencies to hybrid earthquakes (Miller et al.,
1998); these signals have emergent onsets making first arrivals difficult (Konstantinou and
Schlindwein, 2003). Experimental simulations by Burlini et al. (2007) show that long lasting
volcanic tremor is related to melt migration. Tremor is closely related to LP earthquakes

and reflects the response of fluid filled conduits to sustained periods of pressure fluctuations
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(Cruz and Chouet, 1997). Tremor can be preceded by repetitive hybrid or LP events that
start to occur more frequently until they combine into a tremor signal (McNutt, 1996; Miller
et al., 1998; Sparks et al., 1998; Voight et al., 1998, 1999). An example of this is shown in

Figure 2.2.
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Figure 2.2: An example of cyclic tremor that was recorded during Phase 5 of the eruption;
image provided by Paddy Smith.

2.1.5 Rockfalls

Rockfall signals have an emergent waveform of a longer duration which contains a wide
range of frequencies (Luckett et al., 2007). Rockfall signals are normally visually correlated
with rockfalls or pyroclastic density currents from the dome (Miller et al., 1998). The
number of rockfall events can give an indication to the dome growth rate (Calder et al.,
2005); this is important as the view of Soufriere Hills Volcano can sometimes be restricted

due to poor visibility.

2.1.6 Explosions

A vulcanian explosion has a long period signal up to 2 Hz; this is then followed by a higher
amplitude and higher frequency signal, resulting from the formation of pyroclastic flows

(Miller et al., 1998).

A phreatic explosion is from a steam-blast eruption and is characterised by an impulsive
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broadband signal that lasts a few minutes (Miller et al., 1998).

2.2 Current Earthquake Locations

At present, earthquake locations on Montserrat are from two main catalogues: MVO com-
puted locations from October 1996 to 2018, and hypocenters computed by Aspinall et al.
(1998) for earthquakes prior to October 1996. Both catalogues use the same 1D seismic
velocity model, with a similar location method for earthquake location: HypoEllipse (before

October 1996), and Hypocenter (post October 1996).

Locations are concentrated around Soufriere Hills Volcano, with the majority of seismicity
located from 1 km asl to 5 km bsl. Figure 2.4 shows a histogram representing the depths
of VT earthquakes; two peaks at 1.5 and 3 km depth are recorded; this does not correlate
with a velocity model boundary at those depths. Seismicity is recorded across the southern
half of Montserrat, with an increase in earthquakes being located to the west beneath St

George’s Hill and Windy Hill during 1995-1996.

Over the past 25 years earthquake rates, types and the location of seismicity has provided an
insight into the magmatic system, and processes that occur in the lead up to lava extrusion.
A change in type of seismicity to lower frequency earthquakes can be suggestive of the
shallowing of magma, which in turn increases the likelihood of eruption. Similarly, seismicity
at other locations, such as St George’s Hill could be suggestive of magma migration, a
secondary intrusion site, or the reactivation of previous faults as a result of increased stress
from uprising magma beneath Soufriere Hills Volcano. A complete and accurate earthquake
catalogue aids current hazard assessment but also improves understanding of the volcanic

system as a whole.
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Figure 2.3: Map showing earthquake hypocenters from July 1995 to February 2018: earth-
quakes were located by the Montserrat Volcano Observatory for events post October 1996
and by Aspinall et al. (1998) before October 1996. Only locations with errors less than
5 km are plotted.
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Figure 2.4: Histogram to show the range of depths located by MVO for VT earthquakes
from October 1996 to February 2018. VT earthquakes are only displayed here due to other
seismicity types generally being associated with larger depth errors.
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2.3 Seismic Stations

The number of seismic stations on Montserrat has varied over the past 25 years with the
network being continuously revised and updated and stations being destroyed during the
eruption; the network from 1995 to 2020 is shown in Figure 2.5. This section looks at the
evolving network over the past 25 years, and highlights periods where there was low station
coverage. This is particularly important to understand, as time periods with fewer stations
may have an additional impact on the accuracy of earthquake locations. This is explored
in more detail in Chapter 6, which looks at the impact of using only four seismic stations

for earthquake location.

Pre-1995

Prior to the start of the eruption in 1995 there had been several seismic networks deployed on
Montserrat to monitor activity. Increased seismicity in November 1935 led to an expedition
to Montserrat by the Royal Society of London, and a seismic network of eight seismic
stations was established by Powell (1938). This network operated until 1951 and recorded
over 200 earthquakes during 1937 to 1938 which were located beneath Soufriere Hills and

St George’s Hill (Figure 1.5).

In 1966 the Seismic Research Centre (SRC) installed four seismic stations across the island
to record increased seismicity; this was reduced to a short period vertical seismic station
from 1967 to 1980 before being swapped to a telemetered station at St George’s Hill (Smith,
2013). Two additional seismometers were installed in 1989 to help distinguish between local
and tectonic events (Shepherd et al., 1971). The island was damaged by Hurricane Hugo
in 1989; this led to the seismic station not being fully restored until 1992 (Shepherd et al.,
2002). There were only two seismic stations being operated by SRC prior to the start of
the eruption in 1995 (Luckett, 2005).

1995-1996

Two stations previously provided by SRC were supplemented by an additional seven 1 Hz

seismic stations in 1995s by the USGS Volcano Disaster program (Aspinall et al., 1998).
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Figure 2.5: Diagram showing the locations and names of the seismic stations used from
1995 to 2020 by the Montserrat Volcano Observatory. Seismometers deployed during SEA-
CALIPSO and from other institutions are not shown. Station codes are as follows: MB =
Montserrat Broadband deployed since 1996, MS = Montserrat Spider Stations. The rest of
the station codes were from the 1995-1996 setup and had a different naming system. Here,
the first letter "M’ refers to Montserrat, the second and third character refer to the location
name, with the last letter representing the type of seismometer. V or Z refer to vertical, T
stands for high gain data, and L stands for Low gain data.

The narrow range in amplitude signals of the analogue system resulted in some events in
this time period being clipped; this led to the installation of two radio links: high gain data
(MLGT) and low gain data (MLGL) at Long Ground (Luckett, 2005). The seismic stations
were telemetered to a PC-SEIS acquisition system (Murray et al., 1996). Before October
1996 only event data, such as arrival times and locations, were stored on the IRIG database

(Luckett, 2005).
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1996-1997

In October 1996, the British Geological Survey (BGS) installed five 3-componet broadband
seismometers (Guralp CMG-40T) and three vertical seismometers (Integra LA100 1Hz)
(Neuberg et al., 1998) (Figure 2.6). The data were digitised at the site to 75 Hz and sent to
the observatory via either UHF radio links, or the Bethel telephone exchange — which sent
the data along a dedicated telephone line for the observatory (Luckett, 2005). Data were
synchronised with a time signal from the GPS clock based at MVO; this was then passed
through an Interpolating Line Interface supplied by Farth Data Ltd, allowing different
stations to be synchronised (Luckett, 2005). Data acquisition was processed through the
program SEISLOG (Utheim and Havskov, 1997).

In June 1997 volcanic activity resulted in the destruction of the Bethel telephone line,
resulting in loss of communications with three stations; an additional station was then
destroyed by pyroclastic flows (Luckett, 2005). Relocation of the observatory to the north
of the island in September 1997 resulted in the loss of communication with two other
stations, taking the network down to two operating seismic stations by the end of the year

(Luckett, 2005).

1998-2002

Telemetry problems between stations and the temporary site for the observatory were solved
by installing repeater sites at Centre Hills and Silver Hills, alongside a telephone line to
transmit data from the old observatory. This resulted in the network being rebuilt in
April 1998, and consisted of six seismic stations (Luckett, 2005). Two new 1 Hz vertical
seismometers were installed, and station MBRY was updated from a vertical component to
a broadband seismometer (Luckett, 2005) (Figure 2.7). An additional broadband station
was added to the network at Brodericks Yard in March 1999 to improve the azimuthal
coverage (Luckett, 2005). The eight stations continued throughout 1999-2002, with some
stations seeing the odd month offline due to weather and battery problems. Acquisition
changed to a combination of SA24 and Earthworm (Johnson et al., 1995) in 2001 to replace
the original SEISLOG software (Luckett, 2005).
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MBWH Windy Hill
MBWW Waterworks
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MBGE Galway's Estate
MBMH Mongo Hill
MBSS South Soufriere

Figure 2.6: Time plot showing which seismic stations were active (green) on Montserrat
from 1996-1997.

2003-2005

MVO moved to its purpose built site in Flemmings in January 2003; this resulted in the

loss of the station at the old observatory and a reorganisation of the network. The seismic

station from the old observatory was moved to a new site further north at Rendezvous

in March 2003 (Luckett, 2005). Two additional broadband seismometers were installed at

Lees Yard (June 2003) and Harris (September 2004) by MULTIMO Consortium (Green

and Neuberg, 2005) and Pennsylvania State University respectively (Figure 2.8). During

2003-2004 there was a minimum of eight seismometers online in the network. Brodericks

Yard was replaced in September 2004, marking the start of the 2005 upgrade (Luckett,

2005).
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MBBY Bodericks Yard S
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Figure 2.7: Time plot showing which seismic stations were active (green) from 1998 to 2002.
S denotes a change in seismometer.

2005-2007

The network was upgraded in March 2005 with each seismometer being updated with a Gu-

ralp DM24 digitiser; this meant that each station was time stamped independently (Luckett,

2005). Interference between the UHF radios and marine band signals became problematic;

as a result, the communications were changed to spread-spectrum radio modems (freewave)

(Luckett, 2005). The software SCREAM was introduced allowing two way communication

with the digitisers; this data could then be then fed into Farthworm to check any timing

issues with the GPS clocks. Stations MBLG and MBWH were upgraded in March 2005 to

3 component broadband seismometers, and two new stations were installed in June 2005

(MBFR) and September 2005 (MBFL) to include a station at the observatory (Luckett,

2005). This resulted in a network of 11 seismic stations over the two-year period (Figure

2.9).
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Figure 2.8: Time plot showing which seismic stations were active (green) from 2003 to 2005.
S denotes a change in seismometer.

2007-2010

There is very little information on this time period, due to a lack of papers and station
notes not being published on MVO’s website. However, by looking at helicorders online an
idea of which stations were active can be estimated. The 11 seismic stations continued to
work throughout the period, with some stations being off for a month or two at a time,
which can be assumed as needing repair, or due to timing issues with the GPS clock. An
additional station was added to the west of the island in May 2009 by Jurgen Neuberg from

the University of Leeds (Figure 2.10).

2010-2018

From June 2010 onwards, station notes were uploaded onto the MVO internal website,
allowing easier recognition of station problems and any change in seismometer type and lo-
cation. No additional seismic stations have been added to the network since 2009, although
two stations (MBHA + MBGB) were moved 30 m due to logistical purposes. Stations
MBRV, MBFR, MBWW and MBLG were removed due to logistical issues in April 2012,

November 2014, June 2015 and December 2015 respectively (Figure 2.11 and 2.12).

There have been several issues with some stations, notably MBLG which had intermittent
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MBSS South Soufriere

Figure 2.9: Time plot showing which seismic stations were active (green) from 2005 to 2007.
S denotes a change in seismometer.

data gaps from 2010 until 2015 when the station was removed. A lot of the station problems

have been related to minor repairs due to animal damage, flooding of stations and battery

outage. Timing issues with the digitisers have effected all the seismic stations at some

point during the past 7 years, notably MBFR, MBGB, MBHA and MBRV which had

several months of incorrect time stamps. These timing issues vary from a few seconds up

to several minutes and result in the station not being able to be used for arrival picks.

Timing issues were the result of an error with the GPS time stamp which would slowly

drift, becoming further out of sync with time (starting at a few seconds, and increasing to

several minutes after a few months).
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MBBY Bodericks Yard R S
MBFL Flemmings
MBFR Fergus Ridge R D D
MBGB Garibaldi Hill SD
MBGH St Georges Hill
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MBRV Rendezvous
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MBSS South Soufriere

Figure 2.10: Time plot showing which seismic stations were active (green) from 2007 to
2010. S denotes a change in seismometer, R denotes a repair taken place, D denotes a
change in Digitiser. Orange sections represents months when the station was off for a few
days or weeks, or had other issues. Yellow sections represent months when the seismic
station had a timing issue.
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2011 2012
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MBBY Bodericks Yard R SD
MBFL Flemmings D R R
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MBGB Garibaldi Hill S D RD sM D R
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MBLY Lee's Yard S DR
MBRV Rendezvous
MBRY Roches Yard
MBWH Windy Hill SD
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MBMH Mongo Hill
MBSS South Soufriere
MBBY Bodericks Yard 2013 2014
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MBFR Fergus Ridge
MBGB Garibaldi Hill D
MBGH St GeorgesHill [R D R D
MBHA Harris SD R
MBLG Long Ground
MBLY Lee's Yard S S
MBRV Rendezvous
MBRY Roches Yard
MBWH Windy Hill
MBWW Waterworks D
MBBE Bethel
MBGA Gages
MBGE Galway's Estate
MBMH Mongo Hill
MBSS South Soufriere

Figure 2.11: Time plot showing which seismic stations were active (green) from 2011 to
2014. S denotes a change in seismometer, R denotes a repair taken place, D denotes a
change in Digitiser. Orange sections represents months when the station was off for a few
days or weeks, or had other issues. Yellow sections represent months when the seismic
station had a timing issue. Pink months represent a time when the seismic station moved
to a new location.



2.3. Seismic Stations 53
2015 2016 2017 2018

01 02 03 04 05 06 07 08 09 10 11 12|01 02 03 04 05 06 07 08 09 10 11 12|01 02 03 04 05 06 07 08 09 10 11 12|01 02 03

MBBY Bodericks Yard D

MBFL Flemmings

MBFR Fergus Ridge

MBGB Garibaldi Hill

MBGH St Georges Hill

MBHA Harris R _RD

MBLG Long Ground

MBLY Lee's Yard R

MBRV Rendezvous

MBRY Roches Yard

MBWH Windy Hill R

MBWW Waterworks

MBBE Bethel

MBGA Gages

MBGE Galway's Estate

MBMH Mongo Hill

MBSS South Soufriere

Figure 2.12: Time plot showing which seismic stations were active (green) from 2014 to
2018. S denotes a change in seismometer, R denotes a repair taken place, D denotes a
change in Digitiser. Orange sections represents months when the station was off for a few
days or weeks, or had other issues. Yellow sections represent months when the seismic
station had a timing issue.
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2.4 Summary

This chapter gives an overview to the main seismic signals recorded on Montserrat, and
how the seismic stations have varied over the past 25 years. This helps to understand the
variation in seismicity on Montserrat, which is key for interpretations throughout Chapter
5 and 6. These chapters use the relocated seismic catalogue alongside differing types of
seismicity to understand changes in the volcanic system throughout the course of the erup-
tion. Understanding how seismic stations have varied throughout the seismic catalogue is
key when comparing earthquake location, as a variation in seismic network can have an
impact on accuracy of the calculated hypocenter. Further, understanding which stations
had timing issues, or were undergoing repairs highlights which timeframes may have results
that are less trustworthy. The change in seismic network through time is used in Chapter

4 to understand how different seismic stations affect outputted earthquake locations.



Chapter 3

Earthquake Location

3.1 Earthquake Location Methods

An earthquake can be described by its hypocenter, origin time, faulting style and a measure
of its size; however the accuracy of earthquake location is still a prominent geophysical prob-
lem. Earthquake hypocenters are of great importance in society: firstly, to understand the
locality of the damage from large earthquakes; and secondly, for assessing future earthquake
hazards in the region (Lomaz et al., 2009). In volcanic regions an increase in seismicity can
indicate magma movement; tracking earthquake locations and frequency through time is a

useful tool in monitoring volcanoes (McNutt, 1996).

Earthquake location is an inverse problem, with both origin time (t,) and the location (%o,
Yo, Zo) unknown. Arrival times (t;), of the P and S wave, are recorded at a minimum of four
seismometers in the region of the earthquake. The time for the seismic waves to reach the
seismic station is proportional to the distance from the earthquake’s hypocenter. Arrival

times recorded at each station can be written as:

ti = Ty(2o, 1) + Lo (3.1)

where T;(x,,%;) is the travel time from the origin to the seismic station, and t, is the
earthquake’s origin time (Menke, 2018). If the origin time is known, distance (d) can be

calculated by:

95
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d=(ti —t,)Vp (3:2)

where Vp is the average seismic P wave velocity for the region. However, we rarely have the
origin time of an earthquake (except in anthropogenic cases), and therefore need another
way to measure distance. A simple approach may be taken by assuming a constant ratio
(v/3) between P and S wave velocities, and then using the difference between P (tp) and S

(tg) arrival times to calculate a distance from each station to the earthquake:

(ts —tp)Vp

d=
V3-1

(3.3)
Using calculated distances from three or more stations, the epicentre of the earthquake can
be calculated by triangulation (four stations are needed to additionally calculate depth).
However, the earth is not homogenous and has spatial variations in seismic velocity within
the earth. Therefore Equation 3.3 is a simplified calculation for distance between seismome-
ter and earthquake, and hence an estimate of the hypocenter. Arrival times at each seismic

station are then:

1
t; :to—}—/ —(ry)ds 3.4
[t (3.4)

where 1,(s) denotes a point at distance s along ray path r, between receiver and earthquake
(Lomaz et al., 2009). Hence, earthquake location is an under-constrained problem. We
rarely know the true velocity distribution for a given area, and therefore the velocity model
brings an additional uncertainty into computed earthquake hypocenters. Velocity models
can be estimated from seismic tomography and other inversion techniques producing 1D,
2D and 3D models with a range of complexity, increasing the accuracy of calculated travel

times (Lomaz et al., 2009).

Earthquake locations can be absolute or relative depending on the location method used.
Absolute locations are determined in a fixed geographic co-ordinate system and time base
(NonLinLoc (Lomax, 2001), Hypocenter (Lienert et al., 1986), HypoEllipse (Lahr, 1999));

whereas relative locations are located with respect to another spatial-temporal object, such
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as a group of earthquakes, examples of this are HypoDD ( Waldhauser, 2001a) and Bayesloc
(Myers et al., 2011).

To minimise the misfit between calculated and recorded arrival times, some methods involve
linearisation of equations, through Taylor expansions, these are called linearised methods.
As computers have advanced, direct search methods (non-linearised methods) have been
further developed; these create a grid of all possible solutions, and produces a complete

probabilistic solution (Lomaz et al., 2009).

3.2 Linearised methods

The earthquake location problem can be solved using an iterative least squares approach.
The Geiger (1912) method linearises the problem by considering the geometry of seismic
rays as they leave the source. This formed the basis for all numerical earthquake algorithms
(Jordan and Sverdrup, 1981). As computing power increased in the 1960’s it led to the

formation of an iterated linearised approach, following on from Geiger’s method.

Equation 3.4 is approximated by a Taylor series expansion around an initial estimated

location m, = (X0,Y0,%0):

(m —m,)?

51" (mo) + . (3.5)

F(m) = f(mo) + (m —mo) f'(m,) +
where f(m) is the forward problem that calculates the arrival time (deq.), given a prior
location m. If the forward problem for all d.y. values are calculated using the first two
values from the Taylor expansion [Equation 3.5, then the matrix can be solved to find
the origin location by linear algebraic methods. This is then reiterated by re-setting m,
in equation 3.5 to the new location found from the matrix (Lomaz et al., 2009). The
linear problem is solved again by algebraic methods, and this method is repeated several
times until either it reaches a set number of iterations, or a minimum misfit. The final
result produces a single hypocenter, origin time and associated errors (Lomaz et al., 2009).
Linear methods are known to perform less accurately for earthquakes located in complex

environments (such as volcanic settings) than for direct search methods (Presti et al., 2008).
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3.2.1 Hypocenter

Hypocenter follows Geiger’s method, which uses a centred and scaled, linearised least
squares approach with adaptive damping to solve earthquake location and origin time
(Lienert and Havskov, 1995; Lienert et al., 1986). Hypocenter combines two location pro-
grams: HYPO71 and Hypoinverse, due to issues and limitations with the two methods,
and has shown to improve residual times (Lienert et al., 1986). Residual times are the
difference between the observed travel time (at the seismometer) and the calculated travel
time when choosing the optimal hypocenter; the aim is to reduce residuals so that there is
a minimal difference between calculated and observed arrival times for P and S waves. One
issue was HYPO71’s tendency to keep the depth of the earthquakes at the starting location
(Wesson et al., 1971). The origin time is determined as the mean arrival time minus the
mean travel time, allowing the x,y,z co-ordinates to be solved iteratively by changing the

damping factor before each inversion (Lienert et al., 1986).

A 1D layered seismic velocity model can be defined for local events, or the user can use the
TASPEI91 model which is built into Hypocenter (Lienert and Havskov, 1995). Calculations
for location include station elevations, which improves the ability to locate earthquakes at
shallow depths (Lienert et al., 1986). Hypocenter also uses a starting location algorithm
which analyses phase data information, and selects a starting location for the inversion based
on the minimum RMS (Lienert and Havskov, 1995). The location is first calculated with
the depth fixed; depth is then unconstrained for the second convergence which produces the
final location (Buland, 1976). The main limitation of Hypocenter is the restriction to using
a 1D seismic velocity model, and its ability to converge near a local solution, potentially

missing out on the true location.

3.3 Non-linearised methods

The earliest earthquake locations used direct search methods including simple grid searches
(Lomaz et al., 2009), and graphical and algebraic methods (Milne, 1886). Direct search
methods determine a 4D probability density function (PDF) over a given region for all
possible solutions. This provides a grid of PDF values, with the optimal solution taken as

the maximum value of the PDF. Modern direct search methods can be exhaustive where
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every grid cell is checked in a specified region, or it can be directed and evolutionary, where
the algorithm learns as it searches for the optimal solution (Lomaz et al., 2009). NonLinLoc
is an example of such a technique and has several search methods available which the user
can choose depending on their location site, and computer capability. There are three main

types of direct search which will be explored in more detail.

3.3.1 Regular, deterministic search

These searches include grid searches, nested grid searches and Monte Carlo searches using a
distributed sampling of a specified region to estimate a complete location PDF (Lomaz et al.,
2009). The grid search algorithm performs a search on every node inside the grid to obtain
an estimate of the PDF at that point; further nested grid searches perform successively
smaller grid searches (with nodes closer together), centred around the maximum PDF
value from the previous grid (Lomazx, 2005). Grid searches are computationally demanding

and hence provide a restriction on the initial search region (Lomaz, 2005).

Initial Search Area

Successive Y
search grids,"'/z T
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Figure 3.1: Schematic showing how nested grid searches are used for earthquake location.
In each successive grid, the node spacing is reduced to get a finer detail PDF for the search
region.

3.3.2 Directed Search

A directed search is an evolutionary, directed location method that is non-linearised and

can identify local maxima in the PDF. An example of a directed search is the random walk
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method which uses a stochastic search throughout the search region, leaning towards areas
of higher PDF values. These searches are very efficient and maps the PDF as it moves, but
do not always sample all of the region, which can result in the algorithm converging on a

local minimum providing an incorrect solution (Lomaz et al., 2009).

Initial Search Area

/\} —— Learning Stage

| —— Equilibrium Stage

Maximum-Likelihoo i_’/%\//
Hypocenter — \

Saving Stage

Figure 3.2: The random walk method displayed with its three stages of mapping the PDF
throughout the initial search region. The saving stage maps the PDF accurately for a
localised region; but therefore can converge in local minimums if the learning stage does
not adequately sample the search area.

3.3.3 Importance Sampling

Importance sampling is a learning algorithm that follows a target function using information
from previous samples (Lomaz et al., 2009). The metropolis algorithm is similar to that
of the random walk directed search, but instead a prior PDF is defined. This prior PDF
includes all information about the region, including active fault zones, previous earthquake
locations and damage reports (Lomazx et al., 2009). As the algorithm performs the random
walk, it trials samples and compares the PDF value to the prior PDF before being accepted
(walk moves to new location) or rejected (walk trials another location). This reduces the
effect of the algorithm being stuck in a local solution, by always comparing PDF values

with values from higher up in the hierarchy.

The Oct-Tree algorithm uses recursive subdivision and sampling of cells in 3D space to

generate a cascade of PDF values (Lomaz et al., 2009). A coarse, regular grid is created
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throughout the entire search region (pre-defined depending on region of study) and the

probability (P;) that the earthquake location is in that 3D cell (x;) is calculated:

P, = V,PDF(z;) (3.6)

Where V; is the volume of the 3D cell x;. P; is calculated throughout the grid and is
ranked. The cell with the highest probability is then subdivided into eight sub-cells, and
again P; is calculated for each cell. These eight values are then added to the original list,
before choosing the highest probability cell. This technique continues until it reaches a pre-
determined number of samples or a maximum probability. Advantages of this technique
mean that it can map multiple PDF peaks, resulting in the solution not being stuck in
a local solution, and is 100 times faster than grid search (Lomaz, 2005). However this

algorithm is dependent on initial grid size and can run slowly for large 3D velocity models.

Cell with largest Continuous
- !DDF for each cell PDF is g subdivision of
Initial Search is calculated — subdivided into 8 cell with highest
Area highest PDF new cells and PDF until
shown in blue PDF calculated minimum cell
for each new cell size is reached

Figure 3.3: Schematic showing Oct-Tree method converging on the highest PDF. Darker
blues represent higher PDF values, with successive subdivisions finding the area of highest
PDF.

3.3.4 NonLinLoc

For NonLinLoc, synthetic travel times are calculated from a search region to each seismic
station, using a given velocity model. These are then compared to the arrival times recorded
on seismic stations, and the match between the calculated and observed arrival times are
maximised to produce the "best estimate’ of the earthquake’s location (Lomaz et al., 2009).

NonLinLoc has the ability to use several search methods including: Grid Search, Random
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Walk, and Oct-Tree. There are 2 main location methods built inside NonLinLoc that also
can be chosen by the user: Gaussian analytical inversion and the Equal Differential Time

method.

GAU

The Gaussian Analytical location method follows the inversion approach of Tarantola and

Valette (1982) with a LS-L2 likelihood function. For this method the PDF has the form of:

1 «— [Tobs;(X) — Tealc;(X))?

pdf (X, to) x k exp —3 Z p (3.7)

obs; ?

where X is a point in 3D space, tg is an estimate of origin time, k is a normalisation factor,
Tobs; and Tcalc; are observed and calculated times respectively for observation (obs;) and

o; is the assigned error for obs;.

EDT

The Equal Differential Time (EDT) likelihood function is based on the inversion approach
of Tarantola and Valette (1982). For this EDT method (EDT OT WT — EDT origin time
weighted) the EDT sum probabilities are weighted by the variance of origin time estimates
over all pairs of readings; this has been shown to reduce the probability at points with
inconsistent origin time estimates leading to a more compact location PDF (Lomax, 2001).
The EDT method is very robust if outliers are present (Lomaz et al., 2009), and provides
an alternative to the standard LS-L2 likelihood function that is normally used in location

methods (Lomaz, 2001).

For the EDT location method, the PDF takes the following form:

N
pdf(X)(xk Z {[Tobsa(X)Tobsb(X)][TTcalca(X)TTcalcb(X)]}2>:| (38)

obsg ,0bsy '\/U§+U§ eacp( angoE
where Tobs, and Tobs; are the observed arrival times, TTcalc, and TTcalc, are the cal-
culated travel times for two observations obs, and obsy, and N is the total number of

observations.
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Weighted

It is possible to weight the stations in NonLinLoc so that they are all equally weighted. The
EDT and GAU methods both apply a weighting to the stations which represents how the
observation contributed to the maximum likelihood hypocenter. With the Gaussian method
the travel time error is fixed using the LOCGAU command, but varies with observation
travel time. To allow the stations to be equally weighted, the location method can be set
to GAU and the CorrLen set to equal zero, resulting in no travel time error being applied.

This resulted in all stations showing a weighting of 1.

3.4 Summary

This chapter gives an oversight to the main location algorithms used in earthquake loca-
tion, and how these differ mathematically. Hypocenter is the location method currently
used by the Montserrat Volcano Observatory for locating earthquakes on Montserrat, and
uses a linearised mathematical approach. Whereas, NonLinLoc is an example of another
location method, which uses a non-linearised approach. The mathematics behind both
of these methods are explored in detail to help understand the differences between them,
and the advantages of using different methods. Hypocenter and variations of NonLinLoc
(GAU, EDT and Weighted) are used in Chapter 4 to compare different location methods
and velocity models, to understand if the current location method on Montserrat can be

improved.
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Comparison of Location Methods

4.1 Introduction

Location algorithms provide an estimate of an earthquake’s hypocenter using several pieces
of data. However, calculated locations will always be a best estimate due to there being
too many unknowns to provide an absolute location. Location algorithms solve for four
unknowns: origin time and X, Y, Z location. The user inputs arrival times at several
seismic stations alongside an estimate of the seismic velocity structure for the local region.
However, one of the fundamental uncertainties that impacts the earthquake’s calculated
location comes from the velocity model itself. This is also an estimate of the velocity
structure and is rarely precisely known for a region. More often, a simplified 1D seismic
velocity model is used for earthquake location. Some programs allow for more complex
models in 2D and 3D, however these in themselves can add more uncertainties as they carry
their own errors. Different velocity models will result in different calculated hypocenters,

which could alter interpretations.

Several location methods are available ranging from basic triangulation used originally, to
non-linear and linearised techniques (see Chapter 3). Each method will provide an estimate
for the location and associated error for each earthquake, and these will differ slightly
between location methods. Finally, the seismic arrival times that are collected can vary
greatly between regions. Some areas are densely populated in seismic stations, resulting in
good azimuthal coverage and a large amount of input data to further constrain hypocenters.
However, some regions may be limited by the number of seismic stations that can be used,

and more importantly the range of azimuthal coverage. For example, in Montserrat, it is

64
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difficult to get stations along the SE due to the frequent number of PDC’s and the lack of

access to these areas (Figure 2.5).

There are several features that can impact the accuracy of locating earthquakes, and these
can vary greatly between regions depending on the amount of pre-existing information
known, and the availability/accessibility of seismic stations. It is therefore important that
the station configuration and location methodology are tested to see if there are areas of
poor accuracy in the region that may impact results, and therefore interpretations. This
can also give an indication of how well the current methodology performs, and if this could

be improved.

This chapter aims to compare several velocity models, location methods and seismic sta-
tion configurations on Montserrat to understand which method optimises an earthquake’s
location by increasing the number of earthquakes whose locations can be trusted, whilst
also reducing hypocenter errors so that locations can be used for interpretation. First the
velocity model and location method are compared to see 1) how well the current setup on
Montserrat works and what errors are associated with this, and 2) if this can be improved
by changing the location method or using a different seismic velocity model. This new
methodology is then used to compare different station configurations that have been active
on Montserrat over the past 25 years, and if this ongoing evolution of station configurations

has impacted located hypocenters, and therefore interpretations of the volcanic system.

4.1.1 Montserrat Volcano Observatory Methodology

The Montserrat Volcano Observatory (MVO) was established in October 1996 by several
institutions after increased activity in July 1995 (Aspinall et al., 2002). Several organisa-
tions, including USGS, had equipment including seismometers in place from the beginning
of the eruption. However, it was not until October 1996 when MVO was established, that
the main monitoring and data collection began. In January 2003, MVO was moved to its
new permanent observatory based in Flemmings after several temporary locations due to
Plymouth being destroyed by a Pyroclastic Density Current in 1997. MVO currently use
a simple 1D seismic velocity model with the location program Hypocenter for earthquake

location.



66 Chapter 4. Comparison of Location Methods

4.1.2 Velocity models

The current 1D seismic velocity model used by MVO is comprised of five layers, as shown in
Figure 4.1, with the top layer of the velocity model corresponding to a height of 1.241 km.
The velocity model was created using a starting model based on Guadeloupe before being
adapted with trial and error modifications to make it applicable to Montserrat (Power

et al., 1998); the model does not take into account topography.

An additional three seismic velocity models of Montserrat (two 1D, and one 3D), are com-
pared in this research to understand which model performs best at constraining seismicity
on Montserrat (1D models are shown in Figure 4.1). Rowe et al. (2004) produced a 1D
seismic velocity model using 3914 arrival times of shallow seismicity from July 1995 to
September 1996, with the tomography program VELEST and Simul2000. Data from the
SEA-CALIPSO project in 2007 was used to produce 1D and 3D seismic velocity models of

Montserrat using active source seismology.

A 3D model by Shalev et al. (2010) was determined by P wave first arrivals at 58 stations
on land and sea, and using the tomography code of Shalev and Lees (1998). This was
then converted to a 1D model by Miller (2011), using the Levenberg-Marquarat non-linear
minimisation procedure (Press et al., 1992), and this accounts for the 1D SEA-CALIPSO
model used in this study. The 3D seismic velocity model from Paulatto et al. (2012) was
generated from over 4000 airgun shots with a mixture of 10 ocean bottom seismometers and
244 land seismometers taken from the SEA-CALIPSO project; the model was inverted using
a tomography code from Hobro et al. (2003). The 3D velocity model takes into account
topography, and is determined with spacing of 0.5 km (in X,Y and Z) extending to a depth
of 10 km bsl.
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Figure 4.1: P wave seismic velocities for the three different 1D seismic velocity models
tested. Blue line represents the velocity model currently used by the Montserrat Volcano
Observatory. The red line is the velocity model proposed by Rowe et al. (2004), and the
black line is the 1D velocity model created from the SEA-CALIPSO project in 2007 (Shalev
et al., 2010)
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4.1.3 Station Variability

Station variability on Montserrat has varied considerably over the past 25 years, with a total
of 31 seismic stations deployed since 1995 (excluding temporary stations), shown in Figure
2.5. Prior to October 1996 when BGS installed three-component broadband seismometers,
only single component seismometers were available on the island. Station variability can
have an impact on the accuracy and the associated errors of earthquake locations. By
comparing the time series of stations and grouping together time periods when station
layout was similar, ten time periods were formed, shown in Figure 4.2. For the time period
July 1995 to September 1996, not all 16 stations were constantly active at any one time.
However, not enough information is known for this time period to separate the section
further. For the comparison of velocity models and location methods, the most current

time period (December 2014-2018) was chosen as this represents the current configuration.
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Figure 4.2: Station variability throughout the 10 times periods used in this study. Green
represents when a station is fully active, and orange represents a station that was only
active for some of the time period. Time periods range from date at top of table inclusive
to the next time period (exclusive).
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4.2 Methodology

Three main aspects that affect the accuracy of locating earthquakes are looked at: velocity
model, location method and station configuration. Four velocity models, four location
methods and ten time periods are tested and compared to decide which is the optimal
setup for MVO in locating earthquakes on Montserrat. The ten time periods represent
varying station configurations on Montserrat from 1995 to 2018, and can be seen in Section
4.1.3. The four velocity models that will be tested are shown in Section 4.1.2. Velocity
models are inputted into each location method with the exception of Hypocenter which can
not use 3D models in the location program. Each velocity model extends to a different
depth, ranging from 6 to 35 km bsl. Extending or reducing the models so that they all
extend to the same depth would create a false model that would not be representative of
Montserrat. In order to test the applicability of the model the velocity models were kept
with their current end depth. The velocity model is only important for depths shallower
than the deepest earthquakes. On Montserrat, earthquakes are mostly shallower than 8 km,

but events have been located up to 30 km.

