
Earth and Planetary Science Letters 425 (2015) 179–186
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Transtensional deformation of Montserrat revealed by shear wave 

splitting

Alan F. Baird a,∗, J.-Michael Kendall a, R. Stephen J. Sparks a, Brian Baptie b

a School of Earth Sciences, University of Bristol, Queen’s Road, Bristol BS8 1RJ, UK
b British Geological Survey, West Mains Road, Edinburgh EH9 3LA, UK

a r t i c l e i n f o a b s t r a c t

Article history:
Received 6 January 2015
Received in revised form 30 May 2015
Accepted 2 June 2015
Available online 11 June 2015
Editor: P. Shearer

Keywords:
anisotropy
shear-wave splitting
transtension
Montserrat

Here we investigate seismic anisotropy of the upper crust in the vicinity of Soufrière Hills volcano using 
shear wave splitting (SWS) analysis from volcano-tectonic (VT) events. Soufrière Hills, which is located 
on the island of Montserrat in the Lesser Antilles, became active in 1995 and has been erupting ever 
since with five major phases of extrusive activity. We use data recorded on a network of seismometers 
between 1996 and 2007 partially spanning three extrusive phases. Shear-wave splitting in the crust 
is often assumed to be controlled either by structural features, or by stress aligned cracks. In such 
a case the polarization of the fast shear wave (φ) would align parallel to the strike of the structure, 
or to the maximum compressive stress direction. Previous studies analyzing SWS in the region using 
regional earthquakes observed temporal variations in φ which were interpreted as being caused by stress 
perturbations associated with pressurization of a dyke. Our analysis, which uses much shallower sources 
and thus only samples the anisotropy of the upper few kilometres of the crust, shows no clear temporal 
variation. However, temporal effects cannot be ruled out, as large fluctuations in the rate of VT events 
over the course of the study period as well as changes in the seismic network configuration make it 
difficult to assess. Average delay times of approximately 0.2 s, similar in magnitude to those reported for 
much deeper slab events, suggest that the bulk of the anisotropy is in the shallow crust. We observe clear 
spatial variations in anisotropy which we believe are consistent with structurally controlled anisotropy 
resulting from a left-lateral transtensional array of faults which crosses the volcanic complex.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Active volcanoes experience dynamic processes such as dyke 
pressurization, and the migration of magmatic, hydrothermal and 
meteoric fluids, which may produce complex heterogeneous stress 
fields. This may be further complicated through their interaction 
with local tectonic structures such as active faults. One approach 
to explore these relationships is through the use of S-wave split-
ting (SWS) analysis to estimate seismic anisotropy of the crust (e.g. 
Boness and Zoback, 2006; Johnson et al., 2011). This approach may 
be used to investigate spatial and temporal changes in rock proper-
ties, providing a powerful tool for monitoring volcanoes. Here we 
investigate seismic anisotropy of the upper crust in the vicinity of 
Soufrière Hills Volcano (SHV) on the island of Montserrat, using 
SWS analysis from volcano-tectonic (VT) events.

SWS occurs when S-wave energy propagates through an aniso-
tropic medium as two orthogonally polarized waves that travel at 
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different speeds. A measure of the anisotropy along a ray-path can 
be characterized by the delay time between the fast and slow wave 
arrivals (δt) and the polarization direction of the fast wave (φ), 
which provides an indication of the orientation or symmetry of 
the anisotropy. Anisotropy is typically related either to fabrics as-
sociated with geologic structure (e.g. crystal lattice preferred ori-
entation, aligned faults and fractures, sedimentary layering, rock 
foliation), or to the stress field due to the presence of stress aligned 
microcracks. Therefore, temporal variations in anisotropy can be 
interpreted in terms of changes in the stress field (e.g. Teanby 
et al., 2004a).

