Earth and Planetary Science Letters 521 (2019) 46-59

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Check for
updates

Viscoelastic relaxation: A mechanism to explain the decennial large
surface displacements at the Laguna del Maule silicic volcanic complex

C. Novoa®P*, D, Remy?, M. Gerbault?, ].C. Baez*©, A. Tassara?, L. Cordova®, C. Cardona®,
M. Granger?, S. Bonvalot?, F. Delgado

4 GET/UMR5563 (UPS, CNRS, IRD, CNES); Obs. Midi-Pyrénées, Université P. Sabatier, Toulouse, France

b programa Doctorado en Ciencias Geologicas, Facultad de Ciencias Quimicas, Universidad de Concepcién, Chile

¢ Centro Sismoldgico Nacional, Universidad de Chile, Santiago, Chile

d Departamento Ciencias de la Tierra, Facultad de Ciencias Quimicas, Universidad de Concepcién, Victor Lamas 1290, Concepcion, Chile
€ Observatorio Volcanolégico Chileno, Servicio Nacional de Geologia y Mineria, Rudecindo Ortega 03850, Temuco, Chile

f Institut de Physique du Globe de Paris, Sorbonne Paris Cité, Univ. Paris Diderot, UMR 7154 CNRS, Paris, France

ARTICLE INFO ABSTRACT

Article history:

Received 5 November 2018

Received in revised form 3 June 2019
Accepted 4 June 2019

Available online 18 June 2019

Editor: T.A. Mather

Silicic systems generate the most explosive eruptions on Earth. In contrast to basaltic systems, they
can accumulate large volumes of magma without systematically erupting, confronting the classical
interpretation that a volcano inflates when a magmatic intrusion occurs. Understanding the mechanisms
of volcanic inflation and unrest is thus one of the most important challenges in volcanic risk assessment.
Laguna del Maule (LdM) in the Southern Volcanic Zone (SVZ) of Chile, is one of the most active Holocene
silicic complexes in the world and it has been inflating since 2007, accumulating 2 m of uplift without

Keywords: erupting. Several geophysical and geochemical studies conclude that a large crystal rich reservoir would
Andes Southern Volcanic Zone be residing beneath LdM, in consistency with other multi-disciplinary studies showing that such crystal-
InSAR rich reservoirs (“mush zones”) can be maintained beneath silicic volcanoes, fed by mafic magma recharge
GNSS from below. Nevertheless, the mechanical state of such reservoirs remains unclear. Here, we characterize

viscoelasticity
mush reservoir
volcanic unrest

for the first time the mechanical properties of such a mush reservoir, able to promote large surface
displacements such as those measured at LdM. Using a 3D finite element method we simulate a recharge
of magma at the base of a crystal rich reservoir, by assuming an overpressurized source surrounded by
a large viscoelastic shell. Inversion results show that this model fits the observed temporal and spatial
evolution of ground displacements measured with InSAR data and GNSS data between 2007 and 2017. We
interpret the temporal behavior of ground displacement at LdM as resulting from two contributions. A
magma recharge occurred within the first 4 yr of the active inflation, followed by the viscous response of
the large viscoelastic shell, set to a viscosity of 10!7 Pas. Compared to a purely elastic solution, our model
suggests that up to 50% of the accumulated surface displacement during the ten-year period can be
explained by this viscous response, and predicts ongoing displacements 50 yr after the onset of inflation.
This model agrees with geophysical and geochemical observations and offers a simple explanation of the
temporal evolution of surface displacements. It further allows to reconsider the mechanical behavior of
large partially crystallized domains in the upper crust; such significant transient stress transfer over large
viscoelastic areas should thus be accounted for in other studies of silicic volcanic complexes.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Silicic systems generate the most explosive eruptions on Earth.
They can accumulate large volumes of rhyodacitic or rhyolitic mag-
mas (Degruyter and Huber, 2014) and display sometimes large in-
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flation signals over several years, without necessarily leading to an
eruption. The origin of this unrest remains unclear and is subject of
debate in many volcanic complexes such as Long Valley, Campi Fle-
grei, Yellowstone and many others (Pritchard et al,, 2019). To im-
prove eruptions forecasting, understanding the mechanical unrest
of these silicic systems constitutes a fundamental question, if not
one of the most important challenges in volcanology (Segall, 2019;
Pritchard et al., 2019). Here, we study the unrest of Laguna del
Maule over the last decade, but the mechanism that we propose
may also explain the unrest of other silicic systems.
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Fig. 1. Reference map of the study area in southern Chile corresponding to the black box in the right-hand inset map. A simplified geological map of the study area (after
Hildreth et al., 2010 and Andersen et al., 2017) overlaid onto a shaded relief map, showing the emplacement of the main lava flows and their composition. (For interpretation

