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[11 Analyses of volcano surface deformation are commonly based on models that assume
mechanical homogeneity of rocks surrounding the causative pressure source. Here we
present a detailed study that shows the differences in deduced surface deformation caused
by source pressurization accounting for either mechanical homogeneity or mechanical
heterogeneity of encasing rocks in a volcanic arc setting using finite element models.
Accounting for crustal heterogeneity from seismic data, we test for a range of source
geometries and intermediate crustal depths and explore the misfits of deduced source
parameters from the two families of models. In the second part of this study, we test the
results from the generic study against cGPS data from two deformation periods (the
2003-2005 ground inflation and the 2005-2007 ground deflation) at Soufriere Hills
Volcano, Montserrat, West Indies, to inform on source parameters. Accounting for a
variable crustal rigidity with depth as deduced by seismic analysis beneath Montserrat,
we find the data to be best explained by pressurization and depressurization of a slightly
prolate midcrustal magma chamber that is centered between 11.5 and 13 km below sea
level, about 640 m NE of the active vent. Considering source dimension and source pressure
changes, we demonstrate that magma compressibility and viscoelasticity of host rocks
considerably affect dynamics in the midcrustal magmatic system of Soufri¢re Hills Volcano
and need to be accounted for as first-order effects in geodetic data analyses and modeling.
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1. Introduction

[2] Geodetic studies of ground deformation in volcanic
areas include the construction of models to help constrain
parameters such as location, geometry and pressure change
of causative sources. Deformation modeling has advanced
from the pioneering approaches of Anderson [1936] and
Mogi [1958] to models accounting for complex source
geometries [e.g., Dieterich and Decker, 1975; Okada, 1985;
Yang et al., 1988; Fialko et al., 2001], elastic heterogeneity
[Rundle, 1980; Bianchi et al., 1984, 1987; Fernandez and
Rundle, 1994], structural discontinuities [De Natale and
Pingue, 1993; Folch and Gottsmann, 2006], rheological
differences [Bonafede et al., 1986; Ferndndez et al., 2001]
and topography [Cayol and Cornet, 1998; Williams and
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Wadge, 1998]. The interested reader is referred to the
recent review by Poland et al. [2006] for a more detailed
account of these models.

[3] Only few studies, however, investigate the combined
influence of two or more of these factors on ground defor-
mation [e.g., De Natale and Pingue, 1993; Folch et al.,2000].
For the specific case of elastic heterogeneity, Ferndndez and
Rundle [1994] and Trasatti et al. [2003] studied the generic
effect of varying the depth of a spherical pressure source in a
multilayered elastic medium. Manconi et al. [2007] and
Geyer and Gottsmann [2010] theoretically investigated the
effect of layering of mechanically stiff and soft layers on
surface deformation triggered from sources at shallow depths
(up to 5 km). While Manconi et al. [2007] only accounted for
a single spherical source, Geyer and Gottsmann [2010] also
considered source multiplicity. Other works focus on effects
of crustal heterogeneity on ground deformation at specific
volcanoes such as Campi Flegrei, Mount Etna, and Okmok
Volcano [Bonaccorso et al., 2005; Trasatti et al., 2005, 2008;
Masterlark, 2007]. A key finding of studies comparing dis-
placements in mechanical homogeneous versus heteroge-
neous crust is that source depths deduced by accounting for
crustal heterogeneity differ from those assuming elastic
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Figure 1. (a) Axially symmetric finite element model (only 13 X 10 km is shown; the entire domain is
100 x 100 km). The surface is assumed to be flat, while source depth, volume and geometries are varied
(see text for details). The source is uniformly pressurized. (b) Young’s modulus values for the upper crust
as obtained from a P wave velocity model from Montserrat. Elastic heterogeneities are parameterized to

increase gradually with depth.

mechanical homogeneity of country rock. Most studies,
however, compare only results from models invoking a
spherical pressure source. Though, there are few studies that
compare (1) the influence of changing source geometries and
(2) the effect of mechanical homogeneity versus heteroge-
neity [Battaglia and Segall, 2004; Pritchard and Simons,
2004], these factors are not combined in the modeling, but
only analyzed separately. Hence, a full parameterization of
differences in inferred source characteristics, including
source depths, volumes and in particular shapes, when
investigating ground deformation in a mechanically hetero-
geneous versus homogeneous medium, is lacking. As a result
our knowledge on the combined influence of both parameters
on surface deformation is incomplete. This paper serves as a
first order parameterization of the combined effect of source
geometry and mechanical heterogeneity on surface defor-
mation by simulating pressurization of a midcrustal magma
chamber.

[4] We first present a set of generic ground deformation
models based on isotropic homogeneous elastic half-space
(HOHS) and heterogeneous elastic half-space (HEHS) ap-
proaches, and show resulting differences in surface defor-
mation when (1) accounting for elastic heterogeneities of
host rocks in an island arc setting and (2) using simple
assumptions for crustal mechanical properties. This study
investigates differences on the horizontal and vertical com-
ponent of the deformation field and accounts for the first time
for a variety of source geometries and source depths in a
heterogeneous medium. Second, we analyze continuous
Global Positioning System (cGPS) data recorded during two
eruption periods (2003—2005 during ground inflation, 2005—
2007 during ground deflation) at Soufriére Hills Volcano
(SHV), Montserrat, West Indies,. We compare the observed
displacements with results from our generic models to assess
the role of a midcrustal magma reservoir during ground
deformation and then fit the observables via a set of forward
models to inform on its source characteristics.

[s] We provide a detailed study of surface deformation
caused by the deep magma system beneath SHV that
accounts for both crustal heterogeneities and anisotropies as

well as a finite magma body geometry. We thus build on the
understanding of the structure of the SHV magmatic system
inferred previously from ground deformation data [e.g.,
Mattioli et al., 1998; Voight et al., 2006; Wadge et al., 2006;
Elsworth et al., 2008; Hautmann et al., 2009].

2. Theory

2.1. Method, Model Setup, and Calibration

[6] We use a finite element method to construct a set of
generic models to simulate ground deformation induced by
an axially symmetric, uniformly pressurized source in the
mid crust (see Figure 1). We first investigate sources cen-
tered at a depth z = 11 km (assuming z positive downward
and z = 0 at sea level) with spherical, oblate (c¢/a = 0.6, with
axis a = b > ¢) and prolate (a/c = 0.6 with axis a = b < cg
geometries, respectively, and a volume of V' = 14 km
(corresponding to a radius » = 1.5 km in a spherical source).
We then vary individual source parameters, including the
source volume (V=9 km® [r=1.3 km] and V=21 km® [r=
1.7 km]), depth (z = 8 km and z = 14 km), and the eccen-
tricity of the spheroidal sources (c/a = 0.8, 0.4, 0.2 for oblate
geometry, a/c = 0.8, 0.4, 0.2 for prolate geometry). Fur-
thermore, we simulate pressurization in a sill and a dike,
respectively, centered at 11 km depth with a half-width of
100 m and a half-length of 3 km. The model parameters to
illustrate generic surface deformation triggered by midcrustal
magma chambers have been chosen based on source char-
acteristics typically found in island arc volcano settings (e.g.,
source depths between 9 and 13 km at Miyakejima [Saifo et
al., 2005], Augustine Volcano [Cervelli and Coombs, 2006],
Soufriere Hills Volcano [Mattioli and Herd, 2003]).

