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Abstract

Since the eruption began in 1995, Soufriére Hills volcano on Montserrat has been
characterised by five phases of magma extrusion and corresponding pauses. Despite a lack
of eruptive surface activity since 2010, the volcano continues to show signs of unrest in the
form of ongoing outgassing, and inflation of the entire island of Montserrat. Using numerical
modelling, we compare a set of contrasting deformation models in an attempt to understand
the current state of Soufriére Hills volcano, and to gauge its future eruption potential. We
apply a suite of deformation models including faults and dykes, and an ellipsoidal source
geometry to all phases and pauses covering the entire eruptive history from 1995 through
2020. Based on recent petrological evidence suggesting no recent injection of magma from
depth after an initial magma intrusion, we test the hypothesis that the ongoing inflation of

Montserrat could be explained by a visco-elastic, crustal response to the initial magma
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intrusion without a renewed pressurisation due to magma injection. In contrast to previous
modelling attempts, we focus on conceptual models and compare elastic- with several visco-
elastic models taking temperature-dependent viscosity models, tectonic components, mass
balance, magma compressibility and outgassing data into account. We explore a wide
parameter space in a Generalised Maxwell Rheology to explain the observed deformation
patterns, and demonstrate that a realistic, depth-dependent distribution of visco-elastic
parameters does not allow an interpretation of the deformation signal without any magma
influx or further pressurisation. Within the range of large uncertainties attached to the visco-
elastic model parameters we show that visco-elasticity reduces the degree of ongoing
pressurisation or magma influx into a crustal reservoir by a few percent. We conclude that
magma influx at a rate of 0.10 to 0.57 m%/s is the most likely explanation of the current
deformation pattern and is also in agreement with mass balance considerations and current

SO: flux observations.

Keywords: Soufriere Hills, GPS, deformation, magma compressibility, Maxwell rheology,

visco-elastic response

1. Introduction

The current eruption of Soufriere Hills volcano (SHV), Montserrat (Fig.1), began in 1995, and
has been well documented in the literature (e.g. Kokelaar, 2002; Wadge et al., 2014). The
eruption has been characterised by five episodes of lava dome growth punctuated by dome
collapses, Vulcanian explosions, outgassing and ash venting (e.g. Edmonds et al., 2001,
2002; Watts et al., 2002; Hautmann et al., 2014). As depicted in Fig. 2, pauses of differing
duration have separated each phase such that despite lasting more than 25 years, the
volcano was only actively extruding for a total of 8.5 years (Wadge et al., 2014). The last
extrusive event recorded at the volcano on 11 February 2010, coincided with the partial

collapse of the northern section of the dome (Stinton et al., 2014). Since this event, the



51  volcano has entered a period of apparent quiescence with an average of 1.2 seismic events

52  per day (Stinton et al., 2014). By January 2022, Pause 5 has lasted for 12 years, significantly
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54  Figure 1: Active Soufriére Hills volcano in the south of Montserrat; locations of major faults

55  (Feuillet et al., 2010) and cGPS stations used in this study.

56  longer than any other pause, the immediate implication being that it is a pause - not the end
57  of the eruption. A mean daily SO flux of approximately 200 tonnes/day (Stinton et al., 2020),
58  recorded until April 2020, and ongoing inflation of the island, continuously monitored by

59 ¢GPS (Fig. 2), are indications of ongoing volcanic unrest. Due to the lack of a monitoring

60 baseline for the background activity of Soufriere Hills, the question remains as to whether
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these signals indicate potential future extrusive activity, or if the eruption can finally be

declared over.

Throughout the history of the eruption, there have been many attempts to determine the
configuration of the SHV plumbing system summarised in Elsworth et al.(2014). Deformation
models fall into two broad categories - either vertically-stacked magma reservoirs (Elsworth
et al., 2008, 2014; Foroozan et al., 2010, 2011; Hautmann et al., 2010) or single, vertically-
extended sources (Voight et al., 2010). The source geometries range from spheres to
prolate or oblate ellipsoids with rotational symmetry, which results for some studies in the
necessity for partial or complete omission of certain GPS stations in order to match model

output and GPS data (e.g. Hautmann et al., 2010; Foroozan et al., 2011).

1995 1997 1999 2001 2003 2005 2007 2009 20|1 1 20[1 3 20‘1 5 20]1 7 20|1 9
800 = H :
Phase 1 Phase 2 Phase 3 Phase 4 Phase §
%600—"'" " AR s O -
3
<
© 400 iy 000 FEEEEEEEEN 0 TE———— =
>
T
E=
% :
& 200+ i
0 ol A 1
i S H
0.05— i
E i
8 000 | .
& HE
: AN
O 005 | e
-0.10 ! |
. 2000 =
>
% :
& 1500+ s dsiions
] X
£ .
S 1000 | i 5 T e -
Y % £ o ok by ;&. - T
8 500 | i"?: L e
e :
0 T T T T
1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019

(c) MVO - created Sun 10 May 2020 17:54:37 UTC

i

=
<P
(o)

1
{
{

Figure 2: Monitoring data for the entire duration of the ongoing eruption at Soufriére Hills
volcano with the number of seismic events per day (top), vertical displacement for HARR
(black) and radial ground motion of MVOT1 (red) and NWBL (blue) relative to the dome centre
(middle). SO: daily flux (bottom) monitored with different methods: COSPEC (green),

scanning DOAS (blue /red), traverse DOAS (white). Despite its prolonged duration, Pause 5
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is characterised by ongoing SO- outgassing and surface deformation, but limited seismicity.

Adopted from Stinton et al., (2020).

In contrast to attempting a detailed, perfect match of deformation data recorded on all
stations of the continuous GPS network (cGPS), we employ an entire suite of contrasting,
numerical models and focus on their conceptual differences. We aim at answering the critical
question whether the eruption is continuing or not. We follow the conceptual models that
have been guiding the discussions of the Scientific Advisory Committee on Montserrat
Volcanic Activity throughout the eruption. These models range from magma extrusion and
reservoir refill, to the influence of tectonic effects, potential contributions of crystallisation to
the pressurisation of the system, to the final end-member model of a visco-elastic response

to a major intrusion that has actually ceased several years ago.

We start with a purely elastic model to determine the source geometry of a deformation
source which can match the deformation data for Pause 5. In order to explore processes
alternative to magma influx explaining the ongoing inflation during Pause 5, we also address
the potential contributions of local tectonics such as the WNW- trending Belham Valley fault,
part of the Montserrat-Bouillante fault system (Feuillet et al., 2010) which is related to the
wider regional tectonics of the Northern Lesser Antilles section of the Caribbean plate with a
North-South extension (Wadge et al., 2014). We then adopt the geometry of a central,
elliptical source to model the dominant patterns of all eruptive phases and pauses, as well as
its anisotropic nature. By considering magma compressibility and extruded volume, we
estimate the respective volume changes for all phases and pauses throughout the eruption.
In this step, we interpret the iconic saw-tooth pattern in the deformation data (Fig. 1) as
erupted and re-charged material, respectively. Given recent petrological evidence (McGee et
al., 2019) which suggested that the intrusion of mafic magma had ceased by 2004, we
employ a set of visco-elastic models based on a temperature-dependent Maxwell rheology,
and test the alternative hypothesis that the observed saw-tooth deformation pattern can be

explained without any further magma influx.
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2. Continuous GPS data

The cGPS network on Montserrat comprises 14 stations distributed across the island (Fig.
1). The data used for our initial analysis of Pause 5 covered a time period of 3 years from
August 2012 — July 2015, which presents a sufficiently long time interval after the previous
eruptive activity of February 2010, and a short ash-venting episode that occurred in March
2012, in order to focus on the underlying deformation trend. The velocity of each station has
been calculated relative to the motion of the Caribbean Plate using the GAMIT/GLOBK tool
suite (Herring et al., 2010a, 2010b). The plate motion has been defined by a number of
stations and the averaged displacements for the 2012 — 2015 period were derived from

these velocities.