Two location programs were used for this study: Hypocenter (Lienert et al., 1986) which
is currently used by MVO, and NonLinLoc (Lomaz, 2001), which has been proven to work
well in complex environments. Current MVO settings and parameters were used with the
location method Hypocenter; this was to keep it consistent when comparing different velocity
models and location methods to present day MVO locations. NonLinLoc has several search
methods (GRID, Metropolis-Gibbs Random Walk, and Oct-Tree) and location methods
(Gaussian Analytical and Equal Differential Time) that can be used when running the
program. More information on the different location methods of NonLinLoc is explained

in Section 3.3.4.

Multiple minima in the PDF are readily detected with the Grid and Oct-Tree method, but
are more commonly missed by the Metropolis-Gibbs Random Walk (Lomaz and Curtis,
2001). Test runs using the GRID search method with the synthetic data showed the method
to be too computationally intensive; Lomax and Curtis (2001) shows the grid search to
be 100 times more computationally expensive that the Oct-Tree algorithm. The Oct-Tree

sampling method is known for its high efficiency and reliable mapping of Probability Density
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Functions (PDF) (Lomax, 2001; Mostaccio et al., 2005, 2013; Turino et al., 2009). Therefore
the Oct-Tree sampling method was chosen as the search method for NonLinLoc for all three
variations. Three different location methods were used in NonLinLoc for relocation with the
Oct-Tree search algorithm: Equal Differential Time (EDT) likelihood function, Gaussian
Analytical approach, and a weighted method using the Gaussian Analytical search method

but forcing all stations to be weighted equally.

All earthquakes were located using the UTM 20N projection grid so that errors were re-
duced when transforming between Cartesian and Geographic co-ordinate systems during
relocation. This was shown to have a small effect on overall locations, on average reducing

errors by 50 m (Appendix A).

4.2.1 Synthetic Earthquakes
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Figure 4.3: Location of the synthetic earthquakes used for relocation: synthetic earthquakes
are spaced 1 km apart and cover a 15 by 20 km grid.

To compare relocations from each velocity model and location method, a 15 by 20 km

grid of synthetic earthquakes was created over Montserrat, shown in Figure 4.3. Synthetic
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earthquakes were generated every 1 km resulting in a total of 336 synthetic earthquakes.
Changing the depth of the synthetic earthquakes forces the ray paths to pass through
different layers of the velocity model, improving the tests on velocity models and station
configuration. Synthetic earthquakes were set at depths of 0.5 km asl, 0, 1, 3, 5, 5.8 and
10 km bsl to make sure that the velocity model was adequately sampled throughout. Depths
of 1 and 3 km were chosen due to the majority of seismicity being located at these depths
beneath Soufriere Hills Volcano. A depth of 5.8 km bsl was chosen to test the 1D SEA-
CALIPSO model when earthquakes were positioned near the edge of the velocity model,

due to the model only extending to a depth of 6 km.

Synthetic P and S wave arrival times were calculated to each synthetic earthquake from
the active seismic stations in that time period, for each of the velocity models, using the
predetermined travel time grids. The synthetic arrival times did not include any picking
errors, or noise when calculating the travel times, and hence represent optimal travel times.
Synthetic arrival times were then used to relocate the synthetic earthquakes using each
velocity model, location method and time period (representing station configuration). A

schematic of this procedure is shown in Figure 4.4.

1. Synthetic travel times are 2. Synthetic travel times are then 3. RMS, error and change in location
calculated from each point in located in NonLinLoc/Hypocenter. (from original grid to relocation) is then
the grid to each active station Each point in the grid is treated as a used for analysis

separate event

| 4

\ TA

t
tl, tz (X tl' t2 .

el NONLINLOC/ iy
l Hypocenter

AX, AY :'. RMS F 0.2

@ |Rvs 1 0.4
LN

\Z:

f/\* l l AX)AY
Z X1, Y1 X3, Y,
A

Figure 4.4: Schematic explaining the methodology used to relocate the synthetic earth-
quakes. The red dot represents the synthetic grid location, with the blue and purple dot
representing the relocated hypocenter. t; and to are travel times from each station, and
X1, Y1, and Xs, Yo are the relocated locations for each synthetic earthquake.
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4.2.2 Time2EQ calculation

Arrival times were calculated from all active stations to each synthetic earthquake in the grid
using the TIME2EQ function in NonLinLoc. This is calculated by looking up the location
of the synthetic earthquake in the pre-created travel time grids which are produced for each

station, and reading the time it would take to get to that station.

Travel time grids are created for each station and contain travel times from that station
to every point in a pre-defined X,Y,7Z grid. These are saved in a sub-folder so that they
do not need to be generated for each location. The travel time grids are created using the
Grid2Time function in NonLinLoc, which uses the Eikonal finite-difference scheme of Podvin
and Lecomte (1991). This uses a systematic application of Huygens principle with finite
difference approximation. The method takes into account varying propagation modes and
local discontinuities when calculating travel times; it is also very robust compared to other
techniques and therefore performs well with complex velocity models (Podvin and Lecomte,
1991). Although these tools are built into NonLinLoc they are not using NonLinLoc’s
search method and therefore can be used to calculate arrival times for the synthetic data

which can be inputted into both Hypocenter and NonLinLoc.

4.2.3 Trusting Earthquakes

To compare how well the synthetic earthquakes were relocated with each method and
velocity model, a parameter was created to test if the relocated earthquakes could be
trusted. This looked at the distance that the relocated earthquake moved compared to
the original synthetic location, and whether this distance was within the error calculated
for that individual event. A trusted event is an earthquake that is relocated to a location
within the error calculated — ie the 68% confidence ellipsoid covers the original synthetic
location. This error is calculated by each location method. Whereas an untrusted location
is an earthquake that is relocated to a distance greater than the calculated error. This is

shown in Figure 4.5.
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Trusted Untrusted

Synthetic
Earthquake

Relocated
Earthquake

Figure 4.5: Schematic showing the criteria for True (trusted) and False (untrusted) relocated
earthquakes. The red ellipsoid shows the 68% confidence ellipsoid, with the earthquakes
being compared to the X,Y, Z calculated errors.
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4.2.4 Measures of Uncertainty

RMS

RMS is calculated by NonLinLoc and Hypocenter and is stored inside the hypocenter files
created for each event. The RMS is defined as the ‘root-mean-square of time residuals at
maximum likelihood or expectation hypocenter’ (Lomaz et al., 2009), where the residual is

the difference between the predicted and calculated travel times, shown in Equation 4.1.

1
Xpms = \/ (X2 +X2..X2) (4.1)

n

where n is the number of travel times used in the calculation, and X is the residual. The

residual is t - t, - ie the actual travel time (observed) minus the predicted travel time.

Covariance calculation

Covariance values: CovXX, CovYY and CovZZ are outputted in the Statistics line of
hypocenter files (.hyp) produced by NonLinLoc. Hypocenter produces errors in the files in
terms of Ep, E, and E,. These can be converted to covariances in XX, YY and ZZ using

the following equations:

CovXX = (E,)* (4.2)

CovYY = \/(Ep)? — (Ex)%) (4.3)

CovZZ = (E.)? (4.4)

Hypocenter Error

The error was calculated using the following equations, taken from Lomaz (2001):
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V(353 x CovX X)

Xerror = 9 (45)
Yo - V/(3.53 *2C'onY) (46)
Zo V/(3.53 *200022) )

where CovXX, CovYY and CovZZ are the covariance values of the PDF calculated by

NonLinLoc.

These equations were also used to calculate error for Hypocenter locations

using CovXX, CovYY and CovZZ calculated in section 4.2.4. This was used to keep the

errors compared between NonLinLoc and Hypocenter consistent.
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4.3 Results

4.3.1 Analysis of Location Data

When comparing velocity models and location methods, only the station configuration rep-
resenting December 2014 to January 2020 was used. This allows the most accurate velocity
model and location method for Montserrat to be chosen, before looking at the impact of sta-
tion configuration on earthquake location. This time period was chosen as this represented
MVQO'’s station configuration in 2020 and therefore would aid in any recommendations given

to MVQ'’s data processing.

The mean values calculated for RMS, and change in location (X,Y,Z) for each relocation
are shown in Figure 4.6, and the mean errors for each relocation are shown in Figure 4.7.
Errors relate to the outputted hypocenter errors produced by each program, converted to
the same type of error using the equations shown in Section 4.2.4. The light green cells
represent the lowest value for each variable per depth (looking at both velocity model and
location method). The Rowe and 1D SEA-CALIPSO velocity models produce the lowest
mean values (for RMS, change in location and error), accounting for 47% and 33% of the
relocations respectively. The Rowe model performs better at shallower depths of 0 and
1 km, whereas the 1D SEA-CALIPSO performs better at greater depths — although this

is limited to a maximum depth of 6 km bsl.

The weighted NonLinLoc method produces the lowest errors consistently out of all of the
location methods, although this is only a small difference (order 10 m) from the GAU Non-
LinLoc search method. The lowest RMS values are shown with the EDT NonLinLoc search
method. Mean changes in location for X, Y, and Z show that the EDT NonLinLoc and
GAU NonLinLoc search methods produce 43% and 33% of the lowest values respectively.
The mean change in location for Gaussian, EDT and weighted vary by tens of metres per
model; this is looked at in more detail in section 4.3.3. The Hypocenter location method
with the MVO velocity model consistently underperforms and all velocity models used with
Hypocenter show higher RMS, changes in location and errors compared to other location

methods in NonLinLoc.

Figure 4.8 shows the percentage of earthquakes that were classified as ‘trusted’ using the
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definition in section 4.2.3 for each relocation. This has been coloured to highlight relocations
with the highest amount of trusted locations, with dark green representing 90% of locations
that are trusted, and orange representing 60%. Red boxes highlight the search method and

velocity model that produce the highest percentage of trusted locations for each depth.

The EDT NonLinLoc method has the highest percentage of trusted locations (mostly over
80%) with the majority of velocity models and depths. The MVO model with the location
method Hypocenter performs well for X and Y locations but produces a low percentage of
trusted earthquakes for the Z location. The 1D SEA-CALIPSO model with the NonLinLoc
EDT method performs best overall, however it cannot be used for depths greater than 6 km
bsl. The 3D model has more trusted locations when using the EDT NonLinLoc method
compared to the Rowe and MVO model. However, the 3D model produces larger errors
equal to 200 m compared to other models, and this is likely the reason that there is a

greater percentage of trusted locations.
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Chapter 4.

Velocity Model
0.5hkm Okm 1km 3km 5km 5.8km 10km

MVO Rowe |1DSC |3D MVO Rowe [1DSC |3D MVO Rowe 1DSC |3D MVO Rowe 1DSC |3D MVO Rowe 1DSC |3D MVO Rowe [1DSC [3D MVO Rowe [1DSC [3D

HYPO |MVO settings| 1.212]51.378[ 0.661|X 1.244| 51.866[ 0.658|X 1.032| 50.676[ 0.636|X 0.804| 49.764| 0.640(X 0.714| 40.571| 0.663|X 1.626(42.381| 0.676(X 1.597(40.782|X X
= m GAU OCT 0.289| 0.239| 0.355| 0.499] 0.308| 0.263| 0.375| 0.512] 0.346| 0.297| 0.396 0.612] 0.475| 0.390( 0.417| 0.626] 0.487| 0.456| 0.453| 0.702] 0.502| 0.469| 0.470| 0.743] 0.632| 0.593|X 1.016
m .m EDT OCT 0.342| 0.291| 0.428| 0.653] 0.362| 0.316| 0.449| 0.677| 0.412| 0.354| 0.464| 0.552] 0.560| 0.469| 0.490| 0.548] 0.564| 0.530| 0.539| 0.607} 0.585| 0.545| 0.563| 0.641] 0.773| 0.723|X 0.899
frr Z  |weighted 0.284| 0.235[ 0.348| 0.494] 0.302] 0.258| 0.369| 0.506] 0.340|] 0.292| 0.383| 0.606] 0.466] 0.383| 0.407| 0.615] 0.476| 0.446| 0.442| 0.690] 0.490| 0.458| 0.457| 0.729] 0.617| 0.578|X 0.995

HYPO |MVO settings| 1.402|51.459( 0.914|X 1.015| 51.893 0.913|X 0.992| 50.773| 0.915(X 0.995| 49.730| 0.933(X 0.976| 40.630| 0.952|X 1.446(42.394| 0.962(X 1.143[40.772|X X
- m GAU OCT 0.349| 0.262| 0.377| 0.582] 0.384| 0.305| 0.401] 0.611] 0.407| 0.335] 0.427 0.687] 0.541| 0.434 0.449] 0.671] 0.580| 0.524| 0.493| 0.734] 0.611] 0.548[ 0.518| 0.783] 0.844[ 0.758|X 1.037
.m. .m EDT OCT 0.407| 0.332( 0.444| 0.756] 0.435| 0.367| 0.467| 0.791] 0.464| 0.389| 0.489| 0.576] 0.619| 0.504| 0.532| 0.532] 0.660| 0.599| 0.602| 0.609] 0.701| 0.630| 0.637| 0.654] 1.034| 0.934|X 0.965
frr Z  |weighted 0.345]| 0.258| 0.370| 0.577] 0.380f 0.301| 0.394| 0.604] 0.402| 0.331] 0.420( 0.678] 0.533] 0.428| 0.439| 0.662] 0.571| 0.516| 0.482| 0.722] 0.604| 0.540| 0.507| 0.771] 0.838 0.750(X 1.017

HYPO |MVO settings| 1.782| 1.467( 1.140|X 4.135| 1.767| 1.015(X 3.311| 1.560| 0.908|X 0.907| 1.726] 0.897(X 0.791| 2.349] 0.892|X 2.397| 2.538[ 0.882|X 2.145] 2.218(X X
~ m GAU OCT 0.522| 0.344| 0.410| 0.153] 0.570f 0.390| 0.491] 0.183] 0.513| 0.352] 0.589| 0.338] 0.730| 0.442 0.750| 0.675] 0.903| 0.777| 0.685| 1.046] 0.982| 0.856( 0.595| 1.171] 1.280( 1.250|X 1.285
.m. .m EDT OCT 0.598| 0.414( 0.496| 0.205] 0.642| 0.465| 0.591| 0.342] 0.597| 0.441| 0.687| 0.570] 0.824| 0.529| 0.864| 0.786] 0.964| 0.831| 0.842| 0.952) 1.059| 0.915| 0.772| 1.005] 1.646| 1.558|X 1.184
[ Z  |weighted 0.519]| 0.343| 0.406| 0.151] o0.568| 0.388| 0.487| 0.180] 0.507| 0.347| 0.585[ 0.333] 0.726] 0.438 0.741] 0.668] 0.898| 0.773] 0.676] 1.036] 0.977| 0.850| 0.587| 1.164] 1.266( 1.235|X 1.271

80

Figure 4.7: Table shows mean error of the 336 relocated earthquakes for each relocation for time period December 2014 to February 2018. Green cells
highlight lowest value for that depth and variable. 1D SC represents 1D SEA-CALIPSO; 3D represents the 3D SEA-CALIPSO model; GAU EDT
represents Gaussian Analytical Oct-Tree; EDT OCT represents Equal Differential Time Oct-Tree; and weighted is the Gaussian Weighted method
with Oct-Tree
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x | 8185 15.18 79.76| 84.23| 34.23 77.08| 78.87| 83.33( 34.23
y | 7530 536 69.35| 83.33| 26.79| 77.98 74.11| 69.05| 82.14| 25.89
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X 16.96
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Figure 4.8: Table shows

red outlined cells show the best velocity model/location method for that depth.

the percentage of trusted earthquakes for the X,Y,Z location, for
each velocity model and location method. Orange shows percentages higher than 60%,
yellow higher than 70%, light green higher than 80% and dark green higher than 85%. The
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4.3.2 Error Testing

Error testing is plotted to show if there are areas of Montserrat which are impacted by
using certain location methods or velocity models. An example of this is the error testing
for the X location at 0 and 5 km depth shown in Figures 4.9 and 4.10 respectively. All
the NonLinLoc search methods perform well with the three 1D models, with just a few
untrusted locations. However, the 3D model produces more untrusted locations which is
seen clearer at depths of 5 km; the NonLinLoc EDT method removes this effect producing
a better coverage of trusted locations across the whole of the island. Hypocenter produces
a low number of trusted locations for both the Rowe and the 1D SEA-CALIPSO models,
which show a thick strip of trusted locations that run through the centre of Montserrat.
The MVO model performs well with Hypocenter, with similar trusted locations to other
NonLinLoc methods.

Test for Change in X Location: 0 km

MVO Hyp MVO OCT GAU Rowe OCT GAU 1D SC OCT GAU 3D OCT GAU
L - 1860 . -i - .

B0 5BS 500 5RO 5BS 500 GEO 585 500 GEO 5BS 500

MVO OCT EDT Rowe OCT EDT 1D SC OCT EDT 3D OCT EDT
L - - L] - L) L

. 1860 [ -=.=
« 3
1055 #58
1850
- -
«a -
1845 [ <
| SEFSEESIEIEENS | SEFSEESIEININES | SEBSSESISEIEINE | SEPSREIEEEREES
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MVO Weighted Rowe Weighted 1D SC Weighted 3D OCT Weighted
- -. 1%0=- -.- 1860 - - 9
Ll
1855 (A 1855
1850 (1% 1850
-
x « -
1845 1845
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Figure 4.9: Error testing for the X location during the time period December 2014 to 2018
at 0 km depth. Green represents a trusted location, and blue represents an untrusted
location. Inverted triangles represent seismic stations used in relocation. 1D SC represents
1D SEA-CALIPSO.

Error testing for the Y location shows similar results and patterns to the X and Z location.

The Rowe model produces a high percentage of trusted locations at shallow depths for the
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Test for Change in X Location: 5 km
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M
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1D SC Weighted
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3D OCT Weighted
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Figure 4.10: Error testing for the X location during the time period December 2014 to
2018 at 5 km depth. Green represents a trusted location, and blue represents an untrusted
location. Inverted triangles represent seismic stations used in relocation. 1D SC represents

1D SEA-CALIPSO.

Z location (Figure 4.11), but does not perform as well with deeper earthquakes. At 5 km

depth, the 1D SEA-CALIPSO model has a significant increase in trusted locations compared

to the other models at this depth (Figure 4.12), which was also seen with the percentage

of trusted earthquakes in Figure 4.8. The 3D model performs poorly for the Z location

up to 5 km depth where a slight increase in trusted locations is recorded. Hypocenter also

performs poorly for all models at shallow depths, but this improves with depths greater

than 5 km.
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Test for Change in Z Location: 1 km

MVO OCT GAU Rowe OCT GAL

1D 5C OCT GAU 3D OCT GAU
. - -

580 585 590 580 585 590 580 585 590 580 585 580
MVO OCT EDT Rowe OCT EDT 1D SC OCT EDT 3D OCT EDT
T ¥ - - -
1850 5 Faghe 1860 g M
- |
. : i
1855 . 1855 {08
- .
.
1850 1 1850 | .
- - ‘
1845 1845 &
Ll ..! “ ae ! -4
580 585 590 580 585 590 580 585 590 580 585 580
1D SC Weighted 3D OCT Weighted
. - 1880 —— -

5B0 GBS 520 GBO SBS 500 GBO S5BS 500 GBO 5BS 500 SB0O 5BS 500

Figure 4.11: Error testing for the Z location during the time period December 2014 to
2018 at 1 km depth. Green represents a trusted location, and blue represents an untrusted

location. Inverted triangles represent seismic stations used in relocation. 1D SC represents
1D SEA-CALIPSO
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Test for Change in Z Location: 5 km
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Figure 4.12: Error testing for the Z location during the time period December 2014 to
2018 at 5 km depth. Green represents a trusted location, and blue represents an untrusted
location. Inverted triangles represent seismic stations used in relocation. 1D SC represents

1D SEA-CALIPSO
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4.3.3 RMS, Change in Location and Error

Boxplots help to visualise the range of values attributed to either error or change in location;
this can give more information when comparing different relocations. The range in RMS
values for each velocity model and location method is shown in Figure 4.13. Relocations
with Hypocenter have larger medians and ranges than relocations with NonLinLoc; this is
very clear when used in conjunction with the Rowe model. Relocations in NonLinLoc have
similar mean and ranges with all velocity models, with the EDT method producing slightly

lower values. This same trend is seen at all depths.

Boxplot of RMS Values for 0Okm depth: December14 to Present
T

T T T T T T T

MVOHyp - - 4

Rows Hyp - HHHHH == = = = = - — == = = = i ——

1DSC Hyp |- =T ==+ -

mooctaaut {4 _

Rowe OCTGAU - = [} -

ipscocTaA -+ 1 B

8 spoctaaul {4 + 4
=
=

& MmvoocteoT|  +— {[}# u
3

= RowsoCTEDTF [} # o

bscocTeot |+ [T+ -

spocTeDT - = {1+ u

MVOWeighted - +— {[ - = -

Rowe Weighted [~ = { ] |- = u

1DSC Weighted - = || |- = E

3DWeighted [~ - -D;'— = + -

I | I I I I I I
0 01 0z 03 04 05 08 07 08 09 1
RMS

Figure 4.13: Boxplots of RMS values at 0 km depth for the time period December 2014
to February 2018. Red central line represents median, edges of box represent 25" and
75" percentile, black dashed line represents the range in values, and red crosses represent

outliers. 1D SC represents 1D SEA-CALIPSO

The change in X location (between the original synthetic location and the relocated location)
for 0 and 5 km depth is shown in Figure 4.14 and 4.15 respectively. Relocations with
Hypocenter have a wide range of changes in location for all velocity models. This is also
seen with the 3D model with all location methods in NonLinLoc at depths greater than
5 km. At 5 km depth the three 1D velocity models with NonLinLoc all have a similar
median and range, with the 1D SEA-CALIPSO velocity model having marginally lower
values. At 0 km depth, the Rowe and MVO velocity model have much smaller ranges and

medians than the 1D SEA-CALIPSO velocity model. A similar pattern is seen for the
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change in Y location.

Boxplot of Change in X Location for 0 km depth: December14 to Present
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Figure 4.14: Boxplots of Change in X Location at 0 km depth for the time period December

2014 to February 2018. Red central line represents median, edges of box represent 2
75" percentile, black dashed line represents the range in values, and red crosses represent

outliers. 1D SC represents 1D SEA-CALIPSO

and

The change in Z location had a similar pattern to the X and Y locations, with the median

being lower for the majority of NonLinLoc relocations than with Hypocenter at 0 km depth.

The change in Z location is more varied at depths of 5 km; the 1D SEA-CALIPSO model

has a low mean and small range for all location methods, whereas the Rowe model has a

larger range at greater depths.
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Boxplot of Change in X Location for 5km depth: Decemberi4 to Present
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Figure 4.15: Boxplots of Change in X Location at 5 km depth for the time period December
2014 to February 2018. Red central line represents median, edges of box represent 25" and
75t percentile, black dashed line represents the range in values, and red crosses represent
outliers. 1D SC represents 1D SEA-CALIPSO

Boxplot of Change in Z Location for 5 km depth: December14 to Present
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Figure 4.16: Boxplots of Change in Z Location at 5 km depth for the time period December
2014 to February 2018. Red central line represents median, edges of box represent 25" and
75th percentile, black dashed line represents the range in values, and red crosses represent
outliers. 1D SC represents 1D SEA-CALIPSO.
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Calculated X, Y and Z errors for relocations have similar results at all depths. Hypocenter
relocations have consistently higher errors compared to NonLinLoc relocations for all veloc-
ity models. The MVO and Rowe velocity model have small median errors and ranges for the
X error for all location methods at shallow depths (Figure 4.17). However, there is a large
amount of outliers associated with these models compared to the 1D SEA-CALIPSO and
3D models. As the depth increases, the Rowe and 1D SEA-CALIPSO models show similar
error ranges. The main difference with the Y error is at depths greater than 3 km: the
1D SEA-CALIPSO model produces smaller ranges in error compared to the Rowe model.
However, the median value for the Rowe model is lower than the 1D SEA-CALIPSO model

(Figure 4.18).

The 3D model produces consistently lower Z errors for all location methods (Figure 4.19).
There is little difference between location methods within NonLinLoc, as the differences in
error appear to be a result of the velocity model. The Rowe velocity model produces lower
Z errors than the 1D SEA-CALIPSO model at all depths.
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Figure 4.17: Boxplots of X Error at 0 km depth for the time period December 2014 to
February 2018. Red central line represents median, edges of box represent 25! and 75

percentile, black dashed line represents the range in values, and red crosses represent out-
liers. 1D SC represents 1D SEA-CALIPSO
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Boxplot of Y Error for 3 km depth: Decemberi4 to Present
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Figure 4.18: Boxplots of Y Error at 3 km depth for the time period December 2014 to
February 2018. Red central line represents median, edges of box represent 25" and 75"

percentile, black dashed line represents the range in values, and red crosses represent out-
liers. 1D SC represents 1D SEA-CALIPSO

Boxplot of Z Error for 0 km depth: Decemberi4 to Present
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Figure 4.19: Boxplots of Z Error at 0 km depth for the time period December 2014 to
February 2018. Red central line represents median, edges of box represent 25" and 75"
percentile, black dashed line represents the range in values, and red crosses represent out-
liers. 1D SC represents 1D SEA-CALIPSO. Note: for the Rowe Hyp model, the majority of
errors calculated were either 0 or 999km by Hypocenter. As a result the boxplot is centered
around 0 km and therefore is not clearly seen.
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4.3.4 Statistics

Comparison of relocations shows a variation between calculated errors and changes in loca-
tions when using different velocity models and location methods. To check that the results
for each relocation were significantly different to each other, a Dunn statistical test was per-
formed. This tests between each pair of relocations to calculate the probability of observing
a randomly selected value from the first group that is larger than a randomly selected value
from the second group. The Dunn test was used with the Berronni method and adjusted
P values, which was computed in R. The Dunn test used data comprising of all synthetic
earthquakes for four depths; 0,1,3 and 5 km, so that each model and method had 1344

points. The raw data for this can be found in Appendix C.

Figures 4.20 and 4.21 show if there is any significance between two sets of relocations for
both change in location and error respectively. For example, the change in X location with
the MVO model and Hypocenter method are significantly higher than the change in X
location with the MVO model using the NonLinLoc EDT method. The significance means
that if there is a statistical significance of 0.05 that the values are from the same datasets,

ie, that the locations are significantly different between two methods.

Hypocenter has significantly higher changes in X,Y and Z locations compared to NonLin-
Loc for all velocity models, with the exception of the 3D model, where the MVO model
with Hypocenter produces significantly lower values. The 3D model performs poorly with
all location methods which is shown by having significantly greater changes in location
compared to other velocity models. The Rowe model has significantly lower changes in
locations compared to all other velocity models, especially when comparing with the 1D

SEA-CALIPSO model.

Similar to changes in location, a significant increase in error is seen for all Hypocenter
relocations compared to NonLinLoc (Figure 4.21). The Rowe model has significantly lower
errors compared to other velocity models, although this is more clearly shown for the
weighted and GAU NonLinLoc method. The trusted locations in Figure 4.8 show the EDT
method to have the highest percentage of trusted locations, but Figure 4.21 shows the errors

are significantly larger; this could be the reason more events were trusted.

Overall, the statistical test shows that the Rowe model produces significantly smaller
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changes in locations and errors than other velocity models. However, Figures 4.20 and
4.21 are comparing all four depths at once. It is therefore important to run a statistical
test per depth to make sure there are no differences in significance at each depth. This is
particularly important given the 1D SEA-CALIPSO model has shown to be more suited at

greater depths. The statistical test was run again separately at depths of 0, 1, 3 and 5 km.
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Figure 4.21: Significance checkerboards showing if different runs are more or less significant than other runs. To be read down (Y) and then across
(X) when interpreting. Green represents Y is significantly less than X, Orange represents Y is significantly greater than X, and yellow means there
is no statistical significance between the two runs. 1D SC represents 1D SEA-CALIPSO.
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At 0 km depth (Figure 4.22), the MVO and Rowe model produce significantly smaller
changes in X and Y location with NonLinLoc compared to the other velocity models. But,
for the Z location, the 3D model with the EDT NonLinLoc method outperforms all other
relocations. At all depths Hypocenter has significantly greater changes in location than the
other location methods. The Rowe model has significantly lower changes in X, Y and Z
location compared to the 1D SEA-CALIPSO and 3D model at 1 km depth; there is little

difference between location method used with the Rowe model (Figure 4.23).

This changes at 3 km depth where the 1D SEA-CALIPSO model has significantly lower
changes in X and Y location values than the MVO and 3D model (Figure 4.24). There is
no significant difference seen between the 1D SEA-CALIPSO and Rowe model, suggesting
that both models work adequately at this depth. The Rowe model has significantly lower
changes in Z location compared to other velocity models at 3 km depth. At greater depths
of 5 km there is no significant difference in X and Y location between the Rowe and 1D
SEA-CALIPSO model (Figure 4.25). But the 1D SEA-CALIPSO model has significantly
lower changes in Z location compared to the Rowe model, supporting the data in Section

4.3.3 and 4.3.2.
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Figure 4.24: Significance checkerboards for 3 km depth showing if different runs are more or less significant than other runs. To be read down (Y)
and then across (X) when interpreting. Green represents Y is significantly less than X, Orange represents Y is significantly greater than X, and
yellow means there is no statistical significance between the two runs. 1D SC represents 1D SEA-CALIPSO.
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4.3.5 Method Conclusion

Hypocenter relocations for the Rowe and 1D SEA-CALIPSO velocity model produce large
errors and changes in locations. Use of the MVO velocity model with Hypocenter (MVO’s
current setup), produce a high percentage of trusted locations for X and Y, but fail on
constraining the depth (Z) location. Errors produced when using Hypocenter are much
larger than relocations using NonLinLoc. The MVO velocity model performs poorly in

NonLinLoc for the majority of variables compared to other 1D velocity models available.

The Rowe velocity model performs best at depths of 0, 1 and 3 km, with the 1D SEA-
CALIPSO velocity model performing better at depths greater than 5 km. However, the
1D SEA-CALIPSO velocity model is limited to a depth of 6 km. The Rowe velocity model
performs well at additional depths up to 10 km with changes in location of 200-300 m
compared to the 1D SEA-CALIPSO model at 5 km depth. Therefore the Rowe model is
more useful for relocating earthquakes on Montserrat, given a) its ability to locate deeper
events which may be indicators of future unrest episodes, and b) producing significantly
smaller changes in locations and errors compared to other models at shallower depths, where

the majority of seismicity is currently located on Montserrat.

There is not much difference between the three methods in NonLinLoc when using the
Rowe velocity model. The Gaussian and Weighted method produce smaller errors, but the
number of trusted earthquakes is greater with the EDT method. The difference in errors
between the EDT and Gaussian method are on the order of 30-50 m, and so produce similar
results. It is more important to have a greater number of trusted earthquakes, especially
when the difference in errors is minimal. Therefore the Rowe velocity model will be used

with the NonLinLoc EDT method for relocations of the Montserrat seismic catalogue.
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4.4 Station Configuration

Ten different station configurations were compared to understand the effect the seismic
network has on calculating earthquake locations. Synthetic earthquakes were relocated
using the Rowe velocity model with the EDT location method in NonLinLoc, as decided
in Section 4.3.5. The ten station configurations used are shown in Section 4.1.3; this were

run at depths of 0,1,3,5 and 10 km.

4.4.1 RMS
RMS: 0 km Depth
July 1995 to October 1996 to October 1997 to April 1998 to October 2001 to
September 1996 September 1997 March 1998 September 2001 January 2003

1855
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5BO GBS 500 5BO GBS 520 5BO GBS 500 (g
May 2009 to September 2012 to December 2014 to @
August 2012 November 2014 January 2020

1860

1855

1850

1845

Figure 4.26: RMS values at 0 km across Montserrat for each time period; black inverted
triangles represent seismic stations active during the time period.

RMS values were relatively low ranging from 0.08 to 0.12 seconds across the majority of the
island for all station configurations (Figure 4.26); results were similar at all depths. The
only difference in RMS is for the time period October 1997 to March 1998 when values are
significantly lower; this is likely a result of there being only two stations and hence fewer

arrival times to fit with the location, resulting in artifically lower RMS values.
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4.4.2 Change in Location

Change in X Location: 0 km Depth

July 1995 to October 1996 to October 1997 to April 1998 to October 2001 to
September 1996
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Figure 4.27: The change in X location at 0 km depth for each synthetic earthquake over
Montserrat with 10 different time periods; black inverted triangles represent seismic stations
active during the time period.

The change in location is defined as the change in X distance (km) from the original
synthetic location to the new relocated location. The change in X and Y location showed
similar results, with an increase in change in location with an increase in depth. At 0 km
(Figure 4.27) and 10 km (Figure 4.28) there is little difference in values for each station
configuration; but an increase in change in location is shown with an increase in depth.
High values for the October 1997 to March 1998 time period are recorded for all changes

in location, and this is a result of there being two stations active at this time.
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Change in X Location: 10 km Depth
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Figure 4.28: The change in X location at 10 km depth for each synthetic earthquake over
Montserrat with 10 different time periods; black inverted triangles represent seismic stations
active during the time period.
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4.4.3 FErrorcheck

Test for Change in X Location: 0 km Depth
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Figure 4.29: Error testing for X location at 0 km depth for 10 time periods; inverted
triangle represents seismic stations active during that time period. Green represents a
trusted location, and blue represents an untrusted location.

For X and Y locations there is a large proportion of trusted earthquakes for all time periods
with more than two stations. No link between the percentage of trusted earthquakes and
station configuration is shown. The same pattern is across all depths, with Figure 4.29

showing an example for the X location at 0 km depth.