[7] In all our models, the free surface is assumed to be flat
at z = —500. While this value is chosen somewhat arbi-
trarily, it nonetheless provides a reasonable approach for
fitting measured GPS data with respect to the average ele-
vation of a network in an island arc setting. The idealization
of a flat surface is warranted, as the effect of topography on
the deformation pattern decreases with increasing depth of
the pressure source [Cayol and Cornet, 1998]. The axes of
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Figure 2. Normalized results of surface deformation due to overpressure in a spherical source at differ-
ent depths. Results are shown for (left) vertical and (right) horizontal displacements in a homogeneous
(black) and heterogeneous (red) medium. The predicted relative horizontal displacements are amplified
in the heterogeneous model. At the same time, the source depth, inferred from the relative vertical defor-
mation, is underestimated by 1.1 km, when erroneously assuming mechanical homogeneity.

the spheroidal sources are normal and parallel to the sur-
face, respectively. The effective computational size of the
generated models is large enough (100 x 100 km) to avoid
boundary effects in the zone of interest.

[8] Solutions for the HOHS models are obtained for
Young’s Modulus (F) and Poisson’s ratio () set constant at
E =75 GPa and v = 0.25. Mechanical properties for the
HEHS approach are inferred from data of seismic velocity
profiles in the upper crust of island arc volcanoes. We have
chosen a vertical 2-D P-wave velocity profile from the
upper crust beneath the island of Montserrat [Paulatto et al.,
2010], but note that this profile is very similar to those
observed in other arc volcanoes (e.g., Popocatepetl [De
Barros et al., 2008], Aso Volcano [Sudo and Kong, 2001]).
In fact, we found that differences in between velocity models
from Montserrat, Popocatepetl, and Aso Volcano, hence,
differences in the inferred mechanical properties of the crust
have only very minor effects on surface deformation. Thus,
the results presented here are not site-specific to Montserrat,
but broadly applicable. We assumed a Poisson’s ratio v =
0.25, which yields values of Young’s Modulus of 17 GPa <
E <102 GPa for —0.5 km < z < 10 km (Figure 1). The
sensitivity of the Young’s Modulus on the value of the
Poisson’s ratio is low, for example, if one assumed v = 0.3,
the resulting values for £ would be increased by approxi-
mately 3%. Mechanical heterogeneity is not generated by
superimposing mechanically different homogeneous layers
onto each other to construct the model, but rather by
assigning property values that gradually change with depth
to each node of the finite element mesh. We here use the
relation

E(z) =287 x10792 +1.55x 10742* +1.89 x 10719

—233%x 107722 -0.02z+ 14 (1)

in order to describe E as a function of depth. As deduced
from the Montserrat velocity profile, elastic properties tend
to change only slightly at greater depths (see also Figure 1).
Since our investigated source depths are not deeper than
14 km, we set £ = 105 GPa for z > 10 km. Equations of
linear elasticity have been solved numerically via a finite
element (FE) method [Codina and Folch, 2004].

[v] We calibrated our FE approximation to analytical
solutions of the Mogi model [Mogi, 1958]. While the FE
method is based on the modeling of a finite source, the Mogi
model assumes a point-source. However, Mogi [1958]
demonstrated that a spherical body, which radius is far
smaller than its depth may be represented by the mathe-
matical concept of a point source. Expressions for a finite
spherical source are given by McTigue [1987]. We tested
both model approximations against each other for the
example of a spherical source located at 11 km depth with a
radius of 1 km and a uniform pressurization of 15 MPa.
Elastic properties of the medium are set as £ = 75 GPa and
v = 0.25. The FE method solution underestimates the Mogi
solution for vertical and horizontal displacements by 0.3%
only, which is an acceptable misfit.

2.2. Results

[10] We normalize results for vertical and horizontal dis-
placements relative to the maximum vertical deformation
U, nax- Thus, the results are independent of source over-
pressure and differences between the HOHS and HEHS
models. The presented plots can thus be applied to analyze
deformation data from other volcanoes in similar settings in
a straight-forward manner.

2.2.1. Spherical Sources

[11] Results from the HOHS approach using a spherical
pressure source can be regarded as “Mogi-type” solutions.
Figure 2 compares the differences to the HEHS models and
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Figure 3. Normalized results of surface deformation

horizontal distance from source [m]
---------- c/a=0.2 heterogeneous
c/a=0.4 heterogeneous
c/a=0.6 heterogeneous
—— c/a=0.8 heterogeneous

induced by a pressurized oblate source. Results are

shown for (left) vertical and (right) horizontal displacements in a homogeneous (black) and heterogeneous
(red) medium. (top) Source geometry is assumed to be constant (c¢/a = 0.6), while source depth is varied
(z=8 km, 11 km, and 14 km). (bottom) Source depth is set at z = 11 km, while different eccentricities
(c/a=0.2, 0.4, 0.6, and 0.8) of the oblate source are tested. Smaller values of c¢/a correlate with higher
source eccentricity and vice versa, ¢/a = 1 corresponds to a source of spherical shape.

represents the misfit in the classic Mogi model when applied
to comparable geologic settings. The results reveal two
significant differences between the two models. First, the
predicted normalized maximum horizontal surface defor-
mation U, is amplified by 31% when accounting for
heterogeneity. This leads to an increase in U,,,,q/Uopax Of
0.12. Varying the values for source depth and volume gives
only a small difference of £ 0.003 in U,,,;./U.nax- The
amplification of horizontal surface deformation becomes
less significant at larger distances from the source, due to a
stronger signal decay in a heterogeneous medium. Second,
the predicted wavelength, i.e., the footprint of vertical sur-
face deformation decreases when employing a heteroge-
neous model. This is reflected (1) in a shortening of the
radial distance to U,,,,, by 0.7 km + 0.1 km (with a larger
distance for increasing z) and (2) in a steeper decrease of U,

4 of

with distance from source. Note that we report distance here
as the distance to the source center projected to the free
surface. For the same pressure increment the reduction of
the footprint would derive in a source depth reduced by
about 1.1 km (for sources centered between 8 and 14 km
depth) compared to the HOHS solutions.
2.2.2. Oblate Sources