Due to the short durations of Phases 4, 5 and Pause 4, and the requirement for a data
coverage of at least one-year for a sufficiently accurate deformation estimate, we omit these
stages from the following comparison depicted in Fig. 3. When normalised relative to the
station HARR, which is a station with data available for the entire eruptive history, there is a
remarkable similarity in relative magnitude of the horizontal, and, to a lesser extent, of the
vertical velocities across the stations for all stages of the eruption. The relative horizontal
magnitudes are the same, both for the eruptive phases and pauses. With the vertical
displacements being inherently noisier than the horizontal components, we assume that the
displacement rate can be caused by the same source geometry throughout the eruption
since it began in 1995. Furthermore, this highlights the repetitiveness of the source process,
for both apparent inflation and deflation, affecting all but the closest stations with the only

difference being the overall magnitude of displacement rate.

In agreement with the other pauses (e.g. Hautmann et al., 2010; Voight et al., 2010;
Foroozan et al., 2011), the majority of the cGPS stations showed a displacement away from
the volcano that increases with distance (Fig. 4 and 5). We assume the region to the south
of the volcano would show a similar displacement pattern to that in the north, but due to the

limited size of the island, and the location of the volcano in the south, this can be neither
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corroborated nor invalidated. The three closest cGPS stations to the volcano (HERM, SPRI
and FRGR) deviate from this pattern by recording motion towards it. This is different to the
other pauses in the eruption history and may indicate a deviation of some processes

affecting these proximal stations which will be further discussed below.

The characteristic deformation patterns that guide our modelling approach are the increasing
deflation rates for consecutive phases, in contrast to the decreasing inflation rates for

pauses, and the sharp transitions between pauses and phases as depicted in Fig. 2.

3. Numerical Modelling

To determine the configuration of sources required to replicate the current displacement
pattern on Montserrat, we have created a set of numerical models using Comsol
Multiphysics 5.4, which utilises a finite element method. Simple models have been calibrated
against analytical solutions (e.g. Mogi, 1958; Okada, 1985, 1992; McTigue, 1987; Del Negro
et al., 2009), and have been used to assess the potential contribution of several source
types such as a tectonic (strike-slip) versus a volume source (dyke or spherical chamber).
Because the study area is small (< 10km) compared to its distance to the subduction zone (>
200 km), vertical displacements due to vertical plate motion would be similar (i.e., within the
uncertainty on daily positions) at all stations in Montserrat. We therefore assume that
observed vertical deformation variations across the network are caused by local, plate-
internal tectonics or magmatic sources. We have systematically modified the location, size
and orientation of each source type to achieve the optimum match to the data. Finally, once
the source type has been established, source parameters have been further refined to

optimise the match to the data.

The model geometry has been created with a central block with dimensions of 12 km x 18
km x 50 km, embedded in a larger block of lateral extent 300 km x 300 km and depth 50 km.
Into this framework, we have inserted a variety of different source types and configurations.

Volume sources have been modelled using spherical or elliptical geometries whereas
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tectonic fault movements have been modelled as finite planar surfaces. For spherical and
elliptical magmatic sources, we have imposed pressure as boundary conditions; for dykes
and faults we have employed displacement. We have modelled the elastic crust as either

homogeneous with a Young’s modulus of 10 GPa (e.g. Elsworth et al., 2014) and a
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Figure 3: Horizontal and vertical displacement rates for Phases (1-3) and Pauses (1-3, 5)
(top) in order of increasing distance from the volcanic edifice. All data are normalised relative
to the horizontal displacement at HARR (bottom). A negative horizontal displacement
represents motion towards the volcano. Therefore, the displacement direction is generally
towards the volcano during phases and away from it during pauses. For the normalised
horizontal cGPS data, all stations except HERM are in good agreement indicating an
identical source geometry throughout the eruption. The discrepancy with HERM may be due
to the proximity to the volcano, and a greater sensitivity to shallow conduit/dome processes.
Phase 1 — Pause 3 data adapted from Mattioli et al. (2010) and Foroozan et al. (2011). No

data plotted for Phase 4 — 5 due to their limited duration.
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Poisson’s ratio of 0.25, or later in Section 5.4, have employed a depth-dependent model
based on seismic tomography (Paulatto, 2011; Paulatto et al., 2019) where correction
factors of 0.67 to 0.11 have been applied to account for the difference in elastic behaviour
between short-period seismic time scales and long-period, static deformation
(Gudmundsson, 1990). For the visco-elastic models we have used the same source
geometry and average viscosities in the range between 10'® and 10" Pas, and later
temperature/depth-dependent viscosity distributions derived from different temperature
models according to the Arrhenius approximation. We used roller boundary conditions at the
sides, fixed conditions at the bottom, and a free surface at the top. The finite element mesh
comprising tetrahedral elements of varying sizes consists of up to 100,000 elements

resulting in 4 million degrees of freedom.
4. Modelling results

Initially, our modelling attempts have focussed on data from Pause 5, which has the best
data coverage and shows the most consistent long-term trend. After finding the model
geometry that best matches the data set, we have applied the same source type to previous

eruptive phases and pauses.
4.1. Effect of topography

Previous studies have often assumed a flat surface to their models, stating topography has
little effect on the surface displacement pattern for deep sources (e.g. Hautmann et al.
2010). Marsden et al. (2019) have demonstrated that, to some extent, this is true for
isotropic sources, but it is not applicable for more complex sources. They found a significant
difference close to the volcanic edifice, where high dome topography affects both the
magnitude of surface displacement and its direction, which may be completely reversed
(Marsden et al., 2019). However, regarding the main objective of this study, the influence of
topography does not play an important role to find the principle causes behind the ongoing,

island-wide inflation.



198  4.2. Basic source models: dyke, fault and their combination

199  Our overall modelling strategy is led by the aim to explore source models alternative to

200 previous studies that were based on pressurising deep magma reservoirs. There is

201  significant evidence for previous tectonic activity in the vicinity of the island, in particular the

Model

Reference

Crustal
Response

Description
Source

Parameter
Final/Range

Stations
used

I

E+e

E2E

E2Ex

E1Ex

VH

VZMax

VZsis

202

elastic

visco-elastic
Maxwell
homogeneous
visco-elastic
Maxwell
depth-dep.

visco-elastic
SLS
depth-dep

expanding
sphere

expanding
dyke

sinistral
fault

expanding
ellipsoid

two
expanding/
contracting
ellipsoids

two
expanding/
contracting
ellipsoids
with depth
extension

expanding
single
ellipsoid
with depth
extension

radius 1 [0.5, 2] km

depth 6 [1, 10] km
expansion 0.25 m
dimension 5 x 1 km
expansion 1 m

azimuth 263° [200°,300]
dimension 5 x 1 km
strike-slip 1 m

azimuth 293° [280°,300°]
0.6 x0.6 x 2.0 km

depth 6 [1, 10] km

azimuth 263°

0.6 x0.6 x2.0 km

depth 6 [1, 10] km

azimuth 263°
0.3x0.3x1.0km

depth 0 [0, 3] km

azimuth 293°

0.6 x0.6 x2.0 km

depth 6 [1, 10] km

azimuth 263°
0.3x0.3x1.0 km

depth 0 [0, 3] km

azimuth 293°

depth extension 8 [0, 20] km
pressure (10, 2.5] MPa/year
0.6 x0.6 x2.0 km

depth 6 [1, 10] km

azimuth 263°

depth extension 8 [0, 20] km
pressure [10,2.5] MPa/year
source as above

viscosity [1.8, 12] x10'8 Pas
Youngs mod [5, 10] GPa
Maxwell rheology:
depth-dependent
temperature, viscosity,
elasticity see Fig. 13/14.
E(z) reduced to 11 & 67%
pressure/volume see Tab 3
SLS rheology:
depth-dependent
temperature, viscosity,
elasticity see Fig. 13/14.
E(z) reduced to 11 & 67%
pressure/volume see Tab 3

203  Table 1: Summary of numerical models employed throughout this study.

all cGPS

MVO1
TRNT
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presence of faults crossing the island, including the Montserrat-Havers Fault, the Belham
valley Fault and the Richmond Hill Fault (Fig.1) contributing to the Montserrat-Bouillante
Fault System (Feuillet et al., 2010). A regional GPS study by Lopez et al. (2006) indicates a
small N-S intraplate extension in the area of the Lesser Antilles where Montserrat lies. The
NNW trans-tensional fault system between Montserrat and Guadeloupe is thought to
accommodate some of this extension. We approximate this tectonic extension as a NW-SE
extension of the exterior northern and southern model boundaries. For example, a NW-SE
extension of 10 mm/year at 25 km distance from the Belham Valley, in each direction, would

result in an on-island extension of 2.5 mm/year.