There have been growing number of studies using SWS to in-
vestigate anisotropy in volcanic settings, many of which link obser-
vations of temporal changes in anisotropy to stress changes asso-
ciated with volcanological processes (e.g. Gerst and Savage, 2004;
Keats et al., 2011; Johnson and Savage, 2012). Care must be taken, 
however, to determine whether the observed SWS is related to 
stresses (i.e. through stress-aligned microcracks) or to structural 
anisotropy (Boness and Zoback, 2006; Johnson et al., 2011). Simi-
lar effects have been observed in petroleum reservoirs (e.g. Teanby 
et al., 2004a; Baird et al., 2013).
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Location of Montserrat within the Lesser Antilles arc showing focal mechanisms from shallow earthquakes (black <20 km and grey <40 km depth) from the Global 
CMT Project catalog. Dashed line indicates the proposed strike-slip boundary of the northern Lesser Antilles forearc block (López et al., 2006). (b) Map of Montserrat showing 
the location of the stations used in the study, active faults (solid black lines), less active or inferred faults (black dashed lines), and volcanic complexes coloured by age. 
In orange are the Soufrière Hills domes (170 ka to present), in white is the South Soufrière Hills dome, and in grey Garibaldi Hill and St. Georges Hill (∼282 ka). Light grey 
lines indicate topographic contours, and double black arrows indicate local direction of extension (after Feuillet et al., 2010). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
Previous work investigating SWS on Montserrat (Roman et al., 
2011) used regional earthquakes. These regional earthquakes were 
not associated with volcanological processes on Montserrat but re-
lated to the tectonics of the Lesser Antilles region. They found that 
at most stations φ was oriented primarily NE–SW, but temporal 
variations in φ were observed in the months preceding the on-
set of extrusive activity at SHV in 1999. This temporal variation 
was found to be coincident with an observed change in the p-
axis orientation of volcano tectonic earthquakes from dominantly 
NE–SW to NW–SE (Roman et al., 2006, 2008). Together, these ob-
servations were interpreted as being caused by the pressurization 
of a NE–SW oriented dyke prior to the eruption, which temporarily 
perturbed the surrounding stress field. Others, however, disagree 
with the NE–SW dyke interpretation (e.g. Hautmann et al., 2009).

A major drawback of the approach of Roman et al. (2011) is that 
ray-paths from regional earthquakes may pass through very dif-
ferent geological environments, possibly with different anisotropic 
fabrics, before arriving at the station. It is therefore difficult to con-
strain where along the ray-path the observed SWS has accrued. 
Nevertheless, Roman et al. (2011) interpreted their observations 
under the assumption that most of the SWS occurred in the crust 
beneath the island. In this paper we investigate SWS using local 
volcano-tectonic earthquakes as sources. In doing so we ensure 
that any observed anisotropy is localized in the upper few kilome-
tres of the crust. We consider seismicity recorded between 1996 
and 2007, partially spanning three extrusive phases.

2. Background

The island of Montserrat lies between the islands of Guade-
loupe and Nevis in the Lesser Antilles arc, which was formed as 
a result of subduction of the North American plate beneath the 
Caribbean plate. Fig. 1 shows focal mechanisms of shallow earth-
quakes in the Lesser Antilles. Most of the activity to the east 
of Montserrat shows thrust mechanisms with p-axes consistent 
with an arc-normal direction of maximum horizontal compres-
sive stress (S H ). However, it is likely that the upper plate has 
local tectonic domains where S H departs markedly from the plate 
scale system. Wadge (1986) mapped dyke orientations throughout 
the Lesser Antilles and found evidence of a change in S H from 
approximately arc-normal in the northern portion of the arc to 
arc-parallel in the south, with Montserrat lying near the transi-
tion between these two zones. Notably, however, that study did not 
include dyke observations from Montserrat. Mapping of fault sys-
tems in the upper plate in the region around Montserrat (Feuillet 
et al., 2002, 2010; Kenedi et al., 2010) indicates localized tectonic 
domains.

More recently, López et al. (2006) found that although the con-
vergence vector between the Caribbean and North American plates 
is oriented ENE, GPS measurements in the Northern Lesser Antilles 
suggest the upper plate arc crust is moving in a more northerly 
direction than expected. They proposed that there is a northern 
Lesser Antilles forearc block, that is separated from the Caribbean 
plate by a strike slip fault system accommodating the left lat-
eral component of oblique convergence across the arc. López et al.
(2006) proposed a boundary of the block, based on the alignment 
of shallow strike slip earthquake focal mechanisms, which passes 
across Montserrat (Fig. 1a, dashed line), suggesting an approxi-
mately WNW S H orientation.

