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Abstract Volcanic earthquakes provide a wealth of information about the magmatic system. Monitor-
ing volcanic seismicity is one of the primary methods used by volcano observatories globally, including at
Soufrière Hills Volcano, Montserrat. Computed earthquake locations represent the optimal solution given the
information available and vary depending on the chosen location method and seismic velocity model, but
rarely are these parameters tested for suitability in each region. We propose a new method that utilises syn-
thetic earthquakes to evaluatewhether the calculated hypocenters and their associated errors accurately rep-
resent the true source locations. We define this evaluation as a confidence parameter that highlights events
we can ‘trust’. By comparing several location methods and seismic velocity models for Montserrat we show
the current setup is not optimal and suggest an alternative location method. Analysis using new ‘trusted’ re-
locations focuses on four seismic clusters distal from Soufrière Hills in 1995. Our results highlight differences
in hypocenters during this period, suggesting alternative interpretations of the distal seismicity. We propose
a WNW dyke orientation, supporting previous studies, and local fault complexes in the region. Overall, this
paper highlights the importance of using a robust locationmethod suitable for the region to ensure that calcu-
lated hypocenters are trustworthy and accurate. Use of sub-optimal methods can influence apparent spatial
earthquake trends, impacting interpretations and our understanding of volcanic systems.

1 Introduction

Volcanic seismicity is one of the main indicators used
by observatories to monitor the activity of volcanoes
worldwide. The number of events, the type of the seis-
mic signal and the distribution of hypocenters can all
give information about the internal dynamics of the
volcanic system. Accurate earthquake locations can
greatly improve the understanding of subsurface pro-
cesses at volcanoes globally. The quality of the calcu-
lated hypocenter depends on the location method used
(combination of arrival time picks and associated pick
error, velocity model, travel time uncertainties and lo-
cation algorithm), resulting in varied output locations
when computed by different users. However, location
methods are not always tested for suitability in each
region, reducing our understanding of how accurately
these perform, and if calculated hypocenters could be
improved. Testing of location methods is essential for
constraining hypocenters and can be used to unravel
more information from existing data before deploying
further networks.
Volcanic observatories use a range of softwares and
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methodologies for earthquake location. A software
package frequently used for earthquake detection is
Earthworm—this has several built in programs that are
able to collect, process and analyse the data (John-
son et al., 1995). The USGS observatories (HVO, CVO,
AVO) commonly use the location package Hypoinverse
(Klein, 2002) for preliminary earthquake locations,
which are then refined using joint relocation methods
such as HypoDD (Waldhauser, 2001). GeoNet in New
Zealand uses amixture of LocSAT (Bratt andNagy, 1991)
and NonLinLoc (Lomax, 2001) for earthquake location,
whereas INGVuses the programCaravel (built on Earth-
worm, Bono et al. (2021)), for their initial manual loca-
tions which are then refined by the on-duty seismolo-
gists.
Synthetic earthquakes (where the location of the

earthquake is controlled and corresponding travel
times to seismic stations are calculated) eliminates the
unknown of the original earthquake hypocenter (for
X, Y, Z, t parameters), allowing the velocity model and
location algorithm to be tested for suitability in each
region. We present a new method where synthetic
earthquakes are used to determine how trustworthy
the calculated hypocenters are, and how this can be
used alongside other parameters to understand which
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Figure 1 Map of the island of Montserrat showingmain landmarks and geological features adapted fromBaird et al. (2015).
Coloured regions represent volcanic complexes grouped by age; grey: South Soufrière dome, orange: complexes of Soufrière
Hills (170 ka to present), purple: Garibaldi Hill and St Georges Hill complex (282 ka). Annotations: GH = Garibaldi Hill, SGH
= St George’s Hill, MHFS = Montserrat-Havers Fault System. Red lines represent main faults in the region. Inverted triangles
represent seismic network from July–November 1995. Inset shows 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). Arrows show plate motions.

methods and models are most suitable for each region.
This provides a simple analysis to improve earthquake
hypocenters that can benefit observatories with time
and computational constraints. Our proposed method

can be tailored for inclusion of other criteria such as
pick quality and station corrections and easily adapted
for testing in other volcanic and seismically active re-
gions to improve past and future seismic catalogues. It
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is worth noting that the use of station corrections in
volcanic settings is not always suitable due to the con-
stantly changing subsurface structure during periods
of unrest. Additional techniques such as joint location
methods have been shown to greatly improve earth-
quake hypocenters and minimise errors, and addition-
ally remove the need for station corrections (Richards
and W-Y, 2006). These techniques are rarely used for
real-timemonitoring, and therefore we focus purely on
improving initial absolute locations that are frequently
used by observatories for hazard assessment.
Montserrat is a small volcanic island situated in the