[12] Our results show that in HEHS models an oblate
source gives lower amplitude horizontal displacements
compared to a spherical source (Figure 3). This finding is in
agreement with previous results for HOHS models
[Dieterich and Decker, 1975]. This effect, although signif-
icant when applying a HEHS model, is reduced, however, as
the predicted relative maximum horizontal deformation is
amplified by 35% (for c/a = 0.6; while 36% for c/a = 0.2).
This corresponds to an increase of U,,,u/ U.pmax by 0.11 (for
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model. The resulting horizontal distance U,,,,, to source
center decreases by 0.4—0.7 km in the heterogeneous model,
with U,,... closer to the source at higher eccentricity or
greater depth of the source. The relative vertical deformation
predicted by the heterogeneous model corresponds to the
predicted relative vertical deformation from a source located
1.0 km shallower in a homogenecous model. Predicted
deformation patterns for the sill geometry are equal to so-
lutions for the oblate spheroidal source with ¢/a = 0.2 and
therefore are not shown separately.
2.2.3. Prolate Sources

[13] Surface displacements induced by a prolate source
show that increasing eccentricity of the source causes more
horizontal deformation and larger distances between source
center and U,,,.. (Figure 4). Applying the heterogeneous
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Figure 4. Normalized results of surface deformation induced by a pressurized prolate source. Results are
shown for (left) vertical and (right) horizontal displacements in a homogeneous (black) and heterogeneous
(red) medium. (top) Source geometry is assumed to be constant (a/c = 0.6), while source depth is varied
(z=8 km, 11 km, and 14 km). (bottom) Source depth is set at z = 11 km, while different eccentricities
(a/c =0.2, 0.4, 0.6, and 0.8) of the prolate source are tested. Smaller values of a/c correlate with higher
source eccentricity and vice versa, a/c = 1 corresponds to a source of spherical shape.
c/a = 0.6; while 0.1 for ¢/a = 0.2) in the heterogeneous model results in a relative maximum horizontal deformation

increased of 25% (for a/c = 0.6; 19% for a/c = 0.2), which
leads to a change in U,,;;4./ U, ax 0f 1.2 (for a/c = 0.6; 1.6 for
a/c = 0.2). The radial distance U,,,,, to source center de-
creases by 0.7-1.3 km, with U,,,,, closer to the source at a
smaller eccentricity or greater source depth. The predicted
vertical deformation pattern derived from the heterogeneous
model corresponds to the solution obtained from the
homogeneous model with a source located about 1.3 km
shallower. A dike centered in the mid crust did not give any
significant surface deformation (i.e., <I mm) in our models.
2.2.4. Effect of Mechanical Heterogeneity on Absolute
Displacements

[14] Generic relations between differences in the predicted
magnitude of absolute vertical deformation when employing
a heterogeneous versus homogeneous model cannot be
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given, as the ratio U,,,,, homogeneous medium/U,,,,, het-
erogeneous medium depends solely on the elastic property
values chosen for the homogeneous model. Comparison of
the ratios U,,,,, homogeneous medium/U,,,,, heterogeneous
medium for a range of different source shapes to examine
any relative dependence with respect to changing source
geometries did not reveal any correlation, and therefore the
results are not shown.

2.3. Discussion

[15] In summary, we found three significant discrepancies
between the predicted deformation pattern obtained from
models using a purely homogeneous medium and a medium
with rock properties that change systematically as function
of depth.

[16] First, the predicted horizontal displacement from a
pressurized source is markedly amplified by mechanical
heterogeneity. To fit observables, one would therefore
deduce more prolate source geometries in models account-
ing for mechanical homogeneity only. The effect is even
more pronounced for prolate sources in a heterogeneous
medium, but attenuates slightly for oblate sources.

[17] Second, the maximum horizontal deformation at the
free surface occurs closer to the source in a heterogeneous
medium. The more prolate the source and/or the deeper the
source, the more significant the effect. The more oblate and/
or the shallower the source the less significant the effect.

[18] Third, the wavelength (footprint) of vertical surface
deformation is shorter in a heterogeneous medium. The
shortening corresponds to an underestimation of source
depth by 1.0-1.3 km, when accounting for mechanical
homogeneity. The disparity increases for prolate source
geometries compared to oblate ones.

[19] In summary, we conclude that misfits between solu-
tions from homogeneous and heterogeneous models vary
only slightly between oblate and spherical sources, while for
prolate sources the misfits differ more strongly. The effect of
varying source volumes over the range described above only
result in very minor discrepancies between either solution
and can hence be neglected. Note, however, that when
applying velocity models from different tectonic settings,
the qualitative observations described should be similar,
although some minor quantitative variations might occur.

[20] We found that the difference between the heteroge-
neous and the homogeneous model solutions (shown in
Figures 2—4) did not depend on the depth of the source for
depths greater 11 km. There are very minor differences for
shallower sources, but they are likely below the detection
limit for most surveillance techniques. However, the effect
of topographic relief increases for sources at shallower
depths.

3. Model Application to Deformation at Soufriére
Hills Volcano, Montserrat, West Indies

3.1. Background Information on the Volcano’s
Magmatic System

[21] Soufriere Hills Volcano (SHV; Montserrat, West
Indies) is currently one of the most active dome-building
andesitic volcanoes on Earth [e.g., Wadge et al., 2006]. Since
the beginning of its eruption in 1995, one scientific challenge
has been to link explosive and effusive eruptive phenomena
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with physico-chemical processes with its plumbing system at
depth. Numerous studies have been conducted using geo-
physical and petrological data, in addition to the develop-
ment of theoretical models on fluid flow dynamics, in order
to assess the structure and dynamics of the complex shallow
and deep magmatic system of SHV.

[22] 1. Mattioli et al. [1998], Costa et al. [2007a, 2007b],
Hautmann et al. [2009], and Linde et al. [2008] proposed
the shallow feeding system at SHV to consist of a vertical
dike-conduit system trending NW-SE to NNW-SSE. The
presence of a shallow dike beneath SHV was first proposed
by Mattioli et al. [1998], on grounds of inversion of re-
corded ground deformation data. Detailed studies of fluid
flow dynamics (to constrain source geometry and over-
pressure values [Costa et al., 2007a, 2007b]) combined with
3-D models of surface deformation (accounting for topog-
raphy, host rock heterogeneity and finite source geometry
[Hautmann et al., 2009]) and comparisons with tiltmeter
records further constrained the dike to roughly 500 m in
horizontal length with a thickness of ca. 2 m. At depths
shallower than 1 km the dike is proposed to open into a
cylindrical conduit with a radius of ca. 15 m at the surface
[Sparks et al., 2000]. Analysis of recent strainmeter data
[Linde et al., 2008] is also consistent with the dike model.

[23] 2. The shallow dike-conduit is assumed to couple to a
magma reservoir which top is at about 5 km depth. Inversion
of geodetic data for a pressurized spherical source embed-
ded in a homogeneous elastic half-space [Mogi, 1958] that
were recorded in the early stage of the eruption (1995-1997)
indicated the magma chamber to be centered at about 6 km
depth beneath the Soufriére Hills crater [Mattioli et al.,
1998]. Additional studies using data from borehole dilat-
ometers [Voight et al., 2006], petrological observations
[Murphy et al., 2000; Devine et al., 2003], and experimental
phase equilibria studies [Barclay et al., 1998; Couch et al.,
2003; Rutherford and Devine, 2003] further supported the
inferred location of the top of the shallow magma reservoir
and constrained the chamber to be a slightly flattened
spheroidal source with an estimated volume of 4 km®.

