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Abstract

Dome-building volcanoes are particularly challenging for volcanic hazard assessment, where long-
term eruptive episodes can be interspersed with periods of intra-eruptive repose. Defining the end of
eruptive episodes is vitally important for the socio-economic recovery of affected communities, but
highly problematic due to the potential for prolonged, seemingly low-risk, repose to rapidly transition
to dangerous effusive or explosive activity. It is currently unclear what constitutes the end of repose
and an eruptive episode. Here we show that analysis of surface deformation can characterise repose
and help define an eruptive episode. At Soufriére Hills volcano (SHV) the observed long-term
deformation requires the pressure in the magma system to increase with time; time-dependent stress
relaxation or crustal creep cannot explain the deformation trends alone. Continued pressurisation
within the magmatic system during repose could initiate a renewed eruption, qualifying as sustained
unrest and therefore continuation of the eruptive episode. For SHV, persistent magma pressurisation
highlights the need for sustained vigilance in the monitoring and management of the volcano and its

surroundings, despite the last eruptive activity ending in 2010.

Dome-building volcanoes typically evolve through a process of lava dome formation, with three main
activity states identified: inter-eruptive repose (dormant); active with magma being erupted (eruption);
and intra-eruptive repose (post-eruption unrest during eruptive episode)'. Eruption is mostly through
effusive dome extrusion, but sudden transitions to explosive behaviour are possible'. A period of
intra-eruptive repose classifies an eruptive episode as continuing, an effect born of the repetitive and
cyclic process of dome extrusion and destruction'357. However, distinguishing intra-eruptive repose
from inter-eruptive repose, through the presence or absence, respectively, of concerning geophysical
or geochemical monitoring signals, is difficult!, and complicates how the end of an eruptive episode is
determined. Consequently, the socio-economic recovery of affected communities can be severely

impaired, and dome-building volcanoes are particularly challenging for hazard and risk assessment.

Volcano surface deformation is a common sign of volcanic unrest®®; deciphering its cause is

fundamental for monitoring and hazard mitigation'®'". Magma supply'>-'8, cooling and contraction®-
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21 and crystallisation with volatile exsolution®? have been proposed as the main magmatic drivers,
but, tectonic'2023 hydrothermal®*-26 and rheological'®?’-2° processes can also sustain volcano
deformation. The variety of different mechanisms present contrasting interpretations of magma
system evolution and the development of unrest episodes®?3!. Deformation related to viscoelastic
rheological processes might indicate a constant or reducing pressure in the magmatic system®, a
decrease in eruption potential, and at dome-building volcanoes relate to inter-eruptive repose.
Conversely, deformation from magma supply might indicate increased eruption potential with cause
for concern, signifying intra-eruptive repose. Uncertainty in the cause of deformation, and
characterising periods of repose, is problematic and complicates eruption forecasting, hazard

assessment, and risk mitigation3'32,

Soufriere Hills Volcano (SHV) is an andesitic dome-building volcano on the island of Montserrat
(Figure 1), and began its current eruptive episode in 1995. Eruptive activity has been intermittent334
with periods of intra-eruptive repose generally lasting 1-2 years (Supplementary Figure 1). However,
the most recent eruption ended in February 2010 making the current repose period the longest yet
recorded. SO2 observations at SHV since 2010 show steady emissions at an average rate of 374
t/day, and fumaroles on the lava dome maintain temperatures up to 610°C 5. Swarms of volcano-
tectonic (VT) earthquakes have also been recorded, and can correlate with short-term increases in
the SO2 flux®®. Continuous GPS (cGPS) measurements show island-wide inflation from 2010 onwards
(Figure 1). Globally, 94% of dome-building eruptive episodes last less than 20 years®. The current 11-
year cessation of surface activity and low level of seismicity, following 15 years of intermittent activity,
raise the question of whether the current repose is temporary or, instead, indicative of the end of the
eruptive episode. The ambiguity is exacerbated by the presence of surface deformation whose driving
processes remain unclear. The longevity of the current repose, and suggestions based on
geochemical data that magma supply to SHV potentially ceased in mid-2003%¢, may indicate that non-
magmatic processes (e.g., viscoelastic crustal behaviour?”) are now driving the continued
deformation. To assess the behaviour and evolution of the SHV magmatic system since 2010, the
nature of the current repose, and the relation to ongoing hazard assessment, we analyse the temporal
deformation trends using geodetic numerical models and test the hypothesis that viscoelastic crustal