Lesser Antilles, north-west of Guadeloupe (Figure 1).
Soufrière Hills Volcano is situated in the south of the is-
land and began erupting in July 1995 after three years
of increased seismicity (Young et al., 1998). It has un-
dergone five main phases of extrusion with the last
recorded extrusion in 2010; monitoring data still shows
signs of unrest at the time of writing (MVO, 2023). The
Montserrat Volcano Observatory (MVO) uses seismic
analysis as one of its primary monitoring tools; how-
ever, the method used to derive locations has not been
updated since the broadband network was installed in
October 1996. Currently, MVOuses the locationmethod
Hypocenter (Lienert et al., 1986) with a simple 1D veloc-
ity model of Montserrat that was adapted from a veloc-
itymodel ofGuadeloupe. MVO’s seismic catalogue from
July 1995 to February 2018 contains over 13,000 located
events. This catalogue provides a great wealth of infor-
mation throughout the course of the eruption that al-
lows changes in seismicity to be linked to volcanic pro-
cesses as the system stabilised. Understanding weak-
nesses associated with current hypocenters, and how
uncertainties in these locations can be improved, can
provide a new insight into the volcanic system.
Our new method is applied to seismicity in Montser-

rat for the purpose of assessing how seismic moni-
toring and location procedures could be updated, and
whether improved hypocenters can assist in elucidating
the crustal-magmatic system of Soufrière Hills volcano.
We tested MVO’s station configuration as of February
2020 with a range of location algorithms and velocity
models to understand which location setup is optimal
for locating earthquakes on Montserrat. This optimal
method was used to relocate MVO’s past seismic cat-
alogue for all event types. An example of the impor-
tance of improved hypocenters is shown for four clus-
ters distal to themain seismicity beneath SoufrièreHills
that were recorded during July–November 1995 at the
start of the eruption. Several distal clusters have been
observed by Aspinall et al. (1998), Miller et al. (2010)
andWhite andMcCausland (2016) throughout 1995with
conflicting interpretations. Our new ‘trusted’ hypocen-
ters are used to shed light on the implications of using
poorly constrained hypocenters for initial earthquake
locations, and how this alters our interpretations of the
volcanic system during this time period.

2 Methods
The true earthquake location is never known, with
the calculated hypocenter being an optimal solution

given the travel times and models provided. Calculated
hypocenters vary when using different location algo-
rithms and velocity models. Therefore, it is important
that the methodology is tested and compared with al-
ternative methods to understand how trustworthy the
calculated hypocenters are. This type of method test-
ing can be applied to any volcanic region, with the pa-
rameters and models optimised to suit each region. We
focussed on improving calculated earthquake hypocen-
ters at Montserrat during the course of the eruption
from 1995–2018, with a direct focus on relocations in
1995 where several distal clusters were observed. It is
important to understand if new advances in location al-
gorithms and alternative seismic velocity models can
improve initial hypocenters for existing seismic data,
refining previous interpretations of the volcanic sys-
tem.
We produced a 15 by 20 km grid of synthetic earth-

quakes spaced at 1 km (Figure S1); this was created at
depths of 0.5 km above sea level, 0, 1, 3, 5, 5.8 and 10 km
belowsea level (bsl) to ensure that the velocitymodel for
Montserrat was adequately sampled. A depth of 5.8 km
was used to test the limits of one velocity model which
only extended to a depth of 6 km. Synthetic P and S
wave arrival times were calculated from each synthetic
point to all active seismic stations using each tested ve-
locity model (resulting in multiple sets of arrival times
for each velocity model setup). Topography was not in-
cluded in this calculation. Synthetic arrival times were
calculated using the eikonal finite-difference scheme of
Podvin and Lecomte (1991). This uses a systematic ap-
plication of Huygens principle with finite difference ap-
proximation and takes into account varying propaga-
tion modes and local discontinuities when calculating
travel times (Podvin and Lecomte, 1991). This resulted
in a set of arrival times that could be used to locate the
synthetic earthquake with each location method that
was being tested, defined as the synthetic hypocenter.
NonLinLoc uses this method to calculate travel time
grids, whereas with the program Hypocenter, the user
either uploads their own travel time grid or can calcu-
late this using a program called TTGEN.
The number of seismic stations on Montserrat has

varied over the past 25 years with the network being
continuously revised and updated, with some stations
being destroyed during the 1995 eruption. The seis-
mic stations used for creating synthetic travel times are
shown in Figure S2, and represent MVO stations that
were active in February 2020; details of the seismic sta-
tions used are shown in Table S1. This configuration
was used to improveMVO’s current locationmethod for
future earthquakes located onMontserrat. We tested 10
different seismic station configurations that were avail-
able from 1995 to February 2020 and found all configu-
rations with more than four seismic stations produced
similar hypocenter errors and changes in location, al-
lowing results from this synthetic test to be suitable for
relocation of all MVO events from 1995. An example
of changes in location for each of the station configura-
tions tested are shown in Figure S3. Station corrections
were not included with synthetic testing to align with
MVO’s earthquake location procedures, as our goal was
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Figure 2 A simplified 2D schematic explaining the methodology used to relocate the synthetic earthquakes; in our testing
this was also done for depth locations. The red dot represents the synthetic grid location, with the blue and purple dot
representing the calculated hypocenter. t1 and t2 are travel times from each station, and X1, Y1, and X2, Y2 are the relocated
locations for each synthetic earthquake.