[24] 3. The evaluation of cGPS data from subsequent
phases of the eruption (2003-2007) indicated that the
observed surface deformation may be explained by pressure
variations in a spherical source that is centered between 9
and 13 km depth with an estimated volume of 4 km?®
[Mattioli and Herd, 2003; Mattioli, 2005]. Voight et al.
[2008] proposed a prolate spheroidal magma reservoir
(a/c = 0.5) located at about 10 km depth. Petrological data
(basalt inclusions in the erupted andesites) support the
principle assumption of a deeper mafic reservoir that is
connected via a conduit to the upper chamber [Murphy et al.,
2000; Devine et al., 2003; Annen et al., 2006].

[25] The emerging picture is that the current eruption of
SHV is fed by multiple reservoirs, i.e., two stacked magma
chambers, [e.g., Elsworth et al., 2008]. Current results from
the analysis using cGPS data should, however, be regarded
as first order approximations, as computational simulations
are built on simplistic assumptions as to the mechanical
properties of the subsurface beneath Montserrat. To our
knowledge, ground deformation models based on a more
realistic account of rock mechanics to evaluate the possible
role of a deeper reservoir for the recorded ground defor-
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Figure 5. (top) Map of Montserrat, West Indies, showing the locations of the cGPS sites and recorded
horizontal surface deformation including measure uncertainties. (left) Deformation data cover one entire
period of ground inflation (July 2003 to November 2005), and (right) the subsequent episode of ground
deflation (December 2005 to March 2007). (bottom) Corresponding vertical deformation as recorded at
each station. Stations are listed in order of distance to vent (unscaled).

mation on the island are missing. Filling this gap is the The stations were distributed at a radial distance between 1.6

principal aim of the following section.

3.2. Data, Methods, and Model Adjustments

and 9.6 km from the vent (Figure 5). Data were collected at a
frequency of 0.033 Hz using Dorn-Margolin Choke Ring
antennas. Post-processing was performed using the GIPSY

[26] Using the methodology described above, we fit software employing final, precise satellite orbits, clocks, and
ground deformation data obtained at 10 stations using data Earth orientation parameters (see Jansma and Mattioli
from continuously recording dual frequency GPS receivers. [2005] for details). Site velocities were tied to an external
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frame (Caribbean Plate [DeMets et al., 2007]). 3-D position
estimates at each site were obtained by averaging dual-fre-
quency, code and phase observations for a single 24 h period.
This data set covers a period of continuous inflation in its
entirety, lasting from mid-July 2003 to November 2005, as
well as the subsequent deflationary period, which lasted from
December 2005 to March 2007. Site velocities were calcu-
lated assuming linear behavior over the period of interest and
component velocity errors include contributions from white,
colored and random walk noise sources. For both eruption
periods, recorded displacements and measure uncertainties
from the individual stations are given in Figure 5.

[27] For the first time period, it is notable that records
from the station closest to the source center (HERM) deviate
markedly from the overall displacement pattern. However, it
already has been recognized earlier that data recorded at
HERM do not generally agree with observations from
neighboring GPS sites (Montserrat Volcano Observatory
(MVO), personal communication, 2006). As the location of
HERM is in the immediate vicinity of the volcanic center,
the GPS records can be explained with local effects due to
dome loading on English Crater wall [Norton et al., 2002].
We hence exclude data from this site from further analyses.
In addition, the first data set includes two single data points,
which also differ from the overall deformation pattern
(TRNT at U, and SOUF at U,). Data from the deflationary
episode show that the amplitude of horizontal displacements
U, gradually increases with increasing distance from SHV.
The only exception here is found for records from TRNT.
The spatial distribution of the vertical displacements reveals
unexpectedly large subsidence at stations at the east flank of
the volcano (HARR, HERM, TRNT, WTYD), while sta-
tions from all other parts of the island show overall defor-
mation pattern as in the previous deformation period, with a
gradual decrease of vertical displacements with distance to
the vent. We hence will split the second data set and exclude
the records from stations located at the east flank of SHV
from our modeling. All other data will be used for the
modeling of source parameters of the deep reservoir. We
will not give a detailed analyses of the different deformation
changes at the eastern flank of SHV as compared to the
overall deformation pattern of the island, as all interpreta-
tions would be purely speculative based on the low number
of available data. Preliminary results on the possible influ-
ence of faulting are summarized in Text S1 in the auxiliary
material.' In oncoming studies, however, we will addition-
ally evaluate data from more recent deformation periods and
will then analyze the entire deformation field in a full 3-D
domain in order to find possible scenarios that explain the
anomaly of the SHV eastern flank in the deformation
records.

[28] Accounting for an average network elevation of
250 m (ellipsoidal height) and crustal heterogeneities from
this datum downward, we performed a series of forward
models, in which we varied the source depth between 8 and
14 km in steps of 0.5 km, in order to find the best fit solution
to the recorded data. Source geometries explored for the
simulation included spherical, oblate and prolate shapes for
all investigated depths. For quantification of the model fit, all

'Auxiliary materials are available in the HTML. doi:10.1029/
2009JB006909.
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results were evaluated using the method of root mean square
error (RMSE).

3.3. Results

[20] We first analyzed the direction and length of the
horizontal displacement vectors in the recorded cGPS data,
in order to determine the horizontal position of the pressure
source with respect to GPS benchmarks. The data indicated
that in both of the investigated time periods, the displace-
ment originated from a source that was located about 640 m
+ 150 m to the NE of the vent. Whether or not to include
data from sites yielding lower observational precision in the
analysis does not significantly affect the results with respect
to the inferred horizontal source location. Plotting the
observed displacement versus radial distance from source
shows a very clear pattern for either investigated time period
(Figure 6).

[30] Figure 6 illustrates results from the best fit models for
each period using both horizontal and vertical displace-
ments. For inflation (2003-2005), our results show an
excellent fit for a source centered between 11.5 and 12 km
below sea level, with a moderately prolate (0.7 < a/c < 0.8)
geometry. For deflation (2005-2007), we found the best
fitting model to contain a source located at a depth of about
13 + 0.5 km below sea level with a slightly more prolate
geometry (a/c = 0.6). The RMSE is similar for model results
within the given ranges for source depth and eccentricity,
but markedly increases for models with source parameters
outside these ranges. For the deflationary time period the
RMSE is slightly lower than for the inflation (RMSE =
0.107 for ground inflation, while RMSE = 0.0904 for ground
deflation). This difference, however, is due to the large
derivation of TRNT at U, and SOUF at U, during ground
inflation, but it gives no constraints on the choice of the
preferred source model. Additionally accounting for topog-
raphy and second-order heterogeneities (i.e., lateral hetero-
geneities; including a zone of denser material located
between 1.5 and 3 km below sea level (bsl) and the shallow
magma chamber (accounting for compliant material) cen-
tered at 6 km bsl) has only a very minor impact on the results
(Figure S2 in the auxiliary material), as these applications
yield only a slight decrease in source eccentricity a/c by 0.1.