of the colors in the figure(s), the reader is referred to the web version of this article.)

The Laguna del Maule (LdM) (Fig. 1) is a rhyolitic volcanic
field located in the Southern Volcanic Zone (SVZ) of Chile that
last erupted ~2000 yr ago (Andersen et al., 2012). It is consid-
ered to be an active rhyolitic complex since it displays the highest
frequency of eruptions in the world (Hildreth et al., 2010) with
a minimum of 50 rhyolitic eruptions in the last 26.000 yr. It is
characterized by a ring of 36 post-glacial rhyolite and rhyodacite
coulees and domes erupted from 24 silicic vents which are dis-
tributed over a wide basin of about 300 km?. Lava flows from this
highest concentration of silicic vents observed in the Southern Vol-
canic Zone covered an area of 100 km?, for a total lava volume of
about 6.4 km?3 (Hildreth et al.,, 2010).

The LdM volcanic field has fostered huge interest from the
geodesy community in the last decade because it is one of the
strongest deforming volcanic zone on Earth. Based on the analysis

of Synthetic Aperture Radar (InSAR) data acquired between 2001
to 2008, Fournier et al. (2010) presented the first evidence of a
strong inflation up to ~18 cm/yr over an elliptical area of 26 km
NNE-SSW major axis and 19 km minor axis starting sometime be-
tween February 2004 and January 2007 (the lack of well-correlated
interferograms spanning this period prevents precise determina-
tion of the displacement onset). Using InSAR and Global Navigation
Satellite System (GNSS) data, Feigl et al. (2013) showed the persis-
tence of this large-wavelength inflation and provided a value of the
displacement rate observed at the center of the inflation of about
28 cm/yr for the 2007-2012 period. The studies carried out by Le
Mével et al. (2015, 2016) revealed a temporal change in behavior
of the displacement rate with 24 + 0.6 cm/yr from 2007 to early
2010 decaying to 22 cm/yr in 2014 (consistent with a nearly linear
temporal behavior after 2010).
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Fournier et al. (2010), Feigl et al. (2013) and Le Mével et al.
(2015) proposed that this uplift observed at LdM was caused by an
inflating sill located at about 5 km depth. These studies assumed
that the crust surrounding the displacement sources behaved as a
pure elastic solid (Okada, 1985). Only Le Mével et al. (2016) con-
sidered a more complex viscoelastic response of the rocks in the
vicinity of the pressurized source. These authors propose to explain
the change in temporal behavior of surface displacements by vis-
cous magma influx from a deep chamber into a shallow chamber
connected by a vertical conduit. In this model the magma’s in-
flux asymptotically approaches zero as the pressure balance of this
plumbing system is reached. It allows them to correlate the change
in observed surface uplift rate with a bi-modal evolution of magma
volume flow rate from 0.03 km?/yr from 2007 to mid-2009 to 0.02
km?/yr from mid-2009 to late 2014.

