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ABSTRACT

We modelled ground deformation at Soufriére Hills Volcano (SHV), using data collected by the Montserrat Volcano Observatory
from 2010-2019. We investigate the combined use of Electronic Distance Measuring (EDM) and Global Positioning System (GPS)
to distinguish shallow from mid-crustal magmatic processes and their surface deformation profiles. Our results suggest that
the EDM network responds predominantly to changes in the shallow magmatic system, whereas GPS records variation at mid-
crustal levels. In addition, we show that the behaviour of the EDM network, and of the GPS site HERM, can be explained by under-
pressurisation in a shallow dyke conduit orientated NNW-SSE, while the mid-crustal system was still undergoing pressurisation.
The modelled dyke may be responding to magma cooling and contraction associated with a previous intrusion. We find that
geodetic monitoring coverage of multiple flanks within 1 km of the vent can improve our understanding of shallow magmatic
system processes with asymmetric deformation fields.

KeywoRrps: Electronic distance measurement; Global Position System; Ground deformation; Montserrat; Soufriere; Monitoring.

1 INTRODUCTION

Volcano deformation records the inflation or deflation of a vol-
canic edifice primarily caused by the movement of magma
beneath the surface. Deformation signals are monitored using
a variety of methods, including Electronic Distance Measure-
ment (EDM), Global Position System (GPS), Interferometric
Synthetic Aperture Radar (InSAR), tiltmeters, and strainmeters
[Odbert et al. 2014; Spaans and Hooper 2016; Johnson et al.
2019]. Changes in deformation signals may indicate volcanic
unrest, and when used in combination with other monitor-
ing methods provide essential insight into the status of active
volcanoes [Phillipson et al. 2013; Gottsmann et al. 2017]. De-
formation can be caused by both magmatic processes, such as
magma movement into a then-overpressurised magma reser-
voir [Geirsson et al. 2012], sheet intrusion [Biggs and Pritchard
2017], non-magmatic mechanisms such as movement of hy-
drothermal fluids [Fournier and Chardot 2012], the loading
of deposits on the volcanic edifice [Odbert et al. 2015], flank
collapse/instability [Bonaccorso et al. 2013], or the cooling of
magma beneath the surface [Parker et al. 2014} The intricacies
of how magmatic processes produce surface deformation can
be examined via the use of models, which require assump-
tions and simplifications to be made about magma behaviour
and crustal mechanics, but can be a useful tool in understand-
ing subsurface processes [Ranalli 1995; Masterlark 2007; Del
Negro et al. 2009].

Analytical modelling, which has been used since the pub-
lication of the Mogi model [Mogi 1958], still provides a rapid
and simple approach to modelling volcanic deformation. Ana-
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lytical models require a significant set of assumptions to work;
the crustal rheology is usually defined as an isotropic, homo-
geneous, elastic half space with a flat, free surface. Later an-
alytical models have incorporated simple viscoelastic rheolo-
gies [Dragoni and Magnanensi 1989; Del Negro et al. 2009] or
source shape variation [Yang et al. 1988; Fialko et al. 2001},

Numerical modelling, such as Finite Element Modelling
(FEM), eliminates some of the disadvantages of analytical
models by removing or relaxing some of their assumptions.
Justification for additional model complexity, where observa-
tions can also support it, is afforded through increased under-
standing of rock mechanics, alongside geophysical, petrolog-
ical, and geological evidence [e.g. Currenti et al. 2007; Mas-
terlark 2007; Gottsmann and Odbert 2014; Hickey et al. 2017;
Head et al. 2019; Taylor et al. 2021]. FEM allows for the in-
troduction of realistic 3D topography [Hautmann et al. 2009;
Hickey et al. 2020}, anisotropic continuous mechanical hetero-
geneity [Currenti et al. 2007; Cabaniss et al. 2020; Gottsmann
et al. 2020], and viscoelasticity if appropriate [Del Negro et al.
2009; Head et al. 2019; Sigmundsson et al. 2020].

Soufriere Hills Volcano (SHV) is an andesitic volcano lo-
cated on the Caribbean island of Montserrat, part of the Lesser
Antilles island arc (Figure 1). The SHV is currently in an intra-
eruptive pause of an anomalously lengthy eruptive episode,
which has been ongoing since 1995 [Christopher et al. 2014;
Odbert et al. 2014; Wadge et al. 2014; Hickey et al. 2022].
Activity is typically characterised by phases of eruption com-
prised of lava dome growth and collapse, associated pyroclas-
tic flows, and Vulcanian and sub-Plinian explosions [Sparks
and Young 2002]. The volcano is monitored by a compre-
hensive network of GPS sites and EDM baselines (Figure 1)
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as well as strainmeters, occasional gravity monitoring, and—
prior to their destruction in 1997—tiltmeters. During erup-
tions, ground deformation is characterised by deflation of
the volcanic edifice, with associated subsidence and negative
radial deformation (horizontal movement towards the vent)
[Odbert et al. 2014; Neuberg et al. 2022]. Intra-eruptive pauses
are often associated with steady inflation of the edifice, and
positive radial deformation (horizontal movement away from
the vent) [Hickey et al. 2022]. The current intra-eruptive re-
pose period, from 2010 to present, is recorded by ongoing
surface deformation inferred to be caused by pressurisation in
a mid-crustal magma storage region [Hickey et al. 2022).

The mid-crustal SHV magmatic system has commonly
been modelled as two vertically stacked and linked magma
chambers connected to the surface by a dyke conduit com-
plex [e.g. Elsworth et al. 2008; Hautmann et al. 2009; Linde
et al. 2010; Mattioli et al. 2010; Gottsmann and Odbert 2014;
Young and Gottsmann 2015]. However, some studies have
shown that the stacked two-chamber system is indistinguish-
able from a single, large, prolate-shaped reservoir [Mattioli et
al. 2010; Voight et al. 2010], and the most recent modelling
studies into the SHV utilise the single prolate-shaped magma
system model [Christopher et al. 2014; Gottsmann and Odbert
2014; Gottsmann et al. 2020; Hickey et al. 2022], which acts as
a simplified reflection of the trans-crustal magmatic system as
a whole [Christopher et al. 2014; Sparks and Cashman 2017].

