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Abstract 13 

Since the eruption began in 1995, Soufrière Hills volcano on Montserrat has been 14 

characterised by five phases of magma extrusion and corresponding pauses. Despite a lack 15 

of eruptive surface activity since 2010, the volcano continues to show signs of unrest in the 16 

form of ongoing outgassing, and inflation of the entire island of Montserrat. Using numerical 17 

modelling, we compare a set of contrasting deformation models in an attempt to understand 18 

the current state of Soufrière Hills volcano, and to gauge its future eruption potential. We 19 

apply a suite of deformation models including faults and dykes, and an ellipsoidal source 20 

geometry to all phases and pauses covering the entire eruptive history from 1995 through 21 

2020. Based on recent petrological evidence suggesting no recent injection of magma from 22 

depth after an initial magma intrusion, we test the hypothesis that the ongoing inflation of 23 

Montserrat could be explained by a visco-elastic, crustal response to the initial magma 24 



intrusion without a renewed pressurisation due to magma injection. In contrast to previous 25 

modelling attempts, we focus on conceptual models and compare elastic- with several visco-26 

elastic models taking temperature-dependent viscosity models, tectonic components, mass 27 

balance, magma compressibility and outgassing data into account.  We explore a wide 28 

parameter space in a Generalised Maxwell Rheology to explain the observed deformation 29 

patterns, and demonstrate that a realistic, depth-dependent distribution of visco-elastic 30 

parameters does not allow an interpretation of the deformation signal without any magma 31 

influx or further pressurisation. Within the range of large uncertainties attached to the visco-32 

elastic model parameters we show that visco-elasticity reduces the degree of ongoing 33 

pressurisation or magma influx into a crustal reservoir by a few percent. We conclude that 34 

magma influx at a rate of 0.10 to 0.57 m3/s is the most likely explanation of the current 35 

deformation pattern and is also in agreement with mass balance considerations and current 36 

SO2 flux observations.    37 

Keywords: Soufrière Hills, GPS, deformation, magma compressibility, Maxwell rheology, 38 

visco-elastic response 39 

 40 

1. Introduction 41 

The current eruption of Soufrière Hills volcano (SHV), Montserrat (Fig.1), began in 1995, and 42 

has been well documented in the literature (e.g. Kokelaar, 2002; Wadge et al., 2014). The 43 

eruption has been characterised by five episodes of lava dome growth punctuated by dome 44 

collapses, Vulcanian explosions, outgassing and ash venting (e.g. Edmonds et al., 2001, 45 

2002; Watts et al., 2002; Hautmann et al., 2014). As depicted in Fig. 2, pauses of differing 46 

duration have separated each phase such that despite lasting more than 25 years, the 47 

volcano was only actively extruding for a total of 8.5 years (Wadge et al., 2014). The last 48 

extrusive event recorded at the volcano on 11 February 2010, coincided with the partial 49 

collapse of the northern section of the dome (Stinton et al., 2014). Since this event, the 50 



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

per day (Stinton et al., 2014). By January 2022, Pause 5 has lasted for 12 years, significantly  52 

 53 

Figure 1: Active Soufrière Hills volcano in the south of Montserrat; locations of major faults 54 

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

longer than any other pause, the immediate implication being that it is a pause - not the end 56 

of the eruption. A mean daily SO2 flux of approximately 200 tonnes/day (Stinton et al., 2020), 57 

recorded until April 2020, and ongoing inflation of the island, continuously monitored by 58 

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

baseline for the background activity of Soufrière Hills, the question remains as to whether 60 



these signals indicate potential future extrusive activity, or if the eruption can finally be 61 

declared over. 62 

Throughout the history of the eruption, there have been many attempts to determine the 63 

configuration of the SHV plumbing system summarised in Elsworth et al.(2014). Deformation 64 

models fall into two broad categories - either vertically-stacked magma reservoirs (Elsworth 65 

et al., 2008, 2014; Foroozan et al., 2010, 2011; Hautmann et al., 2010) or single, vertically-66 

extended sources (Voight et al., 2010). The source geometries range from spheres to 67 

prolate or oblate ellipsoids with rotational symmetry, which results for some studies in the 68 

necessity for partial or complete omission of certain GPS stations in order to match model 69 

output and GPS data (e.g. Hautmann et al., 2010; Foroozan et al., 2011).  70 

 71 

Figure 2: Monitoring data for the entire duration of the ongoing eruption at Soufrière Hills 72 

volcano with the number of seismic events per day (top), vertical displacement for HARR 73 

(black) and radial ground motion of MVO1 (red) and NWBL (blue) relative to the dome centre 74 

(middle). SO2 daily flux (bottom) monitored with different methods: COSPEC (green), 75 

scanning DOAS (blue /red), traverse DOAS (white). Despite its prolonged duration, Pause 5 76 



is characterised by ongoing SO2 outgassing and surface deformation, but limited seismicity. 77 

Adopted from Stinton et al., (2020). 78 

In contrast to attempting a detailed, perfect match of deformation data recorded on all 79 

stations of the continuous GPS network (cGPS), we employ an entire suite of contrasting, 80 

numerical models and focus on their conceptual differences. We aim at answering the critical 81 

question whether the eruption is continuing or not. We follow the conceptual models that 82 

have been guiding the discussions of the Scientific Advisory Committee on Montserrat 83 

Volcanic Activity throughout the eruption. These models range from magma extrusion and 84 

reservoir refill, to the influence of tectonic effects, potential contributions of crystallisation to 85 

the pressurisation of the system, to the final end-member model of a visco-elastic response 86 

to a major intrusion that has actually ceased several years ago.   87 

We start with a purely elastic model to determine the source geometry of a deformation 88 

source which can match the deformation data for Pause 5. In order to explore processes 89 

alternative to magma influx explaining the ongoing inflation during Pause 5, we also address 90 

the potential contributions of local tectonics such as the WNW- trending Belham Valley fault, 91 

part of the Montserrat-Bouillante fault system (Feuillet et al., 2010) which is related to the 92 

wider regional tectonics of the Northern Lesser Antilles section of the Caribbean plate with a 93 

North-South extension (Wadge et al., 2014). We then adopt the geometry of a central, 94 

elliptical source to model the dominant patterns of all eruptive phases and pauses, as well as 95 

its anisotropic nature. By considering magma compressibility and extruded volume, we 96 

estimate the respective volume changes for all phases and pauses throughout the eruption. 97 

In this step, we interpret the iconic saw-tooth pattern in the deformation data (Fig. 1) as 98 

erupted and re-charged material, respectively. Given recent petrological evidence (McGee et 99 

al., 2019) which suggested that the intrusion of mafic magma had ceased by 2004, we 100 

employ a set of visco-elastic models based on a temperature-dependent Maxwell rheology, 101 

and test the alternative hypothesis that the observed saw-tooth deformation pattern can be 102 

explained without any further magma influx.      103 



2. Continuous GPS data 104 

The cGPS network on Montserrat comprises 14 stations distributed across the island (Fig. 105 

1). The data used for our initial analysis of Pause 5 covered a time period of 3 years from  106 

August 2012 – July 2015, which presents a sufficiently long time interval after the previous 107 

eruptive activity of February 2010, and a short ash-venting episode that occurred in March 108 

2012, in order to focus on the underlying deformation trend. The velocity of each station has 109 

been calculated relative to the motion of the Caribbean Plate using the GAMIT/GLOBK tool 110 

suite (Herring et al., 2010a, 2010b). The plate motion has been defined by a number of 111 

stations and the averaged displacements for the 2012 – 2015 period were derived from 112 

these velocities. 113 

Due to the short durations of Phases 4, 5 and Pause 4, and the requirement for a data 114 

coverage of at least one-year for a sufficiently accurate deformation estimate, we omit these 115 

stages from the following comparison depicted in Fig. 3. When normalised relative to the 116 

station HARR, which is a station with data available for the entire eruptive history, there is a 117 

remarkable similarity in relative magnitude of the horizontal, and, to a lesser extent, of the 118 

vertical velocities across the stations for all stages of the eruption. The relative horizontal 119 

magnitudes are the same, both for the eruptive phases and pauses. With the vertical 120 

displacements being inherently noisier than the horizontal components, we assume that the 121 

displacement rate can be caused by the same source geometry throughout the eruption 122 

since it began in 1995. Furthermore, this highlights the repetitiveness of the source process, 123 

for both apparent inflation and deflation, affecting all but the closest stations with the only 124 

difference being the overall magnitude of displacement rate.  125 

In agreement with the other pauses (e.g. Hautmann et al., 2010; Voight et al., 2010; 126 