Multiple lines of evidence suggest the presence of a crystal
rich reservoir at shallow crustal level beneath the LdM volcanic
field. Field observations and geochemical data indicate that the
huge concentration of silicic vents observed in the area is rather
due to a large upper-crustal magma chamber evolving throughout
postglacial times, instead of a deeper (i.e. 20 km) crustal melt-
ing zone releasing recurrent batches of ascending silicic magma
(Hildreth et al., 2010). From geochemical analysis, Andersen et al.
(2017) argued that all eruptions since 26 kyr were fed by the same
large crystallized reservoir, despite differences between the north-
ern and southern domains of the LdM. According to these authors,
the crustal reservoir system would be thinner in the north leading
to a lower residence time of the magmatic intrusion and induc-
ing andesitic vent compositions, in contrast to the southern part
of LdM where principally rhyolitic eruptions occurred. Magnetotel-
luric (MT) studies in turn (Singer et al., 2014; Wagner et al., 2017;
Cordell et al., 2018) indicate the presence of a conductive body
in the northern part of LdM at about 5 km depth, which was in-
terpreted as a hot partially molten body. On the other hand, in
the southern part of LdM, Bouguer gravity anomalies indicate an
anomaly of —19 mGal centered below the observed on-going infla-
tion (Nieblas area, Fig. 1), which would be caused by a low density
mostly crystallized magma body (~115 km?) containing some 30
km? of crystal poor rhyolite magma (>85 % of melt) (Miller et
al.,, 2017). Cordell et al. (2018) support the hypothesis of a large
crystal rich reservoir beneath the observed on-going inflation, but
question the existence of 30 km> of molten magma, arguing that it
would then be detected by their magnetotelluric study (MT). From
these different studies, it appears reasonable to consider that be-
neath the entire volcanic complex of LdM a large partially molten
body may have been residing since at least the last 26 kyr, but
both the geometry and the storage duration of this magma source
remains unclear. Here we will investigate how such a hypothesis
may help to interpret the strong surface displacements measured
in the Nieblas area.

In this study, we benefit from a long InSAR time series of
ground surface displacement at LdM spanning a period of ten years
to analyze the characteristic of the surface displacement source
and its time-dependent behavior. First, to constrain the geometry
of the source, we invert the InSAR time series considering that sur-
face displacements are triggered by an increase in internal pressure
within a massive source assuming that the crust acts as a pure
elastic medium. Next, in order to account for a more complex rhe-
ology related to the presence of a mush reservoir beneath LdM,
we use a 3D finite element approach to study the viscoelastic re-
sponse of a large crystal rich reservoir to an inflating basal magma
source. We invert the InSAR and GNSS time series with this model
to constrain the duration of the source’s inflation and the viscosity
associated to this crystal rich reservoir beneath LdM. The results
show that both sets of elastic and visco-elastic models are able to
explain the measured ground surface displacement at LdM. How-

ever they both lead to different conclusions, and provide useful
information for a better characterization and understanding of the
present-day magmatic activity at LdM.

2. GNSS and InSAR data

Ground deformation at LdM was characterized from daily solu-
tions at five continuous GNSS stations installed by the Observatorio
Volcanoldgico de los Andes del Sur (OVDAS) covering a period of
about five years (May 2012 to April 2017) (Fig. 2). SAR imagery
over LdM was acquired by two satellite missions: C-band Interfero-
metric Wide Swath mode images from the European Space Agency
(ESA) Sentinel-1A/B (Table 1) and L-band Stripmap mode images
from ALOS 1 and 2 operated by the Japan Aerospace Exploration
Agency (JAXA). Full details on GNSS and InSAR processing can be
found in Supplemental Section S1.

3. Time series analysis

The good agreement between the GNSS and InSAR data con-
firms the reliability of the InSAR processing (Fig. 3B). The subset
of inverted InSAR time series (Fig. 3) indicates that C-band and
L-band data exhibit a good coherence (>0.6) over most of the
study area. The time series maps also reveal a displacement pat-
tern affecting an elliptical area with a 26 km NNE-SSW major axis
and a 19 km minor axis with a difference between ascending and
descending tracks due to their difference in satellite viewing ge-
ometry. The resulting GNSS and InSAR time series are analyzed
by applying a principal component decomposition using the de-
composition algorithm available in PCAIM (Perfettini et al., 2010;
Remy et al., 2014) (see details in Supplemental section S2.1). This
analysis suggests that the shape of the displacement field remains
nearly constant over the three-year period and that only the am-
plitude of the signal evolves linearly over time, indicating that the
observed signal is mainly the result of a unique process.