Hence, the first set of models comprises strike-slip faults and expanding dykes (Fig. 4) which
are employed individually with a simple sphere for comparison. For each source type, the
depth of the top has been varied at 0.5 km intervals between 1-10 km below sea level

(b.s.l.), for different vertical and horizontal extents, lateral positions and strike directions.

Fig. 4 shows best-fit results for each of the three basic source models. The spherical magma
chamber (Model Is) has an initial radius of 1 km, centred at 6 km b.s.l. and has been
modelled with a pressure of 4 MPa resulting in a uniform radius increase by 0.25 m. The
initial dyke (Model Ip) and strike-slip (Model Ir) sources both have dimensions of 5 km x 1 km
x 1 m to which we have applied displacement boundary conditions of 0.5 m in each direction.
The dyke depicted in Fig. 4 has been modelled with an orientation of 263° whilst the sinistral

strike-slip motion has been simulated with a fault striking at 293°.

The results of the simple strike-slip sources show a bad match to the data, and using a
WNW-trending orientation, parallel to the Belham Valley (Wadge et al., 2014), they only
match the stations furthest north. In contrast, the expanding spherical and dyke sources both
show a better match. However, unlike the spherical source model, an expanding dyke
source (Ip) satisfies both, the non-rotationally symmetric nature of the data, as well as the

requirement for an increased horizontal displacement with distance from the volcano. Due to
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the observed surface displacement pattern, characterised by increased horizontal

displacement
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Figure 4: Horizontal (top) and vertical displacement rates (bottom) for basic source models,
fitting spherical reservoir, dyke and sinistral strike-slip. The stations are listed in order of
increasing horizontal distance from the volcano. High resolution topography is included and
the location and orientation of the sources are marked on the maps. For both the horizontal
and vertical component of the displacement, the expanding dyke (Ip) shows the closest

match to the Pause 5 data.
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away from the volcano and a north-south trend, we discount rotationally symmetric sources,
or their combinations, and sources located at less than 4 km depth. The mismatch with the
GPS data in Fig. 4 is evident and results in an absolute data misfit of 28.1 mm for the dyke
model Ip, 53.5 mm for the fault model Ir, and 43.2 mm for the spherical model Is. Hence, we
conclude that none of these three source types (Is, o, and Ir) match the deformation data of

Pause 5.
4.3. Initial volume models

After disregarding the basic source models (IS, ID, and IF) in the previous section as
alternatives to continued magma influx, we return to volume-based sources, however
employing now non-rotationally symmetries. We adopt the spherical source centred at 6 km
depth and transform it into an expanding ellipsoid by varying the half axes and orientation
systematically (Table 1) deriving at a geometry of semi-axes 1 km x 0.3 km x 1 km, volume
1.26 km?3, centred at 6 km b.s.l. and orientation of 263° (Model E+g). This source model
matches the observation of the distal GPS stations better than any rotationally symmetric
source (Fig. 5, left). In order to include the data observed on the close GPS stations, a
second, shallow deflating ellipsoidal source (Model E2e) of semi-axes 500 m x 150 m x 150
m, volume 0.05 km?3, centred at sea level and an orientation of 293° (Fig. 5, right). The
corresponding data misfits are 26.1 mm and 18.4 mm for models E+e and Eze, respectively.
We refer to this set of volume sources as ‘Initial Elastic Models’ (see Tab.1: E+g, Ezg, and
E1ex) and use them to explore in the following sections their compatibility with previous
pauses and phases, their potential trade-off with depth, the impact of magma
compressibility, and finally the potential impact of a visco-elastic crust in which these volume
sources are embedded. All these strands of investigation focus on better quantifying the
processes that cause the island — wide inflation of Montserrat or aim to find alternative

explanations.
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Figure 5: Horizontal displacement rates (blue) for the ‘Initial Elastic Models’ Ee and Eze
compared to the Pause 5 data (red). Source geometry (yellow) is projected onto the surface.
Left: only deep source is modelled Eie. Right: dual source of deep and shallow ellipsoids are
used E2 (see text). Note, the shallow source affects only the stations HERM, SPRI and

FRGR close to the volcano.

Assuming a homogeneous medium, Young’s modulus of 10 GPa, and a Poisson’s ratio of
0.25, a uniform inflation of 10 MPa per year for the deep source and deflation of 5 MPa per
year for the shallow source is required to explain the surface deformation. Equivalent volume
changes related to inflation and deflation are determined through eq. 1-5 in the next section
and expressed as volume change rates by considering a time span of 10 years in Pause 5.
Hence, 10 MPa/year and 5 MPa/year correspond to a uniform source volume change rate of
0.05 m®/s and 0.003 m?%/s for the expanding deep source and contracting shallow source,

respectively (Model Exg).
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4.4 Volume - pressure equivalence

Surface deformation due to a magmatic intrusion has been often modelled by a Mogi source
(Mogi, 1958) where the intrusion is represented by a small, spherical cavity of radius a,
embedded in an elastic half space at depth d. An isotropic stress is applied to the cavity wall
which corresponds to the overpressure P exerted by the intrusion. The deformation at the
stress-free surface is calculated in an iterative approach leading to a point source

approximation (a << d) which is satisfied if a < 2 d.

The corresponding volume change AV in the cavity can be approximated for a spherical

geometry in an isotropically elastic half space by (McTigue, 1987)

AV =mPa3/pn €Y)
with the shear modulus
W=+’ )

Young’s modulus E, and Poisson’s ratio v.

For a Poisson’s ratio of v = "4 this leads to a relative volume change

—=_p 3
or
AV—1875P 4
v T TES )

For geometries used in our models (Models E1ex, Fig. 6) we have used an equivalent

expression
=k 5
E' ’ ( )

where k has been determined by numerical integration over the volumetric strain along the

source geometry. For an ellipsoid k = 3.5, and for a depth-extended elliptical source
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geometry reaching a depth of 12 km and 14 km, k= 4.8 and k = 5, respectively. This allows
us to convert pressure changes of different source geometries into equivalent volume
changes of incompressible magma in a cavity embedded in an elastic half space as seen in

the following section (Fig. 6 and 7).
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Figure 6: Left, source geometry (Eiex): elliptical cross section 600m x 2000m; shown for
depth range of vertically extended geometry by 5,000 m and 7,000 m, or total depth to
11,000 m and 13,000 m. Right: Impact of modelled vertically extended volume to the vertical
and horizontal displacement of the Pause 5 data. The stations are listed in order of
increasing horizontal distance from the volcano. Model results are illustrated for the initial
ellipsoidal model with 10 MPa pressure and a source extended vertically up to 20 km® with a
pressure of 3 MPa. The shallow deflating source remains the same for both models (Model
E2ex). Using a large initial volume results in a large relative surface displacement at the more

distal stations (MVO1, GERD, NWBL).
4.5. Constraints on source volume and model trade-offs

Following the study by Christopher et al. (2015) that points to a larger magma reservoir
under Montserrat, we have explored the parameter space by adding to our magmatic source
at 6 km depth a deeper root (Model Ezex). We have increased the volume by extending it

vertically through an insertion of additional volume below the upper hemisphere of the
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elliptical source geometry, as depicted in Fig. 5. This maintains the shape of the top of the
source controlling most of the closer surface deformation, but increases the depth to which

the source can be pressurised, relevant for distal stations.
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Figure 7: Annual pressure increase (dP, blue) applied to the extended sources as shown in
Fig. 6, and resulting volume change (dV, red) against initial volume. The pressure required
to match the data converges to 2.5 MPa for sources extended to a volume in excess of 8
km®. All data points (i.e. combinations of pressure increase and initial volume; blue dots)
result in a similarly good data match. Increasing the initial volume beyond 8 km? yields a
linear increase in volume change, while the equivalent annual pressure increase remains

constant.