For the Z location there is a decrease in the number of trusted locations with depth, an
example of this is shown at 0 and 5 km (Figure 4.30 and 4.31 respecitvely). At 5 km depth,
there is a slight increase in trusted earthquakes in the north with the presence of station

MBMH (situated in the North of the island: Figure 2.5).
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Test for Change in Z Location: 0 km Depth
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Figure 4.30: Error testing for Z location at 0 km depth for 10 time periods; inverted
triangle represents seismic stations active during that time period. Green represents a
trusted location, and blue represents an untrusted location.

Test for Change in Z Location: 5 km Depth
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Figure 4.31: Error testing for Z location at 5 km depth for 10 time periods; inverted
triangle represents seismic stations active during that time period. Green represents a
trusted location, and blue represents an untrusted location.
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4.4.4 Seismic Station Configuration Conclusion

There is little difference between the ten different station configurations when using the
EDT method in NonLinLoc with the Rowe velocity model. The main difference is for the
time period October 1997 to March 1998 when there were only two stations active. This
was a time period when previous stations had been wiped out, resulting in only two stations
operated by MVO. This shows the importance of having multiple seismic stations across
Montserrat operating to provide redundancy in cases of failure and to keep a high percentage
of trusted hypocenters alongside low errors. Overall, when using multiple seismic stations,
the network performs well, with no areas of low accuracy clearly identified. The impact
on the number of seismic stations active is explored further in Chapter 6, when only four
seismic stations were used to locate earthquakes in the days prior to a Vulcanian explosion

in July 2008.
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4.5 Conclusion

Synthetic earthquakes were relocated with several velocity models and location methods
to determine the most suitable setup for earthquake location on Montserrat. Results show
that the current earthquake location method used at Montserrat Volcano Observatory could
be improved. Earthquake locations located using Hypocenter with the MVO velocity model
(MVO’s operational setup) yielded low percentages of trusted earthquakes for the depth
location, and on average had higher errors than earthquakes located using the NonLinLoc
location method. The NonLinLoc EDT method performed well with all velocity models.
The Rowe velocity model worked best at shallower depths up to 3 km, and the 1D SEA-
CALIPSO was more suited for depths greater than 5 km; however this model was limited
to locating earthquakes up to a depth of 6 km. As a result, the NonLinLoc EDT location
method was chosen with the Rowe velocity model as it produced a high percentage of
trusted locations, alongside low errors, and changes in locations at all depths. This setup

is used to relocate the whole seismic catalogue from 1995 to 2018 in Chapter 5.

Comparison of different station configurations shows little difference when using the Non-
LinLoc EDT method with the Rowe velocity model. High errors and changes in location
were recorded when using only two stations, although this is expected due to a low number
of arrival times. Most of the time periods have greater than 8 stations, and therefore would
be expected to perform well. It would be expected that times when there are fewer stations
would be more problematic. This is looked at in Chapter 6, which looks at the accuracy of

locations when using only four seismic stations.



Chapter 5

Catalogue Relocation: 1995-2018

Volcanic seismicity is one of the main short term monitoring methods used by volcanic
observatories (Luckett et al., 2007) and can give an indication on the location and size of
magmatic eruptions ( White and McCausland, 2016). Accurate earthquake locations have
been used worldwide to help locate the migration of magma beneath the surface (Ebinger
et al., 2008; Eyles et al., 2018; Woods et al., 2019). Relocating past seismic catalogues with

improved accuracy can lead to new analysis of volcanic systems.

This chapter aims to understand differences in locations of the relocated earthquakes and
the implications this has on interpretations of the volcanic system at Soufriere Hills Volcano
leading up to and during the five phases of the eruption. More information on each phase
of the eruption is detailed in Section 1.4. For each phase in the eruption, hypocenters
from the original MVO catalogue are compared with the relocated hypocenters located
using NonLinLoc with the Rowe et al. (2004) seismic velocity model, the method defined
in Chapter 4. This is then compared with other geophysical and geological studies to
understand if differences in the locations can provide additional information about the
volcanic system. This is important as there are time periods in the eruption where there
are conflicting interpretations from different studies; refining the seismic catalogue will help

in understanding the system, and elucidate which interpretations may be more plausible.

5.1 Relocated Catalogue

All earthquakes recorded from July 1995 to February 2018 by the Montserrat Volcano Ob-

servatories Network were relocated using the NonLinLoc OctTree Equal Differential Time

108
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(EDT) sampling method with the Rowe et al. (2004) seismic velocity model (Figure 4.1).
This relocation method was shown in Chapter 4 to produce a high percentage of trusted
locations whilst keeping calculated hypocenter errors low. Synthetic data using the original
location method by MVO (Hypocenter with MVO model) showed large calculated errors at
some depths, with an overall low percentage of trusted locations. This new methodology

was shown to significantly improve the accuracy of locations when compared to the original

MVO method (Section 4.3.5).

Relocating the catalogue with NonLinLoc resulted in a total of 13,610 relocated earth-
quakes, compared to 13,239 earthquakes that were previously located by MVO using Hypocen-
ter. Relocations used P and S arrivals (with weightings) for all event types from 1995-2018;
these were picked by several analysts at MVO. More earthquakes were able to be relocated
due to NonLinLoc being able to locate with four arrival phases, whereas Hypocenter needs
a minimum of 5 arrival phases. Original and relocated earthquakes are shown in Figure
5.1. The majority of seismicity is located in South Montserrat but earthquakes are recorded

across the whole island.

Figure 5.2 shows the number of earthquakes located at each latitude, longitude and depth,
with most earthquakes located in the vicinity of Soufriere Hills Volcano. The majority
of earthquakes are above 5 km depth but do extend to a depth of 30 km, with increased
seismicity recorded at depths of 1 and 3.5 km bsl. Earthquakes greater than 8 km depth
are infrequent and likely to be a result of poor earthquake locations; for this reason only
earthquakes shallower than 8 km are looked at in this Chapter. Table 5.1 and Figure 5.3
display the range of errors on the relocated earthquakes. The majority of relocations (99%)

have errors less than 5 km, with mean values all under 2 km.

X (km) Y (km) Z (km)
Minimum Value 0.101 0.111 0.185
Maximum Value 15.056 16.975 13.181

Mean 1.904 1.731 1.884
Standard Deviation | 1.180 0.994 1.064
25" Percentile 1.025 1.076 1.256
75" Percentile 2.536 2.259 2.151
99" Percentile 4.756 4.659 5.168

Table 5.1: Table showing statistics of calculated errors for the relocated earthquakes.
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Figure 5.1: Locations of all relocated earthquakes from July 1995 to February 2018 for Hypocenter (red) and NonLinLoc (blue); only earthquakes up
to 8 km depth are shown, but earthquakes are located up to 30 km in depth. Vector plot shows change in location from original Hypocenter location
(start of arrow) to NonLinLoc’s relocation (arrow head).
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The number of daily recorded earthquakes from 1995 to 2018 is shown in Figure 5.4a. Over
272,000 earthquakes have been recorded since 1995, however only a small fraction of these
contain arrival times that can then be used for location, shown in Figure 5.4b. Figure 5.4a
shows that seismicity was generally higher in 1995-1996 during Phase 1, although there is
also a strong increase in seismicity in July 2008 when over 700 earthquakes were recorded
in a day. Magnitude data is incomplete for the whole time period, and therefore this was
not included in the research. This means the magnitude of completeness is not known for
the 1995-1996 dataset, and how this may have varied over the years with the change in
seismic stations. This also could affect the number of earthquakes that are being recorded,
and hence this needs to be accounted for when interpreting number of events throughout
different phases. Increased VT seismicity at the start of the eruption is interpreted as
the conduit forming with stresses equilibrating in the surrounding region (Aspinall et al.,
1998). Increases in seismicity were recorded prior to each phase in the eruption, making
this time period of particular interest to understand the plumbing system. Hence, relocated

seismicity during these time periods will be examined in more detail in Section 5.2
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Figure 5.4: Histogram showing the number of earthquakes per day throughout 1995 to
2018, inclusive of all types. Top histogram shows the number of earthquakes recorded at
MVO (not all recorded events were located with MVO). And the bottom histogram shows
the number of earthquakes that were relocated with NonLinLoc. Green boxes represent
different phases of the eruption.

The latitude, longitude and depth position of the relocated earthquakes throughout the past
25 years are shown in Figures 5.5, 5.6 and 5.7 respectively; this helps in viewing any changes

in location throughout the eruption. The location settles after 2008 where it stays mostly
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beneath Soufriere Hills (located at 16.72°N and 62.18°W). Prior to 2009, the locations are
a lot more scattered, with periods where seismicity is recorded across the island such as in
July 2008 and early 2005; this correlates to a time period when there were fewer arrival
times (shown as events coloured in red), and therefore events may not have been as well
constrained. Seismicity was initially deeper, extending to depths of 6 km bsl during 1995.

Over time seismicity mostly shallowed to 0—4 km bsl.
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Figure 5.5: Plot showing the latitude location of earthquakes throughout the course of the
eruption. Earthquakes are coloured by the number of picks used to locate the earthquake.



5.1. Relocated Catalogue 115
20
-62.1 o -
-62.2 o8® oo
-62.3 v
-62.3 co 18
-62.1 . -
-62.2 > © |
-62.3 — 7T
o ‘1999“ o ‘ 2000 _ o - 16
:ggé: .Oé. o0 o ®c0 © o @ ° 05388%(*.@3. © o o8 :
. : —
o 2002
O Oe O |
Socn®ey Q.%O‘ag o - |
oo utt %5 14z
2004 3
— — — D
@.&mco @ _%%00@9)% o%k S
T T T T W —h
2005 . 2006 - 12%
-62.1 B <
-62.2 Jocz%mo gm:z; owa@%@%&%@%@@&ﬁﬁ&@ % @ﬁw&m* @O @ @ouk o
-62.3 =
2007 2008 3
L L m m L L L A L L B D
ectEdeoo o B OOdQQbMQ%mw@Mb@%D | - 100
— S
2010 »
m@p o o-cg:’:
‘ 2011 “ ‘ 2012 o 8
-62.1 ° I
622 b @ ®w W«WW G C@govgo%ol&;'moalwwm%
-62.3 —
2013 o ‘ 2014 .
:g% ; :mm m@mﬁl@mmm Q;c&&go ORCO® @D mp@&m@%wo@w: 6
-62.3 —
12Q1 5“ o 2016
-62.1 1 o o -
-62.2 | COTEOO EATPEOEORTOURO © 00 0> ©@WPOXD | © -
-62.3 T 4

2017 2018

Figure 5.6: Plot showing the longitude location of earthquakes throughout the course of the
eruption. Earthquakes are coloured by the number of picks used to locate the earthquake.



116 Chapter 5. Catalogue Relocation: 1995-2018
20
18
. 19%9 o 2000 H L 16
_2: :o%o ocg%% (o) og 0 © 'ooocc)ﬁot“dﬁ'o [e] © o :
-8 o) ° ‘ O e N H 8 L
2001 o 2002 o
91 E &oﬁ ° hﬁ% |4
-8 ] Qo . @\Hn . o ool !
2004 <
9 34 N °@% 3
- @ %%
'g : . . . . . . . . . . 'ﬂ‘: P H.. . . ° g
7 - 2005 2006 7 - 120,
PEY: X O.Qzé)g:m&g%ﬁ:@ggﬁ %ﬁ” g%@% &0 W 5 =
81 ¢ .° P 3 =}
)
. 2008 3
% © 8 @. &R CDO% %W @g Z i 1 é.
° o L (0]
2010 3
2 ooo@%of%%@ﬁz a
2011 2012 8
2 1 %§ gao cﬁge@aﬁ@@;@cqw @&af a@sa oas o&yo%ig m@@m&x@o&;
-8 . . ‘ | ‘ ) o
201 3 201 4 .
9 TR v R R YO Qg -, 6
. a2
201 5 | o 201 6
_2 E oﬁo@@ oaﬁ%@@%ca@gcp%’o 00, o o%aopzo‘ ° 3
-8 -
! ' ! ! ! " " ! " ! 1 ' ! ' ! ! ! ! 4
2017 2018

Figure 5.7: Plot showing the depth location of earthquakes throughout the course of the
eruption. Earthquakes are coloured by the number of picks used to locate the earthquake.
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5.1.1 Comparison with Hypocenter

Relocated earthquakes located with NonLinLoc were compared with the original MVO
catalogue to see if there were significant changes in location. Earthquakes from MVQO’s
catalogue for November 1996-February 2018 were located using the method Hypocenter
with the MVO 1D seismic velocity model (Section 4.1.2). Earthquake locations from July
1995 to October 1996 were taken from Aspinall et al. (1998), where earthquakes were
located using the same MVO 1D model but with the location method HypoEllipse (Lahr,
1999). These locations were used due to MVO not being formed during this time period,
and hence did not compute their own locations for this period. It was decided to keep the
locations that had previously been computed at the time so that there was a fair comparison

between the new method and previous earthquake locations on Montserrat.

The spread in change in X, Y and Z locations are shown in Figures 5.8, 5.9, and 5.10
respectively; X, Y and Z location are used due to locating earthquakes in NonLinLoc with
the NONE transformation, more information is shown in Appendix A. Mean values for
each year can be found in Appendix D. For 1999 to 2008, there is a large change in location
with an average of 50 km difference for some years. Whereas, for time periods such as 2011
to 2018 there is very little change in location for all the earthquakes that were relocated,

represented by the small ranges shown in the boxplots.

A reason for the large change in locations observed during 1999 to 2008 could be due
to a larger proportion of long period or hybrid earthquakes; these generally have fewer
arrival time picks due to more emergent onsets. The average number of picks per event
show an increase in mean number of arrival time picks from 2008 onwards with mean
values generally above 10, whereas for 1999-2008 mean arrival picks are around 5-8 (Figure
5.11). This is a likely reason that the decrease in change in location is observed from 2008
onwards, however large changes in location could also be a result of a timing issue with
one of the seismometers. This suggests that with some methods, the number of picks has a
large influence on outputted locations; either the number of arrival time picks needs to be
increased in future. Alternatively using an improved velocity model and location method
also reduces the associated errors and improves locations, reducing the need for additional

arrival time picks. This would also account for the large changes in location as Hypocenter
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would include the station with a timing error in location, whereas NonLinLoc is able to

pick out outliers in arrival phases (Lomax et al., 2009).
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Figure 5.8: Boxplot showing the change in X location between Hypocenter and NonLinLoc
locations. Red central line represents median, edges of box represent 25" and 75! per-
centile, black dashed line represents the range in values, and red crosses represent outliers.
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Boxplot of Change in Y Locations

1995 fom— e W A T A e+ R+ T+ [
1906 {-EHHHIHIIIH- -+ ++ + + i + + + 4+ + ++
1997 = — + + + + o+ + + + o+ o+ H o+ H A
1998 B+ HEH H A AHH FHE R S S H o+ A+ + -
1999 e
2000 F——— + + + + + + o+ + —
2001 [T e e e e e | + o
2002 £ Fo——
2003 £ |
2004 = ——
2005 £ o —— — — — = — = — — — — — — —
2006 =
2007 £ F——————
2008 | T T e
2009 £ —H+H#H- + + + e + o+ A ++ o
2010 {4+ HH + + + + 0 # H oo+ + ++ o
2011 fH-HHHE H R+ H o+ o -+ + o+ + o+ -
2012 jeHH+ + o+ + o+ o+ + + o+ + o+ o+ + E
2013 fHHHHH+ + + + + + + + + + + o+ +
2014 + +

2015+ + + + + + -
2016 + o+ + + + + + + + -
2017 fi +++ + + + + + + + E
2018 B+ + ! ! I ! ! I ! ! I i

Change in Y Location (km)
Figure 5.9: Boxplot showing the change in Y location between Hypocenter and NonLinLoc

locations. Red central line represents median, edges of box represent 25" and 75! per-
centile, black dashed line represents the range in values, and red crosses represent outliers.
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Figure 5.10: Boxplot showing the change in Z location between Hypocenter and NonLinLoc
locations. Red central line represents median, edges of box represent 25" and 75! per-
centile, black dashed line represents the range in values, and red crosses represent outliers.
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Boxplot of Number of Arrival Time Picks
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Figure 5.11: Boxplot of the number of arrival phases used to relocate each earthquake per
year. Red central line represents median, edges of box represent 25! and 75" percentile,
black dashed line represents the range in values, and red crosses represent outliers.
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Figure 5.12 shows the number of earthquakes per type that were relocated from 1996 to
2018 in NonLinLoc using the MVO seismic catalogue (there is no data for types of seismicity
in 1995). There is no clear pattern between type of seismicity and change in location: i.e.
no prominent increase in a type of seismicity from 2008 is shown. There is a decrease in
hybrid seismicity after 2008, but this is with LP and LPRF as well, and so is unclear if
this is just a reduction in seismicity or has impacted the change in location. This suggests
that the increase in change in location from 1999 to 2008 was likely down to the decrease in
number of arrival time picks. No significant change in the number of seismic stations was
recorded during this time, and so a reason for the lower number of arrival time picks could
be due to time constraints by analysts at MVO; in times of heightened seismicity only a

few stations are constantly used for picking arrival phases.
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Figure 5.12: Histogram showing the types of seismicity through each year taken from the
MVO catalogue. This is for located events only in NonLinLoc, so that this can be compared
with the large changes in location recorded from 1999 to 2008.
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The average hypocenter error calculated for each year for both location methods is shown
in Figure 5.13. The error is calculated for each earthquake from each location method;
this has then been converted into the standard error using the computed covariances, and
equations defined in Section 4.2.4 and 4.2.4. An increase in error for Hypocenter locations
is recorded from 1999 to 2009; average errors per year (the average from each calculated
hypocenter location) reach up to 50 km with individual earthquakes having latitude and
longitude errors up to 70 km. These errors were outputted from MVQ’s earthquake cata-
logue, and have been converted to a standard error matching NonLinLoc using equations in
Section 4.2.4. This time period is when there was a reduction in arrival time picks for earth-
quake locations and correlates with the large change in locations between NonLinLoc and
Hypocenter. NonLinLoc’s computed errors are not affected as severely by this time period,
and maintain average errors less than 3 km for all time periods. Further, large changes in
location recorded during this time period are likely a result of inaccurate locations provided

by Hypocenter due to the large errors associated with events during this time.

The Longitude, Latitude and Depth locations for Hypocenter (blue) and NonLinLoc (red)
are plotted as histograms in Figures 5.14, 5.15 and 5.16 to understand if there is a systematic
shift in location between each method. Longitude shows a similar location for both methods,
but with time periods 2002, 2005 and 2006 having a greater number of earthquakes located
beneath Soufriere Hills with NonLinLoc. This suggests that some Hypocenter located earth-
quakes, which were located further from Soufriere Hills have been better constrained with
NonLinLoc. The latitude location shows a similar result, with the majority of years having
the same display of locations, but with some years such as 2008 and 2009 having a higher

number of earthquakes being located beneath Soufriere Hills Volcano.

The depth locations show a greater spread for both NonLinLoc and Hypocenter. Neither
method seems to consistently locate earthquakes at a shallower or greater depth than the
other. Earlier time periods show a greater variation in depth values; whereas later time
periods such as 2012 to 2017 show similar values. Depth locations from 1998 to 2001 were
located much shallower with Hypocenter compared to NonLinLoc; this correlates with time

periods shown earlier that have large changes in locations during this time.

The majority of seismicity is around Soufriere Hills Volcano, but the 1995 and 2008 period

show a greater spread in locations across Montserrat. This could be related to volcanic
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processes occurring during this time frame, which is similar to results that were seen in

Figures 5.5 and 5.6.
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Hypocenter NonlLinLoc
X Y Z X Y Z

1995 1.91 1.97 2.74 1.85 1.87 1.62
1996 2.21 2.32 1.92 1.58 1.79 1.68
1997| 16.14 16.25 2.39 1.32 1.37 1.69
1998 9.63 9.65 1.92 1.97 1.7 1.85
1999 26.79 26.86 1.94 1.87 1.58 1.97
2000| 16.79 16.8 2.42 2.23 1.75 2.22
2001| 20.69 20.74 2.43 2.33 1.94 2.1
2002 38.8 38.88 3.98 2.35 2.22 2.66
2003 37.02 37.11 3.65 2.51 2.42 2.48
2004| 49.13 49.18 4.66 2.73 2.62 2.48
2005 25.98 26.09 3.66 1.56 1.47 1.92
2006| 33.47 33.56 1.75 2.5 1.74 2.25
2007| 29.44 29.51 2.82 1.48 1.52 1.76
2008 41.2 4131 3.22 2.65 1.76 2.5
2009| 15.83 15.94 2.39 1.12 1.17 1.29
2010 8.6 8.89 1.75 1.03 1.09 1.24
2011 7.97 8.2 2.3 1.14 1.1 1.72
2012 391 4.14 2.49 1.34 1.31 1.68
2013 4.7  4.92 2 1.84 1.89 1.99
2014 3.26 3.46 1.67 1.3 1.31 1.64
2015 2.47 2.67 1.43 1.44 1.48 1.67
2016 5.79 5.95 1.75 1.61 1.56 1.67
2017 5.63 5.81 1.62 1.53 1.66 1.66
2018 1.99 2.03 1.14 1.28 1.51 1.39

Figure 5.13: Table showing the mean error for X, Y and Z locations per year for Hypocenter
and NonLinLoc locations. Light blue represent errors greater than 5 km, yellow greater
than 10 km and orange greater than 20 km.
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Longitude Location of earthquakes located in Hypocenter and NonLinLoc
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Figure 5.14: Histogram showing longitude location for Hypocenter (blue) and NonLinLoc
(red) locations. Black line denotes location of Soufriere Hills Volcano

Latitude Location of earthquakes located in Hypocenter and NonLinLoc
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Figure 5.15: Histogram showing latitude location for Hypocenter (blue) and NonLinLoc
(red) locations. Black line denotes location of Soufriere Hills Volcano.
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Depth Locations of earthquakes located in Hypocenter and NonLinLoc
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Figure 5.16: Histogram showing Depth location for Hypocenter (blue) and NonLinLoc (red)
locations
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5.2 Interpretations of Relocated Seismic Catalogue

5.3 Phase 1: 17" July 1995 to 10" March 1998
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Figure 5.17: Histogram showing the number of earthquakes per day in Phase 1. Data up to
October 1996 uses earthquakes located by Aspinall et al. (1998). Locations after October
1996 use the number of earthquakes recorded by MVO.

The eruption at Soufriere Hills Volcano began on the 18 July 1995 after three years
of elevated seismicity; the extrusion lasted until the 10** March 1998 and is known as
Phase 1 of the eruption. Phreatic explosions and 3 km high ash columns dominated the
first few months of the eruption, and were accompanied by high SO2 levels reaching 300
tonnes/day (Young et al., 1998). Seismicity was recorded across southern Montserrat from
July—September 1995, with earthquakes being located in ‘distal clusters’ away from the
eruptive activity (White and McCausland, 2016). Dome building then began after Septem-
ber, when a change in seismicity to more repetitive hybrid cycles, LP and banded tremor
were recorded (Gardner and White, 2002; Miller et al., 1998; White et al., 1998). Three
distinct pulses in discharge rate were all preceded by earthquakes swarms between February

1996 to May 1997 (Sparks et al., 1998).

Several changes were made to the seismic network during Phase 1, with a large upgrade
occurring in October 1996 when MVO was first established. Seismometers prior to this
were mainly one component with arrival time data from July 1995 to October 1996 being
provided by personal communication with Willy Aspinall. Original locations during this
period were taken from Aspinall et al. (1998). This data did not contain seismicity type

and hence no interpretation of differing seismicity is looked at for Phase 1. High levels
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Figure 5.18: Earthquake relocations during Phase 1: earthquakes with errors greater than
3 km have been removed.
of seismicity were recorded during the start of the eruption, with over 200 earthquakes

recorded per day (Figure 5.17).

Seismicity throughout Phase 1 covers the majority of south Montserrat (Figure 5.18). Due
to the large number of events, it is hard to see any individual trends or clusters in seismicity.
Previous research shows seismicity to not just be concentrated beneath Soufriere Hills
Volcano, but to extend to other regions such as St George’s Hill, Windy Hill and to the NE
near Long Ground (Aspinall et al., 1998; Miller et al., 2010; Roman et al., 2008; White and
McCausland, 2016). The locations of these complexes alongside other faults in the region
is shown in Figure 5.19. These periods of seismicity are described in more detail in the
following sections, where original locations computed by MVO/Aspinall et al. (1998) are

compared with relocated earthquakes from this study.
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Figure 5.19: Figure showing the faults and geological complexes on Montserrat. Locations
of faults and geological features are taken and adapted from Baird et al. (2015). Coloured
regions represent volcanic complexes grouped by age; orange areas represent complexes
relating to Soufriere Hills. Annotations: GH = Garibaldi Hill, SGH = St George’s Hill,
MHFS = Montserrat-Havers Fault System, CP = Castle Peak, GM = Galways Mt, CM =
Chances Peak, PM = Perches Mt and GaM = Gages Mt.
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5.3.1 St George’s Hill
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Figure 5.20: Histogram showing the number of earthquakes per hour from the 12t-14t"
August 1995 that were located by Aspinall et al. (1998)

A distal cluster of earthquakes was recorded from the 12t"-14"" August 1995 underneath
St George’s Hill located to the NW of Soufriere Hills Volcano. The majority of seismicity
during this period occurred in the first 24 hours (Figure 5.20). St George’s Hill is comprised
of volcanic deposits, but there is little evidence for a volcanic system underneath (Harford
et al., 2002). A low resistivity anomaly was recorded beneath St George’s Hill that was
interpreted as a hydrothermally-altered smectic clay cap (Ryan et al., 2009); this, alongside
increased seismicity in the area, suggests that there is a separate geothermal system beneath

St George’s Hill (Ryan et al., 2013).

Seismicity was recorded at St George’s Hill and Soufriere Hills in 1933-1937 during an
earlier seismic crisis; hypocenters at St George’s Hill were estimated to be at depths of 1—
2 km bsl (Powell, 1938). In 1966-1967 seismicity was located along the southern flanks of
Soufriere Hills Volcano, with hypocenters along a 4 km belt extending WNW /ESE towards
St George’s Hill (Shepherd et al., 1971). No seismicity beneath St George’s Hill was recorded

in the few years leading up to the eruption in 1995 (Shepherd et al., 2002).

Relocated seismicity from the 1114 August 1995 is shown in Figure 5.21 alongside
original locations by Aspinall et al. (1998). Aspinall et al. (1998) locations are mostly
beneath St George’s Hill with some events extending towards Garibaldi Hill and Soufriere

Hills Volcano. Relocations show a tighter clustering of earthquakes around St George’s
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Hill at depths of 2—4 km, with no earthquakes recorded beneath Garibaldi Hill. A link
in hypocenters is now seen between the western flanks of Soufriere Hills Volcano and St
George’s Hill, which was not seen in the original dataset. This seismicity follows a similar
trend to the Belham Valley Fault, and proposed dyke orientations for the region (Hautmann
et al., 2009; Mattioli et al., 1998).

Previous Research

Miller et al. (2010) relocated this period using Hypocenter and the Rowe et al. (2004)
velocity model with station corrections. Results showed seismicity 3.5 km WNW of Soufriere
Hills and at depths of 3-4 km (this used earthquakes that had horizontal and depth errors
less than 1 km and 2 km respectively). Focal mechanisms on the 12! August at 18:30 and
19:46 showed normal faulting with WNW-ESE extension, and 2 events later in the day at
20:18 and 20:21 showed NE-SW extension (Miller et al., 2010). Focal mechanisms on the
13" August by Aspinall et al. (1998) showed reverse slip and strike slip under St George’s
Hill, with a NE-SW strike. This is similar to field outcrops in the region, which show a NE
orientation (Miller et al., 2010), but different to main fault complexes across Montserrat,

which are orientated NNW (Feuillet et al., 2010).

90 degree rotations in focal mechanisms can be interpreted as an inflating dyke (Roman
and Cashman, 2006); in this case a 90 degree rotation would be a result of stresses induced
by inflation of a NW-SE orientated dyke beneath Soufriere Hills (Smith, 2013). This would
account for the NE-SW extension recorded by Miller et al. (2010) and NE-SW strike by
Aspinall et al. (1998). Later seismicity on the 12t" August have p axis parallel to oy
(NE/SW), which is suggestive of a propagating dyke (Ukawa and Tsukahara, 1996). There
is debate between the orientation of the dyke responsible for the Soufriere Hills intrusion,
although due to the orientation of geological faults and other research, it is thought the
most likely orientation is WNW-ESE (Baird et al., 2015; Hautmann et al., 2009; Mattioli

et al., 1998). This is looked at in more detail in section 5.8.3.
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There are several hypotheses for the cause of seismicity under St George’s Hill: 1) a response
to stress change from a magmatic intrusion, 2) triggering of pre-existing fault structures
such as the Belham Valley Fault and Montserrat-Havers Fault System, and 3) disturbance
of hydrothermal systems (Aspinall et al., 1998; Miller et al., 2010; White and McCausland,
2016). St George’s Hill is likely to have less fractures and has undergone thermal alterations,
meaning it is more likely to support larger earthquakes, shown by the low b values recorded
(Power et al., 1998). V, gradients extending from Garibaldi Hill to Soufriere Hills are
parallel to the Belham Valley Fault, suggesting possible structures in this region (Miller
et al., 2010). The most likely cause of the distal seismicity was determined by Miller et al.
(2010); Roman et al. (2008); Smith (2013) to be stress changes resulting from an intruding
dyke, which altered stress distributions and promoted localised fault movements; although

the orientation of the responsible dyke is still argued.

Distal VT seismicity clusters have been shown to occur prior to the onset of the main erup-
tion at volcanoes around the world ( White and McCausland, 2016). White and McCausland
(2016) suggested that distal VT clusters are 1) at a distance from the eruption site that is
equal to the depth of the distal cluster; 2) activity occurs several months before the onset
of the eruption; 3) no systematic migration of hypocenters is recorded through time; and 4)
hypocenters align with regional fault lines (Chicangana, 2005; Jones et al., 2001; Legrand
et al., 2011; Roman et al., 2008). Seismicity at St George’s Hill occurred in the months
leading up to the effusive part of the eruption where dome building began in September
1995, and is located along the Belham Valley Fault at a distance of 4-5 km from the main

eruptive site. This fits with the main criteria proposed by White and McCausland (2016).

Interpretations

The relocated seismicity shows a connection between the NW of Soufriere Hills to St
George’s Hill, suggesting a link between these two locations. Figure 5.22a shows the loca-
tion of the earthquakes coloured by time to see if there is a migration of seismicity over this
3-day period. Seismicity starts to the NW of Soufriere Hills, and by the 13" August seis-
micity is predominantly underneath St George’s Hill. Looking closer at the 12" August we
can see that a large number of earthquakes migrate towards St George’s Hill from 4-9pm,

after the majority of earthquakes recorded are located beneath St George’s Hill (Figure
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5.22b).
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Figure 5.22: A) Diagram showing relocations from the 12¢"-14*" August 1995; locations only
shown with errors less than 3 km. Locations are colour coded by time. Black line represents
projection taken to plot Figure C; projection taken by eye. B) Reocations coloured by time
for the 12" August only; black dots represent events that occurred before 12pm on the
12", C) Distance along the projected dyke with time to see if there is any correlation in
seismicity along the path. All relocations have errors less than 3 km.

A suggestive dyke orientation is plotted in Figure 5.22a; earthquakes along this line within
1 km are plotted in Figure 5.22c¢ to see if there is a propagation of seismicity with time.
This dyke orientation was determined by eye to follow the main trend in seismicity during
this time period. This follows similar trends found by Baird et al. (2015); Hautmann et al.
(2009) and Mattioli et al. (1998), which suggested a dyke orientation varying from NW to

WNW. This also follows the trend in volcanic complexes recorded at Soufriere Hills, and
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the Belham Valley Fault which extends towards St George’s Hill. A slight trend is seen with
time, with more seismicity to the NW after the 13** August. A black dashed line shows an
estimate for the speed of dyke propagation throughout this time period, with propagation
rates estimated to be 0.02 m/s. Propagation rates are likely to be faster as the majority of

seismicity moved on the 12" August.

Relocations show a connection of seismicity from Soufriere Hills Volcano towards St George’s
Hill, which may migrate with time. The location of this seismicity follows faults in the region
such as the Belham Valley Fault. It has been shown that Vs on regionally aligned faults,
such as the Belham Valley Fault, can be easily triggered by low internal pressures produced
by an intruding magmatic body ( Vargas-Bracamontes and Neuberg, 2012). This could be
a plausible reason for the seismicity seen along the fault and at St George’s Hill. However,
the presence of migration of seismicity with time alongside rotated focal mechanisms are
indicative of an inflating dyke (Roman and Cashman, 2006). White and McCausland (2016)
originally proposed that this distal cluster was a result of the local stress field triggering

seismicity along faults, however, this assumed no propagation in seismicity.

Focal mechanisms computed by Aspinall et al. (1998); Miller et al. (2010) show a mixture
of dyke inflation and dyke propagation, which could be suggestive of a stalling dyke as
it progresses towards St George’s Hill. There is a separate geothermal system beneath
St George’s Hill, which has been shown by increased well temperatures, increased seismic
velocities and recent magmatic intrusions (Ryan et al., 2013). St George’s Hill is also
located at an intersection of two fault systems, which produces zones of crustal weakness
that can act as preferential paths for magmatic intrusions (Faulds et al., 2011; Ryan et al.,

2013).