Studies into the shallow system of the SHV have modelled
the magmatic plumbing as a dyke conduit, extending from ap-
proximately 1 km below the vent [Widiwijayanti 2005; Costa
et al. 2007; Voight et al. 2010; Odbert et al. 2014] to a magma
source at around 6 km depth [Mattioli et al. 1998; Voight et al.
2006; Costa et al. 2007; Hautmann et al. 2009; Linde et al. 2010;
Odbert et al. 2014]. These studies used a combination of GPS
and strainmeter data to examine the shallow system, while
EDM has so far not been used. A strain data—led study into a
Vulcanian explosion in March 2004 examined the conduit by
combining a Mogi source and Okada-style dyke model [Linde
et al. 2010]. The results correspond with previous GPS-based
models of a roughly northwest—southeast orientated dyke con-
duit [Mattioli et al. 1998; Hautmann et al. 2009], and thereby
help to support the overall picture built up of the shallower
dyke conduit part of the system. A further study examined
volumetric strain data from the July 2008 Vulcanian explosion
using a heterogeneous elastic finite element model [Young and
Gottsmann 2015], and found the dyke conduit had a radius of
~40 m, and extended to a depth of ~1500 m from the vent.
A narrower conduit with a radius of 15-25 m inferred from
magma spine dimensions [Melnik and Sparks 2002; Lough-
lin et al. 2006] then connects the dyke conduit to the surface
[Wadge et al. 2006].

A historical stumbling block for GPS-led modelling studies
on the SHV has been the continuous GPS site HERM, situ-
ated on the north-eastern flank, and closer to the vent than
any other GPS site currently in the monitoring network (Fig-
ure 1). The horizontal deformation recorded at this site is often
anomalous when compared to the horizontal deformation pat-
terns of the rest of the GPS network [Odbert et al. 2014] which
has led to it being excluded from some GPS-led modelling
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studies [Mattioli et al. 2010; Gottsmann et al. 2020]. During the
earlier stages of the eruptive episode at SHV, HERM continu-
ously displaged high magnitude deformation to the northeast
compared to the rest of the GPS network during both the erup-
tions and the intra-eruptive pauses following its installation in
July 1996, with spikes in north-eastward movement occurring
towards the end of eruptions in March 2001, June 2002, and
July 2003 and immediately before eruptions in August 2005
and October 2009 [Odbert et al. 2014; Wadge et al. 2014]. The
behaviour of HERM has previously been hypothesised as the
emplacement of a secondary non-feeder dyke on the northeast
side of the edifice between HERM and the vent, creating a de-
coupled wedge of land between two valleys on the basis of
short term deformation patterns from data collected between
1998-2010 [McPherson 2013; Odbert et al. 2014]. Here we
aim to reconcile two outstanding issues from previous mod-
elling work at SHV; the anomalous deformation of GPS site
HERM, and the lack of incorporation of EDM data in mod-
elling. Specifically, we test how the shallow and deep por-
tions of the magmatic system may produce different surface
deformation footprints that are preferentially recorded by ei-
ther the GPS or EDM network. We investigate whether there
are additional modelling benefits to utilising the EDM sites,
as they are located closer to the vent than the GPS network.
Using the additional context of the EDM data in modelling
the magmatic system, we present an alternative potential ex-
planation for the behaviour of HERM and a discussion of the
insights this GPS site, and the EDM network, can offer into the
post-2010 behaviour of the magmatic system at SHV. We do
not set out to accurately constrain an optimised model setup
against the observed geodetic data.

2 METHODS AND DATA

2.1 GPS and EDM data

We used GPS- (Figure 2) and EDM- (Figure 3, Supplemen-
tary Material Figure S1) derived surface displacements from
February 2010-September 2018 (GPS) and December 2019
(EDM), collected and processed by the Montserrat Volcano
Observatory (MVO). The geodetic network at SHV has been
steadily developed since the eruptive episode began in 1995,
and now includes a comprehensive GPS network comprising
8 campaign and 14 continuous GPS sites as well as a set of up
to 6 EDM baselines, some of them first established in the initial
stages of the eruptive episode (Figure 1) [Jackson et al. 1998].
Daily positions and velocities of the GPS sites are calculated
with the GAMIT/GLOBK GPS software (version 10.7), which uses
the double-differencing processing methodology [Herring et al.
2018]. All displacements related to equipment changes are cor-
rected for, the regional tectonic component is removed by cal-
culating the GPS positions relative to the ITRF2014 Caribbean
plate motion model [Altimini_2017], and the GPS solutions
are stabilised using a set of globally distributed reference sta-
tions with well-known positions. Differences between the
GPS velocities presented here for 2010-2018 (Figure 2) and
those of Neuberg et al. [2022] from 2012-2015 arise because
of differences in the time period being analysed. During the
current extended intra-eruptive pause, the GPS network as a
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Figure 1: Map of MVO GPS and EDM monitoring network for 2010-2018. There is currently no EDM coverage of the south-eastern
flank. The location of the vent has migrated over time, and the location marked is an approximation of the time-averaged position
after Odbert et al. [2014]. ¢GPS = Continuous GPS sites, eGPS = Campaign GPS sites. DRYG is an eGPS site, which we have
modelled as a prospective new EDM base station later in this paper.

whole has recorded steady vertical inflation of the edifice and
horizontal displacements mostly directed away from the vent.
However, the GPS site HERM deformed to the east-southeast,
with positive vertical deformation (Figure 2).

The raw EDM data (Supplementary Material Figure S1)
were inherently noisy, and showed large step-changes in
line length associated with significant discrete volcanotectonic
(VT) events that occurred in March 2012 (which involved ash
venting and the creation of two small craters), and March
2014. To isolate and remove the effect of the VT events and
reduce the influence of noise, the raw EDM data were cor-
rected by assuming zero line length change over the VT event,
which was implemented by calculating and subtracting the
line length change produced by each VT event (Figure 3).