The geology of the island of Montserrat is dominated almost 
entirely by volcanic rocks in three distinct andesitic volcanic mas-
sifs (Le Friant et al., 2004), the oldest being Silver Hills in the 
North (2600–1200 ka), to the south of which lies the Centre 
Hills (950–550 ka), and the currently active South Soufrière Hills–
Soufrière Hills (170 ka to present) (Fig. 1b). There are a series 
of WNW trending faults which cross the SHV volcanic complex, 
the most prominent being the Belham Valley and Richmond Hill 
faults at the southern portion of the island which extend offshore 
to the NW forming the Montserrat–Havers fault zone (Feuillet 
et al., 2010). These faults represent a right-step in an en ech-
elon transtensional array of faults accommodating both normal 
and left-lateral slip, that trend NNW between Montserrat and 
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Guadeloupe (Feuillet et al., 2002, 2010; Kenedi et al., 2010), rep-
resenting the boundary of the block proposed by López et al.
(2006). Volcanic domes of the most recent Soufrière Hills com-
plex align along a trend coincident with the strike of these faults 
suggesting that they both formed as a consequence of NNE–SSW 
crustal extension. This trend, together with the feeder dyke ori-
entation suggested by geophysical data (Hautmann et al., 2009;
Linde et al., 2010), indicates an approximately WNW S H in the 
vicinity of Montserrat.

2.1. Current eruption and seismicity

As of 2014 the current eruption of Soufrière Hills has comprised 
five phases of extrusive activity separated by periods of residual 
activity. Our study, however, only covers the initial three phases 
of the eruption, the first of which began in late 1995 following 
three years of increased volcano-tectonic (VT) activity and contin-
ued until March 1998. After a pause for approximately 20 months 
the second phase began in November 1999 and lasted until July 
2003 with two short intervals of no extrusion. Two years later the 
third phase began in August 2005 lasting until April 2007. Two 
very short extrusion events between July 2008 and January 2009 
mark the fourth phase. The most recent phase began in October 
2009 and lasted until February 2010. For a more detailed descrip-
tion of the eruption sequence see Wadge et al. (2014).

Seismicity during the eruption was recorded on the Montserrat 
Volcano Observatory (MVO) digitally telemetered seismic network 
that was installed by the British Geological Survey in October 1996 
to replace an older analogue network (Luckett et al., 2007; Luckett, 
2009). This network initially consisted of five three-component 
broadband sensors and threes vertical sensors; however in 1997 
several of these stations were destroyed by pyroclastic flows, and it 
wasn’t until after the first eruptive phase was complete before new 
stations could be installed. Since then a number of additional sta-
tions were added to the network and many of the vertical compo-
nent stations were replaced with three-component sensors (Fig. 1).

Events identified by the MVO are generally classified as one of 
several types: volcano-tectonic (VT) earthquakes, long-period (LP) 
events, hybrid events, or rockfalls (Miller et al., 1998). For this 
study we consider only VT events which are interpreted as normal 
double-couple earthquakes caused by rock fracture in the country 
rock, often in response to stress changes from intrusion of magma. 
Since shear-wave splitting uses particle motion analysis we only 
consider located events recorded on three-component instruments. 
Fig. 2 shows a cumulative plot of located VT events until the end of 
the third phase. It should be noted that VT events were recorded 
during the first phase of the eruption, however since many of the 
instruments were destroyed in 1997 there were too few stations 
in operation at the time to provide accurate locations, so they are 
not shown here. It is clear that there have been large fluctuations 
in the rate of VT events over the course of the study period, with 
increases in activity immediately preceding extrusive phases fol-
lowed by a drop in the rate as the extrusion proceeds.

3. Methods

The dataset for our analysis includes all located events that 
were classified as VT by the MVO between the years of 1996 
and 2007. We repicked P- and S-arrivals for the full dataset, and 
only events with clear S-arrivals were used in the SWS analy-
sis. Most of these events were approximately 2.5–4 km below sea 
level and thus only sample the anisotropy of the upper crust. The 
data were processed using the automated splitting approach of 
Wuestefeld et al. (2010). This method allows for the quick process-
ing of large datasets and provides an objective quality control in 
the form of a quality index that ranges from −1 for null measure-
ments (i.e. no detected SWS) to 0 for poor and +1 for good quality 
Fig. 2. Good quality splitting measurements at each station over time. Vertical black 
lines indicate station installation dates, with dark grey shading indicating periods 
when the station was not working for at least a month (Luckett, 2009). Bottom 
panel shows cumulative number of located VT events recorded by the network over 
the study period. Note that there is a data gap during the first eruptive phase since 
many of the instruments were not working. Large fluctuations in the rate of VT 
events over the course of the study period as well as changes in the seismic net-
work configuration make temporal variations in anisotropy difficult to assess. Grey 
shading indicates extrusive phases of the eruption sequence.