When extending the source vertically and reducing the pressure simultaneously we maintain
an equally good match to the horizontal, distal GPS data, and an interesting pattern arises
(Fig. 7): Once the source is extended vertically to a depth of 14 km and a total initial volume
of about 8 km?, the pressure increase required to match the Pause 5 data converges at

about 2.5 MPa/year. This indicates a trade-off between source pressure and initial volume of
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a magma reservoir into which new magma could enter. The bigger this initial volume, the
larger is the volume of magma influx, creating the same pressure increase and,
consequently, the same deformation field. Hence, the estimate for a corresponding magma
influx can vary from 0.14 m®/s for an initial reservoir volume only 1.25 km? (ellipsoidal
geometry in our initial model E+e) to 0.85 m%/s for a reservoir (E1ex) of about 20 km? (Fig.7 —
right hand axis). Assuming magma accumulation into a larger, initial reservoir as the only
source process provides an upper bound of equivalent pressurisation of about 2.5 MPa/year.
In general, this attempt to explore the depth — pressure trade-off also demonstrates why
many other studies have used vertically extended ellipsoids in their models (Elsworth et al.,
2014), and confirms the fact that geodetic data are not sensitive to vertical extensions of

magma reservoirs.
4.6. Application to previous phases and pauses and impact of magma compressibility

Following Fig. 3, there is a remarkable similarity in displacement patterns between all the
pauses and phases recorded at SHV. Using the initial model (Eie) defined in 4.3, we go
backwards in time and model the deflation during eruptive Phase 3, which can be matched
by a depressurisation of about 40 MPa or a corresponding volume change of 17 x 108 m3 at
the deep source. The modelled volume changes for all phases and pauses until 2017 are
summarised in Fig. 8, together with the estimated dense rock equivalent (DRE) volumes
according to Wadge et al. (2014). Consequently, we can assume that the general source
geometry must have remained stable through time with the GPS network measuring
significant variations in magma volume or pressure. Note that there is a large discrepancy
between modelled volume change at depth and estimated dense rock equivalent which can

be accounted for by introducing a compressible magma at depth.
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Figure 8: Cumulative DRE volume erupted (adapted from Wadge et al., 2014) (top) and the
change in total source volume through time relative to the start of the eruption (bottom).
Total source volume change is based on the initial elliptical source volume (Model Eie) of
1.26 km®. The dashed line indicates the trend of eruption onsets for Phases 2, 3 and 5. The

location of the March 2012 ash-venting event is indicated.

A negative or positive volume change within the source model corresponds directly to
extruded or intruded incompressible magma from, or into a reservoir, respectively. However,
due to its volatile content, magma is compressible which leads to discrepancies when
comparing DRE of extruded material with pressure or volume changes at depth as indicated
in Fig. 8. In order to reconcile this discrepancy between apparent volume change at depth
derived from modelling the deformation field, and the erupted volume (DRE) during eruptive
phases we have to consider the compressibility of magma at depth. The change in volume
within the source region (V) can be linked to the estimated DRE volume (Vprg) by applying

conservation of mass (Segall, 2010)
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where the DRE density (ppgrg) is 2600 kg/m? (Wadge et al., 2010), while 55 and gy are the
compressibility of source reservoir and magma, respectively (Table 2). The magma source

density (py) has been calculated according to

_ x 1-x\]" ;
pM—[p—g+< - (St )] ™

(e.g. Huppert & Woods, 2002; Neuberg & O’Gorman, 2002). All variables have been defined

in Table 2. Assuming water as the main volatile phase, we have used Henry’s law of

solubility to calculate the exsolved water content (n = N — 4.11 x 10~%/P ), the gas density

following the ideal gas law ( p; = MP/RT ) with a total volatile content (N) of 4 - 6 wt.% and

crystal content (x) of 40% (Huppert & Woods, 2002). Edmonds et al. (2014) consider a
larger total volatile content, however, with 6 wt% we take into account the effects of
continued outgassing. The compressibility of the source magma (S,,) and magma reservoir
(Bc) have been calculated as (e.g. Segall, 2010)

1 aVy

1 dpm
hu=o, ~Vy 0P’

= om a—P and ﬁc (8)

respectively, and will be used in the following sections whenever magma at depth is being

compared with DRE.
4.7 Summary of elastic models

Fig. 5 depicts a reasonable match between data and our models Eie and Ez: based on a
homogeneous, elastic crust below the Montserrat topography. Maintaining the shallow
ellipsoidal source (Eze) is needed to force the horizontal displacement of the three close
stations to point inwards. The vertical displacements are less well fitted when we use
vertically extended sources as those can result in a trade-off between horizontal and vertical

displacement. A classic example is the displacement field of a dyke that results in a negative
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vertical displacement above the dyke which increases with the amount of dyke opening while
a positive horizontal displacement prevails in the far field. Dieterich & Decker (1975) have
demonstrated that, in order to constrain the source geometry perfectly, both horizontal and
vertical components are needed, however this is not the aim of this study. By introducing
more model parameters, either by refining the geometry or by introducing a two- or even
three-dimensional elastic model the data fit could be further improved. This has been
achieved by several previous studies which were all based on an elastic response to magma
influx or drainage (e.g. Elsworth et al., 2008; Hautmann et al., 2010; Foroozan et al., 2011).
Our attempt to explore the depth — pressure trade-off in Section 4.5 demonstrates why many
other studies have used prolate spheroids in their models. A comprehensive summary of
previous model attempts, with their different settings and parameters, advantages and
shortcomings has been presented in Elsworth et al. (2014). In contrast, we set out to
compare different conceptual and contrasting models that explain the ongoing inflation of
Montserrat and the eruption potential in the near future, rather than adding another purely
elastic model to the collection. First, we considered and then excluded dykes and faults as a
tectonic component of deformation. Second, we introduced geometries with non-rotational
symmetry, and finally, we move in the following to visco-elastic models (Models Vu, VZ) and
focus on the distal stations only. We drop the shallow elliptical source in our considerations
as it only affects the closer stations (see Fig. 5), the deformation data of which might be
masked by loading effects (Odbert et al., 2015) rather than revealing deep source processes
we are interested in. We use in the following the depth-extended ellipsoidal geometry (same

as Model E1ex and depicted in Fig. 6) with an initial volume of about 8 km?.
5. A visco-elastic model for the Montserrat eruption

In the previous sections we ruled out tectonic sources and dykes as sole deformation
sources and established a source geometry which, applied to volume or pressure changes
can explain the deformation data on Montserrat throughout the course of the eruption. The

choice of an elliptical geometry in contrast to an isotropic, rotational symmetry or a more
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realistic, detailed crustal model is not vital compared to the fundamental question whether
the volcanic system of Soufriere Hills volcano is further pressurising by continued magma
influx or other pressurising mechanisms, or volcanic activity is finally declining, even at
depth. So far, the deformation pattern has been interpreted as a magma drainage and
extrusion for phases, and renewed magma influx or pressurisation for pauses; in the
following we test a hypothesis to re-interpret the inflation pattern during pauses in a

fundamentally different way.
5.1. Petrological indications for the end of a magma intrusion

The recent study by McGee and co-authors (2019) has provided a strong suggestion that the
magma intrusion below SHV might have ended sometime in 2004 (from Phase 3 onwards),
based on a comparison of mafic enclaves and andesitic host rock over the entire period
between 1995 and 2010. They used the short-lived isotopes 2'°Pb and ??Ra in the Uranium
series decay chain as an indicator for volatile transfer and loss in both the enclaves and the
host andesite to reveal significant changes over time. While erupted andesite has been
almost entirely in equilibrium or has shown deficits of 2'°Pb indicating continuous volatile loss
before and throughout the eruption, most of the mafic enclaves have shown an excess of
219Pp, interpreted as volatile enrichment that has lasted over a decade. The highest
210pp/226R3 ratios have been determined from enclaves in Phase 2, decreasing continuously
afterwards. This pattern has been explained by a cutting off fresh gas influx in the deeper
mafic system from Phase 3 onwards. The 2'°Pb excess can be modelled by one single,
extended intrusion of basaltic magma at depth (carrying fresh gas), probably intruded in
1992 coinciding with the occurrence of deep seismicity. Hence, the intrusion might have

ended with Phase 2, when the gas influx decreased preventing further build-up of 2'°Pb.
5.2. Generalised Maxwell rheology