to maintain consistency with current and future opera-
tions.
To understand how well the synthetic earthquakes

were being located, the parameter ‘trusted’ was cre-
ated to show how reliable the calculated hypocenters
were. The ‘trusted’ parameter is binary, and uses the
distance of the calculated hypocenter from the original
synthetic location to determine whether this distance is
within the calculated error of the synthetic hypocenter.
A trusted event is an earthquake that has the original
synthetic location within the computed error of the cal-
culated hypocenter—i.e. the 68% confidence ellipsoid
covers the original synthetic location. This was com-
puted for the X, Y and Z location individually, with each
relocated synthetic event being labelled as trusted or
untrusted. The computed error used is the covariance
calculated by each locationmethod and then converted
into a standard error (X, Y and Z) using the equations
taken from Lomax (2001) so that each method can be
compared equally. An untrusted location is a hypocen-
ter that is located further away from the original syn-
thetic location than the calculated error.
The synthetic arrival times were calculated using a

gaussian error of 0.1 seconds, representing a high qual-
ity arrival time, and assumes that all seismic stations
were fully operational. This was deemed suitable due to
MVO handpicking P and S wave arrival times, although
we note that MVO’s pick errors could be larger during
the early stages of the eruption when a greater number
of analysts were picking events. A range of errors were
tested for calculating the synthetic arrival times, vary-
ing from 0.1 to 5 seconds to understand the impact on
calculated hypocenter error (Figure S4). This variation
in error for calculating the arrival time represents the
pick error when events are handpicked by an analyst.
Higher pick error increases hypocenter uncertainty and

results in a decrease in the number of trusted earth-
quakes.
Differences in location between the synthetic and cal-

culated hypocenter were compared with the RMS of the
calculated origin time, calculated hypocenter error, and
the number of trusted earthquakes. A schematic of this
procedure is shown in Figure 2. Comparing calculated
errors, and changes in location between synthetic and
calculated earthquakes alone can not provide a con-
crete understanding of which location setups perform
best. The trusted parameter provides an important
way of quantitatively comparing each location method,
to aid understanding of which setup provides realistic
hypocentral information. Some methods may produce
lower calculated hypocenter errors, but, if these are
not consistent with changes in location, then the setup
could be under-calculating the error. The trusted pa-
rameter takes both elements into account, providing a
parameter that describes if the location setup is repre-
sentative of the output hypocenter. Using this in con-
junction with changes in location and calculated error,
provides a strong indication of which setups are reli-
able for earthquake location on Montserrat. Finally, a
Dunn’s statistical analysis compared all relocations of
synthetic events to check if there was a significant re-
duction in calculated errors and change in location be-
tween each tested setup.

2.1 Velocity Models

Three alternative velocity models to the MVO seismic
velocity model were tested for comparison of suitabil-
ity in this study; this resulted in three 1D models (Fig-
ure S5) and one 3D model. The MVO model comprises
five layers, and was adapted with trial and error mod-
ifications from a starting model based on Guadeloupe
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Table 1 Labels and descriptions of each velocity model and location method used for comparison in earthquake location.

Velocity Models Location Algorithms

V1 MVO (Power et al., 1998) Method 1 Hypocenter (Lienert et al., 1986)

V2 Rowe et al. (2004) Method 2 NonLinLoc using the Gaussian Inversion (Lo-
max, 2001)

V3 1D SEA-CALIPSO (Shalev et al. (2010)) Method 3 NonLinLoc using the Equal Differential Time
method (Lomax, 2001)

V4 3D SEA-CALIPSO (Paulatto et al. (2012)) Method 4 NonLinLoc using the Gaussian Inversion and
equally weighted arrival times (Lomax, 2001)

(Power et al., 1998). The 1D Rowe et al. (2004) model
was produced with the tomography program VELEST
and Simul2000 using arrival times of shallow seismic-
ity from 1995–1996. The 1D SEA-CALIPSO model was
adapted by Miller (2011) using a 3D model by Shalev
et al. (2010); this was determined by Pwave first arrivals
at 58 seismic stations on land and sea during the SEA-
CALIPSO project. The 3D seismic velocity model from
Paulatto et al. (2012) was generated using a mixture of
ocean and land seismometers during the active source
SEA-CALIPSO project and inverted using the tomogra-
phy code of Hobro et al. (2003). Thesemodels were cho-
sen due to them being publicly available, and therefore
would be the models tested if MVO were to follow the
methodology outlined in this paper without the compu-
tation of creating a new 1D seismic velocity model.