Therefore it is likely that this seismicity could be a result of dyke propagation in this region,
with an eruption not occurring due to the magma finding a different area of weakness at
the final eruptive site of Soufriere Hills. However, it can not be ruled out that seismicity
was triggered by changes in local stress fields activating localised faults as suggested by
White and McCausland (2016). More work further constraining seismicity during this time
period, alongside looking at the helicorders to see if there are additional events that could

be included, such as microseismic events would be beneficial.
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Subsequent seismicity at St George’s Hill

In previous research, only the 12t"-14*" August 1995 were looked at with seismicity under-
neath St George’s Hill, however earthquakes were recorded in the area throughout the rest
of August through to October 1995 (Figure 5.23). Sporadic events were seen in the few
days after the main migration of seismicity in August, with most of these centred on St
George’s Hill. Earthquakes in September are eastward of St George’s Hill, and in October
earthquakes are located between St George’s Hill and Windy Hill. Hypocenters on the
13t"-14t" November 1995 also showed a migration from Soufriere Hills Volcano towards St
George’s Hill; this is very similar to seismicity seen in August 1995. A small ash cloud was

recorded on the 13" November at Soufriere Hills Volcano.
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Figure 5.23: Diagrams show relocation of seismicity in 1995 that showed locations in a
similar region as the St George’s Hill original sequence. Dates are inclusive, and only
locations with errors less than 3 km are plotted.
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5.3.2 Seismicity to the WNW of Soufriere Hills
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Figure 5.24: Histogram showing the number of earthquakes per hour from the 18" to 2274
November 1995 that were located by Aspinall et al. (1998)

A group of earthquakes extending to the WNW from the summit of Soufriere Hills Volcano
was recorded from the 18"-22"¢ November 1995, which was labelled as a separate cluster
to St George’s Hill by Miller et al. (2010); this seismicity was recorded as dome growth
initiated. A regional earthquake was recorded on the 19" November at 7.54pm of mag-
nitude 3.5, followed by an increase in local seismicity (Figure 5.24). Relocations show a
similar trend in earthquakes to those recorded on the 12!*-14"" August at St George’s Hill
(Figure 5.25). Comparison with locations by Aspinall et al. (1998) show that relocations
are shallower, and located more to the north. Locations do not extend all the way to St
George’s Hill and instead culminate around Gages village, but still follow a similar trend
to the Belham Valley Fault. Hypocenters get shallower as they move towards the south of

the island reaching a depth of 2.5 km bsl.

Earthquakes during this time period occurred several hours after activity beneath Soufriere
Hills Volcano, but no migration in seismicity was recorded (Miller et al., 2010). Miller et al.
(2010) interpreted this seismicity as a potential zone of structural weakness resulting from
magma ascent. This is a similar interpretation for the St George’s Hill seismicity, suggesting
these two clusters of earthquakes could have similar mechanisms in the subsurface. However,
the two clusters appear to be spatially different, and therefore could be formed from different
processes. To understand if these two clusters are from statistically different locations,

further analysis is computed in Section 5.3.6.
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No migration in seismicity is recorded with time, which was shown for the St George’s Hill
cluster. This suggest that seismicity in this region could be a result of external pressures
reactivating old faults in the region (Miller et al., 2010; White and McCausland, 2016). This
could be more plausible due to the correlation with dome growth initiation, suggesting there

was magma ascent during this time.
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5.3.3 Windy Hill
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Figure 5.27: Histogram showing the number of earthquakes recorded by Aspinall et al.
(1998) per hour from the 8" ~10*" September 1995.

An increase in earthquakes was recorded from the 8#—10" September 1995, centred around
Windy Hill. The majority of this seismicity occurred late on the 8" September (Figure
5.27) and locations by Aspinall et al. (1998) show this to extend from Soufriere Hills Volcano
to the NNW in between St George’s Hill and Windy Hill at 2-4.5 km depth (Figure 5.28).
Locations by Miller et al. (2010) show similar locations with earthquakes located at 2-3 km
NNW of Soufriere Hills Volcano, and at depths of 2-4 km. Focal mechanisms computed by

Miller et al. (2010) are consistent with a N-S orientated fault.

Relocations show hypocenters to be more easterly, directly south of Windy Hill, and ex-
tending more to the north; this is deeper at 3-5.5 km depth. There is no progression of
earthquakes to the north with time, with only a few earthquakes linking the cluster to
Soufriere Hills summit. This makes this cluster quite distinct as the previous two clusters
have all originated from the flanks of Soufriere Hills Volcano. This suggests that the distal
cluster could have been a result of increased stress due to a magmatic intrusion resulting

in localised seismicity on nearby faults (White and McCausland, 2016).
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Further seismicity at Windy Hill

Earthquakes were also recorded at Windy Hill during February and July 1996 (Figure
5.29). Earthquakes on the 11*" February 1996 shows hypocenters to be in a similar location
to September 1995 with locations south of Windy Hill, but with shallower depths of 1-
4 km. Two short bursts of activity were recorded in late July, with earthquakes trending
from Soufriere Hills Volcano towards Windy Hill. Both of these bursts originate from the
southern edge of Soufriere Hills, and extend towards Windy Hill, however hypocenters do
not reach as far north as seen in September 1995. On the 20"*-21% July earthquakes were
relatively shallow at depths 0-2 km, with earthquakes a couple of days later reaching up to
4 km depth. Over 560 small VT earthquakes were recorded on the 20" July from 6-8pm,

but these were too small to be located due to difficulties in picking arrival times.
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Figure 5.29: Diagram showing relocations from seismicity clusters also seen at Windy Hill.
All earthquakes plotted have errors less than 3 km.
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5.3.4 NE cluster
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Figure 5.30: Histogram showing the number of earthquakes per hour from the 56"

August 1995 that were located by Aspinall et al. (1998).

A small cluster of earthquakes that are located extending to the north-east from Soufriere
Hills Volcano was recorded on the 56" August 1995. There were two small peaks in
seismicity that gradually decreased with time over the two days (Figure 5.30). Original
locations by Aspinall et al. (1998) suggest a migration of hypocenters from the NE towards
Soufriere Hills Volcano (Figure 5.31). This 2-day cluster of earthquakes was repicked by
Roman et al. (2008) and relocated using the MVO velocity model with Hypocenter; locations
show a dense cloud of seismicity at 3.5-4.5 km bsl, 2 km NE from Soufriere Hills. Roman
et al. (2008) did not show a migration in seismicity unlike Aspinall et al. (1998); however
this was due to Roman et al. (2008) using higher quality events with errors less than 1.5 km,
compared to events with errors less than 5 km used by Aspinall et al. (1998). Locations by
Miller et al. (2010) (using the Rowe velocity model with Hypocenter) show a 4-5 km cluster
at 2 km bsl declining in depth towards the NE. Focal mechanisms during this period show

dextral strike-slip motion suggestive of a WNW-ENE compression (Miller et al., 2010).

Relocations in NonLinLoc show a tighter cluster of hypocenters extending to the NE towards
Long Ground (location of Long Ground is shown in Figure 5.19). Depths are constrained
to 0.5 km height to 5 km bsl, with a slight deepening to the NE, similar to locations found
by Miller et al. (2010). Earthquakes do not extend as far to the NE as previously recorded
by Aspinall et al. (1998); this is likely a result of events being located outside of the station

coverage — an issue also seen for the July 2008 dataset, and explored in more detail in
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Chapter 6.

Aspinall et al. (1998) proposed that there was a migration in seismicity to the SW towards
Soufriere Hills over the two-day period. Figure 5.32 shows the relocated seismicity coloured
by time. Initially earthquakes were located near Long Ground and concentrated at depths
of 1-4 km. On the 6! August, earthquakes migrated towards the SW, remaining just NW
of Soufriere Hills Volcano. Roman et al. (2008) proposed that the horizontal error was
larger than the radius of the cluster, and so no migration could be justified. Relocated
events show the same migration of seismicity using events with errors less than 1.5 km,

concluding that this trend is real.

Surface faults at Long Ground show orientations of 68 degrees similar to the trend of
seismicity during this period, but perpendicular to regional faults (Miller et al., 2010). A
zone of low seismic velocity to the NE is observed, which could be interpreted as an old
or active geothermal system (Ryan et al., 2013). This cluster was interpreted as stress
changes produced from an ascending NE/NNE trending dyke (Miller et al., 2010; Roman
et al., 2008), and could have been a result of a secondary intrusion (Roman et al., 2008). An
intruding dyke would have altered stress distributions, promoting localised fault movements,
and resulting in distal VT seismicity at Long Ground (Smith, 2013; White and McCausland,
2016). However, it is unclear why the migration of seismicity moved towards Soufriere Hills,
and was not triggered as an increase in seismicity from Soufriere Hills towards Long Ground,

as would be expected with a NE trending dyke.
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Figure 5.31: Diagram showing locations from the 5*-6"" August 1995 with Hypocenter (blue) and NonLinLoc (red) locations. All earthquakes
recorded during this time period are plotted.
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Figure 5.32: Locations of earthquakes from the 5*-6!" August 1995 colour coded by time.
A) All earthquakes plotted have errors less than 3 km, B) all earthquakes have errors less
than 1.5 km.
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Further seismicity to the NE

1" October 1995, shown in Figure

A small cluster of earthquakes were recorded on the 1
5.33. This shows a small number of hypocenters to the north-east, but due to the small

number of events, and lack of migration this could not be interpreted as clearly.
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Figure 5.33: Diagram showing locations from the 11** October 1995. All events plotted
have errors less than 3 km.
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5.3.5 Comparison of Seismicity at Windy Hill and St George’s Hill

Seismicity has been analysed at St George’s Hill and Windy Hill by Aspinall et al. (1998),
Roman et al. (2008), and Miller et al. (2010). However, these have always been interpreted
as isolated clusters with no links between the two locations. Relocations in this study have
highlighted other time periods where earthquakes are located between St George’s Hill and
Windy Hill (e.g. 29" October 1995 and 22" September 1995 (Figure 5.23)). Comparison
between the two main clusters of Windy Hill and St George’s Hill are shown in Figure 5.34.
The two clusters are distinct, with the Windy Hill cluster focussed at 3—5 km and located
much further to the east. The St George’s Hill cluster is mostly beneath St George’s Hill,

with some migration in hypocenters towards Soufriere Hills Volcano.

These main clusters were compared with four other clusters that were previously high-
lighted to be located between St George’s Hill and Windy Hill (Figure 5.35). The four
clusters are different to each other but do overlap with the St George’s Hill and Windy Hill
clusters. In particular the white cluster representing the 29t October 1995 in Figure 5.35
has hypocenters located between St George’s Hill and Windy Hill. This is very distinct
and is the only time period where a clear link between the two is seen. Earthquakes on the
2274 September 1995 (yellow) shows locations to be centred to the east border of the St
George’s Hill cluster, and on the southern edge of the Windy Hill cluster. The two clusters
in 1996 (blue and purple) show no link with St George’s Hill, and extend from Windy Hill
to Soufriere Hills almost in two segments. This could suggest there is a similar mechanism

here to the Windy Hill cluster.

The presence of seismicity linking the two main clusters together, alongside seismicity be-
tween these two regions suggests that these may be linked. Seismicity at St George’s Hill
is thought to be either a result of stress changes from a magmatic intrusion at Soufriere
Hills Volcano, or dyke propagation in this geothermally active region (Aspinall et al., 1998;
Miller et al., 2010). Pre-existing structures such as the Belham Valley Fault are likely to
be triggered by internal pressures from an intruding magmatic body, resulting in seismic-
ity seen along this fault ( Vargas-Bracamontes and Neuberg, 2012). The link in seismicity

between Windy Hill and St George’s Hill is looked at in more detail in Section 5.3.6.
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Figure 5.34: Location of seismicity colour coded per cluster for seismicity at SGH and WH.
Red — 11th-14%" August 1995; orange — 810" September 1995. Only earthquakes with
errors less than 3 km are plotted.
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Figure 5.35: Location of seismicity colour coded per cluster for seismicity at SGH and
WH. Red —11%*-14"" August 1995; orange — 8t"-10"* September 1995; yellow — 227¢
September 1995; white — 29" October 1995; blue — 11*" February 1996; purple — 20"
215t July 1996. Only earthquakes with errors less than 3 km are plotted.
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5.3.6 Cluster Analysis

In section 5.3.5, several distal clusters of earthquakes were highlighted, with clusters having
shared locations between St George’s Hill and Windy Hill. A statistical test was run to
compare every distal cluster that has been highlighted so far from 1995 to 1996, to see
if any locations are statistically similar. Clusters have been determined by time only,
which have been highlighted in Sections 5.3.1 to 5.3.4; a cluster is defined as having over 10
earthquakes in a 1-2 day period that are located in a region distal to Soufriere Hills Volcano.
This means time is the only factor separating earthquakes in these locations, removing any
human preference of events. All locations within the dates are kept, including time frames
when earthquakes were also recorded elsewhere during the same time window. Each cluster
is tested against each other to see if they are significantly different. Any two periods that

are shown to be statistically the same can then be grouped together for further analysis.

The following time periods are defined as individual distal clusters:

e Cluster 1: 11*"-14*" August 1995 (SGH cluster)
e Cluster 2: 8"-10*" September 1995 (WH cluster)
e Cluster 3: 22"¢ September 1995

e Cluster 4: 29" October 1995

e Cluster 5: 11*" February 1996

e Cluster 6: 20215 July 1996

e Cluster 7: 1519t August 1995

e Cluster 8: 13*"-14*" November 1995

e Cluster 9: 18*"-22"¢ November 1995

e Cluster 10: 237425 July 1996

e Cluster 11: 5*"6" August 1995

e Cluster 12: 11** October 1995
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Data was not normally distributed, and therefore a non-parametric ANOVA test is most
suitable so that each cluster could be compared with each other: for this a Kruskall-Wallis
test was used. This is a non-parametric method which tests if samples from each subset
originate from the same distribution; in this case it tests if earthquakes in each cluster are
from the same region. This test compares each X, Y and Z component of the location
separately, and all together to see if there was any significant difference in location between
the clusters. If no significant change in location is shown by the statistical test then it can

be assumed that the two clusters are from the same location.
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Figure 5.36: Diagram showing the results from the statistical test for the X, Y and Z
locations. Green represents an area of no statistical difference, and black represents an area
of significantly different locations.

Results from the statistical test are shown in Figure 5.36, with black representing clusters
that have a statistical difference in location, and green no statistical difference — i.e that the
two clusters are from the same location. For the Z location we see that there is a statistical
difference between every cluster, where there are some similarities between clusters for the
X and Y location. The reason for this could be that the Z location is harder to constrain,
and is normally associated with larger errors. It is likely that the depth locations would
overlap when accounting for errors, but with the statistical test it does not take this into
account. To aid viewing which clusters have similar locations, the results were combined
for X and Y locations, so that only those that show no statistical significance in location

between X and Y are coloured as green: this is shown in Figure 5.37.

Results using the combined XY statistical test show that the following clusters can be put
into three groups where there are statistical similarities in locations. These are defined as

mega-clusters; the timings of these are shown in Figure 5.38:
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Figure 5.37: Diagram showing the results from the statistical test for the X and Y location
combined. Green represents an area of no statistical difference, and black represents an
area of significantly different locations.

e Mega-Cluster 1: Clusters 1, 2, 3, 4 and 5

e Mega-Cluster 2: Clusters 6, 7, 10, 11 and 12

e Mega-Cluster 3: Clusters 8 and 9

1 23 4 5
M1 |1 | I -
117 12 610
M2 |l | I
8 9
M3 in -

Sep 95 Nov 95 Jan 96 Mar 96 May 96  Jul 96

Figure 5.38: Timeline showing when each distal cluster occurred for each megacluster.
Numbers represent cluster ID, and M1-M3 represent Mega-Cluster 1 to Mega-Cluster 3.

If these three mega-clusters are statistically distinct from each other, then we can group all
clusters in a mega-cluster together to say that these are from a statistically similar location,
and hence may have the same source or process causing them. The same statistical test was
performed but using grouped locations from each cluster responsible for the mega-cluster,

so that there were 3 groups being compared against each other. Results showed that all
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three mega-clusters are statistically significant in all three components; this means we are

able to interpret the mega-clusters with confidence that these are distinct clusters.

As the depth locations showed statistical significance for all clusters, it was decided to look
at the ranges in depths to see if there were any overlaps for this. Depth locations normally
have larger errors and are not as well constrained as X and Y locations. Mega-cluster 1
(clusters 1-5) show depths that are relatively similar to each other with the exception of
cluster 2, which is slightly deeper (Figure 5.39). Clusters 8 and 9 from mega-cluster 3 have
mostly overlapping depths but do have a strong difference in the mean value. Mega-cluster

2 shows a strong variety in depths mostly seen from cluster 7.

Boxplot of depths for each Cluster
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Figure 5.39: Boxplots showing the range in depth locations for each cluster. Red line
represents the median value, with outer edges of the box relating to the 25! and 75"
percentile. Black Numbered clusters refer to Mega-Cluster 1, Blue numbered clusters refer
to Mega-Cluster 2, Red numbered clusters refer to Mega-Cluster 3.
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Interpretation of Mega-clusters

Figure 5.40 shows how the different clusters are linked to each other from the statistical
test. Not every cluster in a mega-cluster is linked to every other cluster, which can make

interpreting the results more complex.
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Figure 5.40: Diagram showing the links between different clusters for each mega-cluster. A
connection between two clusters shows that there is no statistical difference between these.

Mega-Cluster 1

Mega-cluster one contains five time periods of seismicity from August 1995 to February
1996. Cluster 1 relates to the main St George’s Hill cluster recorded on the 11%"-14*" August
1995, and Cluster 2 relates to the main Windy Hill cluster on the 8*-10"" September 1995.
Clusters 3 and 4 were both thought to be related to St George’s Hill, and this has been
shown through the statistical test. Cluster 5 was thought to be related to Windy Hill. The
analysis shows that Cluster 5 does have similar locations to the Windy Hill cluster (cluster
2), but also to Clusters 3 and 4, which were related to St George’s Hill. Locations for these

five clusters are shown in Figure 5.41.

Earthquake locations are mostly between St George’s Hill and Windy Hill, with only a few
events located on the flanks of Soufriere Hills Volcano (Figure 5.42). Combining the five
clusters does not highlight any additional features when looking in map view. Comparing
the depth of earthquakes from the five clusters only, we can see that depths are mostly

consistent, with a potential shallowing for the last cluster recorded in February 1996. Depths
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Figure 5.41: Location of seismicity for mega-cluster 1. Purple = Cluster 1 (11*"-14*" August
1995), Blue = Cluster 2 (8""-10"" September 1995), Orange = Cluster 3 (22"¢ September
1995), Yellow = Cluster 4 (29" October 1995), White = cluster 5 (11** February 1996).
All earthquakes with errors greater than 3 km are removed.

are mostly on the range of 1-5 km bsl, although this extends towards 6 km bsl in some

clusters (Figure 5.43).

The results were studied in 3D to see if any additional features were highlighted; a screenshot
from this is shown in Figure 5.44. Most notably, it can be seen that not many events are
being located beneath Soufriere Hills, with the majority of earthquakes located at distal
zones at a wide range of depths. There is an increased concentration of seismicity at 3—
4.5 km depth; comparing this with Figure 5.42, a band of seismicity is seen at this depth,
that extends towards the NW flanks of Soufriere Hills Volcano. This could be indicative
of seismicity being triggered along faults that are orientated in this zone. However, this
could also be seismicity only recorded in the St George’s Hill original cluster, that showed

a propagation in seismicity with time along this path, suggestive of dyke propagation.
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Figure 5.42: Location of seismicity for mega-cluster 1; earthquakes with errors greater than
3 km have been removed

Comparison of locations with the 3D tomography model from the SEA-CALIPSO project
(Shalev et al., 2010) show that seismicity at Windy Hill is located along a high V,, region
that extends north-south from Centre Hills; this is thought to be structurally controlled
(Miller et al., 2010). Seismicity at Windy Hill is thought to have evolved from similar
mechanisms to that of St George’s Hill. Miller et al. (2010) proposed that a NNE trending
intruding dyke would result in a contractive strain over St George’s Hill and Windy Hill,
which is also consistent with focal mechanisms recorded under St George’s Hill and Windy
Hill. This is consistent with orientations proposed by Roman et al. (2008), but differs from
other geophysical studies. This also does not fit with results from this study, which propose
a NNW trending dyke.
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Figure 5.43: Depth of seismicity for mega-cluster 1 through time; events with errors greater
than 3 km have been removed.

The reactivation of seismicity in this area suggests that similar processes were occurring each
time. The hypothesis that seismicity at distal clusters occurs during magmatic intrusion at
a different site would fit for the different clusters seen. This suggests that as magma rose
throughout the time period, different faults were triggered, and as the eruption continued
and stabilised, there was then a reduction in distal clusters. However, dome building
had begun by February 1996, with a change to hybrid seismicity recorded by this point,
indicating that the system had equilibrated with the surrounding country rock (Aspinall

et al., 1998; Roman et al., 2008).

The presence of a distal cluster after a reduction of VT seismicity would be less likely, and
therefore other processes may have been occurring during this time. It could be possible
that increased magma flux increased pressures in the magmatic system, resulting in the
triggering of distal clusters ( White and McCausland, 2016). Or, extra magma flux could
have reactivated dyke propagation originally seen on the 1114 August 1995; however,
this is dependent on the original mechanism for this sequence. More research looking at
microseismicity in this region, and modelling of increased magma flux on local fault systems

would be needed to confidently interpret seismicity during this time period.



162 Chapter 5. Catalogue Relocation: 1995-2018

-62.1

-82.26

& -62.28

Figure 5.44: Depth of seismicity for mega-cluster 1 in 3D beneath Montserrat; events with
errors greater than 3 km have been removed.
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Mega-Cluster 2

Mega-cluster 2 is more complex, as fewer clusters link together. Cluster 11 is the main NE
cluster recorded on the 56" August 1995; this shows similarities with Cluster 12, which
was thought to show a similar trend to the main NE cluster. However, Cluster 12 also shows
similar locations to Cluster 6 and Cluster 10. Both Clusters 6 and 10 were originally thought
to be in similar location to the original WH cluster, but both of these show a statistical
difference to Cluster 2 (Windy Hill). Clusters 6, 7, and 10 all show similarities with each
other, suggesting an overlap in mechanisms. These locations are plotted in Figure 5.45.
Due to mega-cluster 2 not having at least two links between each cluster, it was decided

not to investigate this mega-cluster further.
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Figure 5.45: Location of seismicity for mega-cluster 2. Purple = Cluster 11 (56" Au-
gust 1995), Blue = Cluster 7 (15"-19"" August 1995), Orange = Cluster 10 (237425
July), Yellow = Cluster 6 (20"-215¢ July 1996), White = cluster 12 (11** October 1995).
Earthquakes with errors greater than 3 km have been removed.
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Mega-Cluster 3

Clusters 8 and 9 represent the 13%"-14*" November 1995 and 18%"-22"¢ November 1995
respectively, their locations are shown in Figure 5.46. Both of these clusters occurred within
a few days of each other suggesting that there is likely the same mechanism responsible for
both of these clusters. Locations show a WNW trend in seismicity; this runs parallel to the
St George’s Hill seismicity but is located more to the south (Figure 5.47). Locations are

mostly at a depth of 0.5-2 km bsl.
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Figure 5.46: Location of seismicity for the third mega-cluster. Red represents seismic-
ity from cluster 9 (18!"-22"¢ November 1995), and yellow represents cluster 8 (13t"-14!"
November 1995). Earthquakes with errors greater than 3 km have been removed.

No trend in hypocenters is seen with time (Figure 5.48). A projection was taken along the
length of the WN'W seismicity cluster at about 4 km long (shown by the black line in Figure
5.48). Earthquakes along the distance of this projection are then plotted through time to

see if there is a progression in earthquakes to the WNW. Seismicity during the beginning
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Figure 5.47: Location of seismicity for the third mega-cluster; earthquakes with errors
greater than 3 km have been removed

of the mega-cluster is mainly beneath Soufriere Hills Volcano with just a few events to
the NW. As time progresses more events are recorded along the NW trend. Six distinct
periods of increased seismicity along this path are seen over the 10 days, with the fifth
period showing increased seismicity; this period also had the most focussed depth locations

at 0-1.8 km bsl.

Seismicity is mostly constrained in depth during this mega-cluster reaching depths up to
4 km, with only a small number of events being located above sea level. Increase in seis-
micity in this region coincided with dome growth initiation. Additionally no propagation
of seismicity with time was recorded, suggesting seismicity in this region could be a result

of external pressures reactivating faults (Miller et al., 2010; White and McCausland, 2016).
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Figure 5.48: Top Panel: Location of seismicity during mega-cluster 3 coloured by date.

Black line represents the projection taken to see if there is a trend with time.

Middle

Panel: Location of seismicity along projection with time for megacluster 3; bottom panel:

Depth of earthquakes through time.

model.

Grey lines represent velocity boundaries of Rowe
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5.3.7 Under Soufriéere Hills Volcano
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Figure 5.49: Earthquake locations during Phase 1: earthquakes with errors greater than
1.5 km have been removed.

Seismicity during Phase 1 covered the majority of southern Montserrat, with most earth-
quakes having errors less than 3 km. To reduce the number of events, and see more detail
beneath the summit, Figure 5.49 shows earthquakes with errors less than 1.5 km. Earth-
quakes are mostly beneath Soufriere Hills Volcano, but earthquakes have been recorded at
other regions in southern Montserrat that have been referred to as distal clusters. Seis-
micity beneath the summit extends to a depth of 4.5 km. This suggest that the top of
the magmatic chamber is at depths greater than 4.5 km due to the lack of seismicity in
this region, similar to results provided by Aspinall et al. (1998); this is also similar to

petrological results from Barclay et al. (1998) which showed that magma was stored in
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a water-saturated magma chamber at depths 5-6 km bsl. Pulses in discharge rate were
preceded by an increase in earthquake swarms in January, July and October 1996 (Voight

et al., 1998).

Over 30% of VT earthquakes recorded until 2008 occurred during the first 6 months of
the eruption (Roman et al., 2008; Young et al., 1998). As the eruption progressed, VT
seismicity decreased, and hybrid seismicity became more dominant (Miller et al., 1998).
Hybrid earthquakes were first recorded in September 1995 prior to dome growth at Castle
Peak (Young et al., 1998), with hybrid seismicity becoming regular by July 1996. VT
earthquakes are caused by changes in the magmatic system such as increased gas and
magma flow, resulting in changes to the local stress field (Miller et al., 1998). Decreased
VT seismicity after the first 6 months could represent an increase in conduit openness
and stabilisation of the magmatic system, reducing internal pressures in the surrounding

country rock (Roman et al., 2008).

A change to hybrid seismicity is suggested to correlate with magma transport, suggesting
an increased magma flux (Miller et al., 1998, 2010). Hybrid seismicity is generally shallow
at depths of 1.5 km; it has been recorded to be directly above VT seismicity (Rowe et al.,
2004). This suggests that hybrid earthquakes could be a VT earthquake that has triggered
an LP signal in a nearby resonator, or follows a different ray path, changing the frequency
of the signal. For example: a VT earthquake occurring in a fluid filled crack or reservoir
would result in a convolved signal comprising of both VT and LP components (Benoit
and McNutt, 1997; Chouet, 1996). Other models suggest that there may be a continuum
between LP and hybrid earthquakes, where they are considered end members of the same
process (Neuberg, 2000); different interpretations of seismic signals are discussed in Section

2.1.

Several examples of hybrid earthquakes being preceded by VT earthquakes are shown in
Miller et al. (1998) and have been discussed by McNutt (1996) as part of an eruption model,
where a decrease in VT events, and an increase in low frequency events (such as hybrid and
LP) indicates a shallowing of magma. Once an eruption starts, pressure around the conduit
will start to equilibrate as pathways are formed, which can result in reduced VT seismicity
(Aspinall et al., 1998; Roman et al., 2008). LP earthquakes have been shown to occur in

swarms with similar waveforms; this indicates a stationary source location, which is being
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repetitively triggered by the same process. These are normally found at very shallow depths

of 500 m bsl (Neuberg et al., 2006).

Very high b values (greater than 3) are recorded beneath English Crater and Chances Peak
at depths of 0-1.5 km, during the first nine months of the eruption (Power et al., 1998).
This means there is a greater proportion of smaller earthquakes; this is thought to be related
to high silica content at this depth, or an increase in heterogenity, temperature and stress
conditions resulting from increased heat flow in this region (Aspinall et al., 1998; Power
et al., 1998). Comparatively low b values of around 1 are recorded at 2—4 km depth beneath
Soufriere Hills and south of English Crater; this is likely a result of magma intrusion beneath
English Crater. The region is less fractured, and hence would result in larger magnitude

earthquakes during magma movement (Power et al., 1998)

Extrusion stopped on 10" March 1998, but VT earthquakes, SOy and small explosions
continued until November 1999 (Miller et al., 1998). It is thought that magma influx
continued at this time at 6 km bsl to the upper chamber (Norton et al., 2002). Focal
mechanisms during Phase 1 are suggestive of conduit deflation and relaxation of the host
rock; this is supported by deformation data recorded during the time period (Mattioli and
Herd, 2004). This is likely the reason for the high levels of VT seismicity recorded in the

first 6 months of Phase 1 (Roman et al., 2006).
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5.4 Phase 2: 27" November 1999 to 1%/ August 2003
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Figure 5.50: Histogram showing the number of earthquakes recorded by MVO per day in
Phase 2. Red = VT, blue = LP, yellow = hybrid, green = LPRF, purple = rockfall.

Phase 2 began on the 27" November 1999 after a 19 month pause in surface lava extrusion
(Carn et al., 2004). An increase in LP earthquakes were recorded a few weeks before the
eruption (Miller et al., 1998). Phase 2 has been the longest period of lava extrusion so
far, lasting 3.5 years and ending with a large dome collapse on the 12! July 2003 (Wadge
et al., 2014). A change in dominant P axis orientation with time was seen during May 1999
to November 1999, where P axes were orientated NW-SE (90 degrees from tectonic stress)
(Roman et al., 2006). This occurred in the six months leading up to the start of Phase

2, and indicated that the conduit was undergoing increasing pressurisation (Roman et al.,
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2006).

Seismicity was mainly constant throughout, with an increase in seismicity recorded prior to
the dome collapse in July 2003 (Figure 5.50). This increase in seismicity was mostly hybrid
earthquakes; hybrid seismicity can suggest rapid ascent rates, or magma pressurisation in
the conduit (Chouet, 1996; Miller et al., 1998; Neuberg et al., 2006). This suggests that
there may have been shallow magma moving in the conduit in the lead up to the dome
collapse in July (Miller et al., 1998). Hypocenters were mostly focused around Soufriere
Hills Volcano at depths of 1-5 km, as shown in Figure 5.51. A small cluster of earthquakes
were recorded north of Soufriere Hills on the 20t*-30"* June 2004, but this did not extend

to Windy Hill as seen in Phase 1.

Displacement data from six ¢GPS stations suggested a best fit source at 5 km depth for
the shallow magmatic reservoir, with a deeper reservoir at 17 km (Foroozan et al., 2010).
This deeper reservoir is supported by crystal phases suggesting a reservoir at depths greater
than 10 km (Devine et al., 2003), and other geodetic data supporting a source as deep as
12 km (Mattioli and Herd, 2004). During phase 2, the lower chamber deflated whilst the
upper chamber inflated slightly; this fits with interpretations that only the lower reservoir is
depleted during eruptive episodes, with the upper reservoir inflating when inflow is greater

than outflow (Elsworth et al., 2008).

Dome growth was more stable throughout Phase 2, with fewer pyroclastic flows than in
Phase 1; this resulted in larger volumes of material during dome collapses (Carn et al.,
2004). Sub daily cyclic trends of 10 hours were recorded in seismicity and gas from December
1999 to January 2000, allowing a rough hazard assessment to be attained of when PDC’s

were more likely ( Young et al., 2003).
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Figure 5.51: Hypocenter (red) and NonLinLoc (blue) earthquake locations for Phase 2: 27" November
errors greater than 5 km have been removed.
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5.4.1 Seismicity during Dome Collapses

There were three main dome collapses during this phase: 20" March 2000 (Carn et al.,
2004), 29" July 2001 (Matthews et al., 2002) and 12¢"-13!" July 2003 (Herd et al., 2005).
The 20" March 2000 collapse removed 95% of the new lava dome over five hours of activity,
which included several pyroclastic flows and one explosion (Carn et al., 2004). This was
preceded by a period of heavy rainfall, with no change in seismicity leading up to the
dome collapse (Carn et al., 2004). Lava extrusion occurred immediately after the dome
collapse and continued until the 29*" July 2001 when the dome collapsed again (Matthews
et al., 2002). The collapse in 2001 was also preceded by extreme rainfall, with no change in
seismicity recorded in the days prior (Matthews et al., 2002). It is still uncertain if rainfall
is a mechanism for dome collapse, however it is thought that rainfall is able to percolate
into cracks of the dome, resulting in pressurised steam that would be enough to destabilise
the dome (Carn et al., 2004; Matthews et al., 2002). Research by Barclay et al. (2006)
showed a 6.3-9.2% increase in the probability of there being a dome collapse when more
than 20 mm of rain was recorded; an increase in rain was also linked to an increase in the
probability of a recorded PDC or explosion occurring on the same day. Carn et al. (2004)
also suggested that rapid cooling of hot lava could lead to small phreatic explosions.

-62.24" -6222° -622° -62.18" -62.16" -62.14" -62.24° -62.22° -62.2° -62.18" -62.16" -62.14°
L L L L L L L L L L L L

] | 29" July 2001

. 20t March 2000Q . .
16.82" H } - 16.82 I 16.82

16.82

I 16.8° I- 16.8°

16.80

16.78" I I- 16.78 16.78 | |- 16.78

16.76" a I 16.76" 16.76 |- 16.76°

16.74" I - 16.74" 16.74 |- 16.74°

16.72" H 1672 4672 ] ) | 1672
* .
. o
16.7" H F167 1670 I 167"
16.68" H I 16.68" 16,68 | H I 16.68°
LI B L LI B 1
864202 864202
0 0
2 2
-4 @. -4 %o
5 .
8 T T 8 T r
-62.25 -62.2° -62.15 -62.25" -62.2° 62,15

Figure 5.52: Relocations of earthquakes in the month prior to the dome collapses on the
20t" March 2000, and 29*" July 2001. Earthquakes with errors greater than 3 km have
been removed. Red dots represent VT seismicity, blue represent LP seismicity and yellow
represent hybrid earthquakes
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Figure 5.52 shows the seismicity in the month prior to the two dome collapses on the 20"

March 2000 and 29" July 2001. There is very little seismicity in the month leading up to
the two dome collapses, with only 9 and 4 earthquakes being recorded in the 30 days prior
(figure only shows location of earthquakes with errors less than 3 km). This ties in with
results from Carn et al. (2004); Matthews et al. (2002) that suggest rainfall was a likely

mechanism for these collapses.

The 12¢*-13 July dome collapse was the largest recorded, removing over 210 million m?3

of material over an 18 hour period (Herd et al., 2005). The tephra fallout was estimated
to be 10-20 million m? with PDC’s occurring along the Tar River Valley reaching the sea
and resulting in a small tsunami that impacted Guadeloupe on the 13" July (Edmonds
et al., 2006). The dome collapse was followed by five Vulcanian explosions ending on
the 15" July (Edmonds et al., 2006). Borehole strainmeters recorded a rapid change in
pressurisation of the magma chamber after the dome collapse, estimating an overpressure
of 1 MPa with a 1 km radius ( Voight et al., 2006). It is thought that dome collapse reduced
pressures resulting in a volumetric expansion of the chamber and hence an increase in strain;

pressurisation was thought to be due to growth of 1-3% gas bubbles (Voight et al., 2006).