s

Presses universitaires de Strasbourg

2.2 Model setup

Finite Element Modelling (FEM) with COMSOL Multiphysics
v5.5 was used to simulate the magmatic system at SHV; voids
in the model space were used as proxies for magma bodies by
pressurising their exterior surfaces (Figure 4). A full 3D model
geometry was developed, implementing a 2014 Digital Eleva-
tion Model (DEM) of the island [Stinton 2015]. The inclusion
of topography in our model is essential in order to accurately
reflect the true three-dimensional geometry of the EDM lines
used in this study, i.e. their line-of-sight from the base of the
edifice to a point on the edifice. We used prolate cavities, and
in the case of the shallow dyke a rectangular cuboid cavity, to
simulate deformation sources. To represent the mid-crustal
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Figure 2: 2010-2018 horizontal GPS velocities. Horizontal GPS
velocities vectors observed by MVO from 2010-2018, calcu-
lated relative to the Caribbean tectonic plate velocity model.
The vent is marked with a yellow star, Continuous and Cam-
paign GPS sites names and velocities are indicated in red and
blue, respectfully. The length of the arrow is an indicator of
the scale of deformation, and the size of the error ellipse rep-
resents the 95 % error.

magmatic system, we used a single large prolate source with
an x-axis of 2000 m, y-axis of 2000 m, z-axis of 4000 m, and
centred at a depth of 9500 m [Gottsmann et al. 2020]. The
model domain was large enough to avoid boundary effects
(60 x 60 x 30 km), and an infinite element domain also sur-
rounded the model geometry to further aid this. A tetrahe-
dral mesh was used with higher mesh density surrounding
the sources and volcanic edifice. A roller boundary surrounds
the model, and the base of the model is fixed [Hickey and
Gottsmann 2014]. Heterogeneous elastic behaviour was as-
sumed for the rheology, with 3D variations in density and
(dynamic) Young’s modulus constrained using a 3D seismic
P-wave velocity model [Paulatto et al. 2012; Hickey et al. 2022],
alongside a constant Poisson’s Ratio of 0.25. We use an elastic
rheology to focus our efforts on the spatial deformation pattern
rather than time-dependent phenomena. The position change
of GPS and EDM points derived from the monitoring network
and placed into the model geometry were recorded. For EDM
lines the relative changes of each end of a baseline were used
to calculate the modelled line length variation.
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2.3 Modelling approach

We utilise the prolate source model proposed by Gottsmann
et al. [2020] as a proxy for the mid-crustal magmatic system
(Figure 4, Table 1). All model simulations include an active
mid-crustal deformation source to reflect recorded pressurisa-
tion in the magmatic system beneath the volcano during our
time period of interest [Hickey et al. 2022]. Using a series of
forward models, we experimented with the further addition
of a shallow prolate source or dyke in order to explore differ-
ences in how the island’s EDM and GPS monitoring networks
record changes to pressurisation in different parts of the mag-
matic system. To do this we investigated three main scenarios.
In step one (Figure 4B), we modelled the mid-crustal reservoir
in isolation and conducted sensitivity tests on each source pa-
rameter independently (Table 1) to observe the mid-crustal
magmatic system’s effect on the surface deformation footprint.
Sensitivity tests were conducted by independently varying a
single parameter through a range of values (while all other
parameters remained constant at a default value) and measur-
ing the effect on surface deformation. This was undertaken in
two stages: in step la, a wide set of parameter values were ex-
amined and the optimal value used to define the starting point
for step 1b, which had a narrower set of parameter values and
smaller step changes (Table 1). The initial source parameters
for step 1a were based on model results derived from analy-
sis of GPS data from 2003 [Gottsmann et al. 2020}, so we also
compared our modelled results to the recorded 2010-2018/19
GPS and EDM data to derive a slightly modified preferred set
of mid-crustal source parameters for this more recent defor-
mation period. The updated mid-crustal reservoir parameters
were also used in steps two and three.

In step two (Figure 4C), we added a second, smaller, shal-
low, prolate reservoir between the top of the mid-crustal mag-
matic system and the edifice. The mid-crustal magmatic sys-
tem was kept fixed (using the updated solutions from step
1b), and sensitivity tests were conducted on the parameters
defining the shallow source (Table 2). The shallow prolate
source parameters were based on previous results examining
this part of the magmatic system [Mattioli et al. 1998; Voight
et al. 2006; Wadge et al. 2006; Elsworth et al. 2008; Haut-
mann et al. 2013]. Finally, in step three (Figure 4D), we re-
placed the shallow prolate source with a dyke conduit and
conducted further sensitivity tests (Table 3). To simulate the
shallow magmatic system as a dyke conduit, a single rectangu-
lar cuboid source 500 m wide and 50 m thick was used [Mat-
tioli et al. 1998; Costa et al. 2007; Hautmann et al. 2009; Linde
et al. 2010] and extended from approximately 200 m below
sea level (1.2 km below the vent) to a depth of 5.2 km below
sea level. However, we used a thicker dyke (50 m) compared
to previous estimates (2 m) to reduce the computational cost
of our approach; a 2 m thick dgke in a 60 km wide model ge-
ometry required a computational mesh that was too dense for
the efficient building and solving of the numerical model with
available computer power and time. To confirm our modifi-
cation would not produce erroneous results, we computed a
simple comparison of a 2 m- and a 50 m-wide dyke using a
2D Finite Element model, and found that the increase in dyke
thickness when applying the same uniform pressure increase
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Figure 3: Observed EDM baseline length changes between 2010 and 2019, adjusted for significant volcanotectonic (VT) events
in March 2012 and March 2014. Individual EDM data points are shown in Supplementary Figure 1.

made no significant difference to the surface deformation re-
sponse (Supplementary Material Figure S2). Within step 3, a
preliminary sensitivity test (step 3a) was undertaken for all pa-
rameters, which found that pressure and orientation were the
two most important factors. The preliminary sensitivity tests
also found that a better fit to the observed data was achieved
with a shallower dyke depth, so for subsequent models in step
3b the dyke conduit extended from 0.5 km above sea level to
4.5 km below sea level, approximately 500 m shallower than
in previous studies. From the results of the preliminary sen-
sitivity tests (step 3a) we found pressure and orientation to
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be the two most significant parameters. We therefore ran a
co-parametric sensitivity test (step 3b) of pressure and orienta-
tion simultaneously with the updated dyke geometry, includ-
ing with negative overpressures (Table 3). Conditions for the
mid-crustal magmatic system were kept constant at 10 MPa
with no change in strike or tilt of the prolate source for both
shallow source experiments (steps two and three), and results
were again compared to the recorded 2010-2018/19 EDM and
GPS data.