Foroozan et al., 2011), the majority of the cGPS stations showed a displacement away from 127 

the volcano that increases with distance (Fig. 4 and 5). We assume the region to the south 128 

of the volcano would show a similar displacement pattern to that in the north, but due to the 129 

limited size of the island, and the location of the volcano in the south, this can be neither 130 



corroborated nor invalidated. The three closest cGPS stations to the volcano (HERM, SPRI 131 

and FRGR) deviate from this pattern by recording motion towards it. This is different to the 132 

other pauses in the eruption history and may indicate a deviation of some processes 133 

affecting these proximal stations which will be further discussed below. 134 

The characteristic deformation patterns that guide our modelling approach are the increasing 135 

deflation rates for consecutive phases, in contrast to the decreasing inflation rates for 136 

pauses, and the sharp transitions between pauses and phases as depicted in Fig. 2. 137 

3. Numerical Modelling 138 

To determine the configuration of sources required to replicate the current displacement 139 

pattern on Montserrat, we have created a set of numerical models using Comsol 140 

Multiphysics 5.4, which utilises a finite element method. Simple models have been calibrated 141 

against analytical solutions (e.g. Mogi, 1958; Okada, 1985, 1992; McTigue, 1987; Del Negro 142 

et al., 2009), and have been used to assess the potential contribution of several source 143 

types such as a tectonic (strike-slip) versus a volume source (dyke or spherical chamber). 144 

Because the study area is small (< 10km) compared to its distance to the subduction zone (> 145 

200 km), vertical displacements due to vertical plate motion would be similar (i.e., within the 146 

uncertainty on daily positions) at all stations in Montserrat. We therefore assume that 147 

observed vertical deformation variations across the network are caused by local, plate-148 

internal tectonics or magmatic sources. We have systematically modified the location, size 149 

and orientation of each source type to achieve the optimum match to the data. Finally, once 150 

the source type has been established, source parameters have been further refined to 151 

optimise the match to the data. 152 

The model geometry has been created with a central block with dimensions of 12 km x 18 153 

km x 50 km, embedded in a larger block of lateral extent 300 km x 300 km and depth 50 km. 154 

Into this framework, we have inserted a variety of different source types and configurations. 155 

Volume sources have been modelled using spherical or elliptical geometries whereas 156 



tectonic fault movements have been modelled as finite planar surfaces. For spherical and 157 

elliptical magmatic sources, we have imposed pressure as boundary conditions; for dykes 158 

and faults we have employed displacement. We have modelled the elastic crust as either 159 

homogeneous with a Young’s modulus of 10 GPa (e.g. Elsworth et al., 2014) and a 160 

 161 

Figure 3: Horizontal and vertical displacement rates for Phases (1-3) and Pauses (1-3, 5) 162 

(top) in order of increasing distance from the volcanic edifice. All data are normalised relative 163 

to the horizontal displacement at HARR (bottom). A negative horizontal displacement 164 

represents motion towards the volcano. Therefore, the displacement direction is generally 165 

towards the volcano during phases and away from it during pauses. For the normalised 166 

horizontal cGPS data, all stations except HERM are in good agreement indicating an 167 

identical source geometry throughout the eruption. The discrepancy with HERM may be due 168 

to the proximity to the volcano, and a greater sensitivity to shallow conduit/dome processes. 169 

Phase 1 – Pause 3 data adapted from Mattioli et al. (2010) and Foroozan et al. (2011). No 170 

data plotted for Phase 4 – 5 due to their limited duration. 171 



Poisson’s ratio of 0.25, or later in Section 5.4, have employed a depth-dependent model 172 

based on seismic tomography (Paulatto, 2011; Paulatto et al., 2019) where correction 173 

factors of 0.67 to 0.11 have been applied to account for the difference in elastic behaviour 174 

between short-period seismic time scales and long-period, static deformation 175 

(Gudmundsson, 1990). For the visco-elastic models we have used the same source 176 

geometry and average viscosities in the range between 1018 and 1019 Pas, and later 177 

temperature/depth-dependent viscosity distributions derived from different temperature 178 

models according to the Arrhenius approximation. We used roller boundary conditions at the 179 

sides, fixed conditions at the bottom, and a free surface at the top. The finite element mesh 180 

comprising tetrahedral elements of varying sizes consists of up to 100,000 elements 181 

resulting in 4 million degrees of freedom. 182 

4. Modelling results 183 

Initially, our modelling attempts have focussed on data from Pause 5, which has the best 184 

data coverage and shows the most consistent long-term trend. After finding the model 185 

geometry that best matches the data set, we have applied the same source type to previous 186 

eruptive phases and pauses.   187 

4.1. Effect of topography 188 

Previous studies have often assumed a flat surface to their models, stating topography has 189 

little effect on the surface displacement pattern for deep sources (e.g. Hautmann et al. 190 

2010). Marsden et al. (2019) have demonstrated that, to some extent, this is true for 191 

isotropic sources, but it is not applicable for more complex sources. They found a significant 192 

difference close to the volcanic edifice, where high dome topography affects both the 193 

magnitude of surface displacement and its direction, which may be completely reversed 194 

(Marsden et al., 2019).  However, regarding the main objective of this study, the influence of 195 

topography does not play an important role to find the principle causes behind the ongoing, 196 

island-wide inflation.  197 



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

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

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

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

Model 
Reference 

Topo- 
graphy 

Crustal 
Response 

Description 
Source 

Parameter 
Final/Range 

Stations 
used 

IS y elastic expanding 
sphere 

radius 1 [0.5, 2] km 
depth 6 [1, 10] km 
expansion 0.25 m 

all cGPS 

ID y  expanding 
dyke 

dimension 5 x 1 km 
expansion 1 m 
azimuth 2630 [2000,3000] 

 

IF y  sinistral 
fault 

dimension 5 x 1 km 
strike-slip 1 m 
azimuth 2930 [2800,3000]  

 

E1E y  expanding 
ellipsoid 

0.6 x 0.6 x 2.0 km  
depth 6 [1, 10] km 
azimuth 2630 

 

E2E y  two 
expanding/ 
contracting 
ellipsoids 

0.6 x 0.6 x 2.0 km  
depth 6 [1, 10] km 
azimuth 2630 

0.3 x 0.3 x 1.0 km 
depth 0 [0, 3] km 
azimuth 2930 

 

E2Ex y  two 
expanding/ 
contracting 
ellipsoids 
with depth 
extension 

0.6 x 0.6 x 2.0 km  
depth 6 [1, 10] km 
azimuth 2630 

0.3 x 0.3 x 1.0 km 
depth 0 [0, 3] km 
azimuth 2930 

depth extension 8 [0, 20] km 
pressure (10, 2.5] MPa/year 

 

E1Ex y  expanding 
single 

ellipsoid 
with depth 
extension 

0.6 x 0.6 x 2.0 km  
depth 6 [1, 10] km 
azimuth 2630 

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

 

VH n visco-elastic 
Maxwell 

homogeneous 

 source as above 
viscosity [1.8, 12] x1018 Pas 
Youngs mod [5, 10] GPa 

MVO1 
TRNT 

VZMax n visco-elastic 
Maxwell 

depth-dep. 

 Maxwell rheology: 
depth-dependent  
temperature, viscosity, 
elasticity see Fig. 13/14. 
E(z) reduced to 11 & 67% 
pressure/volume see Tab 3 

 

VZSLS n visco-elastic 
SLS 

depth-dep 

 SLS rheology: 
depth-dependent  
temperature, viscosity, 
elasticity see Fig. 13/14. 
E(z) reduced to 11 & 67% 
pressure/volume see Tab 3 

 

 202 

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



presence of faults crossing the island, including the Montserrat-Havers Fault, the Belham 204 

valley Fault and the Richmond Hill Fault (Fig.1) contributing to the Montserrat-Bouillante 205 

Fault System (Feuillet et al., 2010). A regional GPS study by Lopez et al. (2006) indicates a 206 

small N-S intraplate extension in the area of the Lesser Antilles where Montserrat lies. The 207 

NNW trans-tensional fault system between Montserrat and Guadeloupe is thought to 208 

accommodate some of this extension. We approximate this tectonic extension as a NW-SE 209 

extension of the exterior northern and southern model boundaries. For example, a NW-SE 210 

extension of 10 mm/year at 25 km distance from the Belham Valley, in each direction, would 211 

result in an on-island extension of 2.5 mm/year. 212 

Hence, the first set of models comprises strike-slip faults and expanding dykes (Fig. 4) which 213 

are employed individually with a simple sphere for comparison. For each source type, the 214 

depth of the top has been varied at 0.5 km intervals between 1-10 km below sea level 215 

(b.s.l.), for different vertical and horizontal extents, lateral positions and strike directions.  216 