3.1. Spatial and temporal patterns of the ground displacement at LdM

We benefit from the ascending and descending Sentinel-1
tracks to retrieve the easting and the vertical components of the
ground displacement, allowing us to map the displacement field at
LdM (see Text S2.2 for a detailed explanation). The resulting maps
of vertical and horizontal displacement rates derived from Sentinel
data from October 2014 to July 2017 are shown in Fig. 4A. Vertical
displacement rates reach a maximum of 20 cm/yr, while maxi-
mum eastern displacement rates are lower reaching 10 cm/yr and
5 cm/yr for the displacement to the west and to the east, respec-
tively. The easting displacement map exhibits clearly a double-lobe
pattern along a N10°-N30° axis with a positive lobe pattern (dis-
placement toward the east) much smaller than the negative one
(displacement toward the west). Assuming a homogeneous crust,
such a behavior suggests that the source roof is not horizontal. An-
other hypothesis is that this asymmetry is due to spatial variations
in the mechanical properties of the rocks. However, in absence of
more precise information on rock layering at depth, and given that
a number of non-unique rock heterogeneities can explain simi-
lar displacement patterns (e.g. see review by Mastelark (2007), we
choose to condense the information of this pattern into a single
meaningful property, e.g. the roof of the magmatic source (there
may be a gradational transition of the rock magma boundary, e.g.
see discussion in Townsend et al., 2019).

We take advantage of the availability of the InSAR data acquired
since 2007 by ALOS-1 satellite to extent the period of ground
displacement measurements at the location of the GNSS station
MAU2, which records is the highest rate of displacement at LdM.
It was not possible to use ENVISAT data for this purpose since
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Fig. 2. Ground surface displacement at the five GNSS stations operating at LdM. The red circles and associated name show the location of the GNSS stations. Blue dots with
error bars are the observed GNSS data with their 1o uncertainty. Red line shows the reconstructed GNSS data using the first component of the decomposition.

Table 1

Summary of the processed SAR data.
Satellite Mode Orbit Track Mean incidence angle No. of SAR images Start End

()

Envisat IM Ascending 10 21 13 20030325 20061219
ALOS-1 M Ascending 112 38.2 8 20070126 20101222
ALOS-1 M Ascending 113 414 9 20070212 20110108
ALOS2 SM3 Descending 130 33 5 20150312 20170705
SENTINEL1 w Ascending 18 333 33 20141030 20170728
SENTINEL1 w Descending 83 333 32 20141023 20170721

only one interferogram formed from the C-band Envisat images ac-
quired in March 2003 and February 2004 is coherent, and it does
not reveal any displacements. Consequently, we generate two in-
dependent ALOS-1 InSAR time series from tracks 112 and 113,
using a similar approach to the one used previously. As the LOS are
very close for these two tracks, we can compare the two resulting
InSAR time series. This comparison shows a good agreement be-
tween the two independent datasets providing confidence in our
InSAR processing (Fig. 4B). In order to make the GPS vectors geo-
metrically comparable with the InSAR data, we projected the GPS
vector observed at MAU2 into the LOS of the track 112. To fill the
gap between the end of InSAR measurement and the beginning of
the acquisition at MAU2 we used the average velocity observed at
MAU2 using ALOS1 data spanning the one-year period 2010-2011.

In agreement with Le Mével et al. (2016), the reconstructed dis-
placement time history recorded at MAU2 from January 2007 to
July 2017 highlights a clear decrease of the displacement rate at
MAU2 from 24.4 cm/yr for the period spanning January 2007 to
January 2011 and 15 cm/yr for the period spanning October 2014
to January 2017 (Fig. 4B).