[31] As the magnitude of the observed surface displace-
ment depends non-uniquely on both the pressure changes in
the magma body and its size, we run additional FE models to
test a range of source volumes in order to determine
corresponding pressure changes. We applied source volumes
between 4 and 52 km?>, consistent with estimates of the SHV
magma chamber volume from analysis of deformation data
[Voight et al., 2006; Elsworth et al., 2008]. Thus far nearly
1 km® of andesite lava has erupted and models of magma
chamber discharge during extrusive eruptions [Blake, 1981;
Huppert and Woods, 2002] show that the chamber volume is
substantially larger than the extruded volume. This suggests
a chamber volume of several km® at least and may be a few
tens of km®>. For sources between 4 and 52 km® we found
resulting pressure changes AP in the range of 625 + 40 MPa
to 50 + 3 MPa (with larger overpressure values for smaller
source volumes and vice versa) for the 2003—2005 inflation.
These values compare to pressure changes of 745 + 55 MPa
to 60 = 5 MPa for the deflationary episode between 2005 and
2007.
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Figure 6. Best fit of the recorded data to results predicted by our heterogeneous deformation model. The
inferred source depth is found to be (top) 11.5-12 km below sea level for deformation data recorded
between 2003 and 2005 and (bottom) 13 km below sea level for data recorded between 2005 and
2007. For both activity periods, the source geometry giving the best fit of model to data is a prolate
spheroid (a/c = 0.6 to 0.8). Error bars represent 1 sigma data uncertainties.

3.4. Discussion of Source Characteristics

3.4.1. Inferred Source Depth and Geometry

[32] We found that the model with the lowest RMSE is for
a prolate (0.6 < a/c < 0.8) magma reservoir located about
640 m NE of the active SHV vent. The source is centered in
the middle crust between 11.5 and 13 km below sea level.

[33] Our results on source location and depth are in good
agreement with results derived from inverting for a spherical
source embedded in an HOHS [Mattioli and Herd, 2003,
Mattioli, 2005; Elsworth et al., 2008]. This agreement is

rather unexpected, as our theoretical work (Figure 4) pre-
dicts an underestimation of source depth when using the
simplified homogeneous model. Considering a wide range
of spheroidal geometries the best fitting source has a slightly
prolate geometry compared to the spherical shape proposed
by Elsworth et al. [2008]. Based on the analysis of cGPS
data, Voight et al. [2008] suggested that the deep magma
reservoir is a prolate spheroid with a/c = 0.5 that is centered
at 10 km depth. Considering the mismatch derived from
their simplified assumption of a homogeneous medium
(underestimation in depth and a prolate source geometry
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with higher eccentricity), their results are in a good agree-
ment with the source characteristics we inferred when
accounting for mechanical heterogeneities.

3.4.2. Source Dimension Versus Pressure Change

[34] Estimates of pressure changes in magma chambers
during eruption on Montserrat and other andesitic dome
volcanoes are between 1 and 20 MPa [Stasiuk et al., 1993;
Voight et al., 2006]. Our models, however, show that a
source volume V between 4 and 52 km® requires an order of
magnitude higher pressure variations to match observed data
than is consistent with the tensile strength of crustal rocks,
which is widely considered as limit of magma chamber
overpressures. This misfit would also apply for the work of
Elsworth et al. [2008], who state a volume of ¥ = 4 km® for
the deep magma reservoir embedded in a homogeneous
elastic medium. They assume a shear modulus  of 1 GPa
(based on strain-measured surface loading from the 13 July
2003 ash accumulation and cGPS-measured surface uplift
from dome surcharge removal [see Voight et al., 2006]),
which translates to a pressure change of 30 MPa. However,
we now believe that their chosen value for the shear mod-
ulus is underestimated given the available seismic data as
shown in Figure 1. Employing a more realistic value with
@ = 30 GPa (average shear modulus of the upper crust
(10 km) as deduced from the velocity profile) would equally
yield overpressure values at an order of magnitude higher
than reasonable to fit the deformation records.

[35] Note that there is a discussion in literature on the
discrepancies between elastic rock properties derived from
seismic, ground deformation and laboratory studies,
although King [1969] noted that the discrepancies are par-
ticularly significant for shallow regions of the crust. On the
basis of deformation data analysis, Hooper et al. [2002]
constrained the shear modulus of the upper crust of Ki-
lauea Volcano (upper 2.7 km) to be a factor of 5 lower than
inferred from a P-wave velocity profile [Okubo et al.,
1997]. Beauducel et al. [2000] modeled the lava dome
static weight to determine the rigidity values of the summit
rocks at Merapi Volcano as considerably lower than obtained
from seismic velocities. The authors explained the low
rigidity values in the volcanic edifice with high fracturing of
mostly uncompacted rocks near the surface. However, while
low rigidity values near the surface certainly need to be
accounted for in ground deformation studies on shallow
pressure sources, the influence of a surface layer with less
stiffly responding rocks is becoming significantly lower
when modeling ground deformation triggered by a deep
seated magma chamber (compare with results of Geyer and
Gottsmann [2010]). Hence, for the case of SHV, where the
pressure source is centered at midcrustal depths, the influ-
ence of a possible less stiffly responding surface layer that
has not been adequately resolved in the seismic velocity
profile, should be only very minor and not capable of
explaining the mismatch between physically realistic and
model-derived values of pressure changes in the deep
reservoir. Hence, in order to investigate this mismatch, we
now explore alternative mechanical scenarios.
3.4.2.1. Mechanically Compliant Source Region

[36] It appears a viable assumption that a magmatic
(“hot”) zone exists at depths greater than 10 km, which is in
contrast to our assumption of increasing stiffness with depth
to a value of £ = 105 GPa at z > 10 km, would result in a
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soft zone with lower values for the Young’s Modulus. In
order to explore this scenario, we incorporated a mechani-
cally soft and compliant layer with £ =10 GPa at 10 < z <
15 km in our model. Results show that for source volumes
between 4 and 52 km?®, resulting pressure variations are
between 205 and 25 MPa (inflationary episode) and 245 and
46 MPa (deflationary episode), respectively (Table 1).
Although, these values appear more realistic in particular for
the larger source dimensions, they are still in the upper range
of what is plausible for SHV. While a mechanically compliant
lithology at greater depths beneath SHV seems geologically
plausible and could help explain the observed deformation
data, we find that such a zone does not fully eliminate the
observed misfit between source pressure change and volume.
3.4.2.2. Volumetric Changes of the Source and the
Influence of Magma Compressibility