Fig. 4 shows best-fit results for each of the three basic source models. The spherical magma 217 

chamber (Model IS) has an initial radius of 1 km, centred at 6 km b.s.l. and has been 218 

modelled with a pressure of 4 MPa resulting in a uniform radius increase by 0.25 m. The 219 

initial dyke (Model ID) and strike-slip (Model IF) sources both have dimensions of 5 km x 1 km 220 

x 1 m to which we have applied displacement boundary conditions of 0.5 m in each direction. 221 

The dyke depicted in Fig. 4 has been modelled with an orientation of 263o whilst the sinistral 222 

strike-slip motion has been simulated with a fault striking at 293o.  223 

The results of the simple strike-slip sources show a bad match to the data, and using a 224 

WNW-trending orientation, parallel to the Belham Valley (Wadge et al., 2014), they only 225 

match the stations furthest north. In contrast, the expanding spherical and dyke sources both 226 

show a better match. However, unlike the spherical source model, an expanding dyke 227 

source (ID) satisfies both, the non-rotationally symmetric nature of the data, as well as the 228 

requirement for an increased horizontal displacement with distance from the volcano. Due to 229 



the observed surface displacement pattern, characterised by increased horizontal 230 

displacement  231 

 232 

 233 

Figure 4: Horizontal (top) and vertical displacement rates (bottom) for basic source models, 234 

fitting spherical reservoir, dyke and sinistral strike-slip. The stations are listed in order of 235 

increasing horizontal distance from the volcano. High resolution topography is included and 236 

the location and orientation of the sources are marked on the maps. For both the horizontal 237 

and vertical component of the displacement, the expanding dyke (ID) shows the closest 238 

match to the Pause 5 data. 239 



 240 

away from the volcano and a north-south trend, we discount rotationally symmetric sources, 241 

or their combinations, and sources located at less than 4 km depth. The mismatch with the 242 

GPS data in Fig. 4 is evident and results in an absolute data misfit of 28.1 mm for the dyke 243 

model ID, 53.5 mm for the fault model IF, and 43.2 mm for the spherical model IS. Hence, we 244 

conclude that none of these three source types (IS, ID, and IF) match the deformation data of 245 

Pause 5. 246 

 4.3. Initial volume models 247 

After disregarding the basic source models (IS, ID, and IF) in the previous section as 248 

alternatives to continued magma influx, we return to volume-based sources, however 249 

employing now non-rotationally symmetries. We adopt the spherical source centred at 6 km 250 

depth and transform it into an expanding ellipsoid by varying the half axes and orientation 251 

systematically (Table 1) deriving at a geometry of semi-axes 1 km x 0.3 km x 1 km, volume 252 

1.26 km3, centred at 6 km b.s.l. and orientation of 2630  (Model E1E). This source model 253 

matches the observation of the distal GPS stations better than any rotationally symmetric 254 

source (Fig. 5, left). In order to include the data observed on the close GPS stations, a 255 

second, shallow deflating ellipsoidal source (Model E2E) of semi-axes 500 m x 150 m x 150 256 

m, volume 0.05 km3, centred at sea level and an orientation of 2930 (Fig. 5, right). The 257 

corresponding data misfits are 26.1 mm and 18.4 mm for models E1E and E2E, respectively. 258 

We refer to this set of volume sources as ‘Initial Elastic Models’ (see Tab.1: E1E, E2E, and 259 

E1Ex) and use them to explore in the following sections their compatibility with previous 260 

pauses and phases, their potential trade-off with depth, the impact of magma 261 

compressibility, and finally the potential impact of a visco-elastic crust in which these volume 262 

sources are embedded.  All these strands of investigation focus on better quantifying the 263 

processes that cause the island – wide inflation of Montserrat or aim to find alternative 264 

explanations. 265 



 266 

 267 

Figure 5: Horizontal displacement rates (blue) for the ‘Initial Elastic Models’ E1E and E2E 268 

compared to the Pause 5 data (red). Source geometry (yellow) is projected onto the surface. 269 

Left: only deep source is modelled E1E. Right: dual source of deep and shallow ellipsoids are 270 

used E2E (see text). Note, the shallow source affects only the stations HERM, SPRI and 271 

FRGR close to the volcano. 272 

Assuming a homogeneous medium, Young’s modulus of 10 GPa, and a Poisson’s ratio of 273 

0.25, a uniform inflation of 10 MPa per year for the deep source and deflation of 5 MPa per 274 

year for the shallow source is required to explain the surface deformation. Equivalent volume 275 

changes related to inflation and deflation are determined through eq. 1-5 in the next section 276 

and expressed as volume change rates by considering a time span of 10 years in Pause 5. 277 

Hence, 10 MPa/year and 5 MPa/year correspond to a uniform source volume change rate of 278 

0.05 m3/s and 0.003 m3/s for the expanding deep source and contracting shallow source, 279 

respectively (Model E2E).  280 



4.4 Volume - pressure equivalence  281 

Surface deformation due to a magmatic intrusion has been often modelled by a Mogi source 282 

(Mogi, 1958) where the intrusion is represented by a small, spherical cavity of radius a, 283 

embedded in an elastic half space at depth d. An isotropic stress is applied to the cavity wall 284 

which corresponds to the overpressure P exerted by the intrusion. The deformation at the 285 

stress-free surface is calculated in an iterative approach leading to a point source 286 

approximation (a << d) which is satisfied if a < ½ d.   287 

The corresponding volume change ΔV in the cavity can be approximated for a spherical 288 

geometry in an isotropically elastic half space by (McTigue, 1987) 289 

𝛥𝑉 ≈ 𝜋 𝑃 𝑎3/ µ                                                                               (1) 290 

with the shear modulus  291 

µ = 𝐸2(1 + 𝜈) ,                                                                          (2) 292 

Young’s modulus E, and Poisson’s ratio ν  293 

For a Poisson’s ratio of  = ¼ this leads to a relative volume change  294 

∆𝑉𝑉 = 34µ  𝑃                                                                                      (3) 296 

or   295 

∆𝑉𝑉 = 1.875 𝑃𝐸  .                                                                              (4) 297 

For geometries used in our models (Models E1Ex, Fig. 6) we have used an equivalent 298 

expression  299 

∆𝑉𝑉 = 𝑘 𝑃𝐸  ,                                                                                       (5) 300 

where k has been determined by numerical integration over the volumetric strain along the 301 

source geometry. For an ellipsoid k = 3.5, and for a depth-extended elliptical source 302 



geometry reaching a depth of 12 km and 14 km, k = 4.8 and k = 5, respectively. This allows 303 

us to convert pressure changes of different source geometries into equivalent volume 304 

changes of incompressible magma in a cavity embedded in an elastic half space as seen in 305 

the following section (Fig. 6 and 7). 306 

 307 

Figure 6: Left, source geometry (E1Ex): elliptical cross section 600m x 2000m; shown for 308 

depth range of vertically extended geometry by 5,000 m and 7,000 m, or total depth to 309 

11,000 m and 13,000 m. Right: Impact of modelled vertically extended volume to the vertical 310 

and horizontal displacement of the Pause 5 data. The stations are listed in order of 311 

increasing horizontal distance from the volcano. Model results are illustrated for the initial 312 

ellipsoidal model with 10 MPa pressure and a source extended vertically up to 20 km3 with a 313 

pressure of 3 MPa. The shallow deflating source remains the same for both models (Model 314 

E2Ex). Using a large initial volume results in a large relative surface displacement at the more 315 

distal stations (MVO1, GERD, NWBL). 316 

4.5. Constraints on source volume and model trade-offs 317 

Following the study by Christopher et al. (2015) that points to a larger magma reservoir 318 

under Montserrat, we have explored the parameter space by adding to our magmatic source 319 

at 6 km depth a deeper root (Model E2Ex). We have increased the volume by extending it 320 

vertically through an insertion of additional volume below the upper hemisphere of the 321 



elliptical source geometry, as depicted in Fig. 5. This maintains the shape of the top of the 322 

source controlling most of the closer surface deformation, but increases the depth to which 323 

the source can be pressurised, relevant for distal stations. 324 

 325 

Figure 7: Annual pressure increase (dP, blue) applied to the extended sources as shown in 326 

Fig. 6, and resulting volume change (dV, red) against initial volume. The pressure required 327 

to match the data converges to 2.5 MPa for sources extended to a volume in excess of 8 328 

km3. All data points (i.e. combinations of pressure increase and initial volume; blue dots) 329 

result in a similarly good data match. Increasing the initial volume beyond 8 km3 yields a 330 

linear increase in volume change, while the equivalent annual pressure increase remains 331 

constant.    332 

When extending the source vertically and reducing the pressure simultaneously we maintain 333 

an equally good match to the horizontal, distal GPS data, and an interesting pattern arises 334 