measurements. The quality index is based on differences in esti-
mated splitting parameters obtained using both cross-correlation 
and eigenvalue methods. The ideal good measurement is charac-
terized by identical splitting parameters from both methods (see 
Wuestefeld et al., 2010, for further details). The method also uses 
the multi-window cluster analysis of Teanby et al. (2004b) to com-
pute clusters of measurements over different time windows and 
selects the results with the lowest error measurement from the 
lowest variance cluster. Uncertainties in φ and δt are calculated by 
finding the 95% confidence interval for the optimum values and 
conducting an F test on the chosen time interval (Silver and Chan, 
1991).

The three component waveforms were band-pass filtered be-
tween 1 and 6 Hz prior to the splitting analysis. The choice of 
filter was empirically derived by trying a range of pass bands. Al-
though VT events have energy content extending beyond 6 Hz, 
it was found that 1–6 Hz provided a more stable result with less 
scatter than with higher passbands. ‘Good’ measurements were se-
lected as those with a quality index greater than 0.75, an error in 
fast direction of less than 20◦ , an error in delay time of less than 
0.05 s. Measurements satisfying these criteria were further exam-
ined by eye to ensure they were of sufficient quality.

To ensure that shear wave splitting measurements are free from 
interference from converted phases at the surface, only arrivals 
with an angle of incidence less than 35◦ from vertical should be 
considered (Booth and Crampin, 1985). However, imposing a strict 
shear wave window of 35◦ based on straight line ray paths will 
eliminate more results than is necessary, since low velocity surface 
layers will result in near vertical arrivals for many events outside 
this window (e.g. Peacock et al., 1988). The velocity model de-
veloped for Montserrat by Paulatto et al. (2012) shows a strong 
vertical velocity gradient in the near surface such that we can set 
an effective shear wave window of 40◦ for events between 0 and 
1.5 km below sea level, 50◦ for events from 1.5–3.0 km and 60◦
for events deeper than 3 km.

A number of the seismic stations were found to be misoriented 
over the period of our study. We accounted for this by using po-
larizations of teleseismic arrivals to correct for the station misori-
entations. Station MBLY was also found to have reversed polarities 
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Table 1
Mean value and 95% confidence interval for fast orientation φ̄ and delay time δ̄t
for each station. The R̄ value is a measure of dispersion for circular datasets. If it 
is above the critical value R̄crit , which is a function of the number of measure-
ments (n), then a preferential orientation following a von Mises distribution is 
present (Davis and Sampson, 2002). Fast directions passing this test are shown in 
bold.

Station n φ̄

(◦)
R̄ R̄crit(95%) δ̄t

(s)

MBBY 42 −47.8 ±8.7 0.601 0.266 0.26±0.03
MBFR 13 81.8 ±20.8 0.411 0.475 0.27±0.03
MBGA 2 48.5 ±31.4 0.731 – 0.22±0.09
MBGB 36 58.7 ±10.9 0.508 0.287 0.16±0.03
MBGH 66 56.4 ±7.9 0.518 0.213 0.22±0.01
MBHA 4 55.6 ±35.6 0.448 0.837 0.18±0.04
MBLY 10 −39.5 ±16.5 0.650 0.540 0.13±0.05
MBRY 33 22.2 ±13.2 0.404 0.300 0.23±0.03
MBWH 8 73.2 ±12.6 0.818 0.602 0.28±0.03

for all three components, which has been accounted for. Station 
MBLG was found to have a problem with the relative amplitudes 
of the horizontal components, so this station was omitted from 
further analysis. A summary of the corrections made is given in 
Appendix A.