behaviour is driving long-term surface inflation.
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Figure 1: The cGPS network and recorded deformation on Montserrat. (a) DEM of Montserrat
showing cGPS stations with red circles, and the active vent identified with the blue triangle. Inset map
shows the Eastern Caribbean with the island of Montserrat indicted by the arrow. (b) Relative east-
west horizontal deformation with time for the 12 cGPS stations shown in A. Time series are offset in
the y-axis for added clarity. (c) Relative north-south horizontal deformation with time for the 12 cGPS
stations shown in A. Time series are offset in the y-axis for added clarity. (d) Relative vertical
deformation with time for the 12 cGPS stations shown in A. Time series are offset in the y-axis for

added clarity. Shaded bars in B-D indicate 95% confidence bounds.

Deformation Modelling

The geodetic models used in this study incorporate a temperature-dependent viscoelastic crustal
rheology, topography derived from a Digital Elevation Model (DEM)*” and three-dimensional
variations in mechanical properties derived from seismic tomography?® (Figure 2). Our model outputs
are compared to the 2010-2018 three-dimensional deformation recorded at 12 cGPS sites across
Montserrat, ensuring the widest possible data-model evaluation (Figure 1 & Supplementary Figure 2).
The models are driven using one of four possible time-dependent source functions, to simulate first-
order differences in the temporal evolution of the magmatic system (Figure 3), with stress-based
overpressure (4AP) and strain-based volume change (4V) boundary conditions both being compared.

In all model scenarios, viscoelastic crustal rheology can produce creep and/or recovery behaviour®.
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Figure 2: Finite Element Analysis model. (a) Geometry and boundary conditions. A cavity is used to
represent the deformation source using a pressure or volume boundary condition and a bordering
infinite element domain prevents boundary effects. Roller conditions are assigned to all lateral
boundaries, and a fixed constraint is applied to the base of the model. The top surface is free to
deform, and incorporates a 10 m DEM of the island of Montserrat. (b) The geometry is meshed with
~690,000 tetrahedral elements, with greater mesh density around the source and surface. (c) The
modelled steady-state temperature distribution, with contours on the model geometry showing the
viscosity used in the viscoelastic model. (d) The three-dimensional distribution of static Young’s

Modulus derived from a seismic P-wave model® (see Methods).
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Figure 3: Model source functions and results. (a-d) Temporal functions applied to the deformation
source boundary conditions: static (a), ramp (b), instant pulse (c), and gradual pulse (d). (e-h) Model
results (normalized displacement timeseries) for the AIRS cGPS site for the four temporal functions:
static (e), ramp (f), instant pulse (g), and gradual pulse (h). The solid and dashed lines represent the
AP and AV boundary conditions, respectively, while the colours differentiate the 3 components of
deformation (red: east-west, green: north-south, blue: vertical). Results are normalized to the
maximum absolute deformation across the 3 components and across the 4 model functions (in this
case vertical and static). The model results show different temporal trends in the predicted
displacements according to the temporal source function used. The same temporal trends are seen in

the other cGPS site locations (Supplementary Figures 3 & 4).