Visco-elastic models have been employed by several studies (e.g. Del Negro et al., 2009;

Gottsmann and Odbert, 2014; Hickey et al., 2016), and a comprehensive overview on
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rheological models can be found in Head et al. (2019). Based on the petrological
considerations in the previous section we have contemplated an alternative explanation for
the inflating deformation patterns during pauses as the ongoing response of a viscous crust
to an initial intrusion from 1992 through 2003, excluding any additional magma influx
afterwards. We use the ‘saw-tooth’ deformation pattern in the iconic MVO overview plot
depicted in Fig. 2 and refer to the behaviour of the distal stations (MVO1 and NWBL) as they
are most strongly indicative for the processes of the deeper magmatic system. Striking
features that have guided our modelling attempts are the slightly declining steepness of
inflation during pauses while the deflation phases show a steepening trend. Furthermore, we
have recognised an almost perfect linear behaviour in both phases and pauses that

suggests a visco-elastic behaviour represented by a Maxwell rheology illustrated in Fig. 9.

viscous dash-pot elastic spring

AP =0

t=tg ' : constant pressure

y = opplied AP

I
- < !Ee-elastic response
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_— Iviscous
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Figure 9: Three stages of visco-elastic response using Maxwell rheology; system in

equilibrium at t = 0, pressure step AP at time to, long-term response for t > t.

A Maxwell rheology is characterised by a viscous- and an elastic element in series where &e

and &y are the elastic and viscous strain responses, respectively, at t > t, to a step-like

pressure pulse AP at time t = .. The total strain response is given by adding these

components

€total = €e T Ev, 9)
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or in terms of pressure

AP AP
Erotal () = =t ) t, (10)

where £ is Young’s modulus and n the viscosity. Depending on the dimension, direction and
the medium considered £ can be replaced by rigidity (shear modulus) or incompressibility
(bulk modulus), and accordingly, n can be either shear or bulk viscosity. Eq. 10 implies an
immediate, time-independent elastic response, and a viscous response that is linear in time
and continuous as long as the pressure AP is applied. In our case the elastic parameter is

the shear modulus u and n the shear viscosity.

The Generalised Maxwell model comprises several Maxwell branches and in addition a
parallel, purely elastic branch where the elasticity value is partitioned between all branches.
In its simplest form the generalised model consists of only one Maxwell- and one elastic
branch and is referred to as Standard Linear Solid (SLS) where elasticity is partitioned as p

and e (Fig. 10). This results in strain patterns that react to pressure changes with a delayed

response, the characteristic time 7, which is dependent on the choice of viscosity and

elasticity partitioning. Hence, the linear time-dependent response of the Maxwell rheology is

replaced by
=" -t oty (11)
E = —_— —_ e T
total 1Ly ™ + Uy
with the characteristic (retardation) time
Myt U2
= ) 12
= U1 U2 (12)

While the partitioning of the elastic modulus between the two branches offers an additional
degree of freedom to fit observational data, the two elasticity values lose their original
physical meaning. Lin (2020) describes this split of elasticity into two branches by an
additional parameter g = /(1 + 2), that varies between 0 and 1, governing the ratio of

viscous fluids to solids in a visco-elastic solid, e.g. partial melt to solid rock. As a
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consequence, the choice of us and p> might be depth/temperature-dependent but is often

kept constant as 1 = o = 0.5 u (e.g. Del Negro et al., 2009; Head et al., 2019).
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Figure 10: Comparison between Maxwell rheology and SLS with varying elasticity
partitioning 1 and pe. While the pure Maxwell branch has a linear time dependence here

depicted for 10 years (see Eq. 10), the SLS reduces the amplitude and shows a curved

trajectory due to the retardation time T and parameters within (see Eq. 11 and 12). This

example is based on Young’s modulus E = 10 GPa, pressure step dP = 20 MPa, and

viscosity n = 10" Pas.

Fig. 10 shows the impact of the choice of w and e in comparison with the Maxwell rheology;
progressive partitioning between us and e results in reduced amplitudes of deformation, for

high viscosities the SLS converges to a purely elastic system. A higher pressure is
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necessary in an SLS (compared to a Maxwell rheology) to explain the same deformation.

Hence, Maxwell- and a purely elastic model are endmembers bracketing the range of

pressures to explain the amplitude of a deformation pattern. By considering these

endmembers in realistic visco-elastic parameter distributions we have attempted to gain

insight into upper and lower bounds of magma influx or pressurisation.

Given the intriguingly linear behaviour and the abrupt changes between pauses and phases

in the deformation pattern, we start to explore the parameter space with a pure Maxwell

rheology (Fig. 9) in a simplified model with homogeneous viscosity n and Young’s modulus

E, describing the visco-elastic crust surrounding the magma (Model V). In this case the

linear behaviour during pauses is only dependent on shear viscosity and the residual

reservoir
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Figure 11: Comparison of the radial deformation at station MVO1 (upper panel, from Fig. 2)
with the modelling results (lower panel) for the same station as a visco-elastic response
using a Maxwell rheology (Model V). Results are shown for a constant Young’s modulus of
10 GPa, a constant viscosity of 3.3 x10"® Pas, and a depressurisation and reservoir volume
change equivalent to 100 MPa. Note that in this model a slight change in the deformation

gradient in Pause 5 is achieved by a small pressure decrease during the pause.
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pressure once magma extrusion has stopped while phases are also governed by shear
modulus and the decreasing pressure caused by volume loss during the phases. The model
setup comprises the vertically extended ellipsoid of Fig. 6 (same as Model E1ex) embedded
in a homogeneous half space. Following this approach we have derived a set of
homogeneous models that equally match the deformation pattern (see Fig. 11) using
viscosities in the range of n = [1.8 x 108, 1.2 x 10" Pas and a Young’s modulus ranging E =

[5,10] GPa.

According to Eq. 10, the linear trend we have seen in Pause 5 which we have attempted to
interpret as a visco-elastic response to an initial magma intrusion rather than as a continued,
buoyant magma influx, is only dependent on constant pressure and the viscosity, which in
turn is controlled by the crustal temperature distribution. To keep the residual pressure
constant during a pause we have assumed the modelled magma intrusion to be connected
to a larger, deeper reservoir such that the small volume change due to inflation can be
compensated by mass transfer from the reservoir. Magma compressibility plays an

additional role in pressure recovery and inflation as discussed by Segall (2016).

In the following we explore the wide range of depth-dependent temperature and resulting

viscosities and their influence on the deformation models.
5.3. Temperature and viscosity dependence

The exact temperature distribution on Montserrat is controlled by several factors such as
hydrothermal activity and the accurate location and history of the magma intrusion, which is
subject to large uncertainties. These large uncertainties are also reflected in the literature:
Manga et al. (2012) measured temperature gradients near the seafloor in the Lesser Antilles
and found values between 0.06 K/m, and up to 0.1 K/m in a borehole at the arc crest
between Montserrat and Guadeloupe at a water depth of 1200 m and borehole depth of 280
m. Geothermal investigations on Montserrat found temperatures of 200°C (473 K) at 2000

m depth over a wide area surrounding the volcanic centre (Ryan & Shalev, 2014) leading to
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a shallow temperature gradient of 0.1 K/m. Gottsmann and Odbert (2014) implemented in
their models an island-wide crustal hot zone of 1373 K between 31 km and 27 km depth
superimposed to an elevated crustal heat flow modelled by one or two crustal magma
reservoirs. Similar to Gottsmann and Odbert (2014), we have implemented a thermal model,
based on the source geometry we found in Section 4 for the intrusion, which is underpinned
by a deeper magma reservoir between 14 and 20 km depth (e.g. Zellmer et al., 2003). This
deeper reservoir does not have any impact on the surface deformation which is controlled by
the deep-rooted intrusion modelled by the extended ellipsoid above. We use a temperature
of 900 K at 20 km depth, and 1350 K in the deep reservoir and intrusion. This corresponds to
thermal gradients of 0.075 K/m above the deep reservoir and 0.03 K/m further away from

reservoir and intrusion.