We compare our model results to the GPS and EDM
datasets using a misfit function adapted from Hickey [2015]
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Figure 4: Schematic diagrams of 3D Finite Element Model setup. The model is 3D in order to include the 3D topography of
the island and non-axisymmetric deformation sources. The model size is 60 x 60 x 30 km, and an infinite element domain
incorporated, to prevent boundary conditions from interfering with interior results. The mesh was refined on the magma bodies
and island topography. The domain is elastic. The base of the model is a fixed boundary, with roller boundaries on the edges
and a free surface on top. [A] 3D view of the model geometry with 3D topography. [B] Sketch of model geometry for variation of
mid-crustal reservoir (Table 1). [C] Sketch of model geometry for variation of a shallow reservoir (Table 2). [D] Sketch of model

geometry for variation of a shallow dyke conduit (Table 3).

to numerically evaluate how changes to the magmatic system
affect the overall fit to the geodetic data. The misfit function,
J, is defined as:

J=y f (M)
fi = [(M; = D;) x W;]? (2)
W, = Z“;i (3)
D;
@@= |5 (4)

where M corresponds to the modelled deformation, D cor-
responds to the observed deformation, E corresponds to the
error, W corresponds to the weighting, and i is the index for
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each individual EDM baseline or GPS vector. The misfit func-
tion value was calculated for both GPS and EDM for each
model iteration. The lower the misfit function value, the bet-
ter the fit of the model to the observed data, and the greater
the variation in the misfit function values for a given sensitivity
test, the greater role that source parameter plays in dictating
the surface deformation response. A full inversion of the data
was beyond the scope of our study.

Following the findings of the dyke conduit study, we further
experimented with two new prospective EDM lines by adding
anew EDM reflector (ENEW1) site on the south-eastern flank
relatively close to the vent with an EDM baseline extending
down to the pre-existing GPS site DRYG (DRYG-ENEW1),
and a new EDM base station (ENEW?2) on the southern coast-
line with a baseline extending up to the pre-existing reflec-
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Table 1: 3D source parameters used in modelling the mid-crustal reservoir. The reservoir was modelled in two stages, the first
being a wide range of values, and the second a more refined range based on the findings of the first. The parameter values for
both ranges are provided below. Default values are from Gottsmann et al. [2020].

Source parameters (Mid-crustal reservoir)

Parameter Stage Low margin Default High margin

Depth (midpoint) (m) 8000 9500 15000 250
X-location 583 500 588 500 593500 1000
Y-location 1843280 1848 280 1853280 1000
a (x)-axis (m) 1A 1400 1890 2400 50
b (y)-axis (m) 1A 1500 2010 2500 50
¢ (z)-axis (m) 1A 4500 5010 5500 50
a (x)-axis (m) 1B 1840 1890 1940 5
b (y)-axis (m) 1B 1960 2010 2060 5
¢ (z)-axis (m) 1B 4960 5010 5060 5
Source strike (°) 1A 0 0 330 30
Source strike (°) 1B —-6.2 -1.2 3.8 1
Source dip (°) 1A —-125 10 125 25
Source dip (°) 1B 0 9 14 1
Source heading (°) 1A 0 0 360 15
Source heading (°) 1B 118 128 138 5
Pressure (MPa) 1 11 21 1

Table 2: 3D source parameter table used in the modelling of a shallow reservoir. Mid-crustal source parameters are from the

results of step 1 (described in the text).

Source Parameters (Shallow Reservoir)

Shallow source

Parameter Mid-crustal source Step
Low margin  Default = High margin

Depth (m) 9500 500 1500 2500 100
X-location 588 500 583 500 588 500 593 500 1000
Y-location 1848 280 1843280 1848 280 1853280 1000
a (x)-axis (m) 2000 100 500 1000 100
b (y)-axis (m) 2000 100 500 1000 100
¢ (z)-axis (m) 4000 100 500 1000 100
Source strike (°) 0 0 180 330 30
Source dip (°) 0 0 180 330 30
Source heading (°) 0 0 180 330 30
Pressure (MPa) 10 —-25 20 25 1

tor EDWR (ENEW2-EDWR). These sites were chosen to ex-
plore the deformation response on a part of the island with no
present EDM coverage, and to see if the pattern of EDM line
behaviour seen on the north and west of the vent is mirrored.

3 RESULTS AND DISCUSSION

3.1 Mid-crustal magmatic system

Varying the parameters of a single, large, prolate source
could not explain the pattern of observed EDM deformation
alone (Figure 5), consistently either overestimating line length
change on EDM2-EDLY/EDUF/EDGM on the north-western
flank, or underestimating line length change on EDJH-EDHE
(north-eastern flank), and to a lesser extent, underestimating
line length change on EDBR-EDWR/EDUB (south-western
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flank). This pattern was repeated for all parameters tested,
with the mid-crustal source producing a symmetrical defor-
mation field which could not account for the asymmetric EDM
line length changes observed. The GPS response to mid-
crustal source parameter variation is broadly in line with ob-
served data, with sites placed far from the vent experienc-
ing more horizontal deformation than sites close to the vent.
Notably, this model also could not account for the observed
movement of HERM.

Naturally, the misfit function results for the GPS network
provided a closer fit to the observed values than the EDM net-
work (Figure 6), as the mid-crustal magmatic system geometry
was optimised on GPS data from 2003 [Gottsmann et al. 2020].
Varying the depth of the source also showed that EDM is un-
responsive to changes in a mid-crustal source when compared
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Table 3: 3D source parameter tables used in modelling the variation in a dyke conduit source. [A] Preliminary sensitivity test

parameters (step 3a); [B] Co-parameter variation (step 3b).