The four time-dependent source functions produce very different modelled surface displacement
timeseries (Figure 3). However, when compared together, clear deformation patterns emerge which
reflect the (modelled) state of the magma reservoir, with the same temporal patterns reproduced in all
three components of the simulated cGPS data. When the magma reservoir is in a constant state
(Figure 3e), with no pressure or volume increase, we observe minor amounts of viscoelastic creep
(producing inflation) for the AP models and minor amounts of viscoelastic relaxation (resulting in
subsidence) for the AV models. In both cases the time-dependent viscoelastic surface deformation
becomes insignificant after ~4 years with a constant magma reservoir state. In contrast, to produce
substantial magnitudes of continuous deformation with time, and/or continued deformation over
timescales greater than 4 years, requires the reservoir pressure or volume to be increasing (Figures

3f & 3h).
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Model results obtained with the ramp source function (Figure 3f) provide our best-fit to the observed
temporal deformation trends (Figure 4). The recorded deformation data time-series show increasing
deformation (vertical uplift and radial spreading) at a near-constant rate between early-2010 and late-
2018 (Figure 1). An increasing amount of deformation over this timescale at a near-constant rate is
only achievable using the ramped time-dependent source function, and the comparison between the
normalised modelled and observed displacements shows a very close match in the temporal patterns
(Figure 4a-c & Supplementary Figure 5). Comparisons between the absolute modelled and observed
temporal displacements also show a close match (Figure 4d-f ¢ & Supplementary Figure 6), and could
possibly be improved further by focussing on the spatial patterns of displacement to optimise a

pressure or volume change. However, this was beyond the scope of the current study.
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Figure 4: Normalised and absolute model-data comparison for cGPS site GERD and the ramp
temporal source function. (a-c) Normalised surface displacements for the east-west (a), north-south
(b) and vertical (c) components, where the thin black line and shaded grey region display the
recorded deformation and error bounds, and the solid and dashed coloured lines show the model
results for a AP and AV boundary condition, respectively. Model and data are normalized to the
maximum absolute deformation across the 3 components (in this case vertical). (d-f) Same as a-c but

the model and data have not been normalized.
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Magma System Pressurisation

Our results indicate that viscoelastic crustal deformation alone cannot explain the amplitude or
temporal pattern of ongoing long-term surface deformation observed at SHV since early 2010.
Modelled surface displacements (Figure 3) highlight that continued deformation over the timescales
recorded in the cGPS data are only achievable when the magma reservoir is subject to an increasing
pressure or volume. In our analysis we compared both AP and AV source boundary conditions, with
the effects of viscoelasticity producing increasing uplift (via creep) in the AP models, and post-uplift
subsidence (via relaxation) in the 4V models®. For the thermomechanical conditions inferred beneath
SHYV, the choice of AP or AV becomes arbitrary when using our best-fit source function, the ramp, as
their viscous effects (creep or relaxation) are indistinguishable on the timescales observed. Their
viscoelastic effects are constantly overprinted by the elastic portion of deformation from the increasing
(ramped) pressure or volume change (due to Boltzmann superposition'?), and hence the absence of
prolonged viscous creep or relaxation maintains a near-linear temporal uplift pattern. Consequently,
their normalised temporal deformation trends are broadly equal (Figure 4). It is noted, however, that
the effects of viscoelasticity are still evident when compared to a purely elastic model, for example

producing elevated uplift for the AP case'?'830,

The increasing magma reservoir pressure or volume at SHV since 2010 could be caused by a variety
of mechanisms. The most natural driving force to assume is renewed or continued magma supply
from a deep source region, which could initially seem in contrast to a proposed stop in the magma
supply in 2003 inferred from geochemical results®. However, magma supply from depth could still be
occurring and driving this deformation if the magma supplied between ~2003 and present-day is still
being stored within the magmatic system, and has not been erupted. A scenario of continued magma
supply implies there was a possible change in the magmatic system around 2003, and SHV has only
erupted magma(s) supplied pre-2003 in the 2003-2010 period, which are subsequently recorded in
the geochemical results®¢. Continued magma supply would also be consistent with post-2003 eruptive
activity and high temperature fumaroles on the dome®®, and could be driven in part by ongoing
degassing that maintains a pressure gradient between shallow magma storage and deeper magma