2.2 Location Algorithms

Two location programs were used for this study:
Hypocenter (Lienert et al., 1986), which is currently used
by MVO, andNonLinLoc (Lomax, 2001), which has been
proven toworkwell in complex environments. Hypocen-
ter 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 et al., 1986). NonLinLoc uses a direct search
method that determines a 3D spatial probability density
function (PDF) over a given region for all possible solu-
tions. This provides a grid of PDF values, with the opti-
mal solution taken as the maximum value of the PDF.
CurrentMVO settings and parameterswere usedwith

the location methodHypocenter; this was to keep it con-
sistent when comparing different velocity models and
location methods to present day MVO locations. A 3D
model cannot be input into Hypocenter, and therefore
this was only tested with three 1D seismic velocitymod-
els. The Oct-Tree sampling method was chosen as the
search method for NonLinLoc with three variations of
location algorithms tested. This included: the Equal
Differential Time (EDT) method, the Gaussian Analyti-
cal (GAU)method, and theGaussianAnalyticalmethods
with all arrival times equally weighted.

2.3 Tested Setups

We tested four velocity models and four location meth-
ods shown in Table 1 (including the traditional velocity
model andmethod employed byMVO, referred to as the
‘MVO setup’). This resulted in 15 different location se-
tups tested with the synthetic earthquake grids (due to
Hypocenter not allowing the input of 3D seismic velocity
models).

3 Results

Parameters including RMS of calculated origin time,
calculated hypocenter errors, changes in location be-
tween synthetic and original hypocenters, and the per-
centage of trusted hypocenters were used to determine
which setup was optimal for locating earthquakes on
the island ofMontserrat. Figure 3 shows the percentage
of trusted earthquakes for each combination of method
and velocity model. The full trust table can be found
in Figure S6. The MVO setup (method 1 and V1) per-
formed well at shallow depths, but had larger calcu-
lated errors andwasnot as trustworthy for Z (depth) esti-
mates. Method 3 performed well for all velocity models
and depths on average compared to other tested meth-
ods.
Changes in location and calculated errors for each

setup can be found in Figure S7 and S8 respectively;
these results were also used in combination with the
trust table to determine the optimal location method.
The MVO setup consistently underperformed, and all
velocity models used with method 1 showed higher
RMS, change in location and errors compared to other
locationmethods. This can be clearly seen in Figure S9,
which visualises the change in location for each setup
when the synthetic earthquakes are set at 0 km depth.
Methods 2 and 3 produced the lowest changes in loca-
tions for X, Y and Z constraints, suggesting a more ac-
curate hypocenter had been calculated. Methods 2 and
4 produced consistently lower hypocenter errors than
method 3. This was to be expected as method 3’s algo-
rithm takes into account outliers when generating the
PDF, resulting in hypocenters with more representative
errors, which are generally larger.
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Figure 3 Figure shows the percentage of trusted hypocenters for the X, Y, Z location, for each velocity model and location
method. V1: MVOvelocitymodel, V2: Roweet al. (2004) velocitymodel, V3: 1DSEA-CALIPSOmodel byShalev andLees (1998);
V4: 3D SEA-CALIPSOmodel by Paulatto et al. (2012). Method 1: Hypocenter with settings used by MVO, Method 2: NonLinLoc
with the Gaussian Inversion, Method 3: NonLinLoc with the EDT method, Method 4: NonLinLoc with the Gaussian Inversion
and equally weighted stations. Orange shows percentages higher than 60%, yellow higher than 70%, light green higher than
80% and dark green higher than 85%. The red outlined cells show the best velocity model/location method for that depth.

V2 performed best at depths of 0, 1 and 3 km, with
V3 performing better at depths of 5 km. However, V3
was limited to a depth of 6 km due to the cut off of
the generated velocity model. V2 performed well at
additional depths up to 10 km with changes in loca-
tion of 200–300 m compared to V3 at 5 km depth (Fig-
ure S7). Therefore V2 was more practical for relocat-
ing earthquakes onMontserrat, given a) its ability to lo-
cate deeper events which may be indicators of future
unrest episodes, and b) producing significantly smaller
changes in locations and errors compared to othermod-
els at shallower depths, where themajority of seismicity
is currently located on Montserrat. Little difference in
hypocenter errors was seen betweenmethods 2, 3 and 4
when using V2, but method 3 produced a greater num-
ber of trusted earthquakes (Figure S8). It ismore impor-
tant to have a greater number of trusted earthquakes,
especially when the difference in errors is minimal, as
this gives us greater confidence in our interpretations.