4. Mechanical modeling strategy

We first verify our assumption that the surface displacements
measured by InSAR and GNSS could be related to a pressure in-
crease in a massive source. To determine the most appropriate
geometry of such a source, we consider a variety of classical an-
alytical source geometries to model the surface displacements at
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LdM (more details are in Supplemental section S3). Inversions fa-
vor flat-topped sources rather than spheres or prolate ellipsoids
(see Supplemental Table S1), in agreement with the estimated ra-
tio of maximum horizontal to maximum vertical displacement,
equal to about 0.31 according to GNSS measurements (Dieterich
and Decker, 1975; Remy et al., 2014). Therefore, we explore how
a large and wide flat-topped pressurized cavity immersed in an
elastic crust, can simulate a reservoir filled with a low-viscosity
magmatic fluid. We assume that the pressure increases within this
large and wide flat-topped reservoir, with the shape of an ellip-
tical truncated cone. In a second step, and following authors like
Jellinek and DePaolo (2003) or Le Mével et al. (2016) who consid-
ered a viscoelastic upper crust, we search for a model that would
simulate the intrusion of new magma at the base of a large silicic
mush reservoir itself acting as a viscoelastic boundary zone. We
assume that this large reservoir is composed of largely crystallized
rhyolite close to the solidus temperature (670°C) or of country
rock heated above the brittle-ductile transition (500-600°C), as
was deduced from geochemical and thermodynamic models for
LdM (Andersen et al., 2017; Miller et al,, 2017). We also assume
that the timescale of surface deformation is very small compared
to the temperature evolution of the system, with a diffusive time-
scale T = L%/k ~1 Myr (L ~5 km the characteristic width of the
reservoir and k ~ 10~6 m2/s the thermal diffusivity). Therefore, it
is reasonable to consider a steady-state temperature, and conse-
quently we define a steady-state viscosity inside a shell that be-

haves according to Maxwell viscoelasticity (Del Negro et al., 2008;
Currenti and Williams, 2014; Segall, 2016 and references therein).
The main difficulty then stands in inferring the geometry of this
reservoir. First, we verify that our finite-element method Adeli-3D
(Hassani et al., 1997), which accounts for viscoelasticity, matches
classical analytical solutions (e.g. Segall, 2010, details presented in
Supplemental section S4). Then, we compare the results produced
by Adeli-3D with those produced by the 3D-boundary-elements
method MC3 (Cayol and Cornet, 1998) that accounts for elasticity
only. Therefore, we compare the surface displacements produced
by a truncated cone embedded in an elastic domain (with MC3)
with those produced by this same truncated cone acting as a vis-
coelastic shell at the base of which a small pressure source is de-
fined (with Adeli-3D). Our results show that both models produce
the same patterns of ground surface displacements after enough
time allows for the complete transfer of pressure from the in-
ner source to the visco-elastic shell walls. This convergence, is
expected from analytical models (Segall, 2010, for further details
refer to Supplemental section S5). Therefore, taking these results
into account, we first invert the observed ground surface displace-
ments considering that they are triggered by a pressure increase
in an elliptical truncated cone embedded in an elastic medium
(section 4.1), and second we use the geometrical parameters in-
ferred from that inversion to explore the influence of a viscoelastic
response of this truncated cone on the temporal evolution of dis-
placement field (section 4.2).
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Table 2

Parameters of the different ground deformation models. X and Y are the location
of the source center expressed in km (UTM WGS84 zone 19 South). Depth is the
depth below the mean surface elevation (i.e., 2500 m asl). V is the volume of the
elliptical truncated cone. AV is the rate of volume change from October, 2014 to
July 2017. AP is the rate of pressure change from October, 2014 to July 2017. Sy
is the major axis and S, the minor axis. Strike is clockwise angle relative to the
north, Dip is the dip angle of the minor axis, alpha is the dip angle of the source
wall with the following convention, alpha <O the source walls dip outward (i.e.
a cone which widens downward) and alpha >0 the source walls dip inward (i.e.
a cone which narrows downward). AP and AV are the rate of pressure and of
volume changes from October, 2014 to July 2017, respectively. V is the volume of
the elliptical truncated cone estimated from the geometrical parameters inferred
from the inversion. sz is the value of the fit of model to data. t; is the loading
time, 7: the viscosity, P the pressure in the basal magmatic intrusion and rms is
the root mean square difference between modeled and observed displacement at
MAU2.