production®®.
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Alternative mechanisms to explain the inferred increasing pressure or volume relate to the role of
volatiles within the magmatic system. Volatile exsolution caused by magma crystallisation (second
boiling) can drive volume increases within a magma reservoir?24%4! and cannot be ruled out at SHV.
However, it is beyond the scope of this paper to test whether a second boiling process alone can
generate a volume change or pressurisation of the required magnitude to explain the observed
deformation, especially in an open system that is still emitting significant amounts of SOz *°. The
continued gas emissions suggest that large quantities of volatiles are present within the magmatic
plumbing system; it is therefore conceivable that a steady supply of volatiles, originating from a
deeper source region and decoupled from the melt, is fluxing upwards through the system3542, |f
volatile pathways to the surface are fixed, accounting for the steady gas emission rates®, then
additional volatiles may accumulate within the subsurface system and drive reservoir volume or
pressure increases to promote surface deformation. Even without a decoupled supply of volatiles from
depth or a second boiling process, volumetric accumulation of exsolved volatiles may still be driving
the recorded deformation through the segregation, reorganisation and/or compaction of a transcrustal
magmatic system (TCMS)%+4344_|n this scenario, volatiles could drive deformation without magma
supply by buoyantly accumulating while a hot crystal mush is destabilised and reorganised. Several
studies, using geochemical, seismic, gravity, deformation and gas emission data, have suggested

such a transcrustal magmatic system beneath SH\/3545-47,

Sustaining an eruptive episode

The different magmatic processes that have been suggested as possible causes for the observed
long-term surface deformation at SHV have mechanisms that promote increases in pressure and/or
volume within a reservoir. Our models considered both pressure and volume boundary conditions, but
we cannot distinguish between the two for our best-fit source function owing to the similar temporal
deformation trends they produce (Figures 3 and 4). Continued geophysical observations and
additional (e.g., gravimetric) data might be able to differentiate between the suggested driving
mechanisms and the pressure or volume boundary condition in the future. It is also possible that two

or more of our suggested mechanisms are occurring simultaneously, with or without viscoelastic
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deformation. Regardless, it is clear from our results that viscoelastic crustal deformation alone cannot
explain the ongoing deformation, and some component of magma system pressurisation (where the
term pressurisation is also inclusive of volume expansion) is required. Moreover, the strong likelihood
of significant volatiles in the SHV magmatic system would imply a compressible magma able to
accommodate a certain amount of mass addition without producing a pressurisation driving surface
deformation*'48, Therefore, the presence of measured surface deformation given a compressible
magma further reinforces the need for an active magma pressurisation over a passive viscoelastic

deformation mechanism.

Continued magma system pressurisation at SHV implies ongoing volcanic unrest®, and therefore the
current repose should be classified as intra-eruptive. Despite its pressurising magmatic system, the
volcano has remained in a state of protracted intra-eruptive repose, in contrast to the preceding short
intra-eruptive repose periods. The extended length of the current repose represents a possible major
change to the behaviour of the sub-volcanic system compared to its pre-2010 behaviour, and may
imply that the deformation and unrest observed during the previous intra-eruptive periods was driven
by a different mechanism to that (or those) driving the current long-term deformation (2010 onwards).
A change in the mechanism driving the deformation draws parallels to suggestions of a stop in the
magma supply in 2003 3¢, but would imply a different time for any changes, and we also do not rule
out continued magma supply as a possible cause for the ongoing deformation. More accurately
identifying the nature of the mechanism(s) driving the current deformation, alongside further
constraints from more geophysics, geochemistry and petrology, will allow for improved longer-term
activity forecasting and hazard assessment to be conducted. However, given the solitary role of a
viscoelastic rheological crustal response can be ruled out, the continued pressurisation within the
magmatic system is inconsistent with inter-eruptive repose and indicates a state of unrest with
potential for renewed eruptive activity. Consequently, while the most recent eruptive activity ended in

2010, this may not signal the end of the current eruptive episode of the volcano.
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Methods and Materials