[A] Source parameters (dyke conduit sensitivity tests)

Dyke conduit (Rectangular Cuboid)

Parameter Mid-crustal source Step
Low margin  Default = High margin
Depth (midpoint) (m) 9500 2500 3500 5000 100
X-location 588 500 583 500 588 500 593 500 1000
Y-location 1848280 1843280 1848 280 1853280 1000
a (x)-axis (m) 2000 100 500 1100 100
b (y)-axis (m) 2000 N/A 50 N/A N/A
¢ (z)-axis (m) 4000 N/A 5000 N/A N/A
Source strike (°) 0 0 90 180 30
Source dip (°) 0 -30 0 30 10
Source heading (°) 0 0 0 180 30
Pressure (MPa) 10 -30 6 30 3
[B] Source parameters (dyke conduit co-parameter test)
Parameter Mid-crustal source Dyke conduit (Rectangular Cuboid) Step
Low margin ~ Default = High margin

Depth (midpoint) (m) 9500 N/A 2500 N/A 100
X-location 588 500 N/A 588 500 N/A 1000
Y-location 1848280 N/A 1848280 N/A 1000
a (x)-axis (m) 2000 N/A 500 N/A 100
b (y)-axis (m) 2000 N/A 5000 N/A 100
¢ (z)-axis (m) 4000 N/A 50 N/A 100
Source strike (°) 0 N/A 0 N/A 30
Source dip (°) 0 N/A 0 N/A 30
Source heading (°) 0 20 N/A 80 10
Pressure (MPa) 10 -30 N/A 30 3

to the sensitivity of the GPS data, and only began to show a
significant response at depths of less than 10 km. The closest
fit to the GPS data was obtained from a prolate source with
a midpoint at 9.5 km pressurised at 10 or 11 MPa (Figure 6);
other source parameter results are provided in Table 2 and 3,
and used as the mid-crustal source values for steps two and
three. These results combined imply that there is a shallower
aspect to the magmatic system that is at least partially control-
ling the line length changes seen on EDJH-EDHE, and also
the behaviour of the EDM network as a whole, as this is more
sensitive to shallower pressurisation.

3.2 Incorporation of shallow pressure sources

As the deformation signal of a shallow source would likely
be confined to the area closest to the vent, the EDM network
should theoretically be better placed to detect changes than
the GPS sites (Figure 1) [Jackson et al. 1998]. We test this
assumption using a shallow magma reservoir or a shallow
dyke as an additional deformation source, in tandem with the
mid-crustal source.

3.2.1 Addition of a shallow prolate source

Firstly, a second, shallow prolate magma reservoir source was
added, above the mid-crustal magma reservoir (Table 2). Sen-
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sitivity tests of the parameters defining the second prolate
source showed that changes to a shallow deformation source
of this type produces negligible variation in the modelled sur-
face deformation patterns (Figure 7). The lack of deformation
response in both GPS and EDM measurements suggests that
the deformation signal from the mid-crustal source overprints
the effect of any shallow reservoir-style source (Figure 7). The
only parameter variations that induced measurable EDM line
length changes were variations to the x and y axes of the
shallow source (Figure 7) likely due to the asymmetrical near-
field deformation footprint this begins to produce in contrast
to the symmetrical deformation field of the ‘default’ shallow
source or the fixed mid-crustal source. The GPS network was
also largely unresponsive to changes in the shallow source, al-
though it did result in some minor movement at HERM and
LGRD, both situated within 1 km of the vent, and therefore to
the source itself (Supplementary Material Figure S4).

From these results, we can infer that when the deformation
signal produced by the shallow source is symmetrical it can-
not be distinguished from that of the mid-crustal magmatic
system. However, asymmetric deformation fields produced
by the shallow source, such as when the horizontal axes of
the shallow source were non-equal, can have a measurable
effect on the EDM monitoring network. The fact that the
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Figure 5: EDM line length change (LLC) sensitivity modelling
results from varying the properties of a single, prolate, mid-
crustal deformation source, including: [A] source pressure (in
MPa), and [B] source depth (in m). Observed data (white
diamonds with error bars) are compared against modelled
data (coloured diamonds; colours indicated by figure legends).
Varying the mid-crustal source alone produced a broadly sym-
metrical deformation pattern across all EDM lines.

near-vent asymmetric deformation effects were not picked up
by the GPS network (HERM and LGRD aside) suggests the
deformation produced by a shallow source only affected the
area closest to the vent: an area of the volcanic edifice where
the EDM network had far greater coverage compared with
the GPS network.

3.2.2  Addition of a shallow dyke source

Our preliminary sensitivity tests of a shallow dyke conduit
source showed that variation in certain source parameters had
a significant impact on the fit to the EDM data, far more so
than for the GPS data. Additionally, our results show that
the asymmetric deformation field produced was measurable
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above that produced by the mid-crustal magmatic system (Fig-
ure 8). The two parameters that produced the most significant
changes to misfit values were pressure and change in strike,
with misfit values indicating the optimal dyke orientation (or
strike) is approximately NW-SE (Figure 8). Therefore, we
also undertook a further co-parametric sensitivity test of pres-
sure and orientation in tandem, with a more focused orien-
tation parameter range than the original sensitivity tests (Ta-
ble 3).

We found that our closest fit to the observed EDM data
was achieved by a shallow dyke striking 330° (NNW-SSE)
and a pressure of —12 MPa (Figure 9). This dyke orienta-
tion is consistent with the tectonic stress field and fault struc-
tures surrounding Montserrat [Feuillet et al. 2010] and previous
modelling studies into the shallow magmatic system [Mattioli
et al. 1998; Costa et al. 2007; Hautmann et al. 2009; Linde et
al. 2010} The deformation field produced by the dyke was
small, and only affected a local area of the edifice close to the
vent; further away from the vent the dyke-derived deforma-
tion field weakened until it was overwritten by the deforma-
tion field generated by the mid-crustal magmatic system. The
overwhelming majority of the GPS network is situated too far
away from the vent to detect the deformation field changes
controlled by a shallow dyke conduit source, with the only
exception being HERM (and possibly LGRD). However, EDM
reflectors are situated close enough to the vent to respond to
these shallow source changes.

Negative pressure changes in the dyke source produced line
lengthening on all EDM lines (Figure 10), with EDJH-EDHE
the most responsive. The line-lengthening deformation was
generated due to EDM reflectors close to the vent showing
horizontal movement towards the vent in response to negative
shallow pressurisation. In contrast, the deformation response
of EDM stations further from the vent were determined by
the positive pressurisation of the mid-crustal magmatic sys-
tem, resulting in horizontal movement away from the vent
(Figure 11). The opposite movement of both ends of the EDM
baselines produces positive EDM line lengthening, as the mid-
crustal system pressurises (possibly through magma supply)
and the shallow system depressurises, indicating volume con-
traction, possibly through cooling.