(Fig. 7):  Once the source is extended vertically to a depth of 14 km and a total initial volume 335 

of about 8 km3, the pressure increase required to match the Pause 5 data converges at 336 

about 2.5 MPa/year. This indicates a trade-off between source pressure and initial volume of 337 



a magma reservoir into which new magma could enter. The bigger this initial volume, the 338 

larger is the volume of magma influx, creating the same pressure increase and, 339 

consequently, the same deformation field. Hence, the estimate for a corresponding magma 340 

influx can vary from 0.14 m3/s for an initial reservoir volume only 1.25 km3 (ellipsoidal 341 

geometry in our initial model E1E) to 0.85 m3/s for a reservoir (E1Ex) of about 20 km3 (Fig.7 – 342 

right hand axis). Assuming magma accumulation into a larger, initial reservoir as the only 343 

source process provides an upper bound of equivalent pressurisation of about 2.5 MPa/year. 344 

In general, this attempt to explore the depth – pressure trade-off also demonstrates why 345 

many other studies have used vertically extended ellipsoids in their models (Elsworth et al., 346 

2014), and confirms the fact that geodetic data are not sensitive to vertical extensions of 347 

magma reservoirs.  348 

4.6. Application to previous phases and pauses and impact of magma compressibility  349 

Following Fig. 3, there is a remarkable similarity in displacement patterns between all the 350 

pauses and phases recorded at SHV. Using the initial model (E1E) defined in 4.3, we go 351 

backwards in time and model the deflation during eruptive Phase 3, which can be matched 352 

by a depressurisation of about 40 MPa or a corresponding volume change of 17 x 106 m3 at 353 

the deep source. The modelled volume changes for all phases and pauses until 2017 are 354 

summarised in Fig. 8, together with the estimated dense rock equivalent (DRE) volumes 355 

according to Wadge et al. (2014). Consequently, we can assume that the general source 356 

geometry must have remained stable through time with the GPS network measuring 357 

significant variations in magma volume or pressure. Note that there is a large discrepancy 358 

between modelled volume change at depth and estimated dense rock equivalent which can 359 

be accounted for by introducing a compressible magma at depth. 360 



 361 

Figure 8: Cumulative DRE volume erupted (adapted from Wadge et al., 2014) (top) and the 362 

change in total source volume through time relative to the start of the eruption (bottom). 363 

Total source volume change is based on the initial elliptical source volume (Model E1E)   of 364 

1.26 km3. The dashed line indicates the trend of eruption onsets for Phases 2, 3 and 5. The 365 

location of the March 2012 ash-venting event is indicated. 366 

A negative or positive volume change within the source model corresponds directly to 367 

extruded or intruded incompressible magma from, or into a reservoir, respectively. However, 368 

due to its volatile content, magma is compressible which leads to discrepancies when 369 

comparing DRE of extruded material with pressure or volume changes at depth as indicated 370 

in Fig. 8. In order to reconcile this discrepancy between apparent volume change at depth 371 

derived from modelling the deformation field, and the erupted volume (DRE) during eruptive 372 

phases we have to consider the compressibility of magma at depth. The change in volume 373 

within the source region (𝑉M)  can be linked to the estimated DRE volume (𝑉DRE) by applying 374 

conservation of mass (Segall, 2010) 375 



δVM= δVDRE (ρDREρM ) ( 11+ βMβ𝑠 ) ,                                                  (6) 379 

where the DRE density (𝜌DRE) is 2600 kg/m3 (Wadge et al., 2010), while 𝛽s and 𝛽M are the 376 

compressibility of source reservoir and magma, respectively (Table 2). The magma source 377 

density (𝜌M) has been calculated according to 378 

𝜌M =  [ 𝑛𝜌g + (1 − 𝑛) ( 𝑥𝜌c + 1 − 𝑥𝜌m )]−1                                               (7) 380 

(e.g. Huppert & Woods, 2002; Neuberg & O’Gorman, 2002). All variables have been defined 381 

in Table 2. Assuming water as the main volatile phase, we have used Henry’s law of 382 

solubility to calculate the exsolved water content (𝑛 = 𝑁 − 4.11 × 10−6√𝑃 ), the gas density 383 

following the ideal gas law ( 𝜌g = 𝑀𝑃/𝑅𝑇 ) with a total volatile content (𝑁) of 4 - 6 wt.% and 384 

crystal content (𝑥) of 40% (Huppert & Woods, 2002). Edmonds et al. (2014) consider a 385 

larger total volatile content, however, with 6 wt% we take into account the effects of 386 

continued outgassing. The compressibility of the source magma (𝛽𝑀) and magma reservoir 387 

(βc) have been calculated as (e.g. Segall, 2010) 388 

𝛽M = 1𝜌M 𝜕𝜌M𝜕𝑃           and          𝛽𝑐 = 1𝑉M 𝜕𝑉M𝜕𝑃  ,                                                             (8) 389 

respectively, and will be used in the following sections whenever magma at depth is being 390 

compared with DRE. 391 

4.7 Summary of elastic models 392 

Fig. 5 depicts a reasonable match between data and our models E1E and E2E based on a 393 

homogeneous, elastic crust below the Montserrat topography. Maintaining the shallow 394 

ellipsoidal source (E2E) is needed to force the horizontal displacement of the three close 395 

stations to point inwards. The vertical displacements are less well fitted when we use 396 

vertically extended sources as those can result in a trade-off between horizontal and vertical 397 

displacement. A classic example is the displacement field of a dyke that results in a negative 398 



vertical displacement above the dyke which increases with the amount of dyke opening while 399 

a positive horizontal displacement prevails in the far field. Dieterich & Decker (1975) have 400 

demonstrated that, in order to constrain the source geometry perfectly, both horizontal and 401 

vertical components are needed, however this is not the aim of this study. By introducing 402 

more model parameters, either by refining the geometry or by introducing a two- or even 403 

three-dimensional elastic model the data fit could be further improved. This has been 404 

achieved by several previous studies which were all based on an elastic response to magma 405 

influx or drainage (e.g. Elsworth et al., 2008; Hautmann et al., 2010; Foroozan et al., 2011). 406 

Our attempt to explore the depth – pressure trade-off in Section 4.5 demonstrates why many 407 

other studies have used prolate spheroids in their models. A comprehensive summary of 408 

previous model attempts, with their different settings and parameters, advantages and 409 

shortcomings has been presented in Elsworth et al. (2014).  In contrast, we set out to 410 

compare different conceptual and contrasting models that explain the ongoing inflation of 411 

Montserrat and the eruption potential in the near future, rather than adding another purely 412 

elastic model to the collection. First, we considered and then excluded dykes and faults as a 413 

tectonic component of deformation. Second, we introduced geometries with non-rotational 414 

symmetry, and finally, we move in the following to visco-elastic models (Models VH, VZ) and 415 

focus on the distal stations only. We drop the shallow elliptical source in our considerations 416 

as it only affects the closer stations (see Fig. 5), the deformation data of which might be 417 

masked by loading effects (Odbert et al., 2015) rather than revealing deep source processes 418 

we are interested in. We use in the following the depth-extended ellipsoidal geometry (same 419 

as Model E1Ex and depicted in Fig. 6) with an initial volume of about 8 km3. 420 

5. A visco-elastic model for the Montserrat eruption 421 

In the previous sections we ruled out tectonic sources and dykes as sole deformation 422 

sources and established a source geometry which, applied to volume or pressure changes 423 

can explain the deformation data on Montserrat throughout the course of the eruption. The 424 

choice of an elliptical geometry in contrast to an isotropic, rotational symmetry or a more 425 



realistic, detailed crustal model is not vital compared to the fundamental question whether 426 

the volcanic system of Soufrière Hills volcano is further pressurising by continued magma 427 

influx or other pressurising mechanisms, or volcanic activity is finally declining, even at 428 

depth. So far, the deformation pattern has been interpreted as a magma drainage and 429 

extrusion for phases, and renewed magma influx or pressurisation for pauses; in the 430 

following we test a hypothesis to re-interpret the inflation pattern during pauses in a 431 

fundamentally different way.   432 

5.1. Petrological indications for the end of a magma intrusion 433 

The recent study by McGee and co-authors (2019) has provided a strong suggestion that the 434 

magma intrusion below SHV might have ended sometime in 2004 (from Phase 3 onwards), 435 

based on a comparison of mafic enclaves and andesitic host rock over the entire period 436 

between 1995 and 2010.  They used the short-lived isotopes 210Pb and 226Ra in the Uranium 437 

series decay chain as an indicator for volatile transfer and loss in both the enclaves and the 438 

host andesite to reveal significant changes over time. While erupted andesite has been 439 

almost entirely in equilibrium or has shown deficits of 210Pb indicating continuous volatile loss 440 

before and throughout the eruption, most of the mafic enclaves have shown an excess of 441 