The Arrhenius approximation has been widely used to estimate shear viscosity n(T)
distributions from depth-dependent temperature models (e.g., from basaltic magmas, Del

Negro et al., 2009; to silicic compositions, Le Mével et al., 2016)

n = 4elar), (13)

where A is the Dorn parameter, H is the activation energy, R is the ideal gas constant, and T
is temperature in degrees K. Recent visco-elastic studies have employed commonly used
values for A and H that are potentially representative of the geochemical composition and
subsurface temperature. In contrast, Morales Rivera et al. (2019) have explored the full
range of these parameters by applying thermo-mechanical models to the 2010-2011 unrest
of Taal volcano, Philippines, investigating how host rocks with distinct viscosity endmembers
in the Arrhenius formulation affect the response of the Earth's surface due to magma
reservoir pressurization. In their study they used a range of activation energies H between
106 kd/mol to 217 kd/mol, respectively, equivalent to a silicic and intermediate crust. Using
Eqg. 13 leads to a range of viscosities spanning several orders of magnitude for the same
crustal temperature of 600 K. In the same study the Dorn parameter A is varied between 5 x

10%and 2 x 103 Pas, again for a silicic and intermediate crust, adding another 4 orders of
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magnitude difference for the same temperature. These examples demonstrate how large the

uncertainties in both temperature, and consequently in viscosity are.

For the next modelling step we have chosen values for the Dorn parameter A = 10 GPas,
and the activation energy H = 120 kd/mol previously used for Montserrat (e.g. Odbert et al.,
2015) and derive the viscosity distribution depicted in Fig. 12A. We have estimated a range
of potential temperature and corresponding viscosity values by profiling the area that
contributes most to the deformation field below the station MVO1. These profiles and the
resulting average viscosity values are depicted in Fig. 12B for the distal station MVO1. All
profiles converge towards the surface to viscosity values far above the range we employed
in our simplified homogeneous model. Therefore, we have tested the endmember models by
Morales Rivera et al., (2019) in the Arrhenius formulation Eq. 13 to find the lowest value
possible for a corresponding endmember in viscosity. This viscosity distribution (Fig. 12D) is
then used to compute the deformation pattern as a response to an initial intrusion without
any further pressurisation or magma influx. We refer to this viscosity distribution and Young’s
modulus profile derived from Paulatto et al. (2019) and reduced to 67% and 11%
(Gudmundsson, 1990) as explained in Section 3, as the ‘depth-dependent model’, VZuax and

VZs.s, hereafter.

5.4. Visco-elastic response to magma intrusion

Using the Maxwell rheology introduced in Section 5.2 and the viscosity distribution derived in
Section 5.3 we can now model the visco-elastic response to an initial intrusion that is
followed by a stepwise depressurisation of a magma reservoir due to extrusion of magma
during Phase 2 through Phase 5, using the same pressure steps as employed in the
homogeneous model V4 (Fig. 11). We present in Fig. 13 the corresponding radial
deformation for GPS station MVO1 for a pure Maxwell rheology (VZwmax), several SLS

rheologies (VZsis) and a purely elastic model for reference (E+ex). In contrast to the
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Figure 12: Temperature — viscosity model VZuax. A: temperature distribution and contoured
viscosity values (Log1o). Dashed lines indicate where viscosity profiles have been calculated
between the magmatic source at different depths and distal GPS station MVO1. B: Viscosity
profiles between MVO1 and magmatic source at 12, 8 and 6 km depth. Viscosity averages
over the profiles are indicated. C: Meshed temperature model comprising cone shaped deep
reservoir (30 km wide and 6 km high) and superimposed magma intrusion as depicted in Fig.
6 left. D: endmember model for lowest possible viscosities which differ from (A) by one to

two orders of magnitude.
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homogeneous model V4 in Fig.11 the deformation during the pauses when the pressure
stays constant does show a small inflationary trend for the Maxwell rheology (Fig. 13A)
which is in the same order of magnitude as the observation. However, this inflationary trend
is much smaller than the deflation during magma extrusion resulting in an overall deflation
which follows the pressure profile over time, unlike the observed saw-tooth pattern in Fig. 2
and 11. In fact, the small inflationary trend is well explained by the dissipation of crustal
stress exerted by the initial intrusion. The more realistic depth-dependent model reveals the
interaction between regions of different properties. Here elastic energy is stored in layers
with high viscosity after the initial pressurisation and then dissipated due to the viscous
behaviour of regions with lower viscosity. This behaviour has been previously noted and
modelled by other studies (e.g. Yamasaki et al., 2017) and is demonstrated in Fig. 13C
depicting the crustal response to a positive pressure step of 20 MPa for Maxwell and SLS
rheology over 10 years. Here the homogeneous visco-elastic model Vu (Fig. 11) is replaced
by the same depth-dependent, visco-elastic model used VZvax for Fig.13A. Unsurprisingly,
the SLS rheology (VZsis) follows closely the pressure profile and the purely elastic behaviour

without any inflation trend during pauses (Fig. 13B).

We started from a simplified homogeneous model Vy (Fig. 11) where we determined a
viscosity-elasticity combination that could explain the ‘saw-tooth’ pattern observed in Fig. 2.
Despite using endmember viscosity profiles as close as possible to the low viscosities of the
homogeneous model, the ‘saw-tooth’ pattern cannot be reproduced by pauses during which
the pressure remains constant. Hence, we have to reject the hypothesis that the inflations
during pauses, particularly the ongoing inflation that has continued for more than 10 years,
can be explained by a delayed crustal response to an initial intrusion without any further

magma influx or pressurisation.
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639  Figure 13. A: Pattern of radial deformation at MVO1 for depth-dependent visco-elastic model
640  derived in Section 5.3 and Maxwell rheology (VZuax) using the same depressurisation steps
641  as in the homogeneous model (V) in 5.2. B: same for SLS rheology. C: Response of depth-
642  dependent model used in A to a positive pressure step of 20 MPa for different rheology

643  models. Note the logarithmic amplitude scale.
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Parameter | Description
Vsource Source Volume m? (calculated)
VbRE Volume of erupted material (DRE) m3 (Wadge et al., 2010)
PpRE Density of erupted material (DRE) 2600 kg/m?3
Py Density of magma kg/m?3 (calculated)
By Compressibility of magma Pa™ (calculated)
E Young’s Modulus 1.3 — 12.2 GPa (Paulatto et
al.,2019; reduced to 11% - 67%)
v Poisson Ratio 0.25
n Viscosity Pas (calculated)
B Compressibility of source reservoir | Pa™ (calculated) (Huppert &
Woods, 2002)
B, Rock bulk modulus E/3(1- 2v)
n Exsolved gas content wt.% (calculated)
N Total gas content 4 —8wt%
Pg Gas density kg/m? (calculated)
pe Crystal density 2600 kg/m?3
P Melt density 2300 kg/m?®
X Crystal content 40 %
M Molecular mass of water 0.01801528 kg/mol
P Pressure Pa (calculated)
R Universal Gas content 8.314 J/mol K
T Temperature 300 - 1350 K
dT7/dz Thermal Gradient 0.03-0.1 K/m
A Dorn Parameter 5x10° - 10" Pas
H Activation Energy 1.06 x 10°- 2.17 x 10° J/mol

Table 2. Variables used in the compressibility calculations and deformation models.