Model form Model 2

agmR

Model 3

Model 1

Parameters inferred from elastic inverse models

X position (km) 361.267 361.948 360.949
Y position (km) 6007.115 6006.876 6007.321
Depth (km) 5.42 3.00 5.15

S1 (km) 11.52 3.00 12.58
S, (km) 8.92 222 8.85
Strike (°) 23 25 24

Dip (°) -19 —23 —23
Height (m) 1000 3000 2000
Alpha (°) 0 —60 59

AP (MPay~1) 135 145 1.66
AV (km3y~1) 0.0214 0.0190 0.0205
V (km3) 80.97 13717 100.75
X2 1.07 1.08 1.08
Parameters inferred from visco-elastic inverse models

t1 (days) 1980.95 17425 1549.36
n (Pas) 9.97e16 9.5e16 9.94e16
P (MPa) 36 18.7 23

rms (m) 0.04 0.02 0.01

4.1. Modeling of ground deformation with an elastic rheology

To determine the best fitting reservoir geometry, we use MC3
for linear elastic media (Cayol and Cornet, 1998) and the following
inversion scheme. For all model cases, we assume a homogeneous
crust with Poisson’s ratio of 0.25 and a shear modulus of 13 GPa
obtained from the velocity model from Cardona et al. (2018), as-
suming a constant density of the upper crust of 2500 kg/m3. In
agreement with the result of the decomposition, we invert only
the first principal component of the different data set in order to
search for the geometries that best explain the data, rather than
inverting the displacement data available at each epoch. Next, we
use the resulting best geometries for the elliptical truncated cone
to compute the pressure history of the sources using the same
approach as Remy et al. (2014). The inversion is performed us-
ing a neighborhood search algorithm (Sambridge, 1999a, 1999b),
which finds optimal values of the parameters by minimizing the
chi-square and allows for a detailed exploration of the parameter
space. The reduced chi-square ( sz) of the residuals between obser-
vations and modeled displacements used to compare the goodness
of fit of the data to the models is given by:

2
1 Xobs — X
2 _ obs mod
Xr—N—kZ[ o ]

Where N is the length of data and model vectors, k is the number
of free parameters of the model, X,5s and X4 are the observed
and the modeled displacement and o is the data uncertainties.
The elliptical truncated cone source depends on the ten parame-
ters listed in Table 2. As already observed in Remy et al. (2014), the

inversion indicates that the geographical location, the azimuth of
the displacement source and the dip of its major axes are well re-
solved. However a trade-off appears when constraining the depth,
thickness and dip of the source walls, leading to a continuum of
acceptable models with a depth ranging from 2000 m to 6000 m.
This trade-off leads also to a strong uncertainty on the determina-
tion of the source volume which varies from about 50 km? to 200
km3. Nevertheless, whatever the source considered, the value of
the rate of volume change is very similar and close to 0.02 km?3/yr
from October 2014 to January 2017. Table 2 presents three charac-
teristic models from the continuum of acceptable models that are
able to match the data. These models provide slightly lower values
of sz than the Okada-type dislocation model (see Supplemental
Section S3). Nevertheless, similarly to the Okada-type dislocation
model (x? of 8.50), they fail to properly match the GNSS data (2
of 6.50) essentially due to significant discrepancies between the
observed and the modeled horizontal displacements, in particular
at station PUEL. On the other hand, x? for the InSAR data increases
with the time span between a given InSAR time series map and
the reference image used for the least square adjustment, due to
the presence of localized residual patterns located around the lake.
Possible explanations for this misfit pattern can be that the ge-
ometry of the source is more complex than the simple truncated
cone used here, or that subsurface heterogeneities alter the ground
displacement. In Fig. 5 we compare the displacement observed on
the largest period of each track and on a three-year 2014-2017
period of GNSS data with the modeled displacements using one of
the best elliptical truncated cones (Model 3 in Table 2). In order
to check if these models are able to reproduce the ground dis-
placement field observed since 2007, we use them to invert the
best interferograms obtained from ALOS1 (Supplemental Figs. S19
and S20). Considering that these models still adjust well the data,
yielding x? of about 1, we conclude that it is reasonable to assume
that the source of ground surface displacements has not changed
significantly neither in shape nor in location since 2007.