[37] Geodetic data from actively erupting volcanoes enable
comparison of inferred source volume changes with erupted
volumes of volcanic material. The dense rock equivalent
(DRE) of magma extruded at SHV during the investigated
deflationary episode (December 2005 to February 2007)
was 2.1 x 10* m® (MVO, personal communication, 2007).
According to Tiampo et al. [2000], the volume change
AVgerorm of a prolate spheroid that is surrounded by a
homogeneous medium at depths greater than twice the semi-
major axis, ¢, can be related via

APca®m

AVaf',(rm =
efor m

()

where y is the shear modulus at depth. This model does not
consider the compressibility of the magma and is the volume
change associated with deformation of the chamber walls.
We evaluate volume changes for high and low shear moduli
1 at source depth. Note we vary p at the source depth only,
and maintain the heterogeneity of the overlying material as
shown in Figure 1. Thus, AP*V and p are not related as they
would be in a purely homogeneous medium, as the ratio
AP*V/u is not constant. We apply the product of pressure
change and chamber volume obtained for the time period
December 2005 to March 2007 using our FE method (see
Table 1). For a medium with a typical shear modulus of
crustal rocks at y =40 GPa, the estimated volume change for
the deflationary period is 6.1 + 0.2 x 107 m>, which is much
lower by a factor of 3.4 than the observed DRE lava output.
However, if we choose ;o =4 GPa at source depth a volume
change of 3.4 + 1.4 x 10 m® is calculated, which is more
consistent with the observations. Here we note that Elsworth
et al. [2008] also used a very low shear modulus (1 GPa)
in their models. One possible explanation for having to
invoke a very low shear modulus for the host rocks at mid-
crustal depths is that a large soft zone of hot crust surrounds
the magma chamber. However, there are no laboratory
measurements of shear modulus of crustal rocks even at high
temperature that support such low values. We therefore
explore the alternative idea that magma compressibility
allows eruption of larger volumes (as also demonstrated by
Johnson et al. [2000] and Rivalta and Segall [2008] for the
case of Kilauea Volcano and Afar) and that neglecting
magma compressibility gives an underestimate of the shear
modulus needed to make the ground deformation and
observed lava volume consistent with one another via
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Table 1. Applied Parameters and Inferred Source Properties
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Parameter Description Value
153 magma compressibility (Pa™') 0.25-3 x 107'°
n viscosity (Pa s) 107
I shear modulus (Pa) 15 x 10° for viscoelastic medium; for elastic
medium, see E
v Poisson’s ratio 0.25
E Young’s modulus (Pa) 17x10°<E<102 x 10° at 0.5 <z < 10
case 1: E = 105 x 10° (equals p = 40 x 10°)
atz> 10
case 2: E =10 x 10 (equals p = 4 x 107)
atz > 10
P, lithostatic pressure (Pa) 320 x 10 atz = 12
AP pressure change in source (MPa)
4 source volume (km®)
v, DRE erupted during 2005-2007 deflation (m®) 2.1 x 10®
AV ompress volume magma efflux as to magma compressibility (m*)  0.3-4.0 x 107
Vdeform volume magma efflux as to dike wall deformation (m?) 6.1 +0.2 x 107 for E =105 x 10° at z > 10
3.4+ 1.4 % 10% for E=10 x 10° at z > 10
z depth (km), positive downward with z = 0 at sea level

Inferred overpressure values and
source dimensions
2003-2005 ground inflation
For E = 105 x 10° at z > 10
For £ =10 x 10° at z > 10
Accounting for viscoelasticity
2005-2007 ground deflation
For E = 105 x 10° at z > 10
For £ =10 x 10° at z > 10
Accounting for magma compressibility

624> AP >50 for4 <V <52
205> AP>25for4 <V <52
85>AP> 14 for 8§ <V <50

745> AP > 60 for 4 < V<52
245> AP > 46 for4 < V<52
AP =20 for 8 < V<153

equation (2). Magma compressibility allows additional
magma volume to be erupted as first recognized by Blake
[1981]. The compressibility of silicate melts is higher than
crystalline phases typically by factors of several [Bottinga,
1985; Webb, 1997] and further, as explored by Huppert
and Woods [2002], the compressibility can increase
markedly with the presence of exsolved volatiles in volatile
saturated magma. The surface efflux related to compress-
ibility of the magma AV,,,ress can be calculated via

AVcompress = ﬁpl Ve (3)

where the magma compressibility [ is the reciprocal of the
bulk modulus X, P, is the lithostatic pressure at depth and
V, is the amount of magma extruded from the reservoir.
Note that this model accounts for magma flux due to
magma compressibility only, but not for volume changes
during deformation. Values of the bulk modulus for silicate
melts are typically in the range 5 to 20 GPa [Webb, 1997].
Assessing the role of exsolved volatiles is more difficult as
the volatile content and composition of the SHV magma is
less constrained. Water contents of 4.5% to 5% are found
in melt inclusions [Devine et al., 1998] and provide a min-
imum value. The magma can still be saturated at 11 km if
there are modest amounts of poorly soluble SO, and CO,
present [Carroll and Holloway, 1994]. We illustrate the
potential for very compressible volatile-saturated bubbly
magma by considering a total water content of 6.5 wt % and
2000 ppm CO,, which is oversaturated at 320 MPa with
about 1.8 wt % H,O exsolved. These chosen values are
consistent with data on fumarole chemistry at SHV
[Hammouya et al., 1998] and melt inclusion data. Using the

equations of Huppert and Woods [2002], the bulk modulus
of the multiphase magma (accounting for melt, volatiles,
bubbles and crystals) would be about 2.65 GPa at 11 km
depth. This value is several factors lower than that of the
silicate melt, which itself is more compressible than the crust.
Our calculations and derived results are in good agreement
with a study applied to Mount St. Helens [Mastin et al.,
2008]. Only difference is that the calculations presented by
Mastin et al. [2008] are based on the assumption of a lower
water content in the magma, which might be reasonable for
Mount St. Helens, but is probably not appropriate for arc
andesites as appearing at SHV. The compressibility of the
magma system could be increased further if the main deep
magma chamber were well-connected to the shallower
chamber, where the density derivative for the magma with
pressure is larger. Note here that, for the same bulk water
content, the exsolved water content at 120 MPa (~5 km
magma chamber) is only slightly different due to the buff-
ering effects of CO,, but the bulk modulus reduces to
0.4 GPa. The deep chamber will thus become significantly
more compressible by being connected to the shallow
chamber, even though the primary cause of surface defor-
mation is sourced in the deep system.

[38] Taking a range of magma compressibilities of 0.25—
3 x 107" Pa ! and a lithostatic pressure P, = 320 MPa, the
deduced volume of surface efflux related to magma com-
pressibility is 0.3—4.0 x 10’ m®. This range of magma efflux
is slightly below the calculated values of elastic source
volume change calculated from the deformation using a bulk
modulus of 40 GPa, and is most consistent with a more
compressible magma system. What this shows then is that
the observations can be reconciled with a crust with a normal
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shear modulus and an important role for magma compress-
ibility. The model is most consistent if there is exsolved gas
throughout a well-connected magmatic system.