4. Results and interpretation

SWS analysis resulted in 214 measurements exceeding the qual-
ity criteria across the seismic network. A statistical analysis of the 
measurements for each station is summarized in Table 1 and a 
map of rose diagrams of φ for each station with five or more mea-
surements is shown in Fig. 3a. Six stations, MBBY, MBGB, MBGH, 
MBLY, MBRY and MBWH, show statistically significant preferred 
trends in φ. A notable characteristic is that both MBBY and MBLY 
show a dominant NW–SE trend in φ, which strongly contrasts with 
the NE–SW trend observed at stations MBGH and MBGB, despite 
their close proximity.
The spatial variation in φ in the southern part of the island may 
be related to elements of the tectonic structure (Fig. 3b). The faults 
of southern Montserrat represent a right step in an en echelon
transtensional array of faults accommodating the trench parallel 
component of oblique convergence between the North American 
and Caribbean plates (Fig. 1) (López et al., 2006; Feuillet et al., 
2010; Kenedi et al., 2010). Transtensional tectonic zones commonly 
exhibit complex strain partitioning producing local domains where 
stress and strain conditions may differ from surrounding regions 
(e.g. Dewey, 2002; Taylor et al., 2008). For example, the normal and 
strike slip components of displacement may be accommodated by 
different faults, introducing local rotations in the stress field and 
orientations of structures. Many of the stations surrounding SHV 
have a φ orientation similar to the WNW strike of the faults: MBBY 
and MBLY with a NW orientation and MBFR with a roughly E–W 
orientation. This suggests that the anisotropy is structurally con-
trolled and is consistent with extension across the main structures. 
Stations MBGH and MBGB located to the NW of SHV are located 
between two of the prominent faults, the Belham Valley and Rich-
mond Hill faults, but have NE oriented φ strongly oblique to strike. 
However, since these faults are accommodating both extension and 
left-lateral strike slip displacement it is possible that the region 
between the faults has a locally rotated extensional stress regime 
as illustrated in Fig. 3b. Station MBWH located north of the ma-
jor structural features of the south of the island shows an E–W 
oriented φ similar to the background S H orientation.

Seismic velocity of the shallow crust in Montserrat has been 
observed to be sensitive to major perturbations in the volcano 
over short time periods (Baptie, 2010), thus temporal variations 
in anisotropy may be expected. However, this is difficult to assess 
due to the significant fluctuations in the rates of VT events as well 
as changes to the seismic network over the course of the study 
period (Fig. 2). There were two periods of increased VT activity, 
the first spanning from the end of the phase 1 eruption in early 
1998 until mid 2000, a few months after the onset of the phase 2 
eruption. This period had a high rate of VT activity, however the 
Fig. 3. (a) Map showing rose diagrams of φ centered at each station over the full study period. Rose diagrams are drawn such that the area of each bar is proportional to the 
number of measurements. Stations with statistically significant trends are drawn with a bold outline. (b) Conceptual model explaining the observed spatial variation of φ. 
Several stations show an E–W to NW–SE trend which correlates with the assumed orientation of S H and the general trend of normal faults crossing the island (red shaded 
zone). Stations MBGH and MBGB show a NE–SW trend in φ which may be explained due to their presence between faults which are accommodating both extension and 
left lateral slip resulting in a localized stress rotation (blue shaded zone). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 4. Time series of φ and δt for stations with five or more measurements from the first period of VT activity. Light grey points are individual measurements with error 
bars indicating 95% confidence interval, black points are 5 point moving averages with error bars indicating 95% confidence interval of the mean. Grey shading indicates an 
extrusive phase of the eruption.
network was relatively sparse at the time. The second period of 
increased VT activity began a few months before the onset of the 
third extrusive phase and spanned until that eruption ceased. That 
period had a much broader spatial coverage, however the rate of 
VT events was much lower than that of the first period.

Fig. 4 shows a temporal variation in φ and δt at stations dur-
ing the first period of activity. Station MBBY, which we interpret as 
being structurally controlled, shows a consistent NW orientation 
of φ throughout most of the period, with some scatter after the 
eruptive phase begins. Stations MBGB and MBGH both show some 
evidence of rotation in φ in the months prior to the phase 2 erup-
tion. MBGH varies from NE in 1998 to roughly E–W in mid-1999 
before returning to NE with significant scatter by the end of the 
year. This rotation is contemporaneous with reported variations 
in the p-axis orientation of VT events from dominantly NE to a 
mix of NE and NW in mid to late 1999, which was interpreted 
as being caused by stress changes associated with the pressuriza-
tion of a dyke prior to the eruption (Roman et al., 2006, 2008). 
Thus the rotation in φ may be related to an overprinting of local-
ized stresses associated with the dyke intrusion on the tectonically 
controlled stress field. This is consistent with our interpretation 
that the anisotropy at this station is stress sensitive. Station MBRY 
shows a NNE φ orientation in late 1998 and changes to scattered 
orientations with no clear trend in 1999.

The later period of increased VT activity, beginning in mid 2005, 
was recorded by a broader range of stations (Fig. 5). Over this 
period there is no clear evidence of temporal variation in SWS. 
However, the lack of data, due to the reduced rate of VT activity 
during this time, means that we cannot rule it out.