A Dunn statistical test (Dunn, 1964) was performed
for each combination of location method and veloc-
ity model to check that the results for each relocation
were significantly different to each other, and hence the
new location setup would produce a significant differ-
ence in calculatedhypocenters. This tests between each
pair of relocations to calculate the probability of observ-
ing a randomly selected value from the first group that
is larger than a randomly selected value from the sec-
ond group. The Dunn test was used with the Berronni
method and adjusted p-values, which was computed
in R, and tested between each pair of the 15 reloca-
tions. This was performed on both changes in loca-
tion and hypocenter error at each depth of the synthetic
data; the results for the statistical tests for change in
location and error are shown in Figures S10 and S11

respectively. The results showed that V3 had signif-
icantly lower changes in X and Y locations at depths
greater than 5 km compared to other velocity models,
but that V2 had significantly lower changes in location
at depths shallower than 3 km, supporting previous re-
sults. Overall, method 3 with V2 produced significantly
lower changes in location and hypocenter errors than
the currentMVO setup. This supported results from the
error tests and confirmed this method setup is optimal
for locating earthquakes on Montserrat.
Method 3 with V2 was deemed the optimal setup as

it performed well at all depths, with a high percentage
of trusted earthquakes and small calculated hypocenter
errors. This setup used the location method NonLinLoc
with the EDT search method, alongside the seismic ve-
locity model proposed by Rowe et al. (2004). This opti-
mal setup was used to relocate the seismic catalogue on
Montserrat for all available earthquakes in MVO’s cata-
logue from 1995–2018. For demonstration, we have ex-
amined a subset of these data from July–November 1995
where a large amount of earthquakeswere recordeddis-
tal (greater than 3 km) to Soufrière Hills.

4 Discussion

The MVO seismic catalogue from July 1995 to Febru-
ary 2018 was relocated using the Rowe et al. (2004) ve-
locity model with the NonLinLoc EDT locationmethod.
MVO’s arrival picks were weighted by pick quality and
include both P and Swave arrivals; thesewere picked by
several analysts throughout the eruption andmay be in-
consistent between time periods resulting in larger pick
errors. Station corrections were not included in relo-
cation due to MVO not currently using these for earth-
quake location and to make a fair comparison between
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Figure 4 Original MVO setup hypocenters and our optimal setup hypocenters for four distal clusters from July–November
1995. Depth plots are shown with 0 representing sea level surface. The top panels shows all located earthquakes; bottom
panels shows earthquakes which have been filtered for hypocentral errors less than 3 km, azimuthal gap < 180◦, and RMS
less than 0.2 seconds. Inverted triangles represent seismic stations active during 1995. WH = Windy Hill; SGH = St Georges
Hill.
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the two location setups.
Our aim was to improve earthquake hypocenters in

real-time operations by volcanic observatories, where
repicking of arrival times over longer timescales is not
possible. Therefore, we used analysts’ picks from MVO
to replicate how the observatory would locate their
seismicity during unrest. Data is often repicked in
hindsight, which can improve pick and location qual-
ity. Alternative arrival times are available from Roman
et al. (2008), who repicked P and S wave arrivals for all
volcano-tectonic earthquakes from 1995–2007, improv-
ing the accuracy of calculated earthquake hypocenters.
To test the difference in our hypocenters and under-
stand how repicked waveforms would impact our loca-
tions, we used the arrival time picks from Roman et al.
(2008) for relocation for the period of July–December
1995 using our optimal location setup. We found a
similar distribution in hypocenter error between both
datasets shown in Figure S12, with a slight improve-
ment in RMS for Roman et al. (2008) locations of on
average around 0.1 seconds. This suggests that Roman
et al. (2008) locations are more reliable, which is to be
expected given that these were repicked and therefore
represent a high pick quality. However, there were al-
most four times the number of earthquakes constrained
when using the MVO picks. Using Figure S4, we can see
that if we increase the pick error from 0.1 to 1 second
(likely for theMVO picks) we have a reduction of 10% in
trusted events. However, given the increase in the num-
ber of events, this still provides an overall benefit to use
for location, with the note that some events may be less
trustworthy. Additionally, locations using Roman et al.
(2008) picks showed similar hypocenters to using MVO
picks. Therefore, we are confident in using MVO’s ar-
rival picks for interpretation of the dataset, replicating
how an observatory would operate in real-time.
We focused on seismicity recorded between July and

December 1995, coincident with the opening phase of
the volcanic eruption. Seismic stations active during
this time frame are shown in Figure S13 and Table S2,
with the final earthquake catalogue for this time period
shown in Table S3. Several features within the seismic
catalogue for the beginning of the eruption in 1995 have
been used as evidence for interpretations andmodels of
dynamics of SoufrièreHillsVolcano andmagmaplumb-
ing geometry. Synthetic testing has shown that calcu-
lated hypocenters rely heavily on the method and ve-
locity model used. Therefore, the calculated hypocen-
ters may not be ‘trusted’ and many features of the cat-
alogue may not be robust. This time period is partic-
ularly interesting due to several distal seismic clusters
that were recorded. These distal clusters have been
previously investigated by Aspinall et al. (1998) and
Miller et al. (2010), but each investigation yielded differ-
ent results and hence interpretations. MVO hypocen-
ters were taken from Aspinall et al. (1998) during July
1995–October 1996; these events generally have higher
errors associated with them compared to later time pe-
riods.
Four main distal clusters were highlighted during