The deformation generated by our best-fit shallow dyke
conduit, orientated NINW=SSE and pressurised at —12 MPa
is perpendicular to the orientation (or strike) of the dyke (i.e.
the deformation is greatest in the direction ENE-WSW). The
interaction of the shallow dyke-derived deformation and sur-
face topography means that only a small area of significant
deformation was produced that overprinted the more domi-
nant deformation signal of the mid-crustal system (Figure 11).
This area encompasses the GPS site HERM (and to a lesser
extent, LGRD), and could be a possible explanation for the
behaviour of HERM with regards to its deformation pattern
differing to the pattern of most other GPS sites.

Overall, the gain of the shallow dyke source in comparison
to only the mid-crustal source in terms of the fit to the spa-
tial deformation pattern is marginal (Figure 10, Supplemen-
tary Material Figures S7 and S8). While the overall misfit J
value is improved, indicating a greater overall bulk fit to the
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(EDM - 4 MPa; GPS - 10 or 11 MPa) and depths (EDM - 11500 m;

GPS - 9250 m) for the two datasets when observed independently. Other sensitivity test results are available in Supplementary
Material Figure S3. These results are from the initial wider range of values (step 1a).

data, reducing from 1.0216 to 1.0158, only the magnitude of
deformation on one EDM line is accurately reproduced (Fig-
ure 10). However, the pattern of EDM baseline length changes,
in terms of their sign and relative values across the six lines,
is improved by the addition of the dyke source, as seen by the
comparison of Figure 5 and Figure 10. A more detailed for-
ward exploration of parameters values, or a formal inversion
and optimisation against the data, could improve the signif-
icance of the model fits, but this was beyond the scope of
our study and outside of the main aim of our work, which
focussed on characterising the relationships between shallow
and mid-crustal deformation sources, and their effects on the
surface deformation patterns.

3.3 Prospective new EDM lines

In our tests with two new prospective EDM lines (Fig-
ure 12) the modelled results show that on the south-eastern
flank DRYG-ENEW1 was relatively unresponsive to pressure
changes in the shallow dyke conduit (Figure 13). This is partly
due to the shorter starting line length when compared with
EDM baselines on the northern flank, as points further away
from the vent experienced a greater horizontal deformation ef-
fect from the pressurisation of the mid-crustal magmatic sys-
tem. The relative unresponsiveness of DRYG-ENEW1 is also
to some extent a mirror of the reduced line length change seen
on EDM2-EDLY/EDGM/EDUF on the north-western flank
(when compared with EDJH-EDHE). However, unlike the
line length behaviour of EDM2-EDLY/EDGM/EDUF, DRYG-
ENEW!1 showed increased line lengthening with increasing
pressure, the inverse of the modelled behaviour of all other
EDM lines in response to the over- or under-pressurisation of
a dyke conduit source (Figure 13).
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ENEW2-EDWR behaved similarly to other EDM baselines,
and produced comparable results to EDBR—-EDWR due to
sharing a reflector. The reflector EDWR on the south-western
flank responded to the pressurisation of the dyke conduit in
a similar manner to EDHE on the north-eastern flank (Fig-
ure 10 and Figure 13). In contrast, the modelled results for
a theoretical EDM baseline ENEW2-EDWR did not provide
much insight above what EDBR-EDWR can offer, and does
help to illustrate that it is the reflector, not the base station,
which defines the line length behaviour in relation to shallow
source pressurisation.

In summary, a new EDM line on the south-eastern flank of
the volcano (DRYG-ENEW1) would not likely be optimally
placed to respond to pressure changes in the shallow mag-
matic system despite filling a geographical gap in the spatial
coverage of the EDM network. In addition, it would be rela-
tively difficult to access due to its position in the island’s ex-
clusion zone. While ENEW2-EDWR on the south-western
flank is sensitive to shallow source pressurisation, it likely only
serves to duplicate the results of EDBR—-EDWR, which when
combined with the difficulty in accessing the base station site
in the exclusion zone means it may not provide good cost-
benefit trade-offs.

3.4 Implications

The GPS network on Montserrat is well placed to monitor
changes to the mid-crustal magmatic system, however, our re-
sults suggest that changes in the shallow system would likely
not be detected by the GPS network. The surface displace-
ment footprint of the shallow system is small, partially over-
printed by that of the mid-crustal source, and is highly asym-
metrical, and as a result displays significant local variation
(Figure 11). The GPS site most affected by the surface defor-

Page 274


https://doi.org/10.30909/vol.06.02.265282
https://doi.org/10.30909/vol.06.02.265282

VOLCANICA 6(2): 265-282. https://doi.org/10.30909/vol.06.02.265282
A ------ GPS ---¢--- EDM & Combined A 108 ---4--- GPS ---4--- EDM ¢--- Combined
1.06
. . 1.06 ‘-‘ - ‘r‘_*.o
= 1.04 T:-m"°:?$ .tff.-'
3 < 102 ¢- ++»-.-..1-34-1111-;-.-.-.-4»++ -4
Sz EEREEITITITITITIINIT !
o9g —-—~r——mmmT—T—TTT7 T
I 77777777 7T 77T 77171 30 24 -18 -12 6 0 6 12 18 24 30
5 7 9 11 13 15 17 19 21 23 25 Pressure (MPa)
Pressure (MPa) B
1.06
B 106 ;
o = 104
= 104 4
g 02 gy
RS 8222822222222238328 i
2500 2750 3000 3250 3500 3750 4000 4250 4500 4750 5000
1 \l T \I T \l l\l l\l T \l T \l T \l T \l T \l T \I D?ptl](]]])
&\ - \Q\\ q& \\Q\ \_%Q\ \4?\\ {\Q\ \0‘9\ .1}0\ q‘}?\\\ « '5\\ C
Depth (m) 1.06
Y
C = 1.04
1.06 > S PO Y
. = 1.02 ‘;::::::::%::EEEEzztzzzzzzz;3;25':5EEE%:::::::::::::::::;,
= 1.04 1
; 270 300 330 000 030 060 090
L pepeget gt
e R EEE TR ——+——- Source Orientation (Strike)

l T T T T T T T T T 1

100 200 300 400 500 600 700 800 900 1000
X-Axis (m)

Figure 7: Shallow reservoir sensitivity test results. Changes
to misfit (J) value with: [A] Pressure variation of a shallow
reservoir style source and a fixed mid-crustal source; [B] Depth
variation of a shallow reservoir source and a fixed mid-crustal
source; and [C] X-Axis variation of the shallow source and a
fixed mid-crustal source. There is no change to the fit of the
model with variation of the shallow source pressure or depth,
but there is some minor impact on fit to the EDM data alone
when the horizontal axes of the shallow source are changed.
Negative pressure values were tested alongside positive val-
ues, and produced similar results. Other sensitivity test results
are available in Supplementary Material Figure S5.