[39] Hence, the total volume of erupted magma can be
calculated by adding the (1) elastic volume decrease of the
magma chamber as associated with depressurization (6.1 +
0.2 x 10’ m®) and (2) the volume of surface efflux as a result
of magma decompression (0.3—4.0 x 10’ m°>). The finite
chamber size can be re-calculated by accounting for magma
compressibility using equation (3), converted to

_ AVde_/brm + AVcompress

4 APS

)

For magma compressibilities between 0.25 and 3 x
10 '°Pa !, total magma flux volumes between 6.2 and 10.3 x
10" m’, and a depressurization of 20 MPa, the resulting
chamber size is in a range between 8 and 153 km®; sources
of up to 50 km® seem to be realistic for SHV.

3.4.2.3. Viscoelasticity of Host Rock

[40] Another viable deep source mechanism is the time-
dependent behavior of surrounding host rock. Viscoelastic
behavior of a medium can induce ground deformation with
source pressure changes significantly lower than the case for
an elastic medium, while maintaining the same footprint of
ground deformation [e.g., Bonafede et al., 1986; De Natale
and Pingue, 1996; Folch et al., 2000].

[41] We perform a first order approximation of the pos-
sible influence of viscoelasticity on rock deformation at
SHV to test its influence on derived pressure transients
using the approach presented by Dragoni and Manganensi
[1989]. Their analytical model solves for ground deforma-
tion as a function of time induced by pressure changes in a
spherical magma chamber, surrounded by a concentric,
spherical, viscoelastic shell in an elastic medium. This
model approach has also been applied in the analysis of
deformation data from Long Valley Caldera [Newman et al.,
2001]. Considering a viscoelastic medium, Folch et al.
[2000] demonstrated numerically that the larger the eccen-
tricity of a spheroidal source, the larger its influence on the
deformation amplitude. Significant differences in resultant
patterns compared to spherical sources are found for
eccentricities of a/c < 0.5 [see also Newman et al., 2006].
Given that the pressurization of a spheroidal source with low
eccentricity compared to a spherical source in a viscoelastic
medium affects only slightly the magnitude of predicted
deformation, but not the overall deformation pattern, we
solve for time-dependent deformation assuming a spherical
source shape. Clearly, the assumption of mechanical homo-
geneity in the Dragoni and Manganensi [1989] solution is
limiting, nonetheless results should offer a first order
approximation of the possible influence of viscoelastic
behavior on the observed ground deformation.

[42] The displacement u, as a function of distance from
the source » and time ¢ is defined by

1APr ;
u(r,t) = Z—r—‘z {1 - (1 —r—g)
o T

N

e T (5)

where .. is the distance from the source center to the source
wall, r, is the distance between source center and the wall of
the viscoelastic shell and p is the shear modulus of the
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The Maxwell relaxation time for a

99 (r)

= 5 p (}’ c) (6)
where il is the viscosity of the surrounding shell. Assuming
n=10"Pa s and ;= 15 GPa, we accounted for thicknesses
of the viscoelastic shell 7, between 20% and 100% of source
radius .. We further assumed a source radius and over-
pressure values at the upper range of what is realistic with R;
= 2000 and AP =20 MPa to simulate the 2.3 years of uplift
with a net maximum amplitude of 7.8 cm at SHV. For a
small sized shell (/7. = 0.2) we found that uplift reaches its
maximum of 3.2 cm after 2.3 years (while U,,,,, = 1.8 cm for
the initial elastic response at t = 0; Figure 7). For ry/r. =
0.7, 7.8 cm of uplift is predicted after 2.3 years, and a
maximum of 9.5 cm is reached after 6 years. ry/r. = 1 yields
a ground uplift of 9 cm after 2.3 years. Remarkable uplift is
predicted for another 7 years reaching a maximum of
approximately 14.7 cm.

[43] The recorded time series data from SHV [cf. Elsworth
et al., 2008, Figure 2] does not allow us to deduce a time-
dependent response due the substantial noise in the data. It is
important, however, to note that the period of ground infla-
tion between 2003 and 2005 was directly followed by an
episode of ground deflation, which again appears to be
triggered from the same pressure source. Though ongoing
time-dependent uplift could have been superseded by sub-
sidence, it follows that the greater the influence of time-
dependence on the recorded uplift (that is, the longer the
relaxation time of the system) the higher the required
depressurization of the system to induce overall ground
deflation as observed in the 2005-2007 records. Hence, the
influence of viscoelasticity needs to be both large enough to
fit the magnitude of recorded ground deformation and
simultaneously small enough to roughly correlate with the
2 to 3 years cyclicity of ground inflation/deflation. Our
results show that these conditions are met for r/r. = 0.7 and
n = 10" Pa s. For viscosities an order of magnitude higher
or lower resulting strains would either not be observable or
stresses would be relaxed over the investigation period,
respectively. For source volumes between 8 and 50 km’
(as seem to be realistic values for SHV that are also in
agreement with source volume estimates derived from cal-
culations of magma compressibility), the required over-
pressure to fit the recorded ground inflation data is between
85 and 14 MPa.

[44] Our preferred volume-overpressure pair for condi-
tions explored above is a reservoir source volume of 32 km?
with an overpressure of 20 MPa to explain ground defor-
mation recorded during the 2003-2005 ground inflation at
SHV. This first order approximation shows that accounting
for both magma compressibility and time-dependent rheol-
ogy of the source region yields acceptable and realistic
source characteristics.

3.4.3. Coupling of Shallow and Deep Magma Reservoir

[45] Observations from other volcanic areas such as Yel-
lowstone [Wicks et al., 1998] and Hekla [Linde et al., 1993]
revealed that magmatic stressing can be triggered simulta-
neously by multiple reservoirs in a magmatic system. This
entails that either the entire magmatic system can be equally

viscoelastic shell.
system is
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time-dependent uplift due to visco-elastic rheology
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Figure 7. Quantification of time-dependent uplift induced by a viscoelastic shell that is surrounding a
spherical magma chamber with 7. = 2 km and P = 25 MPa. Results show deformation within 10 years for
a shell with n = 10" Pa s and varying thickness of the shell r; of 20%, 70%, and 100% of the magma
chamber radius. A contribution of viscoelastic rheology as given by a shell with 0.7 times the radius
of the magma chamber best explains the ground deformation observed at SHV.

pressurized/depressurized or that the shallow and the deep
magma bodies can have a reverse pressurization, due to a
degassing of the lower chamber and an accumulation of
gases in the upper chamber. As the behavior of the mag-
matic system at SHV is consistent with a shallow and a deep
magma reservoir [Murphy et al., 2000; Elsworth et al.,
2008], we investigated the deformation pattern that is gen-
erated when the entire system is closed in order to quantify a
possible influence of the upper magma chamber during the
herein analyzed deformation periods. We constrained the
shallow magma chamber to be of spherical shape centered at
6 km depth as suggested in earlier works [e.g., Mattioli et
al., 1998; Voight et al., 2006]. For the deep reservoir we
considered a range of different geometries and depths. We
further investigated the effect of different volume ratios of
the two sources.