Seismicity in the month leading up to the 12" July 2003 dome collapse was mostly hybrid
earthquakes, and was spread out around the volcano at 3-4 km depth (Figure 5.53). There
was no trend in hypocenters with the majority of earthquakes occurring from the 1528
June. Hybrid seismicity is indicative of the build up of pressure along conduit walls, with
faulting on the surface between country rock and the fluid filled conduit (Chouet, 1996;
Lahr et al., 1994; Voight et al., 1998, 1999). Therefore, this increase in hybrid seismicity
could have been indicative of magma extrusion, and has been recorded during periods of

other dome growth (Miller et al., 1998; White et al., 1998).
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5.5 Phase 3: 15" April 2005 to 20" April 2007
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Figure 5.54: Histogram showing the number of earthquakes recorded by MVO per day in
Phase 3. Red = VT, blue = LP, yellow = hybrid, green = LPRF, purple = rockfall.

VT seismicity accompanied by ash venting and minor explosive activity was recorded prior

to the start of Phase 3 (Smith, 2013). A 90 degree rotation in p axes was recorded four

months before the onset of Phase 3; this occurred during increased seismicity, coincident

with a change in tilt from deflation to inflation (Roman et al., 2006). A swarm of 31 low

amplitude VT earthquakes were recorded on the 6t"~7t" March 2005; this was followed by

a 400% increase in SO, emissions three days prior to ash venting on the 12!* March 2005

(Cole et al., 2014a). The start of Phases 3,4 and 5 were very different to the first two
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phases, with a decrease in precursory activity.

Phase 3 was characterised by higher discharge rate, a 2-6 week discharge cycle and fewer
dome collapses (mainly due to the dome being removed at the end of Phase 2) (Loughlin
et al., 2010). The onset of each major pulse in discharge was characterised by a change in
extrusion growth direction (Loughlin et al., 2010). Activity was recorded from a NNE-SSW
line of new vents in the dome crater during the beginning of the phase; an increase in
hybrid and LP earthquakes was then recorded from the 13" March (Cole et al., 2014a).
The volume of magma during this phase was similar to that in Phase 1, but with a higher
discharge rate. This implied that there were faster ascent rates of magma, limiting degassing

and inducing crystallisation (Loughlin et al., 2010; Ryan et al., 2010).

Higher seismicity levels were recorded during Phase 3 compared to Phase 2, with an increase
in seismicity recorded during August 2006 (Figure 5.54). VT seismicity is dominant at the
beginning of the phase, and is then replaced by mostly hybrid seismicity later on; this
same pattern is seen throughout all phases in the eruption. Seismicity is located in a
slight NW-SE trending cluster at depths from 1 km height to 4 km bsl (Figure 5.55); this
trend is slightly more north than the Belham Valley Fault. There is also a large number
of earthquakes that are located across southern Montserrat. These are most likely to be
the result of poor arrival time picks, as they do not follow any faults or expected areas of

seismicity.

A large dome collapse was recorded on the 20" May 2006; this had no precursory seismicity
but was during intense rainfall (Loughlin et al., 2010; Smith, 2013). A small explosive event
in January 2007 removed part of the dome (De Angelis et al., 2007); dome growth then
ended on the 20" April 2007 with the dome volume of 203 Mm? (Ryan et al., 2010; Wadge
et al., 2014). Seismicity changed throughout 2005 from earthquakes locating with an aligned
trend and at 0 km depth on the 215t May, to earthquakes with increasing depth to 3.5-4 km

and movement towards the south after.

Elsworth et al. (2008) showed that the lower reservoir deflated more in Phase 3 than in
Phase 2, but that this time the upper reservoir was also depleted. Voight et al. (2010) also
proposed that magma transferred in and out of the upper reservoir could be accommodated
by the compression/depression of a lower chamber. Models for Montserrat suggest an upper

chamber at 10 km depth, but that the top of this chamber may be shallower to fit results



178 Chapter 5. Catalogue Relocation: 1995-2018

from petrology and seismology (Aspinall et al., 1998; Barclay et al., 1998; Voight et al.,
2010). There were more mafic inclusions during Phase 3; this suggests that magma mixing
was taking place during the eruption, and that magma was continuously supplied from

depth (Barclay et al., 2010).
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5.6 Phase 4: 29" July 2008 to 3"¢ January 2009
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Figure 5.56: Histogram showing the number of earthquakes recorded by MVO per day
during and in the lead up to Phase 4. Red = VT, blue = LP, yellow = hybrid, green =
LPRF, purple = rockfall.

Phase 4 comprised of two short episodes of extrusion and explosions, known as Phase 4a
and 4b (Wadge et al., 2014). Episodes of VT seismicity with ash venting and explosive
activity were recorded before the start of magma extrusion (Smith, 2013); this is known as

the transition period, which occurred from the 5%

May to the beginning of Phase 4a on
the 29" July. An explosion on the 3¢ December 2008 marked an increase in seismicity for
a month; this was followed by dome growth (Komorowski et al., 2010). There was a slow

rate of extrusion during Phase 4a in comparison with Phase 4b where rapid lava extrusion
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was recorded (Cole et al., 2014a). VT seismicity changed after Phase 3, with fewer intense
swarms recorded and replaced with VT strings (short bursts of VT events) (Smith, 2013).
VT strings were short in time with a mean of 10 events occurring within a 30 minute period

(Smith, 2013).

Seismicity was low during Phase 4 with the exception of two time periods: July 2008 and
the beginning of November 2008 (Figure 5.56). Increased seismicity in July 2008 occurred
several days before a Vulcanian explosion on the 28" July. Relocated hypocenters dur-
ing Phase 4 were mostly beneath Soufriere Hills Volcano, with some earthquakes located
towards the south-east, following the same trend as the Montserrat-Havers Fault System
(Figure 5.57). There is a large increase in the number of earthquakes located with NonLin-
Loc; this is because NonLinLoc is able to relocate earthquakes using four arrival picks but

on three seismic stations, whereas Hypocenter needs a minimum of four seismic stations.

These locations to the SE are from the increased seismicity on the lead up to the 28" July
explosion. This trend in seismicity to the SE was not seen with original MVO locations.
An increase in seismicity towards Windy Hill was recorded on the 22" January, but with
very limited events. Seismicity near St George’s Hill was also recorded during the 215¢-29t"

July 2008.
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5.6.1 21° to 31" July 2008

July 2008 marked the onset of the extrusion for Phase 4a with increased seismicity and
dome growth (Rodgers et al., 2016). Irregular VT swarms were recorded from the 215¢-26"
July 2008, before hybrid followed by LP earthquakes replaced VT’s for a two day period
(De Angelis, 2009; Rodgers et al., 2016). A total of 1818 earthquakes were recorded from
the 2151-29" July, with earthquake rates peaking on the 28" July (Figure 5.58). A series of
small ash venting events occurred on the 21%¢ July, each preceded by a swarm of 7 VTs per
hour (Cole et al., 2014a). A 31 hour period of decreased seismicity was recorded prior to
the Vulcanian explosion on the 29** July at 03:32 UTC; this released a large amount of ash
and tephra, with a plume reaching 12 km asl (De Angelis, 2009; Rodgers et al., 2016). VT
earthquakes during this time period were recorded at 1.6-3.9 km beneath the summit near
Gages vent on the 21, and then at 2 km directly beneath the summit from the 24-26"

(Rodgers et al., 2016).

W B a o2} ~
o o o o o
L L L L
1 1 1 1

Nur’\r)1ber of Earthquakes

e
o
L
1

21 22 23 24 25 26 27 28 29 30

Figure 5.58: Time plot of number of earthquakes recorded by MVO per hour from the 215
to 30" July 2008. Red line represents time of Vulcanian explosion.

Relocations during this time period are shown in Figure 5.59; 223 additional earthquakes
were relocated using NonLinLoc compared to the original MVO catalogue due to NonLin-
Loc’s ability to locate earthquake with four arrival phases. Original Hypocenter locations
are mostly clustered beneath SHV summit at depths of 0-3 km, with some events located
near the east coast. Relocations with NonLinLoc show a clear trend of increasing depth

to the ESE. There is a greater concentration of seismicity beneath the crater at depths of
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2-6 km bsl; this is slightly deeper than original locations.

There is a clear trend in hypocenters located to the SSE during this time period; Figure
5.60a shows that the majority of the earthquakes in this trend occurred on the 28" July —
the day before the Vulcanian explosion. The majority of seismicity on this day was Long
Period (LP) earthquakes with some hybrid events (Figure 5.60b). However, the majority
of earthquakes during this time period have large errors greater than 3 km, which means
they cannot be used for interpretation, as the errors are larger than any trends in location.
When looking at earthquakes with errors less than 3 km, it can be seen that the majority
of hypocenters to the SSE are removed, with just earthquakes beneath the summit at a
depth of 0—4 km. Further investigation of this seismicity would be needed to see if this
trend is real, or an artefact from low station coverage at the time; this is looked at further

in Chapter 6.

LP earthquakes are indicative of fluid processes such as radiating energy from a fluid filled
conduit (MecNutt, 2005), underlying pressurisation of magmatic fluids (Chouet, 1996), and
resonance produced by interference waves between magma-rock boundaries (Neuberg, 2000).
The onset of LP seismicity is interpreted as a short term indicator for an eruption, and has
often been associated with magma ascent and lava extrusion (lverson et al., 2006; McNutt,
1996; Sparks, 2003). LP seismicity observed in 1996 at SHV is thought to be a result of
rapid bubble formation, and the formation and destruction of fluid filled cavities in the
magma column (Rowe et al., 2004). This could be suggestive that magma was migrating

or being pressurised on the 28" July, a day before the final eruption.

VT swarms are not usually recorded with LP seismicity (Smith, 2013), however, Rodgers
et al. (2016) suggest that the ascent of decoupled magmatic fluid and gas triggered VT
events in a overpressurised zone at 2.5 km depth. The reduction in seismicity prior to
the explosion could have been a result of magma stalling due to an increase in viscosity
from depressurisation and crystallisation; this would account for the SOy released during
the eruption, which was equivalent to 8 days of pre-eruptive degassing (Rodgers et al.,
2016). Juvenile material in the erupted deposits also supports a theory of pressurisation of
the system after an injection of fresh magma into the shallow reservoir (De Angelis, 2009;

Rodgers et al., 2016).
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Figure 5.60: A)Earthquakes located in NonLinLoc from 215 to 31¢ July 2008 inclusive;
earthquakes coloured by date of earthquake. Earthquakes with errors greater than 5 km
have been removed. B) Earthquakes located in NonLinLoc from 215 to 315t July 2008 in-
clusive; earthquakes coloured by type of earthquake. Red = Long Period, Blue = Volcano-
Tectonic, Yellow = Hybrid, Orange = Rockfall event, Green = Long Period Rockfall. Earth-
quakes with errors greater than 5 km have been removed
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Figure 5.61: Earthquakes located in NonLinLoc from 21%¢ to 315" July 2008 inclusive with
errors less than 3 km
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5.7 Phase 5: 5 October 2009 to 11" February 2010
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Figure 5.62: Histogram showing the number of earthquakes recorded by MVO per day in
Phase 5. Red = VT, blue = LP, yellow = hybrid, green = LPRF, purple = rockfall

Phase 5 began on the 5* October 2009 after an increase in hybrid and VT seismicity. A
swarm of 24 VT earthquakes occurred on the 5" October 2009 as a VT string marking
the start of Phase 5 (Smith, 2013). This swarm preceded ash venting by 45 minutes (Cole
et al., 2014a). Cycles of seismicity and surface activity were present throughout, with ash
venting and PDC’s occurring during the peak of the cycles (Wadge et al., 2014). There
were several Vulcanian explosions with Phase 5 ending with a large north-directed collapse

on the 11" February 2010 (Stinton et al., 2014).
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Seismicity levels decreased in Phase 5 compared to previous phases, with only short bursts
in seismic activity seen at the beginning of the Phase, the end of November, and the final
few weeks in February 2010 (Figure 5.62). VT seismicity was dominant at the start of the
phase, which has been seen with all five phases. Hypocenters are focussed at the North

flank of Soufriere Hills Volcano, constrained to a depth of 1-4 km bsl (Figure 5.63).

5.7.1 VT Strings

VT strings were recorded throughout and after Phase 5; two VT strings comprising of 50
earthquakes each occurred on the 22"¢ and 23" March 2012 (Smith, 2013). VT strings are
VT earthquakes with similar coda occurring over a short period of time (Smith, 2013). The
VT strings were followed by a strong output of gas, a large strain signal and accompanied
by ash venting (Smith, 2013). Analysis shows that different VT strings have similarities
suggesting a common driving process. It has been proposed that gas movement could be

responsible, however an increase in gas is not recorded with all VT strings (Smith, 2013).

Locations from the VT string on the 5"-6** October 2009 marked the start of Phase 5
(Figure 5.64); there were 46 VT earthquakes over the 2-day period. These are mostly
concentrated around the Soufriere Hills summit, at a 2 km depth. Locations found by
MVO were slightly further north and are not as tightly clustered as the relocations with
NonlLinLoc. Precursory activity suggested that juvenile magma was responsible for the start
of Phase 5 (Smith, 2013). VT earthquakes from this time period were larger and occurred
less than an hour before the onset of ash venting (Cole et al., 2014a). This suggests that
the VT strings may be linked to magma/gas movement. However, more research is needed
to compare all VT strings at Soufriere Hills Volcano to see if there is a correlation between

these.
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Figure 5.63: Hypocenter (red) and NonLinLoc (blue) earthquake locations for Phase 5: 5 October 2009 to the 11" February 2010 inclusive.
Earthquakes with errors greater than 5 km have been removed.
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Figure 5.64: Location of earthquakes from a VT string on the 56" October 2009. Earth-
quakes with errors greater than 3 km have been removed. Red are locations from Hypocen-
ter, and blue are relocations from NonLinLoc.
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5.7.2 Post Phase 5

An increase in Volcano-Tectonic earthquake depths from 2012 onwards was first highlighted
in a MVO annual report (MVO, 2018). Only VT earthquakes are looked at in this section
due to there being few Hybrid and LP earthquakes during this time frame, with only 32
hybrid earthquakes and zero LP earthquakes located during this time. Note, this does not
mean there was no LP earthquakes over this 8 year period; but that MVO did not pick any
arrival times for LP earthquakes during this timeframe. Figure 5.65 shows relocations post
Phase 5 (February 2010 until February 2018) where VT earthquakes are coloured by year. A
slight increase in depth is seen for the 2016 and 2017 period with few earthquakes shallower
than 1 km bsl. Earlier time periods had a wider range in depths, with VT earthquakes in

2010-2013 being located up to 1 km asl.

To visualise this more clearly, we can look at the depth location throughout time, which
is shown in Figure 5.66. A clear difference in depth location is seen post 2014 where there
is a general lack in seismicity above 1.5 km depth; this coincides with the addition of
Spider Stations to the network, which were added in 2014 (more information on the Spider
stations is shown in section 1.5). The addition of the spider stations in 2014 has removed
earthquakes clustering at the 1.5 km velocity layer. The reduction of earthquakes clustering
at this velocity boundary is likely a result of an increase of seismic stations used for the
location. The addition of the spider stations not only increases the number of seismic
stations used for earthquake location, but also provides a wider range of station coverage,

which also improves outputted hypocenters.

VT earthquakes from 2010 to 2018 were then relocated removing arrival times for the
spider stations; this was to see if the spider stations were causing earthquakes to be located
at a greater depth. Results still show a slight deepening even without the spider station
arrival times, suggesting that this trend is real (Figure 5.67). However, the removal of
the spider stations shows an increase in seismicity along the 1.5 km velocity boundary. 11
additional earthquakes were located with the Spider stations. This is likely due to increased
station coverage improving overall locations, and hence removing the effect of earthquakes
becoming stuck on velocity boundaries. A mean decrease in X, Y and Z errors was seen

of around 100 m when including the spider stations, suggesting that the addition of these
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extra stations improves the accuracy of locations.

Depth locations were compared to the number of phases that were used for each earthquake
to see if there is a trend between earthquakes with smaller number of arrival times being
located at the velocity boundaries (Figure 5.68). There is no trend between the number of
arrival times and VT earthquakes that are located on the boundary, so instead this could
be a result of the station location itself. With the spider stations resulting in a better
configuration that 1) reduced errors of the earthquakes and 2) resulted in earthquakes not
being located on velocity boundaries. However, this is an area that would need further
research, especially if MVO wanted to use this for improving their station configuration.
Overall, there is a clear deepening of hypocenters with time supporting results found by
MVO (2018); this would benefit from further investigation to understand what mechanisms

may be responsible for the deepening of VT hypocenters.
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Figure 5.65: Relocation of VT earthquakes with errors less than 3 km from February 2010 to February 2018.



5.7. Phase 5: 5" October 2009 to 11*" February 2010 195

& o
n =
il
"
.o
8
es- %
oo
H
.
I The”
%go#mg%a
3ot g o
L
.
.

Error (km)

2010 2012 2014 2016 2018

T
2010 2012 2014 2016 2018

¥ -
o
.
Sy
N
L]
]
.
-
.
.
%
.

2010 2012 2014 2016 2018

Figure 5.66: Change in depth location from February 2010 to 2018. A) VT earthquakes
with errors less than 5 km and are coloured by the depth error. Grey lines represent velocity
boundaries B) VT earthquakes with errors less than 3km C) VT earthquakes with errors
less than 1 km.
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198 Chapter 5. Catalogue Relocation: 1995-2018

5.8 Discussion

Seismicity at Soufriere Hills Volcano varied throughout the eruption, from being mostly
VT dominant, to an increase in hybrid and LP earthquakes after Phase 1. Through all five
phases of the eruption, an increase in VT seismicity was recorded during initial activity,
before being replaced by hybrid earthquakes. VT strings were first recorded during Phase
4, and are still present today, although their mechanism remains unclear (Smith, 2013).
An overall summary of main changes in seismic rates, locations and geological features is

summarised in Figure 5.69.

Relocations using NonLinLoc with the Rowe et al. (2004) seismic velocity model have
improved results, with a noticeable reduction in errors, especially for the time period 1999-
2009 (Table 5.13). Overall locations are relatively similar from Phase 2 until present, with
interpretations not altering much for this time period. The exception for this is relocated
hypocenters in the lead up to the Vulcanian explosion on the 29*" July 2008, which now
show a pattern in hypocenters to the SE. Phase 1 shows the main changes in hypocenters,

especially for distal clusters that were recorded from 1995 to 1996.

New relocations have shown a clear migration in seismicity from the 12" to the 14** August
1995 from Soufriere Hills towards St George’s Hill; this trend was not seen in previous
studies by Aspinall et al. (1998); Miller et al. (2010). The migration of seismicity along with
computed focal mechanisms by Miller et al. (2010) suggest dyke propagation and inflation,
suggestive of a NW orientated dyke. This agrees with previous research by Hautmann et al.
(2009) but disagrees with proposed NE orientated dykes by Roman et al. (2008). This is
spoken about in more detail in Section 5.8.3. Seismicity to the NE of Soufriere Hills from
the 576" August 1995 also show a movement of located hypocenters towards Soufriere
Hills from Long Ground. This agrees with previous interpretations by Aspinall et al. (1998)
which suggested a migration in earthquakes over the two—day period. This was discounted
by Roman et al. (2008) due to the large hypocenter errors. However, relocations in this

study have reduced location errors, confirming the migration in earthquakes with time.

There were large changes in locations recorded during Phase 4 in the lead up to a Vulcanian
explosion on the 29*” July 2008 when an additional 223 earthquakes were relocated. How-

ever, large location errors on earthquakes relocated to the SE resulted in these additional



5.8. Discussion 199

events not being able to be included for interpretation. This highlighted the importance
of having low location errors so that more events could be included for analysis, and is

investigated further in Chapter 6.

Earthquakes after Phase 5 had been shown to have an increase in located depth from 2012 to
2018; this was first highlighted in a MVO annual report (M VO, 2018). Relocations confirm
an increase in earthquake depth from 2012 to 2018. Portable seismic stations (referred to
as Spider stations) were installed in 2014, and there was debate to whether this had caused
an increase in recorded earthquake depth. Relocations of earthquakes from 2012 to 2018
using only permanent seismic stations, and not including the portable spider stations, also

showed an increase in depth over time, supporting that this trend is real.

Relocations at Windy Hill on the 8"~10t" September 1995, and to the WNW on the 18—
22"% November 1995 show similar results to locations by Miller et al. (2010) and Aspinall
et al. (1998). Relocations are shifted slightly, but overall give the same interpretations.
Cluster analysis suggests that the Windy Hill cluster on the 8*-10"* September 1995 show
similarities to seismicity recorded at St George’s Hill, highlighting that there may be sim-
ilar processes occurring in both regions. Changes to previous interpretations of seismicity
recorded throughout the eruption are highlighted in Figure 5.69; this shows previous and

updated interpretations of the volcanic system from 1995 to 2018.
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5.8.1 Temporal Trends

Relocated earthquakes from Phase 1 show several distal clusters that are located to the
NNW and NE of Soufriere Hills from August 1995 to February 1996. Twelve distal clusters
were recorded during this time period, with the majority of clusters having hypocenters
beneath St George’s Hill and Windy Hill. Cluster analysis reveals that while these 12
clusters are temporally distinct, they can be combined into three distinct mega-clusters
spanning Phase 1: 1) Underneath St George’s Hill and Windy Hill, 2) to the NE near Long
Ground, and 3) a WNW trend in hypocenters that occurred over a 10 day period. Analysis
of the third cluster trending WNW suggests that the likely mechanism is intruding magma,
which increased pressure in the surrounding conduits, resulting in the reactivation of faults

in the local vicinity (Miller et al., 2010; White and McCausland, 2016).

Earthquakes recorded on the 12t"-14%" August 1995 are located beneath St George’s Hill.
Previous analysis suggested that this was either a response to stress changes from a mag-
matic intrusion, disturbance of the local hydrothermal system or the triggering of pre-
existing fault structures (Aspinall et al., 1998; Miller et al., 2010; White and McCausland,
2016). However, relocated hypocenters show a connection between the southern flanks of
Soufriere Hills Volcano and St George’s Hill with earthquakes located at depths of 1-5 km
bsl. A migration in earthquakes towards St George’s Hills is recorded over a day period.
Focal mechanisms during this time are interpreted as an inflating and propagating dyke
that suggest this seismicity could be a result of dyke migration. This dyke was stalled,
likely reaching a stress barrier, or finding a new path of weakness, such as Soufriere Hills

Volcano.

Over the next couple of months, earthquakes were recorded beneath St George’s Hill and
Windy Hill; these were shown to be statistically similar to the St George’s Hill cluster in
early August 1995. A possible solution for earthquakes being located in these distal clusters
is that events are triggered by an increase in stress as the magmatic system was evolving
beneath Soufriere Hills. There are a number of faults in this region that follow similar
orientations to the trend in hypocenters for these distal clusters, which could have been

reactivated due to an increase in stress ( White and McCausland, 2016).

Aspinall et al. (1998) proposed a SW migration in seismicity on the 56! August 1995.
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However, Roman et al. (2008) did not find this migration, and suggested that this trend
was recorded due to using lower quality events with errors greater than 1.5 km. Relocations
show that a migration in hypocenters is recorded using events with errors less than 1.5 km
concluding that this trend is real. It is uncertain why there was a migration of seismicity

in this region, with earthquakes getting shallower as they migrate towards Soufriere Hills.

5.8.2 Insights into the Magmatic System

Aspinall et al. (1998) proposed a minimum depth of 5 km to the magma chamber due to
hypocenters not reaching a depth greater than 7 km; this was also supported by FElsworth
et al. (2008) who suggested an upper chamber at 6 km. Experimental work constrained
the minimum depth to the magma chamber at 5 km when looking at the partial pressure
of water in erupted magma from January 1996 (Barclay et al., 1998). Relocations in this
study show earthquakes up to 5 km depth (with errors less than 3 km), and up to 4.5 km
(errors less than 1.5 km). This supports previous work that a magma chamber is likely to

be greater than 5 km depth, as little seismicity is recorded beneath this point.

The presence of small amounts of basalt mixed into the erupted andesite implies there is also
a deeper source of mafic magma (Annen et al., 2006; Murphy et al., 2000). Phase equilibria
also suggested magma was reheated prior to ascent (Barclay et al., 1998). Geodectic data
from 1997 supports a deeper source up to 12 km (Mattioli et al., 2004). Elsworth et al.
(2008) also proposed a second magmatic chamber at depths of 12 km, connected to the
upper chamber by vertical columns. This was interpreted from surface flux measurements
of magma, which have been shown to respond to volume and pressure changes from a deeper
level rather than deflation of the shallower reservoir (Elsworth et al., 2008; Sparks et al.,
1998).

Deformation data suggest that the upper reservoir is largely open, with estimates that
the source is 4 km? (Elsworth et al., 2008; Voight et al., 2006). Tilt measurements from
December 1996 to August 1997 show a source depth to the magma conduit to be 740—
970 m, with a radius of 200-340 m ( Widiwijayanti et al., 2005). This is similar to results by
Voight et al. (1998) that modelled the source epicentre of the plug using a mogi model to be
700-800 m below the dome. This ties in with LP seismicity that is located in the shallow

subsurface. This region would be larger than what would be estimated from magma flux.
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Therefore it is suggested that the upper reservoir is largely open, with a magma mush that
is transmitting overpressures from the conduit (Elsworth et al., 2008; Voight et al., 2006;

Widiwijayanti et al., 2005).

5.8.3 Dyke Projection

Regional stress and the orientation of mapped dykes on Montserrat is characterised by a
NE-SW arc-normal compression (Bonneton and Scheidegger, 1981; Wadge, 1986). Using
seismicity from Phase 1, Roman et al. (2008) proposed a 90 degree P axis change in ori-
entation during October 1996 to June 1997, from NE-SW to NW-SE. Changes in focal
mechanism orientations have been shown to relate to changes in eruption, with this change
coinciding with a period of increased magma extrusion prior to a series of Vulcanian Explo-
sions in June 1997 (Roman et al., 2006). Pressures higher than regional stresses are needed
to promote rotated VT’s ( Vargas-Bracamontes and Neuberg, 2012), and hence Roman et al.

(2006) suggested that rotated P axis could be a result of an inflating magmatic system.

However, there are conflicting results to this, with different dyke projections suggested.
Deformation data suggests a NW and NNW trend (Hautmann et al., 2009; Mattioli et al.,
1998). This supports ground displacement in the area, NNW trending faults across the
Soufriere Hills complex, and fits with other larger faults in the region such as the Belham
Valley Fault, Richmond Hills Fault, and the Montserrat-Havers Fault Zone (which extends
offshore from southern Montserrat towards Guadeloupe (Feuillet et al., 2010)). Domes from
the Soufriere Hills complex are similar to the strike of faults in the region, suggesting that
these formed as a result of a NNE-SSW crustal extension, such as a NNW trending dyke
(Baird et al., 2015). Previous dyke orientations, volcanic complexes and faults are shown

in Figure 5.70.

Hautmann et al. (2009) used 3D finite element modelling with data from 1997 to estimate
a NNW-SSE dyke conduit with a width of 390-1100 m at a depth of 880-1230 m bsl. This
agrees with results by Mattioli et al. (1998), which used GPS data from 1995-1996 to infer a
dyke orientated at 320 degrees. Shear Wave Splitting measurements using data from 1996 to
2007 shows stations around Soufriere Hills to have a WNW strike, suggesting anisotropy is
structurally controlled and fits with a NNW dyke orientation (Baird et al., 2015). However,

two stations (MBGH and MBGB) showed rotations in strike in the months prior to Phase
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2; this was interpreted as changes in localised stresses due to dyke intrusion (Baird et al.,
2015). Roman et al. (2006, 2008) proposed a NE trending dyke based on trends in p axis
from VT seismicity. A NE orientated dyke was also proposed by Miller et al. (2010) using
1995 seismic data, and by Chardot et al. (2010) using strain measurements in 2008; however,

both suggested these were short lived trends.

There is still strong disagreement between these two interpretations for dyke orientation.
Trends in hypocenters of relocated earthquakes from this study show a WNW trend for a
distal cluster in November 1995, and a NW trend for the St George’s Hill Cluster in August
1995. Earthquakes in August 1995 were shown to migrate from the flanks of Soufriere Hills
Volcano NW to St George’s Hill over a day period; this alongside focal mechanisms for the
period suggests a propagating dyke with a NW trend, shown in Figure 5.70. Further, P
axis parallel to the regional compressive stress (in this case NE-SW) have been shown to
occur for VT seismicity at the tips of propagating dykes (Ukawa and Tsukahara, 1996),
and for VT earthquakes occurring on shear planes extending obliquely from the edge on an
inflating dyke (Hill, 1977). Time periods where NE-SW orientations were proposed were
seen underneath St George’s Hill, Windy Hill and Soufriere Hills (Miller et al., 2010). These
fit with time frames where we see the possibility for migration of seismicity in this region.
Hence, a reason for the rotated p axis is more likely to be interpreted as propagation of an

intruding dyke, instead of a newly proposed dyke orientation.

A NNW trend fits with geological evidence, mapped dykes and fault complexes across the
island (Feuillet et al., 2010), overall suggesting this orientation is the most likely. There
was seismicity recorded earlier in August that showed a migration in seismicity to the SW
from Long ground, showing an overall NE orientation. However, as proposed by Miller
et al. (2010) it is likely that these are short lived trends, and could even be the activation
of faults in the region due to magmatic intrusion, triggering distal clusters as proposed by
White and McCausland (2016). This could also explain seismicity recorded beneath Windy

Hill during the early stages of the eruption.
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Figure 5.70: Summary of proposed dyke orientations from different research and the new
proposed orientation from this study (black line). Dark blue dashed line represents proposed
dyke orientations by Mattioli et al. (1998) and Hautmann et al. (2009); light blue dashed
line represents proposed dyke orientations by Miller et al. (2010) - these were axknowledged
to be short-lived trends. Shaded blue regions represents St George’s Hill complex; orange
regions represent volcanic complexes related to Soufriere Hills. Red lines represent main
faults in the region. Focal mechanisms 1 and 2 are from Miller et al. (2010). Focal mecha-
nism 1 shows normal faulting with NE extension; representation of dyke propagation; focal
mechanism 2 shows WNW extension which can be interpreted as dyke inflation.
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5.9 Conclusion

Relocating the seismic catalogue on Montserrat with the new methodology determined in
Chapter 4 has been shown to reduce location errors compared to MVQO’s current method-
ology, ultimately improving the accuracy of the earthquake locations. The majority of
relocated hypocenters have errors less than 5 km, with 75% having errors less than 2.5 km,
greatly improving the number of earthquakes that can be used for interpretation. Reloca-
tions show new patterns in seismicity during Phase 1 where four distal clusters have been
previously identified by Aspinall et al. (1998); Miller et al. (2010). Relocations show a
total of 12 distal clusters during 1995-1996, with statistical similarities in locations shown

between several clusters.

A distal cluster under St George’s Hill had previously been thought to be a result of stress
changes from a magmatic intrusion under Soufriere Hills Volcano triggering pre-existing
fault structures or disturbing the local hydrothermal system (Aspinall et al., 1998; Miller
et al., 2010; White and McCausland, 2016). However, relocations show a temporal trend
in seismicity with hypocenters migrating from the flanks of Soufriere Hills Volcano towards
St George’s Hill over a 2 day period. Comparing this with focal mechanisms suggest that
this distal cluster could be interpreted as an inflating and propagating dyke towards St
George’s Hill. This could suggest that St George’s Hill could have been an eruption site,

but the magma was stalled and later erupted beneath Soufriere Hills Volcano.

Previous research looking at St George’s Hill and other distal clusters had to exclude several
earthquakes due to large associated location errors (Roman et al., 2008). Improving the
methodology resulted in lower location errors, increasing the number of earthquakes used
for interpretation. Relocations also refined results, allowing more detail in location trends
to be shown. This has altered our interpretations for several time periods throughout the
eruption, and in future may be used to improve early hazard assessment. An example of this
was the recorded seismicity towards NE on the 56" August 1995; Aspinall et al. (1998)
proposed that there was a migration of seismicity to the SW towards Soufriere Hills, but
Roman et al. (2008) discounted this due to large hypocenter errors. Relocations confirm
this trend to be real when using hypocenters with errors less than 1.5 km, as a larger

proportion of earthquakes during this time period now have smaller errors.
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Differing interpretations shows the importance of testing the method used for locating
earthquakes and should be applied at systems elsewhere. It is important to understand
how the location method and models that are currently being used operate, and how well
they perform at locating earthquakes in that region. Do the calculated errors represent the
actual accuracy of outputted locations, and is there an alternate location method that may
be more suited for this environment? Ultimately, this should be tested and improved at each
location so that seismic catalogues are updated. It is likely that several observatories are
using outdated methodologies, and improvements to the location methods and catalogues

would result in additional understanding of the volcanic systems in the region.



Chapter 6

Case Study: Impact of Arrival Times

on Earthquake Locations

6.1 Introduction

Relocation of the seismic catalogue from 1995 to 2018 in Chapter 5 highlighted differences
in hypocentres between original and relocated locations. Relocations used the Rowe et al.
(2004) velocity model with the NonLinLoc location method; this setup has been shown to
reduce errors and improve the accuracy of locations (Chapter 4). A cluster of earthquakes
extending to the SE was found in Section 5.6 in the days leading up to the Vulcanian
explosion on the 29*" July 2008. This was not shown as clearly with MVO locations;
however, an MVO report suggested an alignment of hypocenters to the SE (MVO, 2008).
Other analyses have not interpreted this alignment of hypocenters due to large location

errors (Rodgers et al., 2016)

The majority of relocated earthquakes show large longitude errors, with most events having
only four P wave arrival times (using four seismic stations). As a result, most of the
earthquakes that extended to the SE were removed before the results could be interpreted.
Arrival times were repicked for all earthquakes from the 215 to the 31%¢ July 2008 inclusive.
Due to the low number of arrival time picks, the aim was to investigate whether additional
arrival times reduced location errors. The hypothesis is that the repicked dataset (with
additional arrival times) would result in either reduced errors or a change in location,
suggesting the previous pattern to the SE was false. Reducing the calculated errors of

located earthquakes allows for better confidence in interpretations, and could add to the

208
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understanding of volcanic processes during this time period.