mation footprint of the shallow dyke source is HERM. The
placement of HERM and EDHE within the displacement foot-
print (Figure 11) of our modelled shallow dyke source po-
tentially explains the unusual displacement observed at the
site relative to the rest of the GPS network, as the east—
west, north—south, and vertical displacement components of
the shallow dyke source have different relative amplitudes.
The co-location of HERM and EDHE is in an area which our
model predicts will respond strongly to the north—south dis-
placement component of the displacement field of the shallow
dyke, weakly to the east—west displacement component, and
insignificantly to the vertical displacement component. This
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Figure 8: Shallow dyke conduit sensitivity test results. Changes
to misfit (J) value for: [A] Pressure in a shallow dyke conduit;
[B] Depth of shallow dyke conduit; and [C] Strike of shallow
dyke conduit (measured in both degrees from East and Strike).
Pressure was the parameter that the results were most sensi-
tive to, followed by source strike. Both EDM and GPS networks
were largely unresponsive to depth changes, except for EDM at
depths shallower than 3000 m, with the closest fit obtained at
2500 m. Other parameter variations largely failed to produce
meaningful deformation responses, although other parameters
that changed the symmetry of the deformation field produced
by the shallow source such as source heading, x-location, and
y-location, did have a minor effect. The GPS response to all
parameter variation was negligible, with pressure being the ex-
ception, and this was minor when compared to the response
to pressure recorded by EDM. Other sensitivity test results are
available in Supplementary Material Figure S6.

has the effect of north—south deformation signals at HERM
and EDHE being controlled primarily by the shallow dyke
conduit, with southward movement likely to be detected as
the dyke contracts. However, the east-west and vertical dis-
placement of the site would be controlled by the behaviour of
the mid-crustal source, causing the uplift and eastward com-
ponent of the migration of the site observed between 2010 and
2019. There could also be an element of edifice decoupling
causing the ridge upon which HERM and EDHE are situated
to deform in a different way to the rest of the edifice [McPher-
son 2013; Odbert et al. 2014].
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Figure 10: Co-parameter variation EDM results with line re-
sponses to pressure variation of a shallow dyke source (placed
above a mid-crustal magmatic system pressurised at 10 MPa)
striking 330°. Different coloured symbols represent results of
different source pressurisation (MPa). The increased sensitiv-
ity of the north-eastern flank (specifically reflector site EDHE)
to pressure changes in a dyke source is seen here in the in-
creased range of line length change values to the same pres-
sure variation, with negative pressurisation generating greater
line length extension.
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EDM reflectors are generally situated much closer to the
vent than GPS stations on Montserrat, and as a result are bet-
ter placed to respond to changes in the shallow system. In-
terpretation of EDM line length changes should consider that
each end of the line is responding to different parts of the
magmatic system. EDM base stations away from the vent
respond to changes in the mid-crustal magmatic system sim-
ilar to the GPS network, whereas the EDM reflectors close
to the vent respond predominantly to changes in the shallow
system. However, the exact location of the EDM reflectors
is vital due to the substantial local variation in surface defor-
mation behaviour close to the vent produced by topographical
effects and the likely asymmetry of the deformation field asso-
ciated with the shallow dyke. EDM line EDJH-EDHE is best
placed to detect changes in the shallow system at the SHV, as
the EDM reflector EDHE is well within the deformation foot-
print of the shallow dyke conduit (Figure 11), as is the GPS
station HERM. The EDM lines EDBR-EDUB/EDWR are also
reasonably well placed to detect changes in the shallow dyke
conduit; similarly, this may also explain why GPS sites on
the edge of the deformation footprint from the shallow dyke
source (FRGR, NWHT, and SPRI) have horizontal displace-
ment velocities that do not conform to the wider symmetri-
cally radial GPS deformation pattern recorded by the wider
GPS network.

From our results for the best fits to negative pressurisa-
tion in the shallow system, and the behaviour of HERM and
EDJH-EDHE, we can interpret that the current shallow sys-
tem behaviour is likely one of cooling and contraction. The
results from the GPS network suggest the mid-crustal mag-
matic system is still being pressurised at about 10 MPa be-
tween 2010 and 2019, but it is not causing any reactivation
in the shallow system at present. The overpressure of the
mid-crustal magmatic system would likely drop during an
eruptive phase as magma moves up through the system, pos-
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Figure 11: Surface deformation maps, cropped from the full model domain. Plots of modelled surface deformation, with a mid-
crustal source pressurised at 10 MPa, and a shallow dyke striking 330° clockwise from North and pressurised at —12 MPa. The
top row shows the full view of Montserrat with deformation patterns predominantly caused by the mid-crustal magmatic system:
[A] East-west deformation; [B] North—-south deformation; and [C] Vertical deformation. The bottom row shows a zoomed-in
field-of-view near the vent, better highlighting the deformation footprint produced by the dyke: [D] East-west deformation; [E]

North-south deformation; and [F] Vertical deformation. All maps are orientated with north at the top.

itively pressurising the shallow dyke conduit. The likely pat-
tern of pressurisation in the immediate build-up to eruptive
activity would flip the pattern of behaviour in both EDM and
GPS observed in the current pause state. This would present
as GPS sites distal to the vent showing horizontal deforma-
tion towards the vent, HERM showing horizontal deforma-
tion away from the vent (north-eastward movement), EDJH-
EDHE, EDBR-EDWR, and EDBR—EDUB showing significant
shortening, and EDM2-EDGM and EDM2-EDUF relatively
unresponsive. For future monitoring of the island, this could
mean that over-pressurisation of the shallow conduit would
present as north-eastward horizontal deformation of HERM,
and line length shortening of EDJH-EDHE, as these would
likely be the best indicators of shallow system behaviour.