[46] Our results show that in the case of equal pressuri-
zation/depressurization of the entire system the volume ratio
of both chambers controls the length of the lateral distance
between source centers and maximum horizontal ground
deformation, while the amplitude of horizontal ground
deformation is controlled by the depth and geometry of the
deep source (Figure 8a). We found that when accounting for
two magma chambers the radius of the deep magma
chamber needs to be at minimum 4 times larger than the
radius of the upper chamber in order to roughly fit with the
overall deformation pattern that has been recorded on
Montserrat. In particular, for the inflationary time period the
two source model gives best fit with the recorded data when
considering the same parameters for the deep magma
chamber as inferred from the single source model (11.5—
12 km depth, prolate geometry with 0.7 < a/c < 0.8). How-
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Figure 8. Normalized results of surface deformation due to equal pressurization of a magmatic system
with two sources. (a) Shallow source is assumed to be of spherical shape centered at 6 km below sea level.

Source parameters of the deep reservoir are varied as followe
oblate geometry (c/a = 0.5); red, source depth 8 km, ratio

14 km, ratio of source radii 1:1; light blue, source depth 12
depth 12 km, ratio of source radii 1:4. (b) Prolate source ge

d: solid line, spherical geometry; dashed line,
of source radii 1:1; dark blue,: source depth
km, ratio of source radii 1:2; yellow, source
ometry (a/c = 0.8), source depth 12 km. The

ratio of source radii is 1:4 (dotted line), 1:5 (dashed line), and 1:8 (solid red line). Data from the 2003—
2005 ground inflation and the best fit as inferred from a single source model (prolate source (a/c = 0.8)

at 12 km depth) are given for comparison (in black).
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Figure 9. Normalized results of surface deformation due to reverse pressurization of two sources. The
shallow source is assumed to be of spherical shape centered at 6 km below sea level. Volume ratio of the
sources is 1:1. Source parameters of the deep reservoir are varied as followed: solid line, spherical geom-
etry; dashed line, oblate geometry (c/a = 0.5); red, source depth 8 km; dark blue, source depth 14 km.
Data from the 2005-2007 ground deflation and the best fit as inferred from a single source model (prolate
source (a/c = 0.6) at 13 km depth) are given for comparison (in black).

ever, in order to yield a satisfactory fit quality the radii of the
sources (shallow and deep chamber) need to have a mini-
mum ratio of 1:8 (Figure 8b). This value, however, seems
unrealistic as it would imply that even for a shallow magma
chamber with a volume of 0.5 km?, the deep reservoir has a
minimum dimension of 270 km?>.

[47] When considering a reverse pressurization (upper
source +AP, lower source —AP) of the two chambers, the
pressure strength (AP*V) needs to be equal for both sources
in order to account for a net mass preservation. It follows
that, in contrast to the scenario described above (overall
pressurization of the entire system), changes in the source
volume ratio involve that pressure changes vary accordingly
different at each of the sources and hence, do not affect the
overall deformation pattern. Comparing the predicted
deformation for reverse pressurization of the two magma
chambers with the recorded 2005-2007 ground deflation
data, we found a large misfit in the results on both the
horizontal and the vertical component (Figure 9). Thus, we
exclude reverse pressurization of two magma chambers as
causative scenario for the 20052007 ground deflation.

[48] Based on our results we suggest that the 2003—-2005
ground inflation and the 2005-2007 ground deflation were
triggered by the deep magma chamber only. In the time of
inflation the lower system was likely to be closed by a
blockage either at the bottom of the upper chamber or in the
conduit that connects the two reservoirs. The subsequent
onset of ground deflation was a consequence of pressure
release in the deeper chamber, triggered by an opening of

the blockage. Note that this model requires the shallow
magma chamber and the upper dike-conduit to be open. It
should be pointed out, however, that this scenario does not
necessarily explain the other periods of ground deformation
that were observed at SHV, as the conditions probably were
different in earlier times of the eruption, when the shallow
magma chamber was more active.

4. Summary and Conclusions

[49] We investigated the effect of mechanical heteroge-
neity as opposed to homogeneity of crustal rocks on ground
deformation due to pressurization of midcrustal sources of
different geometries. Our initial generic study is applicable
to explain surface deformation on volcanic arc-islands and
offers an approach to explore associated source character-
istics. Our results showed that (1) the horizontal displace-
ment is markedly amplified by mechanical heterogeneity for
spherical sources, (2) the maximum horizontal deformation
at the free surface occurs closer to the source in a hetero-
geneous medium, (3) the footprint of vertical surface
deformation is shorter in a heterogeneous medium, and (4)
disparities in model solutions for either mechanical frame-
work are in general greater for prolate sources compared to
oblate source geometries.

[50] We applied our model on recorded ground defor-
mation data from Soufriére Hills Volcano, Montserrat, in
order to constrain source characteristics of the deep magma
reservoir and hence, to image the complex structure of the
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SHV 750 m a.s.l.

dike conduit
0-1 km depth: cylindrical conduit with
15 m radius at top

1-5 km depth: NNW-SSE trending dike,
width ca. 500 m, thickness ca. 2 m

shallow magma chamber
centered at 6 km depth, spherical
to slightly flattened, size 4 km?

conduit
connecting deep with shallow
magma reservoir

deep magma reservoir
centered at ~13 km depth,
prolate geometry,

size 32 km? (1st order approx.)

?

Figure 10. Sketch of the proposed structure of the mag-
matic system beneath Soufriére Hills Volcano.

SHV magmatic system (Figure 10). Our best fitting mid-
crustal magma chamber has a slightly prolate spheroidal
geometry centered approximately 640 m NE of the vent at
11.5-13 km below sea level. Calculations on source di-
mensions and related overpressure values indicate that so far
unexplored thermomechanical conditions in the midcrust
may have a major influence on the scale of surface defor-
mation. Our results hint toward a low rigidity layer in the
intermediate crust and/or toward viscoelastic behavior of
rocks in proximity to the main zone of melt accumulation.

[s1] Accounting for magma compressibility, a magma
body with a minimum volume of 8 km® being depressurized
by 20 MPa provides the most consistent model to explain
the reported volume of extruded dense rock material. Our
favorite model to explain the documented ground inflation
involves a source volume of 32 km®, pressurized by 20 MPa
and surrounded by a viscoelastic shell with a radius of
1400 m. Our first-order exploration of the parameter domain
(source dimensions and internal pressure changes) to explain
the recorded deformation data does not claim to be exhaus-
tive, but to provide a quantitative basis to simultaneously
incorporate crustal heterogeneity, magma compressibility
and time-dependent rheology in future modeling.
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