210Pb, interpreted as volatile enrichment that has lasted over a decade. The highest 442 

210Pb/226Ra ratios have been determined from enclaves in Phase 2, decreasing continuously 443 

afterwards. This pattern has been explained by a cutting off fresh gas influx in the deeper 444 

mafic system from Phase 3 onwards. The 210Pb excess can be modelled by one single, 445 

extended intrusion of basaltic magma at depth (carrying fresh gas), probably intruded in 446 

1992 coinciding with the occurrence of deep seismicity. Hence, the intrusion might have 447 

ended with Phase 2, when the gas influx decreased preventing further build-up of 210Pb.  448 

5.2. Generalised Maxwell rheology  449 

Visco-elastic models have been employed by several studies (e.g. Del Negro et al., 2009; 450 

Gottsmann and Odbert, 2014; Hickey et al., 2016), and a comprehensive overview on 451 



rheological models can be found in Head et al. (2019). Based on the petrological 452 

considerations in the previous section we have contemplated an alternative explanation for 453 

the inflating deformation patterns during pauses as the ongoing response of a viscous crust 454 

to an initial intrusion from 1992 through 2003, excluding any additional magma influx 455 

afterwards. We use the ‘saw-tooth’ deformation pattern in the iconic MVO overview plot 456 

depicted in Fig. 2 and refer to the behaviour of the distal stations (MVO1 and NWBL) as they 457 

are most strongly indicative for the processes of the deeper magmatic system. Striking 458 

features that have guided our modelling attempts are the slightly declining steepness of 459 

inflation during pauses while the deflation phases show a steepening trend. Furthermore, we 460 

have recognised an almost perfect linear behaviour in both phases and pauses that 461 

suggests a visco-elastic behaviour represented by a Maxwell rheology illustrated in Fig. 9.  462 

 463 

Figure 9: Three stages of visco-elastic response using Maxwell rheology; system in 464 

equilibrium at t = 0, pressure step ΔP at time t0, long-term response for t > t0. 465 

 466 

A Maxwell rheology is characterised by a viscous- and an elastic element in series where εe 467 

and εv are the elastic and viscous strain responses, respectively, at t > to to a step-like 468 

pressure pulse ΔP at time t = to. The total strain response is given by adding these 469 

components 470 

εtotal =   𝜀e +  𝜀v ,                                                              (9)  471 



or in terms of pressure 472 

𝜀total(𝑡) =  𝛥𝑃𝐸  +  𝛥𝑃𝜂  𝑡,                                                          (10) 479 

where E  is Young’s modulus and η the viscosity. Depending on the dimension, direction and 473 

the medium considered E can be replaced by rigidity (shear modulus) or incompressibility 474 

(bulk modulus), and accordingly, η can be either shear or bulk viscosity. Eq. 10 implies an 475 

immediate, time-independent elastic response, and a viscous response that is linear in time 476 

and continuous as long as the pressure ΔP is applied. In our case the elastic parameter is 477 

the shear modulus µ and η the shear viscosity.                                                                                      478 

The Generalised Maxwell model comprises several Maxwell branches and in addition a 480 

parallel, purely elastic branch where the elasticity value is partitioned between all branches. 481 

In its simplest form the generalised model consists of only one Maxwell- and one elastic 482 

branch and is referred to as Standard Linear Solid (SLS) where elasticity is partitioned as µ1 483 

and µ2 (Fig. 10). This results in strain patterns that react to pressure changes with a delayed 484 

response, the characteristic time, which is dependent on the choice of viscosity and 485 

elasticity partitioning. Hence, the linear time-dependent response of the Maxwell rheology is 486 

replaced by 487 

𝜀total(𝑡) =  𝛥𝑃𝜇2  (1 − 𝜇1𝜇1 +  𝜇2   𝑒−𝑡𝜏 )                                                    (11) 489 

with the characteristic (retardation) time 488 

 = 𝜂 𝜇1 + 𝜇2𝜇1 𝜇2  .                                                                  (12) 495 

While the partitioning of the elastic modulus between the two branches offers an additional 490 

degree of freedom to fit observational data, the two elasticity values lose their original 491 

physical meaning. Lin (2020) describes this split of elasticity into two branches by an 492 

additional parameter g = µ1/(µ1 + µ2), that varies between 0 and 1, governing the ratio of 493 

viscous fluids to solids in a visco-elastic solid, e.g. partial melt to solid rock. As a 494 



consequence, the choice of µ1 and µ2 might be depth/temperature-dependent but is often 496 

kept constant as µ1 = µ2 = 0.5 µ (e.g. Del Negro et al., 2009; Head et al., 2019). 497 

 498 

Figure 10: Comparison between Maxwell rheology and SLS with varying elasticity 499 

partitioning µ1 and µ2. While the pure Maxwell branch has a linear time dependence here 500 

depicted for 10 years (see Eq. 10), the SLS reduces the amplitude and shows a curved 501 

trajectory due to the retardation time  and parameters within (see Eq. 11 and 12). This 502 

example is based on Young’s modulus E = 10 GPa, pressure step dP = 20 MPa, and 503 

viscosity η = 1019 Pas. 504 

 505 

Fig. 10 shows the impact of the choice of µ1 and µ2 in comparison with the Maxwell rheology; 506 

progressive partitioning between µ1 and µ2 results in reduced amplitudes of deformation, for 507 

high viscosities the SLS converges to a purely elastic system. A higher pressure is 508 



necessary in an SLS (compared to a Maxwell rheology) to explain the same deformation. 509 

Hence, Maxwell- and a purely elastic model are endmembers bracketing the range of 510 

pressures to explain the amplitude of a deformation pattern. By considering these 511 

endmembers in realistic visco-elastic parameter distributions we have attempted to gain 512 

insight into upper and lower bounds of magma influx or pressurisation.    513 

Given the intriguingly linear behaviour and the abrupt changes between pauses and phases 514 

in the deformation pattern, we start to explore the parameter space with a pure Maxwell 515 

rheology (Fig. 9) in a simplified model with homogeneous viscosity η and Young’s modulus 516 

E, describing the visco-elastic crust surrounding the magma (Model Vh). In this case the 517 

linear behaviour during pauses is only dependent on shear viscosity and the residual 518 

reservoir  519 

 520 

Figure 11: Comparison of the radial deformation at station MVO1 (upper panel, from Fig. 2) 521 

with the modelling results (lower panel) for the same station as a visco-elastic response 522 

using a Maxwell rheology (Model Vh). Results are shown for a constant Young’s modulus of 523 

10 GPa, a constant viscosity of 3.3 x1018 Pas, and a depressurisation and reservoir volume 524 

change equivalent to 100 MPa. Note that in this model a slight change in the deformation 525 

gradient in Pause 5 is achieved by a small pressure decrease during the pause. 526 



pressure once magma extrusion has stopped while phases are also governed by shear 527 

modulus and the decreasing pressure caused by volume loss during the phases.  The model 528 

setup comprises the vertically extended ellipsoid of Fig. 6 (same as Model E1Ex) embedded 529 

in a homogeneous half space. Following this approach we have derived a set of 530 

homogeneous models that equally match the deformation pattern (see Fig. 11) using 531 

viscosities in the range of η = [1.8 x 1018, 1.2 x 1019] Pas and a Young’s modulus ranging E = 532 

[5,10] GPa. 533 

According to Eq. 10, the linear trend we have seen in Pause 5 which we have attempted to 534 

interpret as a visco-elastic response to an initial magma intrusion rather than as a continued, 535 

buoyant magma influx, is only dependent on constant pressure and the viscosity, which in 536 

turn is controlled by the crustal temperature distribution. To keep the residual pressure 537 

constant during a pause we have assumed the modelled magma intrusion to be connected 538 

to a larger, deeper reservoir such that the small volume change due to inflation can be 539 

compensated by mass transfer from the reservoir. Magma compressibility plays an 540 

additional role in pressure recovery and inflation as discussed by Segall (2016).   541 

In the following we explore the wide range of depth-dependent temperature and resulting 542 

viscosities and their influence on the deformation models.  543 

5.3. Temperature and viscosity dependence 544 

The exact temperature distribution on Montserrat is controlled by several factors such as 545 

hydrothermal activity and the accurate location and history of the magma intrusion, which is 546 

subject to large uncertainties. These large uncertainties are also reflected in the literature:  547 