For application to other volcanoes, EDM could provide a
cheaper and safer way to effectively monitor the shallow mag-
matic system than GPS, as reflectors can be set up quickly,
measurements taken from a safe distance, and equipment can
be replaced at a much cheaper cost if destroyed. Covering
multiple flanks to find possible dyke conduit orientations and
monitor shallow system behaviour is important, as half the
area close to the vent may still be relatively unresponsive to a
dyke source pressurisation. Installing multiple GPS monitor-
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ing sites close to the vent may be impossible for many volcano
observatories, either due to a lack of appropriate sites, or to
financial or safety constraints, leading to limited and incom-
plete coverage of shallow system processes. For installing new
sites, priority should be given to the flanks perpendicular to
the likely dyke orientation as determined by the regional stress
field [Anderson 1906}, as these will be the most responsive to
pressurisation of the dyke. Tiltmeters have also been used to
monitor volcanic edifice deformation [e.g. Costa et al. 2007,
Hautmann et al. 2009; Johnson et al. 2019], but compared to
EDM they are more expensive and resource-intensive to in-
stall and maintain.

3.5 Limitations

The model uses a heterogeneous elastic domain, which does
not consider the effects of viscoelasticity [Del Negro et al. 2009;
Hickey et al. 2016; Head et al. 2019; Sigmundsson et al. 2020]
on the rheological behaviour. A temperature dependent vis-
coelastic medium would likely result in lower overpressure
requirements for the mid-crustal source due to thermal weak-
ening of the Young’s modulus and enhanced deformation from
the viscous component [Head et al. 2021]. The pressure value
of the shallow dyke source is unlikely to be strongly affected,
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Figure 12: EDM monitoring network map which this study draws data from. Two additional theoretical EDM line locations are
shown which were experimented with in this study to infer deformation behaviour on the southern and south-eastern flanks,

which currently lack EDM monitoring capability.

as the colder shallow crust should behave in an elastic man-
ner [Ranalli 1995 The recorded deformation at SHV is time-
dependent, and this may be representative of time-variable
source processes in an elastic rheology, or arise due to time-
dependent (e.g. viscoelastic) crustal rheology, or a combina-
tion of the two. Viscoelastic processes have been ruled out of
playing a dominant role in the recorded deformation at SHV
[Hickey et al. 2022), and so our choice of an elastic rheology
is sufficient for a first-order exploration of the problem we
address.

The shape of the dyke is a simplified rectangular cuboid,
with a thickness of 50 m, to reduce mesh density and com-
puting (RAM) requirements. Previous investigations into the
dyke found the width to be as narrow as 2 m [Costa et al.
2007; Hautmann et al. 2009]. To quantify the effect of the
increased dyke thickness imposed upon our study we ran a
comparison of a 2 m wide-dyke and a 50 m wide dyke with
equal pressure and geometry in a 2D elastic medium. There is
no significant difference to the surface deformation response
caused by the increase in dyke thickness (Supplementary Ma-
terial Figure S2), and therefore this limitation does not have
a significant impact on our deformation results. However, fu-
ture work should endeavour to use a 2 m wide dyke as sug-

s

Presses universitaires de Strasbourg

gested by previous work. This improvement may allow for
an investigation into possible volume contraction rates to com-
pare against thermal models in order to potentially distinguish
between future magma withdrawal and magma cooling and
contraction as the physical mechanisms driving the under-
pressurisation of the dgke source. Additionally, through our
forward model approach we manually tested a range of model
parameters (e.g. source pressures, sizes, and depths) and con-
sequently our ‘best fits” are only certain across the discrete
values used; alternative solutions with improved fits to the
observed data may exist that we did not explicitly test here.

The hydrothermal system at the SHV is extensive, be-
ing at least 2 km in diameter and extending approximately
800 m below the vent [Boudon et al. 1998]. Perturbation of
the hydrothermal system produces measurable deformation,
and is responsible for much of the noise in the observed EDM
data (Supplementary Material Figure S1). The exact extent of
hydrothermally-derived deformation on the overall deforma-
tion patterns observed at the SHV is still largely unknown.

4 CONCLUSIONS

1. The pattern of EDM line length changes recorded at
SHV between 2010 and 2019 cannot be solely explained by
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Figure 13: EDM line modelling results for two potential base-
lines showing predicted line length changes due to pressure
variation in a shallow dyke source with a strike of 330° (NNW-
SSE).

the effects of a mid-crustal deformation source, or with the
addition of a shallow prolate magma reservoir.

2. The modelled spatial deformation field is sensitive to
variations of a dyke conduit shallow source. Pressure and ori-
entation parameters have the greatest influence. However, the
spatial extent of the deformation field produced by a shallow
source only affects a small area of the edifice close to the vent,
including the EDM reflectors and HERM and LGRD GPS sta-
tions only; deformation at distal locations is dictated by the
mid-crustal magmatic system.

3. Varying the orientation and pressure of a shallow dyke
source simultaneously found that our closest fit to the observed
EDM data was for a shallow dyke striking 330° (NNW-SSE)
with a pressure of —12 MPa. Negative pressure values consis-
tently produced closer fits to the observed data than positive
pressure values. This could be explained by cooling and con-
traction, while the mid-crustal system is still being pressurised
(to ~10 MPa), possibly due to magma supply from depth.

4. At a strike of 330°, negative pressurisation of the dyke
caused a small area on the north-eastern flank of the volcano
to deform horizontally to the southwest, including the GPS site
HERM and the EDM reflector EDHE. We conclude that the
behaviour of HERM is potentially due to HERM responding to
a combination of pressure changes in the shallow dyke conduit
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and mid-crustal system, while the rest of the GPS network
responded to pressure changes in the mid-crustal system only.

5. For future monitoring purposes, the behaviour of HERM
and the EDM network (especially EDJH-EDHE), are likely in-
dicative of pressure changes in the shallow system. Eastward
and northward migration of HERM, or line length shorten-
ing of EDJH-EDHE, and EDBR-EDUB/EDWR, could indi-
cate pressurisation of the shallow magmatic system.

6. EDM can provide a safer, quicker, and cheaper way of
effectively monitoring shallow system processes than GPS, as
coverage of multiple flanks close (within 1 km) to the vent is
vital for understanding the behaviour of dyke conduit-shaped
shallow magmatic system processes given they produce highly
asymmetrical deformation fields. When choosing monitoring
sites to target the shallow system, preference should be given
to those on lines perpendicular to the expected dyke orienta-
tion as determined by the regional and local stress fields, as
these areas are more sensitive to deformation changes in the
shallow magmatic system.
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