July–December 1995, resulting in a subset of 985 earth-
quakes thatwere further analysed fromour relocations:

beneath St George’s Hill (SGH) from 11 to 14 August;
from Soufrière Hills towards Long Ground (referred to
as the NE cluster) from 5 to 6 August; beneath Windy
Hill (WH) from 8 to 10 September; and aWNW trend in
seismicity from 18 to 22 November (referred to as the
WNW cluster). Relocated hypocenters are filtered for
horizontal and depth errors less than 3 km, azimuthal
gap < 180◦, and RMS less than 0.2 seconds, resulting
in 269 high-quality hypocenters used for further anal-
ysis. Both the WH and WNW cluster had less than 10
earthquakes once filtered for quality, resulting in only
the SGH and NE cluster being studied further. Figure 4
displays the comparison of hypocenters determined us-
ing theMVO setup and our relocations using the chosen
optimal setup for both filtered and unfiltered hypocen-
ters. The MVO setup does produce a greater number
of hypocenters when filtered for events less than 3 km,
but synthetic testing has proven these to be less trust-
worthy. The MVO setup shows a more defined struc-
ture, especially in the NE cluster which shows an in-
crease in depth towards the NE, which is not as clearly
seen with the optimal setup. We believe this to be an
artefact due to also seeing this trend in other time pe-
riods at Montserrat when using the MVO setup and for
eventswith a small number of arrival time picks. Events
that were filtered for the optimal setup generally had
less than eight arrival times used for hypocenter calcu-
lation, increasing the location error, whereas the MVO
setup was less affected by the low number of arrival
picks producing low errors that have been shown to not
be representative of the true error from our synthetic
testing.
Hypocenters calculated using the optimal setup show

several distinct differences to those from the MVO
setup, with clusters being more confined and not ex-
tending as great a distance from Soufrière Hills. The
WH cluster shows the greatest similarity in locations,
with hypocenters located just to the west of St George’s
Hill. TheWNWcluster is now centeredmore to the NW
and closer to St George’s Hill. Both the WH and WNW
cluster do not show this pattern once we filter hypocen-
ters to include only high quality events. The SGHcluster
shows a significant change in location, with hypocen-
ters connecting the western flanks of Soufrière Hills
Volcano and St George’s Hill. 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). Finally, the NE cluster is more
compact, with hypocenters not showing an increase in
depth to the NE as was previously seen with original
MVO hypocenters.

4.1 NE Cluster

Aspinall et al. (1998) had proposed a migration in seis-
micity towards Soufrière Hills from Long Ground in the
NE from 5 to 6 August. However, Roman et al. (2008)
proposed that the horizontal error was larger than the
radius of the cluster, and hence no migration could be
justified. Our calculatedhypocenters showearthquakes
early in the sequence to be located near Long Ground at
depths of 1–4 km bsl (Figure 5)—associated errors for
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Figure 5 Earthquake hypocenters from 5 to 6 August 1995 coloured by time for all high-quality events.

the earthquakes are shown in Figure S14A. On 6 Au-
gust, earthquakes migrated SW towards the flanks of
Soufrière Hills. Using the filtered high-quality events,
we confirm a migration of seismicity towards Soufrière
Hills Volcano over a two-day period from Long Ground.
However, even though our results agree with the inter-
pretation from Aspinall et al. (1998) that the seismicity
migrated, we found that the distance of migration was
far more restricted than was originally postulated.

4.2 SGH Cluster
Prior to the Soufrière Hills eruption in 1995, 30-year
cyclic episodes of earthquake swarms were recorded
in southern Montserrat, mostly beneath the main sum-
mit (Shepherd et al., 1971; Young et al., 1998). How-
ever, it is thought that distal seismicity was recorded
beneath St George’s Hill in 1933–1937, although these
use poorly constrained hypocenters that carry large un-
certainties (Powell, 1938). This suggests that St George’s

Hill could have been seismically active in previous un-
rest episodes. No seismicity was recorded beneath St
George’s Hill in the years leading up to the eruption in
1995, and there is little evidence for a volcanic system in
that area (Harford et al., 2002). Hypocenters by Aspinall
et al. (1998) were located at depths of 4–6 kmbsl, and re-
located hypocenters by Miller et al. (2010) highlighted
seismicity located at 3.5 km WNW of Soufrière Hills
and at depths of 3–4 km. The focal mechanisms dur-
ing this period show a mixture of normal faulting with
WNW-ESEextensionandNE-SWextension (Miller et al.,
2010). Our locations, when using high quality hypocen-
ters, show events located 3–4 km NW of Soufrière Hills
at depth range of 1–5 km. Over half of the earthquakes
during this time period are located between a depth of
3.5–5.2 kmshowing awider range indepth location than
found by Miller et al. (2010).