Manga et al. (2012) measured temperature gradients near the seafloor in the Lesser Antilles 548 

and found values between 0.06 K/m, and up to 0.1 K/m in a borehole at the arc crest 549 

between Montserrat and Guadeloupe at a water depth of 1200 m and borehole depth of 280 550 

m. Geothermal investigations on Montserrat found temperatures of 200  ̊C (473 K) at 2000  551 

m depth over a wide area surrounding the volcanic centre (Ryan & Shalev, 2014) leading to 552 



a shallow temperature gradient of 0.1 K/m. Gottsmann and Odbert (2014) implemented in 553 

their models an island-wide crustal hot zone of 1373 K between 31 km and 27 km depth 554 

superimposed to an elevated crustal heat flow modelled by one or two crustal magma 555 

reservoirs.  Similar to Gottsmann and Odbert (2014), we have implemented a thermal model, 556 

based on the source geometry we found in Section 4 for the intrusion, which is underpinned 557 

by a deeper magma reservoir between 14 and 20 km depth (e.g. Zellmer et al., 2003). This 558 

deeper reservoir does not have any impact on the surface deformation which is controlled by 559 

the deep-rooted intrusion modelled by the extended ellipsoid above. We use a temperature 560 

of 900 K at 20 km depth, and 1350 K in the deep reservoir and intrusion. This corresponds to 561 

thermal gradients of 0.075 K/m above the deep reservoir and 0.03 K/m further away from 562 

reservoir and intrusion. 563 

The Arrhenius approximation has been widely used to estimate shear viscosity η(T) 564 

distributions from depth-dependent temperature models (e.g., from basaltic magmas, Del 565 

Negro et al., 2009; to silicic compositions, Le Mével et al., 2016)  566 

𝜂 = 𝐴 𝑒( 𝐻𝑅𝑇) ,                                                                        (13) 579 

where A is the Dorn parameter, H is the activation energy, R is the ideal gas constant, and T 567 

is temperature in degrees K. Recent visco-elastic studies have employed commonly used 568 

values for A and H that are potentially representative of the geochemical composition and 569 

subsurface temperature. In contrast, Morales Rivera et al. (2019) have explored the full 570 

range of these parameters by applying thermo-mechanical models to the 2010-2011 unrest 571 

of Taal volcano, Philippines, investigating how host rocks with distinct viscosity endmembers 572 

in the Arrhenius formulation affect the response of the Earth's surface due to magma 573 

reservoir pressurization. In their study they used a range of activation energies H between 574 

106 kJ/mol to 217 kJ/mol, respectively, equivalent to a silicic and intermediate crust. Using 575 

Eq. 13 leads to a range of viscosities spanning several orders of magnitude for the same 576 

crustal temperature of 600 K. In the same study the Dorn parameter A is varied between 5 ×577 109 and 2 × 1013 Pas, again for a silicic and intermediate crust, adding another 4 orders of 578 



magnitude difference for the same temperature. These examples demonstrate how large the 580 

uncertainties in both temperature, and consequently in viscosity are.  581 

For the next modelling step we have chosen values for the Dorn parameter A = 10 GPas, 582 

and the activation energy H = 120 kJ/mol previously used for Montserrat (e.g. Odbert et al., 583 

2015) and derive the viscosity distribution depicted in Fig. 12A. We have estimated a range 584 

of potential temperature and corresponding viscosity values by profiling the area that 585 

contributes most to the deformation field below the station MVO1. These profiles and the 586 

resulting average viscosity values are depicted in Fig. 12B for the distal station MVO1. All 587 

profiles converge towards the surface to viscosity values far above the range we employed 588 

in our simplified homogeneous model. Therefore, we have tested the endmember models by 589 

Morales Rivera et al., (2019) in the Arrhenius formulation Eq. 13 to find the lowest value 590 

possible for a corresponding endmember in viscosity. This viscosity distribution (Fig. 12D) is 591 

then used to compute the deformation pattern as a response to an initial intrusion without 592 

any further pressurisation or magma influx. We refer to this viscosity distribution and Young’s 593 

modulus profile derived from Paulatto et al. (2019) and reduced to 67% and 11% 594 

(Gudmundsson, 1990) as explained in Section 3, as the ‘depth-dependent model’, VZMax and 595 

VZSLS,  hereafter. 596 

5.4. Visco-elastic response to magma intrusion  597 

Using the Maxwell rheology introduced in Section 5.2 and the viscosity distribution derived in 598 

Section 5.3 we can now model the visco-elastic response to an initial intrusion that is 599 

followed by a stepwise depressurisation of a magma reservoir due to extrusion of magma 600 

during Phase 2 through Phase 5, using the same pressure steps as employed in the 601 

homogeneous model VH (Fig. 11). We present in Fig. 13 the corresponding radial 602 

deformation for GPS station MVO1 for a pure Maxwell rheology (VZMax), several SLS 603 

rheologies (VZSLS) and a purely elastic model for reference (E1Ex). In contrast to the 604 



 605 

Figure 12: Temperature – viscosity model VZMax. A: temperature distribution and contoured 606 

viscosity values (Log10). Dashed lines indicate where viscosity profiles have been calculated   607 

between the magmatic source at different depths and distal GPS station MVO1. B: Viscosity 608 

profiles between MVO1 and magmatic source at 12, 8 and 6 km depth. Viscosity averages 609 

over the profiles are indicated. C: Meshed temperature model comprising cone shaped deep 610 

reservoir (30 km wide and 6 km high) and superimposed magma intrusion as depicted in Fig. 611 

6 left. D: endmember model for lowest possible viscosities which differ from (A) by one to 612 

two orders of magnitude.  613 



homogeneous model VH in Fig.11 the deformation during the pauses when the pressure 614 

stays constant does show a small inflationary trend for the Maxwell rheology (Fig. 13A) 615 

which is in the same order of magnitude as the observation. However, this inflationary trend 616 

is much smaller than the deflation during magma extrusion resulting in an overall deflation 617 

which follows the pressure profile over time, unlike the observed saw-tooth pattern in Fig. 2 618 

and 11. In fact, the small inflationary trend is well explained by the dissipation of crustal 619 

stress exerted by the initial intrusion. The more realistic depth-dependent model reveals the 620 

interaction between regions of different properties. Here elastic energy is stored in layers 621 

with high viscosity after the initial pressurisation and then dissipated due to the viscous 622 

behaviour of regions with lower viscosity. This behaviour has been previously noted and 623 

modelled by other studies (e.g. Yamasaki et al., 2017) and is demonstrated in Fig. 13C 624 

depicting the crustal response to a positive pressure step of 20 MPa for Maxwell and SLS 625 

rheology over 10 years. Here the homogeneous visco-elastic model VH (Fig. 11) is replaced 626 

by the same depth-dependent, visco-elastic model used VZMax for Fig.13A. Unsurprisingly, 627 

the SLS rheology (VZSLS) follows closely the pressure profile and the purely elastic behaviour 628 

without any inflation trend during pauses (Fig. 13B).  629 

We started from a simplified homogeneous model VH (Fig. 11) where we determined a 630 

viscosity-elasticity combination that could explain the ‘saw-tooth’ pattern observed in Fig. 2. 631 

Despite using endmember viscosity profiles as close as possible to the low viscosities of the 632 

homogeneous model, the ‘saw-tooth’ pattern cannot be reproduced by pauses during which 633 

the pressure remains constant. Hence, we have to reject the hypothesis that the inflations 634 

during pauses, particularly the ongoing inflation that has continued for more than 10 years, 635 

can be explained by a delayed crustal response to an initial intrusion without any further 636 

magma influx or pressurisation.    637 



 638 

Figure 13. A: Pattern of radial deformation at MVO1 for depth-dependent visco-elastic model 639 

derived in Section 5.3 and Maxwell rheology (VZMax) using the same depressurisation steps 640 

as in the homogeneous model (VH) in 5.2. B: same for SLS rheology. C: Response of depth-641 

dependent model used in A to a positive pressure step of 20 MPa for different rheology 642 

models. Note the logarithmic amplitude scale.           643 

 644 



Parameter Description  

VSource Source Volume m3 (calculated) 

VDRE Volume of erupted material (DRE) m3 (Wadge et al., 2010) 

ρDRE Density of erupted material (DRE) 2600 kg/m3
  

ρM Density of magma kg/m3 (calculated) 

βM Compressibility of magma Pa-1 (calculated) 

E Young’s Modulus 1.3 – 12.2 GPa (Paulatto et 
al.,2019; reduced to 11% - 67%) 

ν Poisson Ratio 0.25 
η Viscosity Pas (calculated) 

βs Compressibility of source reservoir Pa-1 (calculated) (Huppert & 
Woods, 2002) 

βr Rock bulk modulus  E/3(1- 2ν) 

n Exsolved gas content  wt.% (calculated) 