5. Discussion

5.1. Agreement with previous observations

Roman et al. (2011) previously investigated SWS in Montserrat 
over the same period. They, however, used regional earthquakes 
as sources instead of VT events and assumed that anisotropy was 
accrued from a shallow splitting layer beneath the island. This ap-
proach has a benefit in that the continuous nature of background 
regional seismicity allowed for easier analysis of temporal varia-
tions in SWS. However, with some events hundreds of kilometres 
away and others generated from the subducting slab deep below 
Montserrat means that it is hard to constrain where along the ray 
path SWS was accrued. Nevertheless, we observed SWS with an 
average δt of ∼0.2 s from VT events of approximately 3–4 km 
depth (Table 1), similar in magnitude to those reported from re-
gional events (Roman et al., 2011) and from subducting slab events 
(Piñero-Feliciangeli and Kendall, 2008). This supports Roman et al.
(2011) assertion that the bulk of the anisotropy beneath Montser-
rat is in the shallow crust, and that the upper mantle wedge above 
the subduction zone is relatively isotropic. The addition of deeper 
events and perhaps surface waves (e.g. Brisbourne et al., 1999) 
would help confirm this weak upper-mantle anisotropy.

It is difficult to directly compare spatial variations in anisotropy 
between our results and those of Roman et al. (2011), as they only 
present individual station data for the period from 1998 to 2005, 
omitting data from the many stations which were later added 
to the network (Fig. 2). We find that stations MBGB, MBGH, and 
MBRY show generally similar results to those of Roman et al.
(2011), with dominantly NE oriented φ at MBGB and MBGH, and 
more scatter at MBRY but with an overall NNE trend. However, our 
results differ significantly at station MBBY where their NE trend 
contrasts markedly with our NW trend. This discrepancy is not 
understood. One possibility is that there may be back-azimuthal 
dependence of splitting parameters due to spatial variations in 
anisotropy. Since Roman et al. (2011) used regional events as 
sources with a wide range of back-azimuths it is possible that 
some ray-paths sample the locally rotated stress zone we in-
terpret just to the north of MBBY (Fig. 3). Conversely, our re-
sults use events that are located directly beneath SHV and thus 
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Fig. 5. Time series of φ and δt for stations with five or more measurements from the second period of VT activity. Light grey points are individual measurements with error 
bars indicating 95% confidence interval, black points are 5 point moving averages with error bars indicating 95% confidence interval of the mean. Grey shading indicates an 
extrusive phase of the eruption.
sample anisotropy in a relatively localized portion of the upper 
crust.

Roman et al. (2011) interpret their results as stress sensitive 
anisotropy showing local stresses associated with volcanological 
processes overprinting an assumed background NE oriented S H . 
We disagree with this interpretation on the basis of strong geolog-
ical evidence suggesting NNE extension and thus a WNW oriented 
S H (e.g. Feuillet et al., 2010), as well as significant observed spa-
tial variations in φ (Fig. 3). Much of the observed spatial variation 
is only apparent from stations deployed in 2005 beyond which 
Roman et al. (2011) present only aggregate rose diagrams of φ

across the full network of stations. Nevertheless, our model does 
include a locally rotated NE oriented stress field affecting MBGB 
and MBGH. Roman et al. (2011) observe a strong (∼90◦) rotation 
of φ at these stations in the period of May–Nov. 1999, which they 
associate with stress perturbations associated with the pressuriza-
tion of a dyke. We do not observe these strong rotations, but our 
results suggest gradual rotation in φ during this time, which we 
agree may be related to volcanological processes prior to the onset 
of the second eruptive phase.

5.2. Dyke orientation

One of the outstanding controversies is the orientation of the 
dyke feeding SHV. On the basis of recorded ground deformation, 
dykes with a NW to NNW orientation have been inferred for 
1995–1996 (Mattioli et al., 1998), 1997 (Hautmann et al., 2009), 
and 2004 (Linde et al., 2010). However, Roman et al. (2006, 2008)
proposed a NE trending dyke based on preferred trends in p-axes 
orientation of VT earthquakes that persisted over much of the 
same period (1996–2007). A NE oriented dyke has been inferred 
for 1995 based on a detailed VT earthquake analysis by Miller et al.
(2010) and for 2008 based on strain measurements (Chardot et al., 
2010). However, both sets of authors argue that these represent 
short lived trends.