GPS data

Geodetic data have been collected continuously at SHV since 1995 3. The dataset for the 2010-2018
time-period consists of the daily timeseries obtained at 12 on-island cGPS sites, using mostly Trimble
NetRS and NetR9 receivers, and Trimble Chokerings and Zephyr Geoteric 1-2 antennas. The daily
GPS data are first converted into RINEX format, before being processed with GAMIT/GLOBK*®, which
uses the double-differencing processing methodology. During the GAMIT step, loosely constrained
coordinates for the GPS sites and satellites are calculated in the ITRF14 coordinate system, removing
any displacements caused by equipment changes. During the GLOBK step, a set of reference
stations distributed globally, with known coordinates, provides external constraints and the stabilized
GPS station coordinates are calculated in a Caribbean reference frame'® to remove the regional

tectonic component from the displacements.
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Model Setup

We use Finite Element Analysis (FEA) with COMSOL Multiphysics v5.4 to model and analyse the
recorded surface deformation. Our 3D model has surface topography provided by a 10 m resolution
Digital Elevation Model (DEM) of the island of Montserrat®’, and boundary conditions include a fixed
constraint on the base of the model, roller conditions on the lateral boundaries and a free surface at
the top of the model'?*° (Figure 2). An infinite element domain surrounds the exterior of the model
geometry to prevent boundary effects impacting the results of the interior. The deformation source is a
single prolate ellipsoidal cavity based on previous modelling results'8, located beneath the active vent
and centred at a depth of 12 km below sea level with a semi-major axis of 6000 m and semi-minor
axes of 2000 m 8 (all model variables shown in Supplementary Table 1). The model geometry is
meshed using ~690,000 tetrahedral elements, with greatest mesh density around the deformation
source, on the surface of the model, and at the cGPS site locations. More recent deformation
modelling results for SHV*® provide an alternative source geometry to that used in our study’®,
however if we had used the updated source geometry it would not have altered the modelled temporal

deformation or our conclusions; a comparative figure is shown in Supplementary Figure 7.

Two different boundary conditions are applied independently to the surface of the deformation source
to compare their results in parallel; a boundary load overpressure (4P) or a volumetric expansion
normal to the surface of the source (4V). We use both AP and AV to capture the full range of
viscoelastic behaviours in response to a stress-based or strain-based boundary condition®’,
respectively, and to further enable applicability of our broader results to forward (often 4P) and
inverse (often 4V) volcano geodetic modelling schemes. We assume ‘pure’ AP and 4V endmembers
to focus on first-order differences, whereas there is likely mixed-mode deformation and dynamical

relationships between the two®'.

The model mechanical properties are informed by a 3D seismic P-wave (Vp) tomography model®8. Ve

values are converted to a dynamic Young’'s Modulus (Ep) and density (p) using®%:

p =1.6612vp — 0.4721v3 + 0.0671v3 — 0.0043v# + 0.000106v3 (1)
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o _vBp(L+ V) - 2) (2)
b= 1—-v

where v is the Poisson’s Ratio of 0.25. We convert from a dynamic Young’s Modulus (Ep) to a static
Young’s Modulus (E) using a conservative scaling factor of 2 (E = Ep/2), as a static Young’s Modulus
is more appropriate for volcanic deformation timescales®, and Ep is commonly 2-13 times larger than
E 54, The resulting range of E is between ~1 and ~100 GPa (Figure 2) and appropriate for volcanic

regions®.

The model has a temperature-dependent viscoelastic rheology using a Standard Linear Solid (SLS)
viscoelastic representation. A viscoelastic rheology is chosen to better represent the crust beneath
SHV where increased ductility relating to thermal perturbations caused by the long-lived magmatic
system likely invalidates the use of an elastic rheology'?1839.55-%7 |n our temperature-dependent
viscoelastic setup®, we first solve for a steady-state temperature distribution assuming a surface
temperature of 293 K, a magma temperature of 1123 K %8, and an initial geothermal gradient of 30
K/km '8, The resultant temperature distribution is shown in Figure 2, and has a geothermal gradient of
54 K/km above the deformation source, and 28 K/km beneath. The temperature (T) is used to
calculate the value of viscosity () used in the viscoelastic deformation model via an Arrhenius

formulation:

where Ap is the Dorn Parameter (10° Pa s)'2°5%° H is the activation energy (120 kJ/mol)'®€ and R is
the universal gas constant. The distribution of the Shear Modulus between the two branches of the
SLS model is a poorly constrained parameter for volcanic materials and crustal rocks. We therefore
take the simplest approach and split the Shear Modulus equally across the two branches of the SLS
model (11 = po = 0.5), which also maintains consistency with previous studies at SHV'845 and other
volcanoes'?:30:90.51.59.61-63 The resultant viscosity distribution is shown in Figure 2, with elevated

viscosities at the cold model surface, and reduced viscosities around the hot deformation source.
A SLS viscoelastic representation is chosen over a Maxwell representation because the SLS model is

the simplest viscoelastic representation to demonstrate time-dependent asymptotic creep and

asymptotic stress relaxation, and to fully recover strain over a sufficient timescale®*485, In contrast, a
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Maxwell viscoelastic representation describes a fluid behaviour that produces infinite, linear creep,
and has no time-dependent strain recovery®*%5, and is therefore considered unsuitable for modelling
volcanic deformation®. We show a comparison of SLS and Maxwell viscoelastic representations to
highlight these effects (Supplementary Figure 8). The results demonstrate how a constant 10 MPa
pressure in a Maxwell model produces increasing deformation with time, due to limitless viscoelastic
creep, culminating in over 9 m of vertical deformation after 10 years. Horizontal deformations in the
Maxwell model also show rapid short-term oscillations in velocity, producing patterns never recorded

(to our knowledge) in geodetic datasets.

Modelling Approach

We model the recorded temporal deformation patterns at SHV by testing a range of time-dependent
boundary conditions (source functions) applied to the deformation source in a series of forward
models (Figure 3). Our temporal source functions mimic possible first-order stress states in a
magmatic system: constant with time (static), linearly increasing with time (ramp), instant pulse
(rectangle), and gradual pulse (trapezium). The pulse is 6 years in duration to reflect a possible period
of elevated magma supply; shorter pulse durations were also tested and showed similar results.
Source functions are defined between 0 and 1, and used as a time-dependent scaling factor that is
multiplied with the defined overpressure (4P) or volume change (4V). A value of 10 MPa for AP is
used throughout the study; in the ramp source function this translates into a rate of 1 MPa/yr. In the
AV models a prescribed displacement of 0.39 m is uniformly applied normal to the boundary surfaces
of the source to generate a volume change. The value of 0.39 m was derived from the average
source boundary displacement in an equivalent elastic model with a AP of 10 MPa. Our first-order
approach produces broadly equivalent amounts of (elastic) reservoir deformation in the AP and AV
viscoelastic models. As the focus of our study is to reproduce and interpret the temporal deformation
patterns, rather than the absolute spatial magnitudes of deformation, we do not vary the values of
overpressure or volume change to produce a best-fit between absolute recorded and predicted
deformation magnitudes for the time-period in question. All model source functions are compared for
a AP and AV boundary condition; normalised comparisons remove the effect of the absolute value of

AP and AV.
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518
519  Supplementary Figure 1: Summary of seismic, deformation and SO: flux data for the current

520  eruptive episode of SHV. Top: Number of seismic events detected and identified by the seismic
521 system. Middle: Radial displacement of cGPS stations MVO1 (red) and NWBL (blue) smoothed with a
522 7-day running mean filter, plus the GPS height of HARR (black). Bottom: Measured daily SO2 flux,

523  filtered with a 7-day running median filter, showing COSPEC (green), old DOAS (blue), new DOAS
524 (red), and traverse (white) data.
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526  Supplementary Figure 2
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530  Supplementary Figure 2: Spatial deformation recorded by cGPS between 25/01/2010 and
531 22/09/2018. (a) Horizontal deformation. (b) Vertical deformation. Ellipses show 95% confidence
532 bounds. Yellow triangle indicates the location of the SHV vent.
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Supplementary Figure 3: Model results for the four source functions using a 4P boundary condition,

shown for all cGPS sites. (a-d) Predicted modelled east-west displacements. (e-h) Predicted modelled