N Total gas content 4 – 8 wt.% 𝜌g Gas density kg/m3 (calculated) 𝜌c Crystal density 2600 kg/m3  𝜌m Melt density 2300 kg/m3  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 

dT/dz Thermal Gradient 0.03 – 0.1 K/m 
A Dorn Parameter 5 x109  - 1010    Pas 
H Activation Energy 1.06 x 105 - 2.17 x 105 J/mol 

 645 

Table 2. Variables used in the compressibility calculations and deformation models. 646 

6. Discussion  647 

Based on the elastic models of Section 4 we have re-introduced pressurisation during 648 

pauses in the following set of numerical models, and have estimated to what extent such 649 

pressurisation can be reduced by visco-elastic rheologies developed in the previous section. 650 

Using purely elastic behaviour, SLS and the Maxwell rheology we have attempted to find 651 

endmembers of pressurisation values, for which we discuss potential physical processes 652 

that explain the observations in Pause 5. 653 

 654 



 655 

Figure 14: Radial displacement at station MVO1 for indicated rheology and Young’s 656 

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

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

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

shear modulus µ1 = µ2, C: Maxell rheology. Note the different scales in A, B and C.  660 

6.1 Final numerical deformation models  661 

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

pressure values and history as depicted in panel A, hence, resulting in different radial 663 



displacements according to the choice of rheological model. By scaling these radial 664 

displacements to the observations throughout the eruptive history we have determined the 665 

time line and values for pressurisation and depressurisation that correspond to the 666 

observations. We drop the extreme case in panel C (Fig. 14) for a Maxwell rheology 667 

combined with an elasticity value reduced to 11% as the overall temporal pattern does not fit 668 

the observations. All pressure differences throughout the eruption are listed in Table 3. 669 

Focussing on Pause 5 we obtain pressurisations dP/dt ranging from 0.1 MPa/year to 6 670 

MPa/year for Maxwell (VZMax) and purely elastic case (E1Ex), respectively.  671 

Phase/Pause 
 
 
 

Estimated 
DRE 

(106 m3) 
(Wadge et al, 
2014) 

 

Pressure change 
(MPa) 

Elastic models 
E reduced to 

11%            67% 

Pressure change 
(MPa) 

SLS models 
E reduced to 

11%           67% 

Pressure 
change 
(MPa) 

Maxwell model 
E reduced to     

67% 
 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 [m3/year]   3.5 x 106 4.2 x 106 18 x 106 

dV/dt [m3/s]         0.11 0.13 0.57 
 672 

Table 3. Pressure changes for different models that explain the deformation patterns at 673 

MVO1 for all phases and pauses. The last three rows show the corresponding pressurisation 674 

rates and volumetric strain changes during Pause 5.  675 

The corresponding volume changes are determined by the volumetric strain integral over the 676 

intrusion (geometry Fig. 7) during inflation and result in 0.11 m3/s to 0.57 m3/s or 3.5 x 106 677 

m3/year to 18 x 106 m3/year for the elastic and Maxwell case, respectively. As expected, the 678 

corresponding values for the SLS rheology are closer to the elastic case (Table 3).  679 

 680 



6.2 Mass balance for compressible magmas 681 

According to Wadge et al. (2014), Phase 3 involved the extrusion of 282 x106 m3 DRE 682 

(Table 3). This is a factor of about 10 times larger than the volume change derived for an 683 

elastic model E1Ex and twice the volume for a visco-elastic Maxwell model VZMax. However, 684 

this can be accounted for by the effect of magma compressibility at reservoir pressures. 685 

Using Equations (6) through (8) in Section 4.6 we estimate the equivalent, depth dependent 686 

volume changes for compressible magma with a 40% crystallinity and volatile content of 4 – 687 

6 wt.%; in Fig. 15 results for Phase 3 and Phase 5 are compared. 688 

 689 

Phase/Pause 
 
 

Estimated DRE 
(106 m3) 

 

Volume change 
(106 m3) 

 Elastic model           

Volume change  
(106 m3)    

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 

 690 

Table 4. Deep source volume change from our elastic (E1Ex) and visco-elastic models (VZMax 691 

and VZSLS) compared to estimated DRE volumes (± 50%) from Wadge et al. (2014). Model 692 

parameters correspond to those used in Fig. 14.  693 

 694 

The modelled volumes for Maxwell and the elastic case are the output of the volumetric 695 

strain integral over the entire depth range displayed as horizontal lines while the DRE 696 

equivalent volumes corrected for compressibility due to 4 – 6 wt.% H2O content are given as 697 

depth-dependent. This shows that four times more material was erupted during Phase 3 698 

compared to Phase 5. The elastic model underestimates the volume change at reservoir 699 



level for Phase 3 while the visco-elastic model appears to slightly overestimate the volume 700 

change at reservoir level for Phase 5. This could point to a decrease of volatile content in the 701 

remaining magma during the years between 2006 (Phase 3) and 2010 (Phase 5) causing a  702 

 703 

Figure 15: Comparison between the estimated DRE volume and the modelled source 704 

volume change during Phases 3 and 5 for an elastic model (dashed black line) and a visco-705 

elastic Maxwell model (solid black line). These volume changes are based on the modelled 706 

GPS data listed in Table 2 integrated over the depth range between 5 and 13 km. Dotted 707 

lines are corresponding, depth-dependent volumes corrected for magma compressibility for 708 

different initial gas contents (4 - 6 wt.%) and a crystallinity of 40%. Note the step for 4 wt.% 709 

due to the solubility limit at about 260 MPa. Uncertainty on DRE (grey) and corresponding 710 

compressible magma volume (pink) are based on the DRE estimation of ±50% (Wadge et 711 

al., 2014). The depth scale indicated assumes lithostatic pressure with a rock density of 712 

2600 kg/m3.  713 

decrease in compressibility. Alternatively, this could also be interpreted as a continued influx 714 

of magma during extrusion for Phase 5. However, both elastic and visco-elastic models 715 

match in general the estimated DRE volumes once compressibility is taken into account and 716 



suggest that the models brace the realistic set of parameters that explain the deformation 717 

pattern throughout the eruption.  718 

The apparent volume changes obtained through our numerical models need to be translated 719 

into DRE volumes according to eq. 6 in section 4.6 to reflect the actual mass of magma 720 

intruded into the reservoir. The factors ρDRE/ρm and (1+ βm/βc)-1 in Eq. 6 represent the effects 721 

of compressibility of magma and reservoir, respectively. Hence, using the volumes for Phase 722 

5 in Table 3 and the apparent volume change rates in Table 2, we obtain correction factors 723 

of 5.7 and 2.6 for the elastic and Maxwell case, respectively. Applying those to the apparent 724 

volume change rates we finally obtain 0.62 m3/s to 1.48 m3/s or 19 x 106 m3/year to 47 x 106 725 

m3/year for the elastic and Maxwell cases, respectively.    726 

6.3 Link to SO2 outgassing 727 

Focussing on Pause 5 and the ongoing inflation of the island of Montserrat, another way to 728 

constrain the assumption of continuing magma influx as an explanation is a comparison with 729 

the outgassing of SO2. Both traverse-based and network data acquisition place the amount 730 

of outgassed SO2 in the range of 300 ± 130 tonnes/day (Stinton et al., 2020).  731 

Crystallisation during cooling (second boiling) reduces the volume of melt and, therefore, 732 

increases the vapour pressure forcing volatiles to exsolve and form bubbles. Even a partial 733 

confinement of these exsolved volatiles results in pressurisation of the magma reservoir, and 734 

hence, will contribute to the deformation field. If we assumed crystallisation as the sole 735 

mechanism to explain the deformation data and made the rather extreme assumption of a 736 

closed system where no exsolved gas can escape, a source volume of 40 km3 would be 737 

required (Caricchi & Simpson, 2015) to generate the amount of gas needed matching a 738 

pressurisation of 1 – 6 MPa/year. While this volume is in agreement with the magma volume 739 

suggested by Christopher et al. (2015), it is significantly larger than our modelled sources 740 

ranging from 1.26 km3 to 8 km3, and the amount of volume generated by a uniformly 741 

degassing magma body of 40 km3 would have to be concentrated in the upper part of our 742 



modelled intrusion in order to match the observed deformation data. Furthermore, the 743 

assumption of a sealed system seems unrealistic given the constant outgassing of SO2 at 744 

300 tonnes/day during Pause 5, and we conclude that crystallisation induced degassing can 745 

only account for a very small fraction of the observed deformation data.  746 

If we assume an open system and hypothesise that the entire amount of sulphur originates 747 

from a continuous influx of more mafic magma into a shallow intrusion we can obtain an 748 

upper bound of magma influx that is constrained by the long-term average of SO2 output. 749 

Edmonds et al. (2014) estimated the amount of sulphur gases emitted continuously between 750 