6. Discussion

Based on the elastic models of Section 4 we have re-introduced pressurisation during

pauses in the following set of numerical models, and have estimated to what extent such
pressurisation can be reduced by visco-elastic rheologies developed in the previous section.
Using purely elastic behaviour, SLS and the Maxwell rheology we have attempted to find

endmembers of pressurisation values, for which we discuss potential physical processes

that explain the observations in Pause 5.
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656  Figure 14: Radial displacement at station MVVO1 for indicated rheology and Young’s

657  modulus. E 11% and E 67% refer to the revised seismic velocity depth profile of Paulatto et

658 al. (2019) reduced to 11% and 67%, respectively, as explained in Section 3. In all cases the

659  same pressure history has been applied. A: purely elastic cases, B: SLS with equally shared

660  shear modulus u; = Lz, C: Maxell rheology. Note the different scales in A, B and C.
661 6.1 Final numerical deformation models

662  The modelling results displayed in Fig. 14 have been obtained by applying the same

663  pressure values and history as depicted in panel A, hence, resulting in different radial
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displacements according to the choice of rheological model. By scaling these radial

displacements to the observations throughout the eruptive history we have determined the

time line and values for pressurisation and depressurisation that correspond to the

observations. We drop the extreme case in panel C (Fig. 14) for a Maxwell rheology

combined with an elasticity value reduced to 11% as the overall temporal pattern does not fit

the observations. All pressure differences throughout the eruption are listed in Table 3.

Focussing on Pause 5 we obtain pressurisations dP/dt ranging from 0.1 MPa/year to 6

MPa/year for Maxwell (VZuax) and purely elastic case (Eiex), respectively.

Estimated Pressure
Phase/Pause DRE Press(lf\;liz?ange Press(l:\z%g;]ange change
( V(VLS:eTt?I Elastic models SLS models Maxévl\gﬁizo del
’ E reduced to E reduced to
2014
) 11% 67% | 11% 67% | ©requeedto
1 331 -1 -8 -1 -5 -0.1
1 1 8 1 5 0.1
2 336 -9 -57 -7 -37 -0.7
2 5 30 4 20 0.3
3 282 -8 -46 -5 -30 -0.6
3 4 20 2 13 0.3
4 39 -2 -8 -1 -5 -0.1
4 2 10 1 7 0.1
5 74 -4 -24 -2 -16 -0.3
5 10 61 6 -39 0.8
dP/dt 1 6 1 4 0.1
dV/dt [m®/vear] 3.5x108 4.2 x 108 18 x 108
dV/dt[m?/s] 0.11 0.13 0.57

Table 3. Pressure changes for different models that explain the deformation patterns at
MVOT1 for all phases and pauses. The last three rows show the corresponding pressurisation

rates and volumetric strain changes during Pause 5.

The corresponding volume changes are determined by the volumetric strain integral over the
intrusion (geometry Fig. 7) during inflation and result in 0.11 m%s to 0.57 m%s or 3.5 x 10°
m3/year to 18 x 106 m%/year for the elastic and Maxwell case, respectively. As expected, the

corresponding values for the SLS rheology are closer to the elastic case (Table 3).



681

682
683
684
685
686
687

688

689

690

691
692

693

694

695
696
697
698

699

6.2 Mass balance for compressible magmas

According to Wadge et al. (2014), Phase 3 involved the extrusion of 282 x10° m® DRE
(Table 3). This is a factor of about 10 times larger than the volume change derived for an
elastic model Eiex and twice the volume for a visco-elastic Maxwell model VZuax. However,
this can be accounted for by the effect of magma compressibility at reservoir pressures.
Using Equations (6) through (8) in Section 4.6 we estimate the equivalent, depth dependent
volume changes for compressible magma with a 40% crystallinity and volatile content of 4 —

6 wt.%; in Fig. 15 results for Phase 3 and Phase 5 are compared.

Phase/Pause Estimated DRE Volume change Volume change
(10 m3) (10 m3) (10 m3)
Elastic model SLS Maxwell

1 331 -5 =5 -13
1 5 5 22
2 336 -33 -39 -190
2 18 20 69
3 282 -27 -31 -122
3 12 13 25
4 39 -5 =5 -8
4 6 7 15
5 74 -13 -15 -29
(10 years) 5 35 42 180

Table 4. Deep source volume change from our elastic (E1ex) and visco-elastic models (VZuax
and VZs.s) compared to estimated DRE volumes (+ 50%) from Wadge et al. (2014). Model

parameters correspond to those used in Fig. 14.

The modelled volumes for Maxwell and the elastic case are the output of the volumetric
strain integral over the entire depth range displayed as horizontal lines while the DRE
equivalent volumes corrected for compressibility due to 4 — 6 wt.% H>O content are given as
depth-dependent. This shows that four times more material was erupted during Phase 3

compared to Phase 5. The elastic model underestimates the volume change at reservoir
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level for Phase 3 while the visco-elastic model appears to slightly overestimate the volume
change at reservoir level for Phase 5. This could point to a decrease of volatile content in the

remaining magma during the years between 2006 (Phase 3) and 2010 (Phase 5) causing a

Phase 3 Phase 5
108 108
" e
E e E
- LA - | e
£ S - E -
= =
o O | _ gl et v
> =
. DRE fr ot — v —— - — — -
107 |essssseene N = 4wt.% 10 i
.......... N = Swt.% R
N = 6wt.%
- = = elastic
visco-elastic
150 200 250 300 150 200 250 300
Pressure (MPa) Pressure (MPa)
5 9 13 5 9 13
Depth (km) Depth (km)

Figure 15: Comparison between the estimated DRE volume and the modelled source
volume change during Phases 3 and 5 for an elastic model (dashed black line) and a visco-
elastic Maxwell model (solid black line). These volume changes are based on the modelled
GPS data listed in Table 2 integrated over the depth range between 5 and 13 km. Dotted
lines are corresponding, depth-dependent volumes corrected for magma compressibility for
different initial gas contents (4 - 6 wt.%) and a crystallinity of 40%. Note the step for 4 wt.%
due to the solubility limit at about 260 MPa. Uncertainty on DRE (grey) and corresponding
compressible magma volume (pink) are based on the DRE estimation of +50% (Wadge et
al., 2014). The depth scale indicated assumes lithostatic pressure with a rock density of

2600 kg/m.

decrease in compressibility. Alternatively, this could also be interpreted as a continued influx
of magma during extrusion for Phase 5. However, both elastic and visco-elastic models

match in general the estimated DRE volumes once compressibility is taken into account and
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suggest that the models brace the realistic set of parameters that explain the deformation

pattern throughout the eruption.

The apparent volume changes obtained through our numerical models need to be translated
into DRE volumes according to eq. 6 in section 4.6 to reflect the actual mass of magma
intruded into the reservoir. The factors pore/om and (1+ Bm/Bc) in Eq. 6 represent the effects
of compressibility of magma and reservoir, respectively. Hence, using the volumes for Phase
5in Table 3 and the apparent volume change rates in Table 2, we obtain correction factors
of 5.7 and 2.6 for the elastic and Maxwell case, respectively. Applying those to the apparent
volume change rates we finally obtain 0.62 m3/s to 1.48 m3/s or 19 x 108 m3/year to 47 x 10°

m3/year for the elastic and Maxwell cases, respectively.
6.3 Link to SO outgassing

Focussing on Pause 5 and the ongoing inflation of the island of Montserrat, another way to
constrain the assumption of continuing magma influx as an explanation is a comparison with
the outgassing of SO.. Both traverse-based and network data acquisition place the amount

of outgassed SO in the range of 300 + 130 tonnes/day (Stinton et al., 2020).

Crystallisation during cooling (second boiling) reduces the volume of melt and, therefore,
increases the vapour pressure forcing volatiles to exsolve and form bubbles. Even a partial
confinement of these exsolved volatiles results in pressurisation of the magma reservoir, and
hence, will contribute to the deformation field. If we assumed crystallisation as the sole
mechanism to explain the deformation data and made the rather extreme assumption of a
closed system where no exsolved gas can escape, a source volume of 40 km?3 would be
required (Caricchi & Simpson, 2015) to generate the amount of gas needed matching a
pressurisation of 1 — 6 MPa/year. While this volume is in agreement with the magma volume
suggested by Christopher et al. (2015), it is significantly larger than our modelled sources
ranging from 1.26 km3 to 8 km?, and the amount of volume generated by a uniformly

degassing magma body of 40 km® would have to be concentrated in the upper part of our
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modelled intrusion in order to match the observed deformation data. Furthermore, the
assumption of a sealed system seems unrealistic given the constant outgassing of SO at
300 tonnes/day during Pause 5, and we conclude that crystallisation induced degassing can

only account for a very small fraction of the observed deformation data.