Hence, this chapter aims to improve the accuracy of located earthquakes during the time
period of 215 to 315 July 2008. First synthetic earthquakes are used to understand how
using only four seismic stations for arrival times impacts locations, and how this affects
calculated errors. The time period is then repicked for additional arrival times, and relo-
cated using the method calculated in Chapter 5 to compare locations and associated errors.
Finally, these locations are used to to understand the volcanic system in the lead up to the
Vulcanian explosion, and to see if the seismicity recorded in the SE is still present, and if

not, how this may change our interpretations. All times and dates of events are in UTC.

6.1.1 Seismicity prior to the 29" July Vulcanian Explosion

Located Earthquakes

2008-07-21  2008-07-23  2008-07-25  2008-07-27  2008-07-29

Figure 6.1: Top figure: Time plot of the number of located earthquakes per hour from
the 21°¢ to 30" July 2008. Red line represents time of Vulcanian explosion(UTC). Bottom
figure: Number of recorded earthquakes detected by MVO, bins are separated per hour.
Both plots show all types of seismicity.

An increase in VT seismicity, including several VT swarms, was recorded from the 27"
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April to the 2"? May, prior to a Vulcanian explosion on the 29" July 2008 at 03:32 UTC
(Figure 5.56). This marked the restart of dome growth and the beginning of extrusion for
Phase 4a (MVO, 2008; Rodgers et al., 2016). More information of the eruptive phases is
described in Section 1.4. A total of 1919 earthquakes were recorded by MVO from the
215! to the 31 July inclusive, with seismicity levels peaking on the 28" July (Figure 6.1).
The Vulcanian explosion was one of the largest explosions recorded by volume of ejected
material, with a plume reaching 12 km height (Cole et al., 2014b; MVO, 2008). Several
VT swarms and ash venting episodes were recorded from April to July 2008 (Cole et al.,
2014a,b; MVO, 2008); this coincided with a strong decrease in recorded gas flux (Nicholson
et al., 2013). Lava extrusion at the surface was not observed until later in August 2008

(Rodgers et al., 2016).

From the 13" May to the 26! July there was a series of small explosions from Gages wall
vent alongside ash venting (MVO, 2008). VT seismicity was predominantly recorded in the
first few days from the 21526 July, before being replaced by mostly hybrid events, and
finally LP events that were dominant for a two-day period (De Angelis, 2009; Rodgers et al.,
2016). VT seismicity was located by MVO at 1.6-3.9 km beneath the summit near Gages
vent on the 21%¢, before migrating 2 km directly below the summit on the 24*-26!*. MVO
hypocenters from April-August show a cluster beneath the summit to depth of 3.5 km with
a NW-SE alignment (Figure 5.59).

6.1.2 The effect of arrival times on error

An increase in the number of arrival time picks is thought to improve constraints on earth-
quake locations and help to reduce calculated errors (alongside other factors such as station
distribution) (Zhang et al., 2020). Figure 6.2 shows the number of arrival time picks against
error for all earthquakes from 1996-2018. Errors are calculated in NonLinLoc; more infor-
mation on how these errors are calculated is shown in Section 4.2.4. A slight negative
correlation between the number of arrival picks and error is recorded, with correlation co-
efficients for X, Y and Z error of: -0.4653, -0.3291, and -0.3035 respectively. The Pearson
correlation coefficient was used, which is a measure of the linear dependence between the
calculated error and number of phases used. These all show a weak negative correlation,

suggesting a decrease in error with more arrival time picks. Median values for the X, Y,
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and Z error for each number of arrival time picks is shown in Table 6.1; a steady decrease
in error is shown up to 12 arrival time picks, with errors then starting to increase slightly

with the addition of more arrival times.

Comparison of Number of Arrival Picks on Calculated Error

Number of Arrival Picks
L
L]
L
Number of Arrival Picks
MNumber of Arrival Picks

"

a 5 10 15 20 a 5 10 15 20 a 5 10 15
X Error (km) ¥ Error (km) Z Error (km)

Figure 6.2: Number of arrival times (P and S waves) against the calculated error for X,
Y and Z. These are current errors calculated by NonLinLoc for earthquake hypocenters
calculated from 1996-2018.

Errors also vary with different types of seismicity. Several types of earthquakes are recorded
on Montserrat, including Volcano-Tectonic, Long Period and Hybrid earthquakes; classi-
fications for different types of seismicity are shown in Section 2.1. The range in errors
for each type of seismicity is shown in Figure 6.3; these are the range in errors for each
seismicity type during the July 2008 period when using the original MVO locations. VT
earthquakes have relatively small errors under 2 km, whereas in general LP earthquakes
have larger errors of 2—4 km. Hybrid seismicity is more varied, with errors mostly less than
2 km but with some peaks at 4 km error, similar to that seen with LP. One reason that the
errors are larger with LP earthquakes is that these are harder to pick due to their emergent
onsets. There is a bimodal error distribution which is particularly seen for LP and Hybrid
events; this is due to the low number of arrival times used for some events, that result in

large calculated errors, causing the second peak in large error.
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Arrival Picks | X Error (km) | Y Error (km) | Z Error (km)
4 3.89 2.16 3.49
) 2.23 2.12 1.81
6 2.22 2.05 1.79
7 1.95 1.76 1.76
8 1.65 1.56 1.61
9 1.60 1.48 1.59
10 1.21 1.22 1.40
11 1.12 1.12 1.34
12 0.82 0.85 1.19
13 0.81 0.89 1.27
14 0.95 1.03 1.35
15 0.86 0.90 1.30
16 0.88 0.97 1.32
17 0.93 0.98 1.34
18 0.93 0.95 1.31
19 0.83 0.98 1.22
20 1.12 1.14 1.38

Table 6.1: Table showing median values for the X, Y and Z error with different number of
arrival picks.
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Figure 6.3: Histogram showing the X, Y and Z error distribution for each type of seismicity
with original locations computed by MVO. Blue = VT, red = LP, Yellow = hybrid.
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6.2 Methodology

6.2.1 Picking Arrival Times

Earthquakes were picked for P and S arrival times using the plot function in Seisan. For
each earthquake window (predefined by the trigger in Farthworm), this plots all three com-
ponents for each station allowing the P and S wave to be picked together. Arrival times
were noted as emergent or impulsive P/S waves with a weighting of 0—4 being assigned to
each pick, where 0 is best and 4 is poor. Both NonLinLoc and Hypocenter use pick weight-
ings in the location algorithm. A low frequency filter was not applied to the waveforms
due to the majority of LP seismicity being between 0.2-3Hz, which would impact picking
arrival times. Figure 6.4 shows an example of an event on the 27" July 2008 at 08:36 at
station MBGB. The P wave was picked by MVO, but no S wave was picked at this event.
The example of the S wave pick is displayed in blue. Some events had no arrival picks for

the P wave at certain stations, and so these were picked where possible to do so.
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Figure 6.4: Example of waveform for an event on the 27"" July. Emergent P wave is shown

in red, with additional S wave picked in this study.
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During the peak in seismicity on the 27-28* July a lot of events only had four arrival time
picks; this was likely a result of MVO having a limited amount of time during this time
period. Another factor that may have influenced the number of arrival times picked in
these 2 days was the emergent onset of LP earthquakes, which make the S wave less clear
to pick. A lot of earthquakes had P wave arrival times picked at four stations: MBFR,
MBBY, MBWH and MBGH. The network in July 2008 had nine stations that were active
throughout, and therefore earthquakes during this time period had the potential for P and
S wave arrivals to be picked at other stations. The impact of using only four P wave arrivals

is looked at in detail in Section 6.3.

6.2.2 Comparison of S wave arrival

There were difficulties in picking the S wave for some earthquakes. The short distance
between seismometers and predicted source (volcano) would suggest a P—S delay of 1-2
seconds. However, there was a clear increase in amplitude similar to the S wave at 56
seconds. In some cases this was the only clear increase in amplitude recorded on the E/W
components, and at other events an additional peak in amplitude was recorded around 1-2
seconds. This led to some issues of whether this was an S wave or a S-P conversion (this
could be triggered when the seismic wave passes through an area of melt); examples are
seen in Figure 6.6. Additionally, sometimes the S wave was hard to pinpoint exactly due to
the emergent nature of the LP earthquakes; as a result it was difficult to be sure whether

to include these picks at low quality or to not include them at all.

To compare the importance of including the poor quality S waves, a subset of 10 LP
earthquakes were used to compare how errors and locations varied when including these for
locations. For example, does including lower quality S wave picks result in lower accuracy
locations? Three different variations in earthquake picks were tested: 1) all visible S waves
picked, 2) only very clear S waves picked, and 3) no S waves picked. This subset was located

in NonLinLoc to compare how locations and errors differed.

This showed that excluding S wave arrival picks resulted in errors over 5 km for most
earthquakes. Locations and calculated errors are shown in Figure 6.5. Picking only very
clear S waves reduced the error, but still resulted in high errors of 4-5 km that would

not be included in the threshold for interpretation. Picking all the S waves (including low
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precision picks) resulted in the majority of hypocenters with low errors; however, this also
produced a handful of hypocenters with large hypocenter errors. It was decided that having

the majority of located earthquakes with small errors was more beneficial, and therefore it

was decided to pick all visible S waves at each event.
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Figure 6.5: Comparison of relocations from three variations of S phase picks which have
been included in determining the location, further explained in section 6.2.2. Error bars
represent calculated hypocenter errors. Yellow = no S waves, Blue = only some S waves,
Red = all S waves picked; see text for further explanation.
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Figure 6.6: Example of waveform for an event on the 27** July at 13:47. Emergent P wave
is shown in red, with two different S wave picks shown in blue - comparison between where
to pick the S wave.
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6.3 Synthetic Results

During the time period 215 to 28" July, four main stations were used when seismicity
was heightened due to time restrictions and to facilitate earthquake location in real-time,
these were: MBFR, MBBY, MBWH and MBGH (Figure 2.5). A synthetic grid was used to
relocate the earthquakes using arrival times from the four stations; the synthetic grid and
setup of arrival times can be found in Section 4.2.1. Relocating the synthetic grid using only
four arrival times gives an indication of how locations are affected by comparing original

synthetic locations with relocations, and looking at the calculated hypocenter errors.

The aim is to understand how well we can trust earthquakes that were originally located
using four P phases (accounting for over 1100 earthquakes during this time period), and if
locations can be improved by the addition of an S phase at the four seismic stations used.
A synthetic earthquake is ‘trusted’ if the change in location between original and relocated
location is within the calculated hypocenter error (Section 4.2.3); this suggests that we
have high confidence in the accuracy of the earthquake’s location. Relocations of synthetic
earthquakes first compared using only P phases, before looking at the impact of adding S
phases for location. Relocations all use NonLinLoc with the Rowe et al. (2004) velocity

model.

6.3.1 Change in Location

Change in location is defined as the difference in X, Y or Z location from the original
synthetic location to the relocated location, more information on this is shown in Figure
4.4. Overall there are relatively small changes in location, with the majority of synthetic
earthquakes showing less than 0.3 km change in location when using P and S phases (Figure
6.7 and 6.8). When using P phases only, there are some areas of Montserrat that show
changes in location greater than 3 km, with this being higher for the X location. Figure 6.9
shows the direction and magnitude of change in location for the relocated earthquakes at all
depths. When using P waves only, there is a strong change in location to the SW at depths
0-3 km. When including S phases this becomes more varied at each depth, with more events
being located more NE and SW at each depth, with more variation in direction. Southern

Montserrat has smaller changes in location, compared to north Montserrat, especially at
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depths shallower than 5 km bsl.

Change in X Location
P 3km

Change in X Location (km)

Figure 6.7: Change in X location (km) for each depth when using P waves only, and when
using P and S waves for earthquake location.

Change inY Location

1880

Change in Y Location (km)

1855

1850

Figure 6.8: Change in Y location (km) for each depth when using P waves only, and when
using P and S waves for earthquake location.

The change in depth is relatively small across the majority of Montserrat when depths
are less than 3 km. At depths greater than 5 km the relocated earthquakes tend to have a
greater change in depth across the majority of the island for both P and PS wave relocations
(Figure 6.10). The addition of the S phase in relocation reduces the change in depth

location, especially at greater depths.
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Change in Depth Location
P 1km P 3km

Change in Z Location (km)

Figure 6.10: Change in Z location for each depth when using P waves only, and when using
P and S waves.
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6.3.2 Hypocenter Error

Calculated hypocenter errors for the synthetic earthquakes are greatly reduced when in-

cluding four S phases (Figure 6.11, 6.12, 6.13).

Computed hypocenter errors are large when using only four P phases for location (Figure
6.11, 6.12, 6.13). The X error has the highest values, with an average error of 8 km; this is
across all depths, with a slight increase in average X error at 10 km depth. The Y error is
also large at shallow depths, but reduces with increasing depth to errors of 6 km across the
island. This is likely a result of station coverage, as there is a greater spatial coverage in the
Y location compared to the X location. Z (depth) errors are also large across all depths,
with only a slight reduction in error at depths greater than 3 km. Hypocenter errors for the

synthetic earthquakes is greatly reduced when including four S phases in the relocation.

Using four P phases has a significant impact on the accuracy of location, and results in
locations with errors too large to use for interpretation across the majority of the island. As
seen in the example of July 2008 this results in locations that would not pass data quality,
and can provide a misleading interpretation if used. The importance of including S phases
at each station can have a drastic effect on overall location and errors, however this is not

always possible, especially for LP seismicity.
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Figure 6.11: Error in X Location at each depth tested. P correspond to P wave arrivals
only at all four stations, and PS corresponds to P and S wave arrivals at all four stations.
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Error in Y Location
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Figure 6.12: Error in Y Location at each depth tested. P correspond to P wave arrivals
only at all four stations, and PS corresponds to P and S wave arrivals at all four stations.
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Figure 6.13: Error in Z Location at each depth tested. P correspond to P wave arrivals
only at all four stations, and PS corresponds to P and S wave arrivals at all four stations.
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6.3.3 Error Testing

Error testing is defined in Section 4.2.3, and is used to determine which synthetic earth-
quakes relocate back to their original location within the calculated error for that event.
Results show a high percentage of trusted locations (Figure 6.14, 6.15, and 6.16). This
shows that the program is calculating errors that are representing the location of the earth-
quake, improving our confidence in locations. However, having a good percentage of trusted
earthquakes does not mean an accurate location, and this needs to be looked at alongside
the calculated errors. The majority of locations have errors greater than 7 km when using P

phases only, so although the results are trustworthy, we still have low accuracy in locations.

Trusted Z locations at 5 km shows a high percentage of untrusted events compared to
other depths (Figure 6.16). This could be a result of located earthquakes being stuck on
velocity model layers at this depth during the location algorithm; earthquakes are relocated
to depths mostly around 1-2 km for this period, which corresponds to a velocity boundary
in the Rowe velocity model. Calculated errors are small, and hence results are not being
trusted as well. Locations in the SE are mostly trusted, suggesting that we would have
a high confidence in the pattern of earthquake locations recorded in July 2008. However,
once we include the calculated errors for earthquakes in that time period, it can be seen

that these are quite large, and hence cannot confirm the presence of a SE trend.
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Test for Change in X Location
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Figure 6.14: Errorcheck for the change in X location at each tested depth. P correspond to
P wave arrivals only at all four stations, and PS corresponds to P and S wave arrivals at all
four stations. Green represents a trusted location, blue represents an untrusted location.
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Figure 6.15: Errorcheck for the change in Y location at each tested depth. P correspond to
P wave arrivals only at all four stations, and PS corresponds to P and S wave arrivals at all
four stations. Green represents a trusted location, blue represents an untrusted location.
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Figure 6.16: Errorcheck for the change in Z location at each tested depth. P correspond to
P wave arrivals only at all four stations, and PS corresponds to P and S wave arrivals at all
four stations. Green represents a trusted location, blue represents an untrusted location.
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6.3.4 Station Weighting

The station weighting is calculated by NonLinLoc when locating each earthquake. For the
Equal-Differential Time (EDT) method (Section 3.3.4), the station weighting is calculated
for each earthquake, and is based on the contribution of the arrival times to the maximum
likelihood solution (point of highest PDF). This means that the EDT location method is
capable of removing outliers in arrival times; this was shown during the testing of the S
phase, where it would weight an S wave arrival time with a 5-6 seconds P—S delay at 0.
Comparing the station weighting for each relocated earthquake can give an indcation if

certain stations are constantly being weighted higher or lower.

Table 6.2 shows that stations MBWH and MBFR are on average weighted higher than
MBBY and MBGH, although standard deviations are lower for these stations suggesting
less range in weighting. There is not much difference in station weighting at each location,
with values mostly being around 1 across the island (Figure 6.17). Stations MBFR and
MBBY are weighted lower for the earthquakes in the NW and NE of the island respectively,
whereas MBWH and MBGH are weighted lower in the NW and SW. This is a result of
the seismic stations location, with a lower weighting being applied for earthquakes further

away from the seismic station.

MBFR MBBY MBWH MBGH
0 km | 1.0031 £ 0.0486 0.9835 £ 0.0658 1.0147 £ 0.0542 0.9987 £ 0.0650
1 km | 1.0021 £ 0.0355 0.9858 + 0.0452 1.0110 £ 0.0601 1.0012 +£ 0.0354
3km | 1.0029 £ 0.0301 0.9858 £ 0.0335 1.0131 £ 0.0261 0.9982 £ 0.0275
5km | 1.0044 £+ 0.0245 0.9871 £ 0.0330 1.0120 &+ 0.0251 0.9965 £ 0.0285
10km | 1.0075 £+ 0.0230 0.9856 &+ 0.0343 1.0128 £ 0.0285 0.9942 £ 0.0302

Table 6.2: Means and standard deviations of each station weighting when using P waves

only for each depth. Station weighting is calculated for each earthquake.
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Figure 6.17: Figure showing the station weighting for each location at each station when
using P waves only for 0 km depth. These weightings are calculated by NonLinLoc for each
station for each earthquake. Image on right shows a tighter scale to show any variation
across the island
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6.3.5 One S Phase

The synthetics in the prior section looked at the addition of an S phase at all four stations,
where in reality this would be unlikely. This section compares using P phases with the
addition of one S phase (tested at each station iteratively) to see how this improves location

and errors. This is later compared with the addition of two S phases in Section 6.3.6.

Change in location for X and Y locations is similar for all four variations of one S phase,
with small regions having changes greater than 2 km (Figure 6.20 and 6.21). Changes in
location are seen to generally increase in depth, especially for the X location, whereas the
Y location shows an overall increase in location change, but a reduction in areas based on
the station used. Figures 6.18 and 6.19 shows the direction in change in location for each
configuration and at each depth. At depths greater than 1 km the direction in change in
location is very similar across all configurations, with only events at 0 km depth showing
a variation between stations. S phases picked at stations MBFR and MBWH show similar
orientations with a peak to the SW at greater depths, whilst stations MBBY and MBGH

have a more general scatter.

However, the calculated errors are still large, and show similar results to using four P
phases. The X, Y and Z errors all show a similar pattern with an increase in error with
depth, with the X errors most affected (Figures 6.23, 6.24 and 6.25). At depths greater than
5 km the majority of southern Montserrat has calculated errors greater than 7 km. At 0
and 1 km depth there is some variation between different stations. When using MBFR and
MBBY stations for an S phase pick, there is more error to the west of the island compared
to the other configurations. Both of these stations are the most southerly, and hence could

increase errors further north.
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Figure 6.19: Figure 2 of 2. Vector plot showing the direction and magnitude of change in location at each depth when using one S Phase for synthetic
location . There is no scale for the magnitude (length of the vector) due to each subplot being made independent of each other, and hence the length
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Figure 6.20: Change in X Location at each depth tested, when using one S wave from each
of the four Seismic Stations.
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Figure 6.21: Change in Y Location at each depth tested, when using one S wave from each
of the four Seismic Stations.



232

Chapter 6. Case Study: Impact of Arrival Times on Earthquake Locations

MBFR 0 km MBFR 1 km MBFR 5 km MBFR 10 .
1860 1860 1850 [LNIEE
1855 1855 1855
1850 1850 1850
1845 1845 1845 fy 5
580585 590 580585 590 580585500
MBEBEY 0 km MBEY 1 km MBBY 10 km —_
1860 1860 p :‘Fl 5
1855 1855 : =
1850 1850 2
1845 1845 §
580 585590 580 585590 580 585580 580 585580 —
MEWH 0 km MEWH 1 km MEWH 3 km MEWH 10 km 1= ':‘:'
1860 1860 p Bl odf | 1850 [N | @
1855 1855 1 1855 >
1asui 1850 1850 E
! LI |
1845 1845 1845
580585 590 580585 590 580585580 580585500
MBGH 0 km MBGH 1 km MBGH 3 km MBGH 10 km
1860 1860 p T;"Fl 1860 c 1860 AN . 0
1855 1855 1855 1855
1850 1850 1850 1850
1845 1845 1845 1845 N

560 585590

Change in Z Location (km): 1 S Phase

560 585590

580 585590

580 585590

580 585590

Figure 6.22: Change in Z Location at each depth tested, when using one S wave from each
of the four Seismic Stations.
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Figure 6.23: Error in X Location at each depth tested, when using one S wave from each
of the four Seismic Stations.
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Figure 6.24: Error in Y Location at each depth tested, when using one S wave from each
of the four Seismic Stations.
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Figure 6.25: Error in Z Location at each depth tested, when using one S wave from each
of the four Seismic Stations.
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6.3.6 Two S Phases

The synthetic earthquakes were then relocated using P phases with two additional S phases
to test if this improved locations compared to using one S phase. This was tested in pairs

so that each combination in stations could be compared, the following annotation was used:

e 25-1: MBFR + MBBY
e 25-2: MBWH + MBGH
e 25-3: MBFR + MBGH
e 25-4: MBBY + MBWH
e 2S5-5: MBFR + MBWH

e 25-6: MBBY + MBGH

Change in location is small for all depths and station configurations, shown in Figure 6.28,
6.29 and 6.30. However, this has been reduced slightly compared to when including one S
phase. The direction of changes in location varies a lot between different configurations and
at each depth, suggesting that there is not a dominant change in location that is occurring
from using a particular set of stations (Figures 6.26 and 6.27). In general, there is an
increase in magnitude of changes in location in southern Montserrat with an increase in

depth.

Very large errors were computed when including one S phase, reaching 10 km in some
regions of Montserrat. Including two S phases reduced hypocenter errors, with the majority
of earthquakes having errors less than 6 km (Figure 6.31 and 6.32). This improves at greater
depths, with errors lower than 3 km. The X, Y and Z error show similar results at greater
depths, but the Z error is more affected by the station configuration at depths of 0 km
(Figure 6.33). For the X and Z error, an addition of an S phase at station MBFR, greatly
increases errors around Soufriere Hills at 0 km depth. This is shown in all three of its
pairings. When not using this station, there is very little anomaly in this region. Station
MBFR is located in southern Montserrat, and is one of the few stations in this region. We
would expect the additional network coverage to aid locations in this region, but this is not

the case.
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Change in Location: Two S Phases
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Figure 6.26: Figure 1 of 2. Vector plot showing the direction and magnitude of change in
location at each depth when using two S Phases for synthetic location. There is no scale
for the magnitude (length of the vector) due to each subplot being made independent of
each other, and hence the length is used for relative comparison. Magnitudes for changes
in location are shown in Figures 6.20 and 6.21. 25-1: MBFR + MBBY; 25-2: MBWH
+ MBGH; 2S-3: MBFR + MBGH; 25-4: MBBY + MBWH; 25-5: MBFR-MBWH; 2S-6:
MBBY + MBGH.
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Change in Location: Two S Phases
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Figure 6.27: Figure 2 of 2. Vector plot showing the direction and magnitude of change in
location at each depth when using two S Phases for synthetic location. There is no scale
for the magnitude (length of the vector) due to each subplot being made independent of
each other, and hence the length is used for relative comparison. Magnitudes for changes
in location are shown in Figures 6.20 and 6.21. 2S-1: MBFR + MBBY; 2S-2: MBWH
+ MBGH; 25-3: MBFR + MBGH; 25-4: MBBY + MBWH; 2S-5: MBFR-MBWH; 2S-6:
MBBY + MBGH.
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Change in X Location (km): Two S Phases
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Figure 6.28: Change in X Location at each depth tested, when using one S wave from each
of the four Seismic Stations.2S-1: MBFR + MBBY; 25-2: MBWH + MBGH; 25-3: MBFR
+ MBGH; 2S-4: MBBY + MBWH; 2S-5: MBFR-MBWH; 25-6: MBBY + MBGH.
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Figure 6.29: Change in Y Location at each depth tested, when using one S wave from each
of the four Seismic Stations.2S-1: MBFR + MBBY; 25-2: MBWH + MBGH; 25-3: MBFR
-+ MBGH; 25-4: MBBY + MBWH; 2S-5: MBFR-MBWH; 25-6: MBBY + MBGH.
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Figure 6.30: Change in Z Location at each depth tested, when using one S wave from each
of the four Seismic Stations.25-1: MBFR + MBBY; 25-2: MBWH + MBGH; 25-3: MBFR

+ MBGH; 2S-4: MBBY + MBWH; 25-5: MBFR-MBWH; 2S-6: MBBY + MBGH.
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Figure 6.31: Error in X Location at each depth tested, when using two S phases from
different seismic stations. 25-1: MBFR + MBBY; 25-2: MBWH + MBGH; 2S-3: MBFR

+ MBGH; 2S-4: MBBY + MBWH; 25-5: MBFR-MBWH; 2S-6: MBBY + MBGH.
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Figure 6.32: Error in Y Location at each depth tested, when using two S phases from
different seismic stations. 25-1: MBFR + MBBY; 25-2: MBWH + MBGH; 2S-3: MBFR
+ MBGH; 25-4: MBBY + MBWH; 2S-5: MBFR-MBWH; 25-6: MBBY + MBGH.
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Figure 6.33: Error in Z Location at each depth tested, when using two S phases from
different seismic stations. 2S-1: MBFR + MBBY; 2S-2: MBWH + MBGH; 2S-3: MBFR
+ MBGH; 25-4: MBBY + MBWH; 2S-5: MBFR-MBWH; 25-6: MBBY + MBGH.
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6.3.7 Discussion of Synthetic Data

Using only four P wave arrivals resulted in large errors across Montserrat; this leads to low
accuracy locations that can not be used for interpretation and further analysis. However,
there are very small changes in locations recorded with the synthetic data, which suggests
that the accuracy could be better than the errors suggest. When using an S phase arrival
in the synthetic relocations, errors more closely matched changes in location, removing
the overestimation in calculated error that was seen when using P phases only. Although
it is better for the program to overestimate the error than underestimate it, it can be
problematic for interpretation as this can result in some earthquakes being removed during

data quality that may have accurate locations.

The addition of S wave arrival times reduces X, Y and Z errors (Table 6.3); this also reduced
the standard deviation and the average errors, meaning that a greater proportion of events
have small errors. Including two S phases has the greatest impact on reducing errors, and
brings the average errors below 3 km, which means they can be included for interpretation.
An error cut-off of 3 km was chosen for interpretations due to this allowing a good proportion
of events to be used, without severely impacting the number of earthquakes used for analysis.
Where possible, any trends that are shown with 3 km are checked at a tighter confidence
of errors less than 1.5 km to confirm that the trend is real. This demonstrates the value of

spending more time during picking to make sure S phases are included where possible.

An increase in error near Soufriere Hills Volcano is recorded when using station MBFR;
this has a negative impact on locations when using only four seismic stations. However, it
is important to note that MVO had the resource to use more than four seismic stations,
and so this anomaly with MBFR would need to be tested with a full configuration to see
if this still shows the same impact on locations. Roman et al. (2008) and Shearer (2009)
suggests that events located outside of the seismic network have large horizontal errors;
this is shown with the synthetic data but also with the July 2008 data which had large

horizontal errors for most events located in the SE.
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X Error (km)
AllP | 1S | 2S |4S

Median 749 16.28 | 3.19 | 1.29
25th Percentile 6.29 5.21 | 2.27 | 0.64
75" Percentile 9.01 | 7.52 | 4.23 | 2.07
Mean 7.70 | 6.38 | 3.38 | 1.46

Standard Deviation | 1.96 1.99 | 1.56 | 0.96

Y Error (km)
AlP | 1S |2S |4S

Median 5.93 | 5.72]2.28 | 0.99
25" Percentile 5.20 | 4.74 | 1.72 | 0.53
75" Percentile 7.82 | 6.43 | 3.24 | 1.29
Mean 6.65 | 5.69 | 2.69 | 1.04

Standard Deviation | 1.96 1.70 | 1.51 | 0.67

Z Error (km)
AIlP | 1S |2S |4S

Median 7.17 | 6.01 | 2.85 | 1.37
25" Percentile 6.29 | 4.71 | 2.08 | 0.72
75t Percentile 7.84 | 6.93 | 3.94 | 2.27
Mean 7.03 | 5.77 | 3.18 | 1.65

Standard Deviation | 1.44 1.65 | 1.65 | 1.19

Table 6.3: Mean, Median, standard deviation and 25" and 75" percentiles for different
variation of S phases included in relocations. All statistics tests include all depths and each
variations of 1 and 2 S phases.
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6.4 Analysis of Repicked Earthquakes

All earthquakes from the 21¢ July to the 315! July were repicked for P and S wave arrivals
at all available stations; these were then relocated in NonLinLoc using the EDT location
method with the Rowe seismic velocity model. All available P and S repicked phases were
used in relocation; more information on the number of phases used for the relocation is
shown in Section 6.4.1. The following sections compare the differences in locations when
using the original dataset and the repicked locations to understand how this alters inter-

pretations during this time period.

6.4.1 Arrival Times
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Figure 6.34: Number of arrival picks per earthquake with original MVO picks (blue) and
the repicked dataset from this study (red). This is for all types of seismicity.

Figure 6.34 shows the number of arrival time picks (P and S) per earthquake for the original
dataset (MVO) and the repicked dataset in this study. MVO picks show the majority of
events to have only four arrival time picks, with these being P wave phases at the four
stations tested in Section 6.3. Repicking the dataset for additional arrival times has given

a gaussian distribution in arrival picks, with the majority of earthquakes having over 10
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arrival time picks. This includes a mixture of P and S phases on several of the stations.
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Figure 6.35: Number of arrival picks per earthquake with original MVO picks (blue) and
repicked dataset from this study per type (red)

LP seismicity dominated this time period; these have emergent S wave arrivals which are
more difficult to pick, and hence normally have a low number of arrival time picks associated
per event. Figure 6.35 shows the number of arrival time picks for each type of seismicity.
VT earthquakes show a shift in the number of phases used, with no VT earthquake having
fewer than four arrival time picks, where around 25% of events had under 8 picks previously.
LP and hybrid earthquakes both had a large proportion of earthquakes with four arrival
times. Both now show a more distributed variation in the number of arrival time picks,
with few events having four phases used for location. In general, LP earthquakes have a

lower number of picks, but this is to be expected due to the difficulty in picking the S wave.
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6.4.2 Comparison of Original and Repicked Locations
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Figure 6.36: Relocation of earthquakes in NonLinLoc using the original data located in
NonLinLoc (blue) and the repicked data located in NonLinLoc (red). Earthquakes plotted
with errors less than 5 km

A total of 1818 earthquakes were originally located in NonLinLoc during the analysis in
Chapter 5. After the earthquakes were repicked for P and S wave arrivals, a total of
1884 earthquakes were relocated; this increase is due to some earthquakes now having
additional arrival times to be used for relocation. Figure 6.36 shows the original and
repicked NonLinLoc locations (note the original locations are those calculated in Chapter
5, and not those computed by MVO). Original NonLinLoc locations show seismicity that
extends out to the SE, following the orientation of faults in the region. The repicked
locations are tightly clustered around Soufriere Hills Volcano, with only a few earthquakes

located in the SE quadrant (Figure 6.36). Depth is further constrained at 1 km asl to 3 km
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bsl, similar to seismicity during other phases in the eruption.

A comparison of type of seismicity for the original and repicked NonLinLoc locations is
shown in Figure 6.37. LP earthquakes were responsible for the majority of earthquakes
located in the SE in the original dataset; these have relocated to beneath the summit.
LP earthquakes had the most drastic change in locations, and this is likely a result of
the addition of arrival times to these earthquakes; the addition of S phases was shown to
improve locations in Section 6.3. There is also less clustering of earthquakes at the top of

the velocity model with the repicked dataset, compared to the original NonLinLoc locations.
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Figure 6.37: Location of earthquakes with errors less than 5 km located in NonLinLoc
coloured by type of earthquake. Left figure is original arrival picks, and right figure is
locations with repicked dataset. Red = LP, Blue = VT, Yellow = Hybrid

Calculated Error

The main issue with the original NonLinLoc locations were the large errors associated with
the majority of locations. This was shown to be a result of a low number of arrival times,
and a low number of S phases when using only four stations. The addition of P and S phases
has reduced the calculated X, Y and Z errors for the majority of earthquakes, as shown
in Figure 6.38. A clear reduction in error is seen with the repicked NonlLinLoc locations,

with the majority of X and Y errors being less than 1 km, and Z error under 1.5 km. The
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original data showed an increase in the number of earthquakes with errors at 4 km for the
X and Z location; these have been removed with the repicked dataset. There is a small
increase in large errors above 5 km for the reanalysed data up to 10 km; this is likely a
result of incorrect S wave arrival times being picked. This was expected from the trials in

Section 6.2.2, but overall repicking arrival times has had a positive impact on locations.
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Figure 6.38: Histograms showing the range of errors throughout the research period for the
original data and the repicked dataset. Navy — hypocenter errors from original NonLinLoc
locations computed in Chapter 5; Red — hypocenter errors from repicked dataset in this
chapter, relocated with NonLinLoc.
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6.4.3 Comparison of NonLinLoc locations with Hypocenter Locations

MVO currently use Hypocenter with the MVO seismic velocity model to locate earthquakes.
As aresult, it was decided to compare how locations would change with the repicked dataset
if using the location methods used by MVO, as this would display the changes MVO would
have for interpretation if they had had more time for picking arrival times during this
period. A higher impact in the number of located earthquakes was seen with Hypocenter,
with 1880 earthquakes relocated compared to an original 1594 located earthquakes. This
is due to Hypocenter’s limitation that the program is unable to locate earthquakes using

only three seismic stations.