Our hypocenters show a connection between the NW
flank of Soufrière Hills and St George’s Hill that was not
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Figure 6 Diagram showing high-quality hypocenters from 11 to 14 August 1995. Hypocenters are coloured by time. Black
line represents suggested dyke projection.

previously seen with the MVO hypocenters (Hypocen-
tral errors of this cluster are shown in Figure S14B).
Seismicity is recorded on the flanks of Soufrière Hills
towards the end of 12 August, before the majority of
seismicity is recorded beneath St George’s Hill there-
after. Hypocenters are coloured by time to help high-
light any migration of seismicity during this three day
period (Figure 6). We note that there is no clear migra-
tion of seismicity when using the high quality hypocen-
ters, but we propose that this lineation is representa-
tive of a feature that would benefit from further analysis
such as joint relocation.

Volcano-tectonic earthquakes can be triggered on
regionally aligned faults by low internal pressures
produced by an intruding magmatic body (Vargas-
Bracamontes and Neuberg, 2012). This could be a plau-
sible reason for the seismicity recorded during the SGH
cluster that follows similar trends to the Belham Valley

Fault and the RichmondHill Faults. White andMcCaus-
land (2016) originally proposed that this distal cluster
was a result of the local stress field triggering seismic-
ity along faults. Our relocated hypocenters show a clear
lineation of seismicity to the WNWwith a slight migra-
tion of hypocenters through time, possibly representing
dyke migration during this period. There is a separate
geothermal system beneath St George’s Hill, evidenced
by increased well temperatures and increased seismic
velocities (Ryan et al., 2013). St George’s Hill is located
at an intersection of two fault systems; this produces
zones of crustal weakness that can act as preferential
paths for magmatic intrusions (Ryan et al., 2013; Faulds
et al., 2011). Therefore, a possible scenario for this distal
seismicity could be dyke propagation in this region, that
was stalled beneath St George’sHill. However, it can not
be ruled out that seismicity was triggered by changes in
local stress fields activating localised faults as suggested
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by White and McCausland (2016).
Following the main trend in seismicity during this

time period, we propose a WNW dyke orientation,
shown in Figure 6. Our proposed dyke follows simi-
lar trends found by Baird et al. (2015), Hautmann et al.
(2009) and Mattioli et al. (1998), who suggested a dyke
orientation varying fromNWtoWNW. This also follows
the trend in volcanic complexes recorded at Soufrière
Hills and the Belham Valley Fault which extends to-
wards St George’s Hill (Figure 1).
Our different dyke orientation highlights the differ-

ence in interpretation during this timeframe when us-
ing different location methodologies and the implica-
tions for hazard assessment. Our new proposed loca-
tion method for Montserrat is shown to reduce location
errors andhave a higher percentage of trusted hypocen-
ters, supporting confidence in outputted locations and
interpretations. This distal cluster would benefit from
further analysis such as joint location methods which
would further refine the seismicity, allowing estimation
rates for dyke propagation, and if the seismicity was re-
lated to pre-existing faults.

4.3 Implications for Models of the Magmatic
System

Previous research revealed conflicting results to pro-
posed dyke projections across Montserrat, displayed in
Figure 7. Regional stress and the orientation ofmapped
dykes on Montserrat are characterised by a NE-SW
arc-normal compression (Wadge, 1986; Bonneton and
Scheidegger, 1981). This coincides with NNW trending
faults across the Soufrière Hills complex and fits with
other larger faults in the region, such as the Belham
Valley Fault, Richmond Hills Fault, and theMontserrat-
Havers Fault Zone (which extends offshore from south-
ern Montserrat towards Guadeloupe (Feuillet et al.,
2010)). Domes from the Soufrière Hills complex are
aligned similar to the strike of faults in the region (Fig-
ure 1), suggesting that these formed as a result of aNNE-
SSW crustal extension, such as a NNW trending dyke
(Baird et al., 2015).
A NNW-SSE dyke was proposed by Hautmann et al.

(2009) and Mattioli et al. (1998), who used finite ele-
ment modelling and GPS data from the early stages of
the eruption. ShearWave Splitting measurements from
1996 to 2007 show regions to have a WNW strike sug-
gesting anisotropy is structurally controlled and fits a
NNW orientation (Baird et al., 2015). Neuberg et al.
(2022) showed that GPS observations are best explained
by a dual sourcemodel of a shallowdeflating source and
deeper inflating source with azimuths of 293◦ and 263◦

respectively. Roman et al. (2006, 2008) proposed a NE
trending dyke based on trends in P axes from Volcano-
Tectonic (VT) seismicity. 90 degree rotations in P axes
have been observed throughout the eruption, coincid-
ing with periods of increased magma extrusions (Ro-
man et al., 2006); these require pressures higher than
regional stresses and are thought to relate to an inflating
magmatic system (Vargas-Bracamontes and Neuberg,
2012). Analysis of seismic anisotropy from 1996–2007
suggested a NE-orientated dyke was more likely during