If we assume an open system and hypothesise that the entire amount of sulphur originates
from a continuous influx of more mafic magma into a shallow intrusion we can obtain an
upper bound of magma influx that is constrained by the long-term average of SO2 output.
Edmonds et al. (2014) estimated the amount of sulphur gases emitted continuously between
July 1995 and July 2011 at 4.0 + 0.6 x 10%kg while the total amount of magma erupted in 5
phases during this time amounted to 1.1 km*® (Wadge et al., 2010). Having found very little
sulphur (<100 ppm) in melt inclusions, Edmonds et al. (2014) assumed that all of the sulphur
emitted continuously over these years had resided as a volatile phase in the andesitic
magma reservoir prior to the onset of eruption. Adopting the numbers by Edmonds et al.
(2014) above, and assuming a magma density of 2600 kg/m3, we estimate the sulphur
content at about 0.14 wt%. Using the postulated volume influx in the range d V/dt = [0.62,
1.48] m¥/s, this results in a magma mass influx of dM/dt = [139, 332] x 108 kg/day, of which
sulphur contributes 0.14 wt%. Hence we derive [195, 465] x 10° kg/day of sulphur or about
[390, 930] t/day of emitted SO based on our purely elastic model or the visco-elastic
Maxwell model, respectively. These results are higher but overlap with the uncertainties of
the measured outgassing of 300 + 130 tonnes/day and indicate that values of 1.48 m®/s or

47 x 10 m3/year form indeed an upper bound of magma influx into the deep reservoir.
7. Summary and conclusions

We embarked on an attempt to explain the current deformation pattern on Montserrat
showing since 2010 a continuous expansion of the entire island, which has important
implications in terms of understanding the future eruption potential of the volcano. We made
use of the remarkable similarity of deformation patterns that can be applied to both inflation

and deflation, hence one source geometry can be used for the entire eruptive history.
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Through numerical modelling we have matched GPS data sets to a deep source embedded
in an elastic half space. Unlike other studies it has not been our intention to match all details
of the deformation data which can be achieved by varying parameters like viscosity,
elasticity, temperature in three dimensions. In contrast, we have explored alternative models
as proof of concept. Prompted by the petrology study of McGee et al. (2019) that suggested
the end of an initial magma intrusion by 2003, we have explored a set of visco-elastic
models, testing whether the entire deformation pattern throughout the eruptive history can be
explained by a visco-elastic response of the volcanic system to an initial intrusion without
any further pressurisation during eruptive pauses. Rather than searching for one possible
explanation, we attempted throughout this study to capture the widest possible range of
modelling parameters in order to assess the range of possible solutions that could explain

the deformation pattern on Montserrat.

¢ In our initial modelling attempts (Model Is, Io and Ir) we ruled out a dyke or fault to
explain the deformation on Montserrat. Given the fact that there is little evidence for
significant recent activity on the local faults as discussed in Section 4.2, we adopt a
more realistic tectonic contribution of max. 3 mm/year in each direction (Wadge et al.,
2014) which would correspond to a pressure reduction by only 1 MPa at the deep
source geometry. Hence, we conclude that any tectonic contribution to the current
deformation field has by comparison a very small impact.

o We conclude that the ongoing deformation pattern (Pause 5) is best explained using
a dual-source model (Model Eze/E2&x) with a shallow deflating source and a deeper
inflating source. In terms of understanding the future eruption potential of the
volcano, continuous magma accumulation is the main consideration, therefore, it is
the deeper, inflating source which is more important. However, the deflating source
suggests a depressurisation at shallow depths. The observation that the shallow
source is not evident in the GPS data for any other phase or pause, other than Pause

5, implies it represents either a change in source process, or an ongoing process, the
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effects of which were previously masked by the deeper source. Potential causes for
the deformation pattern close to the volcano and modelled as a shallow deflating
source could include cooling, crystallisation, outgassing and deposit loading. The
most viable explanation for deep source volume changes is magma accumulation,
whereas local and regional tectonics as well as crystallisation play a minor role, if any
at all.

We have tested the hypothesis that the inflation during pauses could be due the
visco-elastic response of the volcanic system under constant pressure but without
further magma influx. By utilising the linear deformation trend of a Maxwell rheology
we found a set of parameters that could indeed explain the saw-tooth pattern for a
simplified, homogeneous model (V). For more realistic, depth-dependent parameter
distributions (VZ), however, we reject the hypothesis explaining the saw-tooth pattern
without new magma influx. This is the case for all visco-elastic models we used
despite stretching the parameter space concerning temperature and viscosity as far
as possible.

Our modelling has shown that the deformation data captured by the GPS network are
controlled by the upper surface of the source volume and extending the source
vertically, whilst maintaining its footprint, does not significantly alter the horizontal or
vertical displacements. Hence, the absolute volume of the magma body to which
volume changes are applied is hard to constrain and our preferred source geometry
is not incompatible with previously published source volumes (summarised in
Elsworth et al., 2014).

By assuming a consistent source mechanism and geometry throughout the eruption,
we have mapped the deformation field for all phases and pauses into volume
changes at the deeper source, and conclusions can be drawn about magma supply
and extrusion rates. We have calibrated our best-fit model parameters in Pause 5

and have applied those to the GPS data in previous phases and pauses. By retracing
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the entire eruptive history of SHV we have derived the total volume changes at the
deep source level. Fig. 8 summarises and compares the volume of erupted material
(DRE) and volume changes at depth based on the initial elastic models E1g, while
Table 3 contains the corresponding values derived from the volumetric strain integral
for the depth-dependent, more realistic set of elastic and visco-elastic models VZ.
Regarding the timing of the start of Phases 2 — 5, it is significant that the volume
extruded has exceeded the volume of influx in each eruptive phase. This indicates
that the magma reservoir has not been replenished to its original pre-eruption volume
prior to the onset of the next eruptive phase. This fact demonstrates that the
sequence of eruptive phases is not merely controlled by the accumulation of a critical
magma volume, but another change in the system is required instigating an eruptive
phase. Following this apparent trend of onsets indicated in Fig. 8 an intriguing
interpretation could be made: the so-called ash-venting in the beginning of 2012
could be interpreted as a failed new eruptive phase.

Another outcome of this study is the appreciation of how large the uncertainties in
modelling parameters are, preventing the modelling results to be further constrained.
This has been demonstrated in Elsworth et al. (2014) for purely elastic models and
for visco-elastic models by Morales Rivera et al. (2019), as well as this study.
Additional data sets like gravity measurements are needed to constrain the mass
influx more directly.

Currently there are three criteria which are used to define the end of the eruption at
the Soufriére Hills volcano (Wadge and Aspinall, 2014). These are (i) absence of low
frequency seismic swarms, (ii) daily SO- fluxes below 50 tonnes/day, and (iii) no
significant volcanic ground deformation from a deep source. Currently the latter two
criteria are not being met. These two criteria are a proxy for continued input into the
crustal magma storage system from depth of a hotter, volatile rich, more mafic

magma. This input is thought to be necessary to sustain a long-lived, episodic
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eruption such as observed at the Soufriere Hills volcano. An exploration of the effects
of a range of viscoelastic and elastic magma plumbing system models suggests that
the observed ground deformation is best described by a continued pressurisation of a
crustal reservoir thought to be due to input of mafic magma. As it is this input of mafic
magma into the shallow storage system that is thought to have initiated and
sustained the five extrusive phases of the Soufriere Hills Volcano (Devine et al.,
2003), the implication is that another extrusive phase cannot be ruled out. We
conclude that the eruptive sequence of Montserrat’'s Soufriere Hills volcano is still
ongoing with magma trickling into a crustal reservoir. It remains an open question if
there is enough crystal-poor, melt-rich, eruptible magma that could reach the surface
in the near future. To evaluate the near-term threat for Montserrat the crucial problem
needs to be addressed why a new phase started in the past, when it started.
Processes like segregation and turnover processes in a crustal reservoir of melt and
crystal mush might hold the answer but are far from being understood. It also points
to the need for continued close monitoring of the volcano to identify any signs of the

beginning of a new phase of extrusion as early as possible.
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