Figure 6.39 shows the hypocenters for each relocation using the original and repicked dataset
in both Hypocenter (with the MVO model), and NonLinLoc (with the Rowe model). Earth-
quakes in the SE were shown with Hypocenter locations, but with less events being located
in this region compared to NonLinLoc original locations. This difference in the number
of earthquakes in the SE region was due to events here having only four arrival times as
most were LP events, and hence Hypocenter would be unable to locate these. The errors
for these events were very high for both Hypocenter and NonLinLoc, and so would not be

used in interpretation.

The repicked Hypocenter locations have a slight pattern to the NE (Figure 6.39), following a
similar trend recorded in 1995 by Miller et al. (2010). Repicked Hypocenter locations show
more earthquakes to the east than NonLinLoc relocations, but overall have the majority
of events centred around Soufriere Hills Volcano. Figure 6.39 shows the locations for all
earthquakes relocated, and hence may include earthquakes with very large errors that would

normally be removed during data processing.

Figure 6.40, 6.41 and 6.42 show the latitude, longitude and depth locations for all four
relocations. Original NonLinLoc locations show a spread in latitude and longitude locations
from the 27" July; this is mostly removed when using the repicked dataset. Hypocenter
relocations with the repicked dataset are also more constrained, but show more variation
than with the NonLinLoc locations. Average X, Y, and Z errors for repicked Hypocenter
locations are 4.7, 4.7 and 2.6 km respectively, whereas repicked NonLinLoc X, Y and Z

errors are 1.8, 2.0, 2.5 km respectively.
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Original NonLinLoc relocations had depths varying from 1 km asl to 8 km bsl. Repicked
data show the majority of seismicity to be shallower than 3 km and 4 km for Hypocenter
and NonLinLoc relocations respectively. Hypocenter relocations show some earthquakes are
being located to the top of the velocity model at 1.241 km; these can be assumed to be
false locations. A similar issue is seen with the NonLinLoc relocations with earthquakes

grouping at 1.8 km, corresponding to a velocity model boundary.

Comparing NonLinLoc locations, the repicked dataset is more constrained with a smaller
range in latitude, longitude and depth than the original locations. This alongside reduced
hypocenter errors suggests that the previous trend in seismicity to the SE was likely an
artefact from using four seismic stations for location. A scatter in longitude and depth
locations can be seen for the repicked NonLinLoc locations from the 27" July; this corre-
sponds to a change from hybrid to LP seismicity. The scatter in location at this time could
be the result of the analyst as they adjust to the change in seismic signal, or could be a

result of volcanic processes that may produce a poorer signal at this time.
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Figure 6.39: Locations of all earthquakes from July 2008 when located with Hypocenter
and NonLinLoc, and when using the original arrival times, and the repicked arrival times.
This is for all earthquakes irrespective of calculated error. HYP corresponds to Hypocenter
relocations; NLL corresponds to NonLinLoc relocations.
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Figure 6.40: Latitude locations of earthquakes from July 2008 when located with Hypocenter
and NonLinLoc, and when using the original arrival times, and the repicked arrival times.
Earthquakes plotted have errors less than 5 km to remove any large anomalies. HYP
corresponds to Hypocenter relocations; NLL corresponds to NonLinLoc relocations.
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Figure 6.41: Longitude locations of earthquakes from July 2008 when located with Hypocen-
ter and NonLinLoc, and when using the original arrival times, and the repicked arrival
Earthquakes plotted have errors less than 5 km to remove any large anomalies.
HYP corresponds to Hypocenter relocations; NLL corresponds to NonLinLoc relocations.

times.
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Figure 6.42: Depth locations of earthquakes from July 2008 when located with Hypocenter
and NonLinLoc, and when using the original arrival times, and the repicked arrival times.
Earthquakes plotted have errors less than 5 km to remove any large anomalies. HYP
corresponds to Hypocenter relocations; NLL corresponds to NonLinLoc relocations.
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6.4.4 Final locations

Final locations used to interpret the seismicity in the lead-up to the Vulcanian explosion on
the 29"" July used the repicked dataset from NonLinLoc. A comparison of these locations
with the original locations computed by MVO is shown in Figure 6.43; these are for all
events with errors less than 3 km. MVO locations are tightly clustered around the summit
compared to relocations which show a greater spread to the east. This is mostly due to the
small number of earthquakes that can be used for analysis with the original MVO locations.
347 earthquakes had errors less than 3 km with MVO locations, where the repicked dataset
has a total of 1319 earthquakes with errors less than 3 km. Relocated hypocenters in
NonLinLoc show earthquakes clustered around the summit at depths of 1 km asl to 4 km

bsl, with the trend to the SE no longer visible.

In Figure 6.44 the earthquakes have been coloured by the number of arrival time phases
to understand if some locations are a result of a lower number of arrival times. Most
earthquakes now have 8-12 arrival time picks, and this has been shown to reduce the errors
significantly (Table 6.4.4). Although the errors are quite low, these are still higher on
average than average errors for the relocation of the whole catalogue. This is likely due
to the large number of LP earthquakes that are recorded in this time period, whereas the
rest of the time period has a greater proportion of VT seismicity which has been shown to

produce lower errors (Figure 6.3).

X (km) Y (km) Z (km)
Minimum Value 0.1015 0.1048 0.2163
Maximum Value 14.3220 19.0560  10.6840

Mean 2.037 1.8250  2.4516
Standard Deviation | 2.8265 2.5359 2.6365
25" Percentile 1.848 1.786 0.7065
75" Percentile 3.1490 3.0004 3.7925
99" Percentile 10.4146  9.6851 9.2452

Table 6.4: Table showing mean, standard deviation, 25", 75" and 99** percentiles, and
minimum and maxium values of relocated errors
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Figure 6.43: Original MVO locations from Hypocenter (red) and repicked NonLinLoc locations (blue) for earthquakes from the 215 to 315 July 2008
inclusive. Only earthquakes with errors less than 3 km have been plotted.
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than 3 km have been plotted.
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Earthquake Types

The locations of the relocated VT, LP and Hybrid earthquakes are shown in Figure 6.45.
LP and hybrid earthquakes have the largest number of events with 871 and 361 earth-
quakes respectively with errors less than 3 km. LP seismicity is not as concentrated around
Soufriere Hills Volcano, with some events locating further to the east. This is likely a result
of LP earthquakes being less constrained than VT events, due to the difficulty in picking S
wave arrival times from these signals. LP earthquakes are usually associated with magma
movement; the reason for the earthquakes not appearing as concentrated is a result of the
large hypocenter errors typical of LP earthquakes. This is because the S wave arrival is
more emergent, and hence harder to pick; as a result LP earthquakes are not as well con-
strained compared to VT earthquakes. Events are located up to 3.5 km bsl. VT and hybrid
seismicity is mostly beneath the summit at depths up to 2.5 km; this is relatively shallow

for VT seismicity and is normally recorded at depths up to 6 km.

Rodgers et al. (2016) showed a deepening of hypocenters through time as seismicity changed
from VT to LP. Rodgers et al. (2016) used MVO locations, but using events with a calculated
error less than 1 km. VT hypocenters from Rodgers et al. (2016) are clustered around the
summit at depths of 0.65-2.95 km bsl; during periods of higher VT rates on the 24*"-26t"
July, these were shallower at an average depth of 1 km bsl. Hybrid hypocenters had a
similar range in depth compared to VT, but with a slightly deeper average of 1.95 km
bsl (Rodgers et al., 2016). A model proposed by Huppert and Sparks (2016) suggests that
VT earthquakes occur in a critical overpressure zone at two thirds the vertical distance
between the origin of the fluid and the surface. The magmatic chamber is thought to be at
a minimum depth of 5 km bsl (Aspinall et al., 1998; Barclay et al., 1998). Relocated VT
hypocenters would fit in this depth range at approximately 2 km beneath the surface (the

height of the dome summit was 0.951 km at this time).

LP earthquakes were located deeper, ranging from 1-3 km bsl. Continuous data suggests
that there was no evidence for rapid changes in frequency, and hence the frequency changes
recorded were the result of slow processes that occurred over hours to days (Rodgers et al.,
2016). Relocations in this study show VT seismicity to range from 1 km asl-2.5 km bsl; this
is shallower than locations calculated by MVO. Hybrid hypocenters are also in a similar

depth range. LP seismicity extends to greater depths up to 3.5 km bsl, suggesting slightly
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deeper locations than computed by MVO. This could suggest that the different types of
signals recorded are a result of the path effect, with an LP signal being recorded due to the
increased depth of the signal (compared to a Hybrid event which is recorded at shallower
depths). However, this is not always the case, with LP earthquakes recorded at a range
of depths, and therefore it is more likely to be a result of a different process occurring in
the magmatic system. Figure 6.46 shows the depth location through time; seismicity can
be seen to extend to greater depths after the 27" July when the majority of earthquakes
were then LP. However, there are also a greater number of events with larger errors. The
majority of LP earthquakes are still being located at depths of 02 km bsl, similar to that

seen with VT and hybrid events, but with some LPs reaching to 4 km depth.
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Figure 6.45: Repicked earthquakes located in NonLinLoc from 215! to 31%¢ July 2008 inclu-
sive by type. All earthquakes plotted have errors less than 3 km
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Figure 6.46: Depth of repicked earthquakes located in NonLinLoc from 21 to 29*" July
2008 through time. All earthquakes plotted have errors less than 3 km. Blue = VT, yellow
= hybrid, and red =LP.
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6.5 Discussion

MVO locations from July 2008 show earthquakes beneath the summit up to a depth of
3.5 km with a NW-SE alignment, however the majority of earthquakes located in the SE
have large calculated errors (MVO, 2008). Relocations with NonLinLoc in Chapter 5 also
show a NW-SE alignment of LP seismicity from the 27" July, with increasing depth over
a two-day period. This trend of earthquakes to the SE follows other fault orientations
in the region such as the Montserrat-Havers Fault System, and the Belham Valley Fault.
The 215 to 315! July was repicked for additional P and S wave arrival times; relocations
of the repicked earthquakes show the pattern to the SE is no longer present. Repicked
relocations show seismicity centred around Soufriere Hills Volcano up to depths of 3.5 km.
This suggests that the trend in seismicity to the SE was likely an artefact of poor accuracy
locations; all earthquakes in the SE had a low number of arrival times with large errors,

contributing to poor locations.

Associated location errors are greatly reduced, resulting in an increase of 972 hypocenters
that can be used for analysis, compared to 347 original MVO locations (when using earth-
quakes with errors less than 3 km). Errors were reduced by the addition of other P and S
wave arrival phases per earthquake that were not originally picked by MVO. The use of only
four P wave phases was shown to produce large errors in Section 6.3, with the inclusion of
S wave phases greatly reducing calculated hypocenter errors. This shows the importance of
having additional arrival time phases, and hence improved locations as a) more earthquakes
are able to be used in analysis, improving our understanding and interpretations, and b)
this results in more trusted hypocenters, e.g. this has indicated that the SE trend was a

result of poor locations.

VT seismicity during this period was tightly clustered beneath Soufriere Hills at a depth
range of 0.6 asl to 2.4 km bsl, similar to locations found by Rodgers et al. (2016). Errors
are very small for VT earthquakes, with the majority of events having errors less than
0.3, 0.5 and 0.7 km for X,Y and Z errors respectively. Location of VT seismicity has been
previously shown to extend to depths up to 5 km, especially during the early stages in the
eruption. The shallow nature of this VT seismicity could suggest that magma movement

was occurring during this time frame.
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LP seismicity at Montserrat has accompanied dome forming eruptions and Vulcanian explo-
sions. This has been interpreted at Montserrat to be a result of pressurisation of fluid-filled
cracks (Chouet, 1996; Chouet et al., 1994), degassing processes in a pressurised magma
conduit/dome (Stiz et al., 1997; Varley et al., 2010), and the ascent of magma in a conduit
(Hammer and Neuberg, 2009; Neuberg et al., 2006). Rowe et al. (2004) suggested that Low
Frequency (including hybrid and LP) seismicity during the 1996 dome growth was trig-
gered by rapid bubble formation throughout an ascending magma column; this highlights

the uncertainties in interpreting from seismicity type alone.

The Low Frequency swarm (including LP and Hybrid earthquakes) on the 25" to 27t July
was interpreted as the final ascent of magma through the shallow conduit (Hammer and
Neuberg, 2009; Rodgers et al., 2016). De Angelis (2009) used waveform cross correlation on
Low Frequency earthquakes to look at changes detected in the coda of earthquakes during
this time period. There was a lack of systematic time shifts in the waveforms, which suggests
that there was a movement of seismic source with time, instead of change in properties
within the volcanic system; a source displacement of 235 m was calculated over the day
(De Angelis, 2009). A continuous change in seismic waveforms also suggested an evolving
process; Figure 6.46 shows the change over the nine-day period from VT earthquakes to

LP earthquakes by the end of the sequence.

A change in source location supported by coda wave interferometry, is interpreted to repre-
sent an upward change in source location via magma ascent (De Angelis, 2009). Figure 6.47
shows the repicked relocations for hybrid and LP earthquakes during this period. There
is a shallowing of seismicity from the 27" July where LP events migrate from a constant
depth of 1.5-2 km bsl up to 0.5 km asl; however a lot of these events are located around
velocity boundary layers. Additionally there is also an increase of seismicity up to 4 km
depth, although the majority of earthquakes are still concentrated within the first 1.5 km.
An upward change in source location could be supported by the relocations in this study,
but this is not able to be resolved fully due to the associated errors. Relative location
methods such as HypoDD (Waldhauser, 2001b) or Bayesloc (Myers et al., 2011) could be
used to further constrain seismicity during this time, and to confirm upward trend in source

location.

If we take the interpretation that LP seismicity indicated magma ascent or processes at-
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Figure 6.47: LP and hybrid earthquakes depth location through time. These are coloured
by the number of picks used. Events with errors less than 3 km are shown. Red line denotes
the time of the Vulcanian Explosion. Grey line represents time of Ash Venting.

tributed to magma movement, then the reduction in events seen in the 12 hours before
the Vulcanian explosion could indicate the stalling of magma. Ash venting was recorded
at 13:24 UTC on the 27" July six hours before the peak seismicity rate; this could cause
an increase in viscosity resulting in magma being stalled (Rodgers et al., 2016). Microlite
textures also support magmatic crystallisation, which supports an increase in viscosity and
magma stalling (Komorowski et al., 2010). The cessation of magma ascent would have led
to an increase in pressure as gasses accumulated, resulting in the Vulcanian explosion on

the 29t" July (Rodgers et al., 2016).

Relocations from this study, support findings from Rodgers et al. (2016) with depth locations
for different types of seismicity being similar; in turn this supports Rodgers et al. (2016)
interpretations for the sequence of events in the build up to the Vulcanian explosion on the
29t July. The main difference in hypocenter locations, is the removal of seismicity in the
SE that was previously recorded by MVO and Rodgers et al. (2016) but was discounted
in this thesis and Rodgers et al. (2016), due to large calculated hypocenter errors (greater
than 3 km). Repicked relocations show this apparent trend to no longer be present even
with the inclusion of earthquakes with large calculated errors. The majority of seismicity
is beneath Soufriere Hills Volcano, suggesting original locations were an artefact of a low

number of P and S arrival times, leading to poor accuracy locations. This absence of the
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SE trend is shown when including large error events, showing the importance of having

additional arrival phases for location.

A four fold increase in located earthquakes were able to be used for interpretation (when
using a threshold of 3 km error) after the addition of extra arrival time phases, and reloca-
tion using NonLinLoc. Errors were significantly lower for repicked earthquakes, allowing a
greater percentage of events to be used for analysis. This gives a strong indication that the
SE trend was a result of poor earthquake location, and highlights the importance of using

data from all active seismic stations.

This shows the impact low accuracy earthquake locations could have on interpretations
made about the volcanic system, especially during real time monitoring. Not all volcanic
sites have a high density of seismic stations; a low number of seismic stations could lead to
poor earthquake locations in some areas of the region if prior testing is not completed to
understand how well the seismic network performs. This could lead to the mis-interpretation
of trends in seismicity that may affect hazard assessment and our understanding of the

plumbing system.



Chapter 7

Synthesis

The aim of this thesis was to determine whether the current earthquake location method
used at the Montserrat Volcano Observatory is suitable for locating earthquakes on Montser-
rat, which in turn is used to monitor and understand the volcanic system beneath Soufriere
Hills Volcano. The current location setup at MVO was compared with alternate location
methods and velocity models to see if earthquake locations could be improved when using a
synthetic grid of earthquakes. The improved location method for Montserrat is then used to
relocate the past seismic catalogue from 1995-2018 to compare differences in hypocenters,
and understand how this may change previous interpretations of the volcanic activity at

Soufriere Hills Volcano.

Earthquake hypocenters are particularly important at volcanic systems: rates, the type
of seismicity and hypocenter location are all used to understand the state of the volcanic
system prior to and during an eruption. Hypocenters at other volcanic systems have been
shown to track the migration of magma beneath the surface (Woods et al., 2018), and
infer the location of the magma chamber (Ohlendorf et al., 2014). For earthquakes located
at Montserrat Volcano Observatory, hypocenters had large depth errors, with some time
periods showing large latitude and longitude errors. The uncertainty from poor constraints

on location of earthquakes contributes uncertainty to ongoing risk assessment.

This thesis compared several velocity models and location methods with the current earth-
quake location method at Montserrat Volcano Observatory using a grid of synthetic earth-
quakes, to see if an improvement in the accuracy of locations could be achieved. Comparison
of different seismic velocity models and location methods produced an improved location

setup, which was then used to relocate the seismic catalogue on Montserrat to compare
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hypocenters between the original and relocated catalogue. Finally, a time period from the
relocated catalogue is further investigated due to a new pattern in seismicity recorded in
relocated hypocenters. Locations during this time period were restricted by a low number
of arrival time phases; therefore the data was repicked for additional P and S phases to help

understand the importance of the number of arrival time phases on earthquake location.

In Chapter 4, the original location method used by Montserrat Volcano Observatory (MVO)
was tested to understand its accuracy at locating earthquakes on Montserrat. A grid of
synthetic earthquakes spaced 1 km at several depths across Montserrat was relocated to help
understand how accurately the location method relocated earthquakes. This was compared
by looking at changes in location between original and relocated synthetic earthquakes,
and the calculated hypocenter errors produced by each method. Results showed that the
MVO seismic velocity model with Hypocenter (MVO’s current operations) performed poorly
with large changes in depth between original and relocated synthetic locations. FErrors
were higher for the depth location compared to the latitude and longitude error. The
number of trusted earthquakes are relatively high at shallow depths, but performed poorly

at intermediate depths.

The MVO location method was then compared with three additional velocity models
and three alternative location methods to determine if there was a different methodology
that could reduce calculated hypocenter errors and improve earthquake locations (smaller
changes in synthetic relocation that correlate to a more accurate location). A total of
15 location setups (combination of different velocity models with location methods) was
tested by relocating synthetic earthquakes. Results showed that using the location method
Hypocenter increases recorded changes in location and reduces the number of trusted lo-
cations for all velocity models compared to using NonLinLoc. The Rowe velocity model
performed the best at relocating synthetic earthquakes at shallow depths, whereas the 1D
SEA-CALIPSO model performed better at depths greater than 3 km. However, the main
issue with the 1D SEA-CALIPSO model is that it is limited to a depth of 6 km; seismicity
on Montserrat has been recorded at depths greater than this, and hence this velocity model
cannot be used solely on its own for earthquake location at MVO. For this reason, it was

decided that the Rowe seismic velocity model would be the most suitable for Montserrat.

The NonLinLoc EDT location method produced slightly higher errors than the weighted
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GAU NonLinLoc location method, but produced a high percentage of trusted locations
at most depths. It was decided that having slightly higher uncertainty errors (of around
50 m) would be better if there was a greater confidence in the outputted hypocenters and
associated errors. A Dunn statistical test was performed on each of the relocations to
see if there was a significant change in location and error for using the EDT NonLinLoc
method with the Rowe Velocity model compared to using the original method of Hypocenter
with the MVO model. Results showed that the new method produced significantly less
changes in location and lower errors than the majority of other seismic velocity models
and location methods, and importantly showed a significant reduction from Montserrat’s

Volcano Observatory current operations.

Using the improved location method from Chapter 4, the seismic catalogue from 1995 to
2018 was relocated in Chapter 5 to 1) improve the accuracy of locations and, 2) compare
with original locations to understand if new locations changed interpretations of the volcanic
plumbing system. The majority of relocated hypocenters had errors less than 5 km, with
over 75% having errors less than 2.5 km. Comparison between original locations and relo-
cated locations show changes up to 50 km for the time period 1999-2008; this is thought
to be linked to the number of seismic arrival times, as the average number of picks per
earthquakes was lower during this time period. Mean errors for original hypocenters were
up to 50 km; this has been reduced with NonLinLoc relocations with mean errors below
2.5 km. Greater errors alongside the large changes in location suggests that the current
operations are not optimal at locating earthquakes during this time period, most likely due
to a reduction in the number of arrival times — this could either be due to reduction in
active seismic stations, or time constraints resulting in earthquakes not being picked fully

for arrival times.

Relocations show similar hypocenters for Phases 2-5, but show significant changes in loca-
tion for Phase 1. Four distal clusters were first recognised during 1995-1996 by Aspinall
et al. (1998) and Miller et al. (2010). Relocations show there to be 12 distal clusters
recorded over the same time period, with some clusters showing the same spatial prop-
erties. A Dunns statistical test was perfromed to see which groups showed statistically
significant locations; this resulted in three mega-clusters throughout 1995-1996 where seis-

micity was located in a statistically similar location. This suggests that similar processes
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may have been responsible for each cluster in activity, such as a dyke being reactivated

during the early stages of the eruption.

Earthquakes on the 5"—6!" August 1995 was previously located extending to Long Ground
in the NE of the island from Soufriere Hills Volcano. Research by Aspinall et al. (1998)
suggested that there was a migration of hypocenters with time towards Soufriere Hills, but
this was discounted by Roman et al. (2008) due to large hypocenter errors. Relocations in
this thesis show a similar migration of earthquakes with time from Long Ground to Soufriere
Hills; these relocated earthquakes have smaller errors allowing for them to be included in
interpretation, and show a clear correlation of movement to the SW, agreeing with previous

work by Aspinall et al. (1998).

Earthquakes were recorded at St George’s Hill on the 12-14*" August 1995 by Aspinall et al.
(1998) and Miller et al. (2010). Relocations show earthquakes recorded beneath St George’s
Hill but with a clear migration from Soufriere Hills Volcano over the 2-day period. This
migration of hypocenters alongside computed focal mechanisms from Miller et al. (2010)
suggest that this seismicity can be explained as a propagating and inflating dyke orientated
NW. This differs from interpretations by Miller et al. (2010) and White and McCausland
(2016) which proposed that this was a distal cluster triggered along pre-existing faults due
to an increase in stress beneath Soufriere Hills Volcanos, likely from an injection in magma.
However, for this to be a distal cluster, no migration in seismicity should be recorded.
Hence, the new relocations suggest an alternative hypothesis for the seismicity recorded

over the two—day period.

This also highlights the likelihood of a NW orientated dyke, which has been debated by
several studies. Deformation studies by Mattioli et al. (1998) and Hautmann et al. (2009)
suggests a NW and NNW orientated dyke respectively. This follows a similar trend in
faults and volcanic complexes in the region. However, research by Miller et al. (2010) and
Roman et al. (2008) have suggested a NE trending dyke based on the trends of P axis
during VT seismicity in the early stages of the eruption. However, both have suggested
these were short lived trends. Relocated earthquakes in this thesis show two time periods
where earthquakes extend to the NW running parallel to the Belham Valley Fault. This
includes the St George’s Hill sequence which shows a migration of earthquakes with time

to the NW, suggestive of a propagating dyke. Therefore it is inferred that the most likely
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orientation would be NW, supported by this study.

Since Phase 5, earthquakes have been thought to be located deeper from 2012 to 2018; this
was first highlighted in an MVO report in 2018. This coincided with the installation of
Spider stations in 2014, which are portable vertical seismometers that are easily deployed.
Relocations show that there is an increasing trend in depth from 2014 to 2018. Relocating
this same time period without including the spider station arrival times also showed the
presence of an increase in depth location throughout the four year period. This confirms
that there is a real trend of increasing depth, and not a false effect due to the additional

spider stations, supporting work in MVO (2018).

Another period of interest highlighted in Chapter 5 was July 2008 where relocations showed
an extension of hypocenters to the SE following the trend of local faults and suggested dyke
orientations in the region. However, these events had large hypocenter errors and therefore
could not be used for interpretation. In Chapter 6, the seismic catalogue from the 215
to 31%t July 2008 was repicked for P and S wave arrivals, as most events only had four
arrival time phases. The majority of these earthquakes were Long Period earthquakes
which are known to be difficult in picking the S wave arrival time. Over 1900 earthquakes
were repicked and relocated using the method defined in Chapter 4. Hypocenter errors
were reduced drastically, with the majority of repicked earthquakes having errors less than

1.5 km.

The repicked earthquakes showed the majority of events to be beneath Soufriere Hills
Volcano, with the trend of seismicity to the SE not present in the repicked dataset. A
larger number of earthquakes were able to be included in the analysis for this time period
due to reduced errors. The lack of relocated seismicity to the SE suggest that this previous
trend was false and was a result of using a small number of arrival times, that resulted in

poorly constrained locations.

The synthetic earthquake grid defined in Chapter 4 was used to understand how using only
four P wave arrivals impacted locations (using four seismic stations), and how the addition
of S wave phases can reduce errors and improve hypocenter locations. Relocations have
poorly constrained hypocenters when using four P phases, but locations improved greatly
with the addition of 2 S phases. Earthquakes during this time only had four P waves picked

for location, even though there was the potential for additional arrival times to be picked.
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This was most likely a result of time constraints by MVO staff due to the increase in number
of earthquakes during this time period. This chapter highlights the importance of having
a complete arrival time dataset, with additional arrival phases having a great impact on
locations. This can also alter interpretations and analysis of seismicity, with relocations
using additional phases giving a clearer indication of interpretations of the volcanic system

during this time.

This thesis has shown the importance of testing the location methods that are used at
volcanic observatories and making sure there are not more suitable or relevant methods
and models available that could improve the accuracy and precision of located earthquakes.
This shows the value of implementing the relocation of previous seismic catalogues using
new location methods and model, for long term hazard assessment. This was shown to have
an impact on interpretations of the volcanic system at Soufriere Hills Volcano, especially in
the early stages of the eruption when there was more inherent variability in the sub-surface
feeder system. Additionally, earthquake locations can be improved by making use of the
data available and picking all available P and S wave arrivals. This has been shown to

reduce errors by several km when using more than four seismic phases.

Results from this study will have implications at systems elsewhere, especially at other ob-
servatories worldwide that have not explored multiple location methods. Although previous
methods are useful for comparing counts, changes in frequency and rough location, finer
details are being missed in locations which could have an impact on overall interpretations,
especially during the early stages of the eruption. A reduction in location errors, and an
increase on the accuracy of hypocenters ultimately increases the confidence in locations,
and can add understanding of the volcanic system, which may be missed when using poor
accuracy locations. Improving and testing location methods should be trialed at all sites,
and during temporary deployments so that the user has confidence in the outputted results

and understands the limitations of the seismic network and the outputted results.

7.1 Future Work

Although this thesis tackles some of the main aspects of earthquake location, and tests

ways to improve the accuracy of located earthquakes, there are some additional steps that
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could be taken to further increase the knowledge at Montserrat Volcano Observatory and
other systems worldwide. One important step that should be explored further is looking
at the importance of each station in a seismic network. Are certain stations more useful
for locating earthquakes, and do these have a greater impact on earthquake locations if the
station is down? Having a good azimuthal coverage is important for refining locations, but
in some systems earthquake locations may be more affected by some stations than others,
especially for regions with a seismic velocity model that is not representative of the whole
region. In this study it was found that the station in the north of the island did not always
have a positive effect on locations when used. Understanding which stations affect results
the most and ranking these in order of importance would result in an observatory being
able to prioritise stations when certain stations fail — perhaps replacing that station with
one from a lesser important site. This would maintain high standards thoughout operations

maintaining high accuracy locations.

Microseismicity can be a useful tool to understand more about the volcanic system. At
Montserrat Volcano Observatory, only earthquakes with a certain amplitude and higher are
triggered resulting in a lot of smaller events being missed. The method QuakeMigrate au-
tomatically detects earthquakes by using the coherence of seismic phase arrivals to identify
an earthquake; this can then give a rough estimate of arrival phases and location that can
be further constrained later ( Winder et al., 2021). Using this on the raw waveform data
would allow additional earthquakes to be picked and located, adding a wealth of informa-
tion to the current seismic catalogue. This would have been particularly useful during the
St George’s Hill cluster in 1995, and during July 2008 where a large amount of events were
recorded in a short period of time. Earthquake magnitudes were not known for all events
in the seismic catalogue; having this additional data would have allowed the magnitude of
completeness to be calculated throughout the catalogue to understand if this varies with
a changing seismic network. This could have then been used in conjunction with seismic
rates to understand if an increase in a number of earthquakes between different phases was

due to smaller earthquakes being recorded, or a result of actual variations.

Finally, joint inversion programs such as Bayesloc (Myers et al., 2011) and HypoDD ( Wald-
hauser, 2001a) could be used to help refine locations further during periods of distal clus-

ters. This could have been used on data from 1995-1996 where several distal clusters were
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recorded. Refining earthquake locations using joint inversion programs can help show fur-
ther trends and patterns in the seismicity, such as faults which may not be visible before.
Using this method with the megaclusters from Chapter 5 could help constrain seismicity
further, confirming if a migration in seismicity was recorded from the 12-14th August to-
wards St George’s Hill. This thesis provides a stepping stone towards improving locations;
the steps highlighted in Chapter 4 should be applied before continuing with further seismic

analysis that are known to improve locations and add to previous interpretations.
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Appendix A

NonLinLoc Configuration

A.1 NonLinLoc Parameters

One of the main issues that arises when setting up the seismic velocity model used by
NonLinLoc is which projection to use to convert between latitude and longitude to X,Y, Z
format. NonLinLoc recommends using geographical co-ordinates for the input of all data
types. This is then converted from a geographical to cartesian co-ordinate system within
NonLinLoc to calculate the earthquake hypocenter and origin time, before being
converted back to a geographical system; which is widely more used for interpretations.
As the conversion is calculated within NonLinloc, the method uses a simplified equation
to map between the two co-ordinate systems, and so small errors will arise in locations
from this. NonLinLoc uses simplified equations to convert between the two co-ordinate

systems instead of a true conversion (unlike other programs such as ArcGIS).

This appendix aims to understand the different reference frames available through
NonLinLoc and how this affects the outputted location by using a small dataset of
earthquakes. The Grid Origin of the pre-defined velocity model is chosen by the user in
NonLinLoc, and it is thought that using a Grid Origin further from your region causes a
slight increase in error due to the increase in latitude distance (which amplifies the error
calculated when using the simplified equations for conversion). Hence, different origins
and reference frames are tested to see if there is a way to reduce this additional error. The
option of inputting everything in a cartesian format is also tested to understand how this
ultimately reduces errors compared to using NonLinLoc’s preferred approach of

geographical co-ordinates for input. The results from this section help determine the
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setup parameters used for Chapter 4.

A.2 Reference Frame

NonLinLoc creates a 3D seismic velocity grid based on given dimensions, velocity
structure and grid origin. This is used to calculate travel times throughout the grid for
each seismic station. Normally, this information is given in latitude and longitude, and
therefore a basic conversion into the X,Y,Z grid is used when creating the 3D seismic
velocity grid. The grid origin is defined by the user, and a slight change in grid location is
seen during each calculation step for different grid origins, resulting in an unsystematic
change in earthquake locations. Different users using the same input data but different
grid origins will result in different earthquake locations from one another. There are
several ways the projections can be defined with NonLinLoc, all of which alter the final
location. This section aims to understand how different projections and grid origins alter

earthquake locations, and how these can be chosen to reduce error in location.

A.2.1 Projections

NonLinLoc has the following projections that can be used during the initial setup:

e Lambert - standard projection used for mapping large areas in the mid latitudes.
Projection is conformed in that shapes are well preserved for a considerable extent

near to the standard parallels

e Global - sets spherical regional/teleseismic mode with no geographic transformation

- most are input and used directly as latitude and longitude in degrees

e Simple - transformation into a cartesian/rectangular system - only correct for

longitudinal distances
e None - no geographical correction - input in XYZ
e Short Distance Correction - projection intended for use on very small study regions

e TRANS-MERC - delivers high accuracy in zones less than a few degrees in east-west

extent (transverse lines are around poles).
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Due to Montserrat being a small research area, it was decided to test the Simple, Lambert

and None Projections as these represent the most likely choices by other users.

A.2.2 Grid Origin

The user also defines the grid origin for a 1D or 2D velocity model. This can be the centre
point of the research area, or the left hand corner. Three co-ordinates were tested for the
Left Hand Corner grid origin, and three were tested for the Centre origin. The grid origin
(alongside parameters for the velocity model dimensions), determines the size of the
velocity model, which in turn determines the search region for NonLinLoc to use during
earthquake location. This is chosen due to NonLinLoc using arrival time tables for each
seismic station for its earthquake location, and hence needs a search region to look into.
The larger the search region, the greater amount of memory needed to store the arrival
time tables per station, and hence the greater computational power needed for earthquake
location. Therefore, this search region is determined by the user so it can be tailored to
suit the region of interest; this results in the user inputting the size of the velocity model

(X,Y,Z), with a grid origin for the starting point of that model.

For the Left Hand Corner grid origin, three left hand bottom co-ordinates were used, each

with increasing distance from the island (Figure A.1):

e [L1: 16.67N, 62.24W
e [2: 16.5N, 62.4W

e L3 (midway between L1 and L2): 16.58N, 62.3W

For the Centre grid origin, the following co-ordinates were used:

e Cl: 16.72N 62.2W
e C2: 16.71N 62.21W

e C3: 16.73N 62.19W
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-62.4° -62.35° -62.3° -62.25° -62.2° -62.15°

16.82°
16.8°

16.78°
16.76°
16.74°
16.72°
16.7°

16.68°
16.66°
16.64°
16.62°
16.6°

16.58°
16.56°
16.54°
16.52°
16.5°

Figure A.1: Diagram shows the location of the co-ordinates for the Centre and Left Hand
Corner Grid Origins used in testing. Square = LHC grid origins: blue - L1, red - L2, yellow
- L3. Circles = centre grid origins: red - C1 blue - C2, yellow - C3.
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A.2.3 Comparison of Left Hand Corner grid Origin

Users normally define the grid origin as the bottom left hand corner when creating the
velocity model in NonLinLoc. To start, the three Left Hand co-ordinates were tested
using the Simple projection. For simplicity, a group of 36 earthquakes from a VT string
on the 27" July 2017 were used for relocation; this provided a small dataset in the area of
interest which would allow any small changes in location to be seen. In theory, all three
relocations should relocate to the same location due to the same input data (velocity
model, arrival times, method used). Having a grid origin further from Montserrat results
in a larger (X,Y dimensions) velocity model, but importantly as using a 1D model, this
model will still represent the same velocity changes with depth. Therefore any changes in
location would be due to the effect of conversion to X,Y,Z using the grid origin only.