this time period (Roman et al., 2011). A NNE oriented
dykewas also proposed byMiller et al. (2010) using 1995
seismic data, and a NE orientation by Chardot et al.
(2010) using strain measurements in 2008; however,
both studies suggested these were short lived trends.
P axes 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
dyke orientations were proposedwere seen underneath
St George’s Hill, Windy Hill and Soufrière Hills (Miller
et al., 2010). These fit with time frames where we see
the possibility formigration of seismicity in this region,
such as the SGH cluster. Hence, an alternative interpre-
tation for the presence of earthquakes with rotated P-
axes is the propagation of an intruding dyke, instead of
a different dyke orientation.
A WNW trend in dyke orientation fits with geologi-

cal evidence, other mapped dykes and fault complexes
across the island (Feuillet et al., 2010); the evidence
from our analysis shows a strong basis for a dyke of
this orientation during this time period. Seismicity
recorded during the NE cluster shows a migration in
seismicity to the SW from Long Ground, suggesting a
NE orientation. However, as proposed by Miller et al.
(2010) it is likely that these are short lived trends, which
could be the activation of faults in the region due to
magmatic intrusion, triggering distal clusters as pro-
posed byWhite andMcCausland (2016). This could also
explain seismicity recorded beneathWindy Hill during
the early stages of the eruption.
Our relocations suggest that seismicity during the

SGH cluster could also be interpreted as dyke propaga-
tion over a two day period ending beneath St George’s
Hill. Using this seismicity cluster, we suggest that the
main dyke orientation responsible for the Soufrière
Hills eruption was a WNW orientated dyke, fitting with
interpretations by Baird et al. (2015); Hautmann et al.
(2009) and Mattioli et al. (1998) and the direction of lo-
cal faults and volcanic complexes. Seismicity to the NE
is interpreted as a short lived trend resulting from an
increase in magmatic pressure beneath Soufrière Hills
during the early stages of the eruption, supporting pre-
vious work by Miller et al. (2010). Our refined reloca-
tions for the NE cluster confirm the migration of seis-
micity towards Soufrière Hills that was previously sug-
gested by Aspinall et al. (1998) but discounted due to
large hypocenter errors. This highlights how testing dif-
ferent location methodologies can be a vital step in re-
ducing location errors and improving hypocenters.
We provide a robust method for improving earth-

quake locations in real-time, without computer-
intensive methods needed for further analysis. Ad-
ditional research using alternative methods such as
joint-location methods would likely improve calculated
hypocenters, but is not always possible for observato-
ries during increased unrest. Our suggested method
highlights how hypocenters can be improved for
real-time monitoring, vital for hazard monitoring at
observatories which may have time and computing
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Figure 7 Our proposed dyke orientation (black dashed line) with previously suggested dyke orientations. Red lines repre-
sent local faults on Montserrat.

constraints.

5 Conclusions
Testing of MVO’s current setup for earthquake location
on Montserrat suggested an alternative location setup
was more suitable. Synthetic earthquakes were used to
compare four velocity models and location methods to
determine which setup was optimal for locating earth-
quakes on Montserrat. Comparison with MVO’s cur-
rent setup suggested an alternative location algorithm
and velocity model was more suited for locating earth-
quakes and resulted in an increased number of trusted
hypocenters. Relocations using this optimal setup fo-
cussed on four distal clusters from July–November 1995
which had been previously identified by Aspinall et al.
(1998) and Miller et al. (2010).
The NE cluster showed a migration of seismicity to-

wards Soufrière Hills, which had previously been noted
by Aspinall et al. (1998) but discounted by Roman et al.
(2008) due to the horizontal errors being larger than the
radius of the cluster. Our improved hypocenters cover
a migration distance larger than the calculated errors
and agree with Aspinall et al. (1998) locations during
this time period.
A distal cluster under St George’s Hill was previously

thought to be a result of stress changes from a mag-
matic intrusion under Soufrière Hills Volcano, trigger-
ing pre-existing fault structures or disturbing the local
hydrothermal system (Aspinall et al., 1998; Miller et al.,
2010; White andMcCausland, 2016). However, our loca-
tions showa temporal trend in seismicitywith hypocen-
tersmigrating from theflanks of SoufrièreHillsVolcano
towards St George’s Hill over a two-day period. An alter-
native interpretation of this seismicity cluster could be
a propagating dyke towards St George’s Hill. As such,
our proposed WNW dyke orientation would be consis-
tent with previously proposed dyke orientations over
the course of the recent eruption.
Contrasting interpretations of seismicity demon-

strate the importance of testing the method used for lo-
cating earthquakes and indicates this should be applied
at systems elsewhere. It is important to understandhow
the location method and models that are currently be-
ing used operate and how well they perform at locating
earthquakes in each region. It is important to under-
stand if the calculated errors represent the actual ac-
curacy of the hypocenters and if there is an alternative
location method or velocity model which may be more
suited for that environment. It is possible that several
observatories are using outdated methodologies, and
improvements to the location methods and catalogues
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would result in additional understanding of the volcanic
systems in the region without the need for further com-
putational analysis or deployment of seismic arrays.
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