July 1995 and July 2011 at 4.0 ± 0.6 x 109 kg while the total amount of magma erupted in 5 751 

phases during this time amounted to 1.1 km3 (Wadge et al., 2010). Having found very little 752 

sulphur (<100 ppm) in melt inclusions, Edmonds et al. (2014) assumed that all of the sulphur 753 

emitted continuously over these years had resided as a volatile phase in the andesitic 754 

magma reservoir prior to the onset of eruption. Adopting the numbers by Edmonds et al. 755 

(2014) above, and assuming a magma density of 2600 kg/m3, we estimate the sulphur 756 

content at about 0.14 wt%. Using the postulated volume influx in the range dV/dt = [0.62, 757 

1.48] m3/s, this results in a magma mass influx of dM/dt = [139, 332] x 106 kg/day, of which 758 

sulphur contributes 0.14 wt%. Hence we derive [195, 465] x 103 kg/day of sulphur or about 759 

[390, 930] t/day of emitted SO2 based on our purely elastic model or the visco-elastic 760 

Maxwell model, respectively.  These results are higher but overlap with the uncertainties of 761 

the measured outgassing of 300 ± 130 tonnes/day and indicate that values of 1.48 m3/s or 762 

47 x 106 m3/year form indeed an upper bound of magma influx into the deep reservoir. 763 

7. Summary and conclusions 764 

We embarked on an attempt to explain the current deformation pattern on Montserrat 765 

showing since 2010 a continuous expansion of the entire island, which has important 766 

implications in terms of understanding the future eruption potential of the volcano. We made 767 

use of the remarkable similarity of deformation patterns that can be applied to both inflation 768 

and deflation, hence one source geometry can be used for the entire eruptive history. 769 



Through numerical modelling we have matched GPS data sets to a deep source embedded 770 

in an elastic half space. Unlike other studies it has not been our intention to match all details 771 

of the deformation data which can be achieved by varying parameters like viscosity, 772 

elasticity, temperature in three dimensions. In contrast, we have explored alternative models 773 

as proof of concept. Prompted by the petrology study of McGee et al. (2019) that suggested 774 

the end of an initial magma intrusion by 2003, we have explored a set of visco-elastic 775 

models, testing whether the entire deformation pattern throughout the eruptive history can be 776 

explained by a visco-elastic response of the volcanic system to an initial intrusion without 777 

any further pressurisation during eruptive pauses. Rather than searching for one possible 778 

explanation, we attempted throughout this study to capture the widest possible range of 779 

modelling parameters in order to assess the range of possible solutions that could explain 780 

the deformation pattern on Montserrat. 781 

 In our initial modelling attempts (Model IS, ID and IF) we ruled out a dyke or fault to 782 

explain the deformation on Montserrat. Given the fact that there is little evidence for 783 

significant recent activity on the local faults as discussed in Section 4.2, we adopt a 784 

more realistic tectonic contribution of max. 3 mm/year in each direction (Wadge et al., 785 

2014) which would correspond to a pressure reduction by only 1 MPa at the deep 786 

source geometry. Hence, we conclude that any tectonic contribution to the current 787 

deformation field has by comparison a very small impact. 788 

 We conclude that the ongoing deformation pattern (Pause 5) is best explained using 789 

a dual-source model (Model E2E/E2Ex) with a shallow deflating source and a deeper 790 

inflating source. In terms of understanding the future eruption potential of the 791 

volcano, continuous magma accumulation is the main consideration, therefore, it is 792 

the deeper, inflating source which is more important. However, the deflating source 793 

suggests a depressurisation at shallow depths. The observation that the shallow 794 

source is not evident in the GPS data for any other phase or pause, other than Pause 795 

5, implies it represents either a change in source process, or an ongoing process, the 796 



effects of which were previously masked by the deeper source. Potential causes for 797 

the deformation pattern close to the volcano and modelled as a shallow deflating 798 

source could include cooling, crystallisation, outgassing and deposit loading. The 799 

most viable explanation for deep source volume changes is magma accumulation, 800 

whereas local and regional tectonics as well as crystallisation play a minor role, if any 801 

at all. 802 

 We have tested the hypothesis that the inflation during pauses could be due the 803 

visco-elastic response of the volcanic system under constant pressure but without 804 

further magma influx. By utilising the linear deformation trend of a Maxwell rheology 805 

we found a set of parameters that could indeed explain the saw-tooth pattern for a 806 

simplified, homogeneous model (VH). For more realistic, depth-dependent parameter 807 

distributions (VZ), however, we reject the hypothesis explaining the saw-tooth pattern 808 

without new magma influx. This is the case for all visco-elastic models we used 809 

despite stretching the parameter space concerning temperature and viscosity as far 810 

as possible.  811 

 Our modelling has shown that the deformation data captured by the GPS network are 812 

controlled by the upper surface of the source volume and extending the source 813 

vertically, whilst maintaining its footprint, does not significantly alter the horizontal or 814 

vertical displacements. Hence, the absolute volume of the magma body to which 815 

volume changes are applied is hard to constrain and our preferred source geometry 816 

is not incompatible with previously published source volumes (summarised in 817 

Elsworth et al., 2014). 818 

 By assuming a consistent source mechanism and geometry throughout the eruption, 819 

we have mapped the deformation field for all phases and pauses into volume 820 

changes at the deeper source, and conclusions can be drawn about magma supply 821 

and extrusion rates. We have calibrated our best-fit model parameters in Pause 5 822 

and have applied those to the GPS data in previous phases and pauses. By retracing 823 



the entire eruptive history of SHV we have derived the total volume changes at the 824 

deep source level. Fig. 8 summarises and compares the volume of erupted material 825 

(DRE) and volume changes at depth based on the initial elastic models E1E, while 826 

Table 3 contains the corresponding values derived from the volumetric strain integral 827 

for the depth-dependent, more realistic set of elastic and visco-elastic models VZ. 828 

 Regarding the timing of the start of Phases 2 – 5, it is significant that the volume 829 

extruded has exceeded the volume of influx in each eruptive phase. This indicates 830 

that the magma reservoir has not been replenished to its original pre-eruption volume 831 

prior to the onset of the next eruptive phase. This fact demonstrates that the 832 

sequence of eruptive phases is not merely controlled by the accumulation of a critical 833 

magma volume, but another change in the system is required instigating an eruptive 834 

phase. Following this apparent trend of onsets indicated in Fig. 8 an intriguing 835 

interpretation could be made: the so-called ash-venting in the beginning of 2012 836 

could be interpreted as a failed new eruptive phase.   837 

 Another outcome of this study is the appreciation of how large the uncertainties in 838 

modelling parameters are, preventing the modelling results to be further constrained. 839 

This has been demonstrated in Elsworth et al. (2014) for purely elastic models and 840 

for visco-elastic models by Morales Rivera et al. (2019), as well as this study. 841 

Additional data sets like gravity measurements are needed to constrain the mass 842 

influx more directly. 843 

 Currently there are three criteria which are used to define the end of the eruption at 844 

the Soufrière Hills volcano (Wadge and Aspinall, 2014). These are (i) absence of low 845 

frequency seismic swarms, (ii) daily SO2 fluxes below 50 tonnes/day, and (iii) no 846 

significant volcanic ground deformation from a deep source. Currently the latter two 847 

criteria are not being met. These two criteria are a proxy for continued input into the 848 

crustal magma storage system from depth of a hotter, volatile rich, more mafic 849 

magma. This input is thought to be necessary to sustain a long-lived, episodic 850 



eruption such as observed at the Soufrière Hills volcano. An exploration of the effects 851 

of a range of viscoelastic and elastic magma plumbing system models suggests that 852 

the observed ground deformation is best described by a continued pressurisation of a 853 

crustal reservoir thought to be due to input of mafic magma. As it is this input of mafic 854 

magma into the shallow storage system that is thought to have initiated and 855 

sustained the five extrusive phases of the Soufriere Hills Volcano (Devine et al., 856 

2003), the implication is that another extrusive phase cannot be ruled out. We 857 

conclude that the eruptive sequence of Montserrat’s Soufrière Hills volcano is still 858 

ongoing with magma trickling into a crustal reservoir. It remains an open question if 859 

there is enough crystal-poor, melt-rich, eruptible magma that could reach the surface 860 

in the near future. To evaluate the near-term threat for Montserrat the crucial problem 861 

needs to be addressed why a new phase started in the past, when it started. 862 

Processes like segregation and turnover processes in a crustal reservoir of melt and 863 

crystal mush might hold the answer but are far from being understood. It also points 864 

to the need for continued close monitoring of the volcano to identify any signs of the 865 

beginning of a new phase of extrusion as early as possible. 866 
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