Hypocenters for the three relocations are shown in Figure A.2.

The locations are very similar for each relocation, however there are slight variations.
Earthquakes further from the grid origin, such as those located on the northern tip of

Montserrat, show a greater variation in location than those down in the south.

The first step is to understand where the difference in location was occurring within
NonLinLoc. The difference in X and Y between each station and an earthquake location
should be equal for every grid origin (this was looked at before NonLinLoc converts back

into Latitude and Longitude):

AXp = AXp = AXs (A1)

However this equation does not hold true, with changes in X and Y (dX and dY) values of
up to 500 m between each relocation. Before NonLinLoc relocates the earthquake, it
creates a travel time grid per station comprising of travel times between every point in the
search grid to the seismic station. NonLinLoc calculates the distance to each station from
the grid origin in creating the travel time grids. It would be expected that the change in

distance between any two stations would be the same for each grid origin, with a
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Figure A.2: Figure shows the relocation of earthquakes for different LHC grid origins, used
with the Simple projection. blue - L1, red - L2, yellow - L3

schematic of this shown in Figure A.3.

The calculations show that the AY value stays the same for each grid origin, but the AX
value varies on the scale of 1 m. This shows that the primary issue has originated in the
conversion from longitude to X distance, which is caused by the following equation

(NonLinLoc uses this equation to calculate distance for the SIMPLE projection):

X (km) = (Long — LongOrigin) x 111.111 * cos(latradians) (A.2)
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Figure A.3: Schematic showing the calculations used to compare the change in distance
between two grid origins, and how this differs for the X and Y co-ordinates. Black triangles
represent seismic stations. Red and Blue circles represent grid origins (defined by the user
in velocity model setup), with red and blue lines representing distances between the grid
origin and the seismic station. X1, and X, represent the X distance between grid origin
and seismic station 1 and 2 respectively. This is the same notation for the Y distance.

A.2.4 Comparison of Centre Grid Origins

It was decided to then compare the Left Hand Corner grid origin with the centre grid
origin to see if this improved locations. The main issue in change in location was the
difference in distance between the station and grid origin caused by calculation A.2 when
converting to X,Y.Z. Events further away from the Left Hand Corner grid origin had
greater changes in location, and therefore in theory, all events would be closer to the grid
origin if using a central point. Results show some changes in location, but the changes in
location are significantly lower than when using the Left Hand Corner as the grid origin.
This suggests that using a central point as the grid origin when creating the velocity

model will produce less change in location between different users.
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Figure A.4: Figure shows the relocation of earthquakes (circles) for different middle co-
ordinates used with the simple projection. Red = C1, blue = C2, yellow = C3 - co-ordinates
for these can be shown above.
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A.2.5 Comparison of Projection Types

Using the central grid origin, the earthquakes were relocated using the Simple and
Lambert projection to see how the relocations varied with different projection methods.
For the Lambert projection, the reference ellipsoid used was WGS-84, with the 1st and
2nd parallels: 16.68 and 16.82. For each projection the change in earthquake location for
X and Y between each pair of grid origins was calculated. I.e. this was done three times
to make sure comparisons between each grid origin were looked at (C1 - C2, C3 - C1, C2 -
C3). Average change in location, median and maximum and minimum values were

calculated to compare each projection.

Simple Projection

The change in distance from C2 to C3 showed the largest variations with a change in
location up to 1.24 km. On average, there was a change in latitude of 30-80 m and a

change in longitude of 20-65 m.

Lambert Projection

On average the lambert projection showed a location change of 20-90 m for latitude and
longitude, with a max change of 1.20 km. This showed similar results to that found with
the simple projection. In comparison between the two methods, the simple projection

performs slightly better with averages of 1 m less for change in location.

None Projection

To remove the problem of transformation between XY and latitude and longitude the
None projection was looked at. This requires all information to be input into NonLinLoc
in X,Y,Z format, removing issues in converting with different projections methods. Using
a predefined grid for this initial transformation results in X,Y,Z co-ordinates being
accurate within 1 m. The UTM Zone 20N was used for conversion which has an accuracy
of 1 m. This would provide better constraints on relocation than using the Simple and

Lambert projection in NonLinLoc.
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For the None projection the grid origin is still chosen to create the velocity model, but
this is given in X,Y, Z co-ordinates: 356993.64 E, 1823716.67 N. This was chosen to match
the corner co-ordinates of the 3D model that would be used in comparisons later so that

all velocity models are of the same size.

Relocations for the None projection showed very little change overall in comparison to the
simple method (on scale of 1-2m). However, it was decided that it was best to use the
None transformation to remove any effects of projection types and user-defined grid
origins on earthquake relocations. This removes any user error produced when choosing

the grid origin,

A.3 Final Setup for NonLinLoc

The final reference frame used in NonLinLoc was the UTM Zone 20N grid with the None
projection. The grid origin was set at 356993.64 E, 1823716.67 N, with the 3D seismic
velocity model grid being set to 50 km by 50 km, with a 35 km depth. All locations
calculated are produced in the X,Y,Z format with no conversion between latitude and

longitude.
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Parameter Description Typical Values
CONTROL Sets various general program control parameters -

TRANS Sets the transformation parameters used between geo- | NONE
graphic and XYZ
VvGOUT Specifies the directory path and file root name for the | [path to model di-
output velocity grid rectory]
VGTYPE specifies the physical wave type for creation of velocity | P/S
grid
VGGRID Specifies the size and type of the velocity grid [velocity model di-
mensions|
GTFILES Specifies the the path for the inputted velocity grid, | [path to time di-
and the path name for the outputted time grids rectory]
GTMODE Specifies several program run modes GRID3D, AN-
GLES YES
GTSRCE Specifies a source location; can be repeated for each | -
station. A separate time and angles grid will be created
for each source
GT PLFD Selects Podvin and Lecomte finite difference, and | 10%3
method parameters. Must not be used otherwise
EQFILES Specifies the file name for the input time grids and the | -
file name for the output observations files
EQSTA Specifies the station phase and timing error used to | -
generate the synthetic phase reading
EQEVENT Specifies the hypocentre location such as X,Y,Z and | -
Origin Time
EQSRCE Specifies a source location -
EQMODE Choice of calculation: Source to Station or Stations to | Source to Station
Sources
EQUAL2ERR Specifies the mapping of error to phase pick quality for | -
output of observations for the HYPO71 file format
EQVPVS Specifies ratio for P velocity to S velocity 1.80
LOCSIG Used for identification written in all output files [User name]
LOCFILES Specifies the input filename for the observation files, | -
the filenames for the time grids and the output filename
for the location files
LOCSEARCH Specifies the search type and parameters: GRID, MET | OCT
or OCT
LOCMETH Specifies the location method and method parameters | EDT OT WT
LOCGAU Specifies the parameters for the Gaussian modelisation | 0.1s, 1 km
error covariances
LOC Specifies the mapping of phase pick qualities to time | -
QUAL2ERR uncertainities (Seconds)
LOCGRID Specifies the size of an initial or nested search grid [match VGGRID]

Table B.1:

Table describing the main functions used in NonLinLoc.
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DX DY DZ
Compare AdjP v/ AdjP v/ AdjP v/

1-10 3.54E-47 14.744 5.60E-58  16.338 4.60E-124 23.885
1-11 8.99E-28 11.337 1.20BE-51  15.423 3.73E-178 28.622
10-11  6.91E-02 -3.406 1.00E+00 -0.914 2.27E-04 4.737
1-12 1.39E-52 15562 1.65E-63 17.097 6.45E-125 23.967

10 - 12 1.00E+00 0.818 1.00E4-00 0.759 1.00E+00 0.082
11 - 12 2.52E-03 4.224 1.00E+00 1.673 3.40E-04  -4.655
1-13 9.26E-82  19.393 2.16E-95 20.946 3.62E-196 30.035
10 - 13 3.50E-04  4.649 4.27E-04  4.608 8.156E-08  6.150
11 -13 8.29E-14  8.056 3.52E-06  5.522 1.00E+00 1.413
12 - 13 1.34E-02  3.831 1.25E-02  3.849 1.36E-07  6.068
1-14 7.87E-50  15.151 2.01E-60  16.677 1.59E-124 23.929
10 - 14 1.00E+00 0.407 1.00E4-00  0.340 1.00E+00 0.044
11 - 14 1.44E-02  3.813 1.00E+00 1.254 2.83E-04  -4.693
12 - 14 1.00E+00 -0.411 1.00E400 -0.419 1.00E400 -0.038
13 - 14 2.32E-03  -4.242  2.07E-03 -4.268 1.08E-07 -6.105
1-15 8.52E-10  -6.837  4.50E-05 -5.056  5.28E-06  5.450
10 - 15 2.88E-101 -21.580 1.62E-99 -21.393 7.24E-74  -18.435
11 - 15 8.72E-72  -18.174 3.4TE-91  -20.479 9.14E-117 -23.172
12 - 15 4.30E-109 -22.398 1.04E-106 -22.152 1.59E-74  -18.517
13 -15 1.28E-149 -26.230 5.03E-147 -26.001 1.93E-131 -24.585
14 - 15 4.01E-105 -21.987 1.05E-102 -21.733 3.19E-74  -18.479

1-2 2.20E-275 -35.589 6.37E-249 -33.835 1.97E-16 -8.765
10 - 2 0.00E+00 -50.333 0.00E4+00 -50.172 8.55E-232 -32.650
11 -2 0.00E+00 -46.926 0.00E400 -49.258 6.73E-304 -37.387
12 - 2 0.00E+00 -51.150 0.00E+00 -50.931 5.84E-233 -32.732
13 -2 0.00E4+00 -54.982 0.00E400 -54.780 0.00E+00 -38.799
14 - 2 0.00E+00 -50.739 0.00E+00 -50.512 2.01E-232 -32.694
15 -2 8.94E-180 -28.752 4.11E-180 -28.779 7.80E-44  -14.215
1-3 1.02E-71  -18.166 1.16E-50 -15.276 1.31E-13  -8.000
10 -3 1.69E-235 -32.909 2.54E-217 -31.613 4.59E-221 -31.885
11 -3 2.77E-189 -29.503 6.11E-205 -30.699 1.35E-291 -36.622
12 -3 2.42E-247 -33.727 7.03E-228 -32.373 3.34E-222 -31.967
13-3 0.00E4-00 -37.559 2.94E-285 -36.221 0.00E400 -38.034
14 - 3 2.36E-241 -33.316 5.13E-222 -31.953 1.12E-221 -31.929
15 -3 9.90E-28  -11.329 1.69E-22  -10.220 3.25E-39  -13.450
2-3 5.78E-66  17.423 7.24E-75  18.559 1.00E4-00 0.765
1-4 1.47E-52  15.558 2.93E-63  17.063 5.92E-124 23.875
10 - 4 1.00E+00 0.814 1.00E4-00 0.726 1.00E+00 -0.011
11-4 2.56E-03  4.221 1.00E+00 1.640 2.16E-04  -4.748
12 -4 1.00E+00 -0.003  1.00E400 -0.033  1.00E400 -0.093
13-4 1.32E-02 -3.835 1.09E-02 -3.882 7.62E-08 -6.160
14 - 4 1.00E+00 0.408 1.00E+00 0.386 1.00E+00 -0.055
15 -4 4.65E-109 22.395 2.18E-106 22.119 8.80E-74  18.424

Table C.1: Part 1 of 3: Adjusted P values and Z values from Dunn Test. If values in
the Adjusted P column are less than 0.05 then the result is significant, if the Z value is
positive then a is significantly more than b (aka has significantly larger changes in location).
Model numbers stand for: 1 - MVO Hypocenter; 2 - Rowe Hypocenter; 3 - 1D Sea Calipso
Hypocenter; 4 - MVO GAU NonLinLoc; 5 - Rowe GAU NonLinLoc; 6 - 1D Sea Calipso
GAU NonLinLoc; 7 - 3D GAU NonLinLoc; 8 - MVO EDT NonLInLoc; 9 - Rowe EDT
NonLinLoc; 10 - 1D Sea Calipso EDT NonLinLoc; 11 - 3D EDT NonLinLoc; 12 - MVO
Weighted NonLinLoc; 13 - Rowe Weighted NonLinLoc; 14 - 1D Sea Calipso Weighted
NonLinLoc; 15 - 3D Weighted NonLinLoc.



309

DX DY DZ
Compare AdjP v/ AdjP v/ AdjP y/
2-4 0.00E+00 51.147 0.00E4+00 50.898 1.20E-231 32.639
3-4 2.72E-247 33.724 2.08E-227 32.339 6.42E-221 31.874
1-5 2.26E-82 19466 4.43E-95 20.911 4.50E-196 30.028
10-5 2.46E-04 4.722  5.03E-04 4574  8.53E-08  6.143
11-5 458E-14 8128  4.27E-06 5.488  1.00E4+00 1.405
12-5 9.94E-03 3.904  143E-02 3815  1.42E-07 6.061
13-5 1.00E+00 0.072  1.00E4+00 -0.034 1.00E+00 -0.007
14-5 1.68E-03  4.315  241E-03 4.234  1.13E-07  6.098
15 -5 1.90E-150 26.302 1.23E-146 25.967 2.31E-131 24.577
2-5 0.00E+00 55.054 0.00E+00 54.746 0.00E+00 38.792
3-5 0.00E+00 37.631 1.02E-284 36.187 0.00E+00 38.027
4-5 9.80E-03  3.907 1.25E-02 3.848  T7.98E-08 6.153
1-6 1.39E49 15113 4.01E-61 16.773 7.54E-125 23.960
10 - 6 1.00E+00 0.369  1.00E+00 0.436  1.00E+00 0.075
11-6 1.67E-02  3.776  1.00E4+00 1.350  3.20E-04  -4.662
12-6 1.00E+00 -0.448 1.00E4+00 -0.323  1.00E+00 -0.007
13- 6 1.96E-03  -4.280 3.17E-03 -4.172 1.31E-07 -6.074
14-6 1.00E+00 -0.037 1.00E4+00 0.096  1.00E+00 0.031
15- 6 9.14E-105 21.950 1.29E-103 21.829 1.79E-74  18.510

2-6 0.00E4+00 50.702 0.00E4-00 50.608 7.23E-233 32.725
3-6 8.21E-241 33.279 2.36E-223 32.049 4.12E-222 31.960
4-6 1.00E+00 -0.445 1.00E400 -0.290 1.00E4-00 0.086
5-6 1.41E-03 -4.352  3.68E-03 -4.138 1.37E-07 -6.067
1-7 1.21E-09 -6.787  5.27E-05 -5.026 1.01E-05 5.334

10-7 8.49E-101 -21.530 3.09E-99 -21.363 8.33E-75  -18.552
11-7 217E-71  -18.124 6.44E-91  -20.449 6.05E-118 -23.289
12 -7 1.32E-108 -22.348 2.03E-106 -22.122 1.80E-75 -18.634
13-7 4.76E-149 -26.180 1.10E-146 -25.971 1.09E-132 -24.701
14 -7 1.20E-104 -21.937 2.02E-102 -21.703 3.65E-75  -18.596
15-7 1.00E+00 0.050 1.00E4-00  0.030 1.00E+00 -0.117
2-7 2.11E-180 28.802 1.73E-180 28.809 4.10E-43  14.098
3-7 5.58E-28  11.379 1.24E-22  10.250 1.56E-38  13.333
4-7 1.43E-108 -22.345 4.25E-106 -22.089 1.01E-74  -18.541
5-7 7.10E-150 -26.252 2.68E-146 -25.937 1.30E-132 -24.694
6-7 2.74E-104 -21.900 2.49E-103 -21.799 2.04E-75  -18.627
1-8 6.60E-51  15.313 1.27E-59  16.567 2.84E-125 24.001
10 - 8 1.00E+00 0.569 1.00E+00 0.229 1.00E+00 0.116
11 - 8 7.38E-03  3.975 1.00E+00 1.143 4.01E-04  -4.621
12 - 8 1.00E4-00 -0.249  1.00E+00 -0.530  1.00E400 0.034
13 - 8 4.72E-03  -4.080 1.25E-03 -4.379 1.68E-07 -6.034

Table C.2: Part 2 of 3: Adjusted P values and Z values from Dunn Test. If values in
the Adjusted P column are less than 0.05 then the result is significant, if the Z value is
positive then a is significantly more than b (aka has significantly larger changes in location).
Model numbers stand for: 1 - MVO Hypocenter; 2 - Rowe Hypocenter; 3 - 1D Sea Calipso
Hypocenter; 4 - MVO GAU NonLinLoc; 5 - Rowe GAU NonLinLoc; 6 - 1D Sea Calipso
GAU NonLinLoc; 7 - 3D GAU NonLinLoc; 8 - MVO EDT NonLInLoc; 9 - Rowe EDT
NonLinLoc; 10 - 1D Sea Calipso EDT NonLinLoc; 11 - 3D EDT NonLinLoc; 12 - MVO
Weighted NonLinLoc; 13 - Rowe Weighted NonLinLoc; 14 - 1D Sea Calipso Weighted
NonLinLoc; 15 - 3D Weighted NonLinLoc.
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DX DY DZ
Compare AdjP Z AdjP Z AdjP Z
14 - 8 1.00E+00 0.162 1.00E+00 -0.111 1.00E+00 0.072
15 -8 1.11E-106 22.149 1.16E-101 21.622 8.40E-75  18.551

2-8 0.00E+00 50.901 0.00E4+00 50.402 1.91E-233 32.766
3-8 1.05E-243 33.478 1.75E-220 31.843 1.12E-222 32.001
4-8 1.00E4-00 -0.246 1.00E4+00 -0.496 1.00E4+00 0.127

5-8 3.45E-03  -4.153 147E-03 -4.345 1.76E-07 -6.026
6-38 1.00E400 0.199  1.00E4+00 -0.207 1.00E+00 0.041

7-8 3.38E-106 22.099 2.22E-101 21.592 9.53E-76  18.668
1-9 2.22E-78  18.989 3.75E-92  20.587 4.92E-196 30.025

10-9 2.30E-03  4.245 2.25E-03 4.250 8.69E-08  6.140
11-9 2.09E-12 7.651 2.54E-05 5.164 1.00E400 1.402
12 -9 6.41E-02  3.427  5.06E-02 3.491 1.45E-07 6.058
13-9 1.00E+00 -0.404 1.00E+00 -0.358 1.00E+00 -0.010
14 -9 1.30E-02  3.838  9.69E-03 3.910 1.15E-07 6.095
15-9 4.85E-145 25.825 5.32E-143 25.643 2.49E-131 24.574

2-9 0.00E4+00 54.577 0.00E+00 54.422 0.00E+00 38.789
3-9 3.93E-300 37.154 1.21E-279 35.863 0.00E4+00 38.024
4-9 6.33E-02 3.430 4.46E-02 3.524 8.13E-08  6.150
5-9 1.00E+00 -0.477 1.00E+00 -0.324 1.00E+00 -0.003
6-9 1.12E-02  3.875 1.44E-02 3.814 1.39E-07 6.064
7-9 1.77E-144 25775 1.15E-142 25.613 1.40E-132 24.691
8-9 2.49E-02 3.676 6.10E-03 4.020 1.79E-07  6.023

Table C.3: Part 3 of 3: Adjusted P values and Z values from Dunn Test. If values in
the Adjusted P column are less than 0.05 then the result is significant, if the Z value is
positive then a is significantly more than b (aka has significantly larger changes in location).
Model numbers stand for: 1 - MVO Hypocenter; 2 - Rowe Hypocenter; 3 - 1D Sea Calipso
Hypocenter; 4 - MVO GAU NonLinLoc; 5 - Rowe GAU NonLinLoc; 6 - 1D Sea Calipso
GAU NonLinLoc; 7 - 3D GAU NonLinLoc; 8 - MVO EDT NonLInLoc; 9 - Rowe EDT
NonLinLoc; 10 - 1D Sea Calipso EDT NonLinLoc; 11 - 3D EDT NonLinLoc; 12 - MVO
Weighted NonLinLoc; 13 - Rowe Weighted NonLinLoc; 14 - 1D Sea Calipso Weighted
NonLinLoc; 15 - 3D Weighted NonLinLoc.
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EX EY EZ
Compare AdjP v/ AdjP v/ AdjP v/

1-10 7.52E-73  18.308 1.98E-136 25.047 4.09E-05 -5.074
1-11 5.70E-32  12.154 G6.08E-106 22.073 1.00E+00 1.623
10-11  7.96E-08 -6.153 3.08E-01 -2.974 2.23E-09 6.697
1-12 448E-101 29.642 1.68E-262 34.746 2.23E-04  4.742

10 - 12 9.31E-28 11.334 3.20E-20  9.699 1.01E-20  9.815
11 - 12 1.86E-66  17.488 8.75E-35 12.673 1.91E-01 3.118
1-13 1.38E-277 35.731 0.00E400 42.766 4.55E-60  16.629
10 - 13 5.80E-66  17.423 3.14E-68 17.719 2.04E-102 21.702
11 -13 7.08E-121 23.576 4.18E-93  20.693 7.10E-49  15.005
12 - 13 1.20E-07  6.089 1.11E-13  8.020 1.45E-30  11.887
1-14 1.03E-164 27.521 2.64E-247 33.725 1.00E+00 2.229
10 - 14 3.32E-18  9.213 4.24E-16  8.678 2.95E-11  7.303
11 - 14 2.87E-51  15.367 2.35E-29  11.652 1.00E+4+00 0.606
12 - 14 1.00E+00 -2.121 1.00E400 -1.021  1.00E+00 -2.512
13 - 14 2.33E-14  -8.210 1.63E-17  -9.041 5.51E-45 -14.399
1-15 1.96E-20  9.749 4.93E-79  19.068 1.39E-20 9.784
10 - 15 1.19E-15  -8.559  2.35E-07 -5.979 6.51E-48  14.858
11 -15 1.00E400 -2.406 2.79E-01 -3.006 3.50E-14  8.161
12 - 15 4.86E-86  -19.894 2.24E-53 -15.678 4.83E-05  5.042
13 - 15 8.27E-147 -25.982 3.94E-122 -23.698 8.05E-10 -6.845
14 - 15 1.21E-68  -17.773 1.27E-46 -14.657 4.42E-12  7.554

1-2 2.13E-129 -24.393 T743E-77  -18.803 2.23E-230 32.550
10 - 2 0.00E4+00 -42.701 0.00E4-00 -43.850 0.00E+00 37.623
11 - 2 2.06E-290 -36.547 0.00E+00 -40.876 5.53E-208 30.926
12 - 2 0.00E+00 -54.035 0.00E+00 -53.549 3.64E-168 27.808
13 -2 0.00E4+00 -60.124 0.00E4-00 -61.569 4.76E-55  15.921
14 - 2 0.00E+00 -51.914 0.00E+00 -52.528 6.55E-200 30.320
15 -2 1.87E-253 -34.142 0.00E400 -37.871 1.05E-112 22.766
1-3 1.00E+00 1.691 1.87E-03  -4.290 2.11E-66 -17.481
10-3 5.50E-60  -16.617 3.66E-187 -29.337 2.52E-33  -12.407
11-3 1.33E-23  -10.464 3.83E-151 -26.363 247E-79 -19.104
12 -3 6.63E-170 -27.952 0.00E4-00 -39.036 2.20E-107 -22.222
13-3 9.97E-252 -34.040 0.00E+00 -47.056 5.67E-253 -34.109
14 - 3 4.23E-145 -25.831 0.00E4-00 -38.015 1.85E-84 -19.710
15-3 8.16E-14  -8.058  1.20E-118 -23.358 1.18E-161 -27.264
2-3 5.87E-148 26.084 1.06E-45  14.513 0.00E+400 -50.030
1-4 4.57E-180 28.775  3.72E-252 34.064 1.35E-03  4.362

10 - 4 1.28E-23  10.468 2.22E-17  9.007 4.06E-19  9.436

11-4 5.16E-60  16.621 4.67E-31  11.981 6.47E-01  2.739

12 -4 1.00E+00 -0.867 1.00E400 -0.692  1.00E+00 -0.379

13-4 3.69E-10 -6.955 3.14E-16 -8.712 1.44E-32 -12.266
14 - 4 1.00E+00 1.254 1.00E+00 0.329 1.00E+00 2.133

Table C.4: Part 1 of 3: Adjusted P values and Z values from Dunn Test. If values in the
Adjusted P column are less than 0.05 then the result is significant, if the Z value is positive
then a is significantly more than b (aka has significantly larger error). Model numbers
stand for: 1 - MVO Hypocenter; 2 - Rowe Hypocenter; 3 - 1D Sea Calipso Hypocenter; 4 -
MVO GAU NonLinLoc; 5 - Rowe GAU NonLinLoc; 6 - 1D Sea Calipso GAU NonLinLoc; 7
- 3D GAU NonLinLoc; 8 - MVO EDT NonLInLoc; 9 - Rowe EDT NonLinLoc; 10 - 1D Sea
Calipso EDT NonLinLoc; 11 - 3D EDT NonLinLoc; 12 - MVO Weighted NonLinLoc; 13 -
Rowe Weighted NonLinLoc; 14 - 1D Sea Calipso Weighted NonLinLoc; 15 - 3D Weighted
NonLinLoc.
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EX EY EZ

Compare AdjP Z AdjP Z AdjP Z
15-4 1.07TE-78  19.027 9.46E-49 14986 6.21E-06 -5.422
2-4 0.00E4-00 53.168 0.00E+00 52.857 8.80E-173 -28.187
3-4 1.56E-159 27.085 0.00E4+00 38.344 9.53E-104 21.843
1-5 1.83E-266 35.007 0.00E400 42.146 1.20E-57  16.291
10-5 1.39E-60  16.699 1.58E-63  17.099 2.98E-99  21.365
11-5 1.44E-113 22.853 1.32E-87  20.074 1.09E-46  14.668
12-5 8.50E-06  5.365 1.42E-11  7.400 7.80E-29  11.549
13-5 1.00E400 -0.724  1.00E400 -0.620 1.00E+00 -0.338
14 -5 7.46E-12  7.486 3.90E-15  8.422 6.88E-43  14.061
15-5 9.57E-139 25.259 T7.96E-116 23.079 8.04E-09  6.507
2-5 0.00E4-00 59.400 0.00E+00 60.950 2.04E-57  -16.259
3-5 2.33E-241 33.317 0.00E4+00 46.437 5.42E-248 33.772
4-5 4.84E-08  6.232 6.15E-14  8.092 8.81E-31  11.929
1-6 1.47E-152 26.486 1.98E-234 32.835 1.00E+00 1.773
10-6 3.02E-14  8.178 7.16E-13  7.788 7.90E-10  6.847
11-6 1.46E-44  14.332 5.46E-25 10.762 1.00E4+00 0.150
12 -6 1.68E-01  -3.156 1.00E4+00 -1.911 3.15E-01  -2.968
13-6 2.48E-18  -9.245 3.20E-21  -9.931 6.77E-48 -14.855
14 -6 1.00E400 -1.035 1.00E400 -0.890 1.00E+00 -0.456
15-6 7.34E-61  16.737 4.22E-41  13.767 1.20E-13  -8.010

2-6 0.00E4+00 50.879 0.00E400 51.638 5.74E-206 -30.776
3-6 1.05E-133 24.795 1.17E-299 37.125 1.37E-80  19.254
4-6 1.00E+00 -2.289  1.00E400 -1.219 1.00E400 -2.589
5-6 1.66E-15  -8.521  1.32E-18 -9.312 9.85E-46  -14.518
1-7 2.25E-17  9.006 1.22E-73  18.406 7.36E-19  9.374

10-7 1.45E-18  -9.302  3.28E-09 -6.640 2.73E-45  14.447
11-7 1.72E-01  -3.149  2.59E-02 -3.666 9.61E-13  7.750
12 -7 1.35E-92  -20.637 5.44E-58 -16.339 3.80E-04  4.632
13-7 2.53E-155 -26.725 4.84E-129 -24.359 4.22E-11  -7.255
14 -7 1.63E-74  -18.516 6.0vE-51  -15.318 9.51E-11 7.144
15-7 1.00E+00 -0.743 1.00E400 -0.661  1.00E400 -0.410

2-7 1.561E-242 33.399 4.96E-301 37.210 8.36E-117 -23.176
3-7 2.70E-11  7.315 5.07E-112  22.697 7.91E-157 26.854
4-7 5.70E-85  -19.770 3.63E-53  -15.648 5.68E-05  5.011
5-7 5.00E-147 -26.002 1.47E-122 -23.740 4.83E-10 -6.917
6-7 2.12E-66  -17.480 3.61E-45  -14.428 3.11E-12  7.600
1-8 1.09E-104 21.942 1.07E-168 27.852 1.00E+00 -0.818

Table C.5: Part 2 of 3: Adjusted P values and Z values from Dunn Test. If values in the
Adjusted P column are less than 0.05 then the result is significant, if the Z value is positive
then a is significantly more than b (aka has significantly larger error). Model numbers
stand for: 1 - MVO Hypocenter; 2 - Rowe Hypocenter; 3 - 1D Sea Calipso Hypocenter; 4 -
MVO GAU NonLinLoc; 5 - Rowe GAU NonLinLoc; 6 - 1D Sea Calipso GAU NonLinLoc; 7
- 3D GAU NonLinLoc; 8 - MVO EDT NonLInLoc; 9 - Rowe EDT NonLinLoc; 10 - 1D Sea
Calipso EDT NonLinLoc; 11 - 3D EDT NonLinLoc; 12 - MVO Weighted NonLinLoc; 13 -
Rowe Weighted NonLinLoc; 14 - 1D Sea Calipso Weighted NonLinLoc; 15 - 3D Weighted
NonLinLoc.
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Compare
10 - 8
11 - 8
12 -8
13 -8
14 - 8
15 -8

EX

AdjP
2.93E-02
1.34E-20
1.43E-12
3.12E-41
2.54E-06
3.54E-32
0.00E+00
3.64E-89
8.70E-10
5.46E-37
5.79E-04
2.95E-36
1.43E-179
1.94E-23
9.98E-60
1.00E+00
2.78E-10
1.00E+00
2.20E-78
0.00E-++00
4.58E-159
1.00E+00
3.76E-08
1.00E+00
1.25E-84
1.15E-09

Z
3.634
9.787
-7.700
-13.789
-9.579
12.193
46.335
20.251
-6.834
-13.065
-4.544
12.936
28.736
10.428
16.581
-0.906
-6.995
1.215
18.987
53.129
27.045
-0.040
-6.271
2.250
19.730
6.794

EY

AdjP
5.28E-01
7.88E-07
5.70E-10
2.81E-48
4.50E-07
1.65E-16
0.00E+00
1.19E-224
5.85E-08
2.49F-44
6.58E-05
3.72E-19
3.99E-282
5.30E-26
3.34B-42
1.00E+00
1.62E-09
1.00E+00
1.88E-62
0.00E-+00
0.00E-+00
1.00E+00
9.56E-08
1.51E-01
1.97E-67
3.24F-14

Z
2.805
5.779
-6.894
-14.914
-5.873
8.784
46.655
32.142
-6.202
-14.294
-4.983
9.445
36.022
10.975
13.949
1.276
-6.744
2.297
16.954
54.825
40.312
1.968
-6.124
3.187
17.615
8.170

EZ

AdjP
2.18E-03
1.00E+00
2.84E-06
3.86E-66
2.43E-01
3.08E-24
4.30E-242
2.56E-60
2.33E-05
1.34E-63
1.00E+00
2.28F-22
6.31E-26
7.90E-56
1.05E-18
5.30E-08
1.50E-06
2.68E-16
1.00E-+00
2.32E-101
6.87E-176
4.41E-09
1.02E-05
4.30E-18
1.00E+00
5.40E-30

Z
4.256
-2.441
-5.599
-17.446
-3.047
-10.602
-33.367
16.663
-5.180
-17.109
-2.591
-10.191
10.959
16.033
9.336
6.218
-5.669
8.730
1.175
-21.590
28.440
6.597
-5.332
9.186
1.585
11.777

Table C.6: Part 3 of 3: Adjusted P values and Z values from Dunn Test. If values in the
Adjusted P column are less than 0.05 then the result is significant, if the Z value is positive
then a is significantly more than b (aka has significantly larger error). Model numbers
stand for: 1 - MVO Hypocenter; 2 - Rowe Hypocenter; 3 - 1D Sea Calipso Hypocenter; 4 -
MVO GAU NonLinLoc; 5 - Rowe GAU NonLinLoc; 6 - 1D Sea Calipso GAU NonLinLoc; 7
- 3D GAU NonLinLoc; 8 - MVO EDT NonLInLoc; 9 - Rowe EDT NonLinLoc; 10 - 1D Sea
Calipso EDT NonLinLoc; 11 - 3D EDT NonLinLoc; 12 - MVO Weighted NonLinLoc; 13 -
Rowe Weighted NonLinLoc; 14 - 1D Sea Calipso Weighted NonLinLoc; 15 - 3D Weighted

NonLinLoc.
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Mean Change in Location
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DX (km) DY (km) DZ (km)

1995 1.38 1.22 1.43
1996 1.85 2.65 1.39
1997 19.19 28.51 3.17
1998 11.81 10.49 2.33
1999 38.61 35.80 3.21
2000 20.49 15.26 5.12
2001 27.32 26.25 3.93
2002 45.35 48.08 6.45
2003 50.17 74.06 5.78
2004 51.95 71.20 7.85
2005 30.13 41.22 3.76
2006 46.01 64.24 2.32
2007 40.83 50.21 7.29
2008 69.91 50.33 5.68
2009 16.70 23.00 4.42
2010 14.12 16.79 1.73
2011 8.92 9.43 2.28
2012 5.01 4.06 1.19
2013 4.17 5.90 1.19
2014 3.42 3.60 0.88
2015 1.53 2.05 0.80
2016 6.21 4.59 1.77
2017 6.35 5.06 1.71
2018 0.74 0.51 0.85

Table D.1: Table showing the mean change in location for X, Y and Z earthquake hypocen-
ters for each year between Hypocenter and NonLinLoc in km.