Dyke orientations are typically controlled by local stress condi-
tions, opening in the direction of minimum compression and thus 
aligning parallel to S H . The interpretation of a NE oriented dyke 
by Roman et al. (2008) was based partially on an assumed back-
ground NE oriented S H in the vicinity of Montserrat, which we 
disagree with. Our proposed model provides a mechanism to lo-
cally rotate S H . However, we only see an indication of this to the 
NW of SHV and see no evidence of it occurring beneath the sum-
mit itself. Thus, the weight of evidence indicates a NNW oriented 
dyke is feeding SHV.

6. Conclusions

We have presented shear wave splitting analyses of VT events 
at Soufrière Hills volcano, Montserrat between 1996 and 2007. 
As these events are relatively shallow this ensures that any 
observed anisotropy is from the upper few kilometres of the 
crust. Delay times of approximately 0.2 s are similar in mag-
nitude to previously reported SWS from much deeper events 
(Piñero-Feliciangeli and Kendall, 2008; Roman et al., 2011), sug-
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Table A.2
Seismic station correction angles to align teleseismic polarizations with station-event back-azimuths. Positive values indicate that the horizontal components of the seismo-
grams require a clockwise rotation. Note that station MBLY was also found to have negative polarizations of all three components. MBLG is omitted due to a scaling problem 
with its E component.

Time Phase MBBY MBFR MBGB MBGH MBLY MBRY MBWH

1997-05-25 23:45:29 SKS −60◦ 0◦
1998-07-09 15:09:23 SKS 0◦ 0◦ 0◦
1998-12-27 01:01:57 SKS 0◦ 0◦ 0◦
1999-04-13 11:02:13 P 0◦ 0◦ 0◦
1999-08-17 00:12:09 SKS 0◦ −35◦
2001-06-03 03:05:28 SKS 0◦ −35◦
2001-08-02 24:03:36 SKS 0◦ −35◦

2005-05-12 11:38:04 SKS −20◦ 0◦ 10◦ 35◦ −20◦
2006-01-02 22:35:46 SKS −20◦ −40◦ 0◦ 35◦
2006-04-29 17:20:14 SKS −20◦ −40◦ 0◦ 0◦ 35◦ −20◦
gesting that anisotropy of the upper mantle wedge below Montser-
rat is relatively small in magnitude.

The data show substantial spatial variations in φ which we do 
not believe can be explained due to simple background stresses 
overprinted by local pressures associated with the volcano. In-
stead we find the patterns of anisotropy are strongly controlled 
by elements of the tectonic structure consisting of a transtensional 
array of faults which crosses the volcanic complex. We suggest 
that movement of faults across the Montserrat–Havers fault zone 
may support a locally rotated NE oriented S H to the NW of SHV, 
relative to the ∼E–W orientation outside the zone. This stress ro-
tation may help explain the wide variation in reported estimates 
of feeder dykes beneath the volcano.
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Appendix A. Station corrections

A number of seismic stations were found to be misoriented 
at different times during the study period. To account for this 
we analysed the polarizations of teleseismic arrivals (mostly SKS, 
but also P) compared to station-event back-azimuths to estimate a 
correction angle. The difficulties arising from this illustrate the im-
portance of good field practice when deploying seismometers. The 
results of this analysis are summarized in Table A.2.

Station MBBY was found to be oriented correctly during the 
early period of VT activity, however when it was redeployed in 
September 2004 it was misoriented by −20◦ . Station MBGB was 
found to be misoriented by −60◦ prior to the destruction of the 
station during the first extrusive phase of the eruption, however 
this was corrected when the station was redeployed in April 1998. 
Station MBLY was found to have reversed polarizations on all three 
components, and to be misoriented by 10◦ , however this appears 
to have been corrected by April 2006 when the station was rede-
ployed. Station MBRY was found to be correctly oriented early in 
the first high VT period, however sometime between April and Au-
gust 1999 it became misoriented by −35◦ . We applied the correc-
tion from May 1999 onwards. During the second period of high VT 
activity MBRY was found to be misoriented by 35◦ . Station MBLG 
was found to have a problem with the relative amplitudes of the 
horizontal components and therefore was omitted from the study. 
Specifically the E component was found to have lower amplitudes 
than expected. The remaining stations were either correctly ori-
ented or had a static correction applied for the full duration of the 
study.

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2015.06.006.
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