north-south displacements. (i-l) Predicted modelled vertical displacements. The four source functions

are static (a, e, i), ramp (b, f, j), instant pulse (c, g, k), and gradual pulse (d, h, I), as seen in Figure 3.
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Supplementary Figure 4
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Supplementary Figure 4: Model results for the four source functions using a 4V boundary condition,

shown for all cGPS sites. (a-d) Predicted modelled east-west displacements. (e-h) Predicted modelled

north-south displacements. (i-l) Predicted modelled vertical displacements. The four source functions

are static (a, e, i), ramp (b, f, j), instant pulse (c, g, k), and gradual pulse (d, h, I), as seen in Figure 3.
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Supplementary Figure 5
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Supplementary Figure 5: Normalised model-data comparison for different cGPS sites and the ramp

temporal source function. The cGPS sites are (a) OLVN, (b) AIRS, (c) TRNT, (d) FRGR, (e) SOUT,

and (f) MVO1. Normalised surface displacements are shown for the east-west (red), north-south

(green) and vertical (blue) components, where the thin black line and shaded grey region display the

recorded deformation and error bounds, and the solid and dashed coloured lines show the model

results for a AP and AV boundary condition, respectively. Model and data are normalized to the

maximum absolute deformation across the 3 components (in this case vertical).
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Supplementary Figure 6: Absolute model-data comparison for different cGPS sites and the ramp

temporal source function. The cGPS sites are (a) OLVN, (b) AIRS, (c) TRNT, (d) FRGR, (e) SOUT1,

and (f) MVO1. Absolute surface displacements are shown for the east-west (red), north-south (green)

and vertical (blue) components, where the thin black line and shaded grey region display the recorded

deformation and error bounds, and the solid and dashed coloured lines show the model results for a

AP and AV boundary condition, respectively.
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Supplementary Figure 7: Comparison of modelled temporal deformation for the source geometry
employed in our study and the source geometry from Gottsmann et. al., 2020 [35], using a static
source pressure. (a-c) Modelled east-west (a), north-south (b) and vertical (c) deformation
components for 12 cGPS sites using source parameters shown in Supplementary Table 1. (d-f)
Modelled east-west (d), north-south (e) and vertical (f) deformation components for 12 cGPS sites
using source parameters from Gottsmann et. al., 2020 [45]. Despite slight differences in the spatial

magnitudes of some results, the temporal trends across all results are identical.
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592  Supplementary Figure 8: Comparison of Maxwell and SLS viscoelastic representations, for a

593 constant source pressure. (a-c) Modelled east-west (a), north-south (b) and vertical (c) deformation
594  components for 12 cGPS sites using a Maxwell viscoelastic. (d-f) Modelled east-west (d), north-south
595 (e) and vertical (f) deformation components for 12 cGPS sites using a SLS viscoelastic

596  representation. Note the change in scale between Maxwell (a-c) and SLS (d-f), as well as the

597  difference in temporal evolution of the deformation.
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Supplementary Table 1

Parameter Definition Value Unit

X Source Longitude -62.1757 °

Y Source Latitude 16.7114 °

Z Source Depth 12,000 m
AP Source Pressure 10 MPa
Aav Source Volume Change 0.39 m

a Semi-major Axis 6000 m

b Semi-minor Axes 2000 m

Ve P-wave Velocity 1.4-8.7 km/s
Ep Dynamic Young’'s Modulus Eq. 2 GPa

p Density Eq. 1 kg/m?

v Poisson’s Ratio 0.25 -

E Static Young’'s Modulus Ep/2 GPa
Tsurt Surface Temperature 293 K
Tmag Magma Temperature 1123 K

dT/dZ Geothermal Gradient 30 K/km

n Viscosity Eq. 3 Pas
Ap Dorn Parameter 10° Pas

H Activation Energy 120 kJ/mol

R Universal Gas Constant 8.314 J/(mol K)

k Thermal Conductivity 3 W/(m K)
Co Heat Capacity 1000 J/(kg K)

o, U1 Fractional Modulus 0.5 -
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