4.2. Modeling of ground deformation with a visco-elastic rheology

In this section, we model the temporal evolution of the ground
displacement caused by a source simulating an intrusion of mafic
magma located at the base of a viscoelastic mush reservoir im-
mersed in an elastic crust. First, we use the 3D finite-element
code ADELI (Hassani et al., 1997), which has been used to simulate
a variety of geodynamical contexts, including long-term deforma-
tion at subduction zones (Hassani et al., 1997; Cerpa et al., 2015)
and short-term interseismic deformation (Contreras et al., 2016).
This code uses a time-explicit dynamic relaxation method (Cundall,
1988) to solve the quasi-static equation of motion, and can han-
dle a variety of visco-elasto-plastic rheologies. More details can be
found in Chéry et al. (2001), Cerpa et al. (2015) and Gerbault et al.
(2018). The modeled mesh domain includes an elliptical truncated
cone embedded in a surrounding elastic crust, with a pressurized
ellipsoidal source at its base simulating magma recharge. Maxwell
visco-elasticity is assumed inside this elliptical truncated cone, to
simulate a crystal rich mush reservoir in agreement with Dragoni
and Magnanensi (1989), who showed that this rheology repro-
duces well the behavior of volcanic rocks at high temperature.
Supplemental section S4 provides benchmarks of ADELI with so-
lutions for a viscoelastic shell in an infinite medium (Dragoni and
Magnanensi, 1989) and with solutions accounting for a free surface
(Segall, 2010), illustrating that a resolution of 100 m is required to
generate accurate solutions. We test a full 3D model geometry: the
modeled domain is a cube of lateral extent 80 km, large enough
to minimize border effects. The mesh is composed of a total of
6,9 x 10° elements, with highest resolution (100 m) between the
source and the free surface above (Fig. 6A). The LdM is not a high-
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Fig. 5. Maps of the observed and modeled GNSS and InSAR data using one of the best elliptical truncated cone model. A) Upper, middle and bottom Example of three LOS
displacement maps, the model prediction and the residuals between observed and modeled data. B) Observed cumulated Horizontal and vertical GPS displacements (red
vectors) from 2014 to 2017 and modeled displacements (blue vectors).
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relief volcanic edifice and the topographic slope in the area is less
than the limit of 10° for which its effects become significant (Cayol
and Cornet, 1998), therefore we define a planar top-free surface.
We use the three characteristic chamber’s geometries found in the
previous section (Table 2), since the cumulated surface displace-
ment does not change between an elastic model and a viscoelastic
model (Supplemental section S5) (Dragoni and Magnanensi, 1989;
Bonafede and Ferrari, 2009). Without reliable information concern-
ing the geometry of the basal magmatic intrusion, we choose to
apply a pressure increase within a small ellipsoidal source (volume
of 10 km?3) situated at the base of the large elliptical truncated
cones (Fig. 6B).

A trapezoidal function over time is then used to model the vari-
ation of pressure inside a thin ellipsoidal source located at the
base of the large viscoelastic shell (as in Newman et al.,, 2001;
Segall, 2010; Del Negro et al., 2008; Parks et al, 2015). Dur-
ing the first period, pressure increases linearly between 0 and
t1 simulating a recharge of new magma mass at constant rate
into an existing reservoir. During the second period, pressure re-
mains constant, which means that the characteristic time scale
of the major processes of i) injection supply rate and ii) internal
precipitation and exsolution rates are basically slower than the
relaxation time of the viscoelastic shell, at the scale of the 10
yr period of measured surface deformation and over the breath

of the volcanic complex. During this second period, the pressure
within the viscoelastic shell progressively evolves with time, from
its base to its outer extremities (walls). Maximum ground sur-
face displacement is achieved when this pressure is totally trans-
ferred to the walls and the roof of the visco-elastic reservoir.
Consequently at this moment, the surface displacement pattern
coincides with that obtained assuming a purely elastic medium,
with a discrepancy less than 5% (Pascal et al., 2013, Supplemen-
tal section S5). This behavior illustrates that the surface displace-
ments pattern is clearly dominated by the pressure increase at
the walls of the visco-elastic domain rather than by the pres-
sure inside the smaller ellipsoidal reservoir, as shown by previous
authors with spherical sources (Dragoni and Magnanensi, 1989;
Bonafede and Ferrari, 2009).

In order to reproduce the temporal evolution of LOS displace-
ments at MAU2, we solve the inverse problem and fit these dis-
placements with our visco-elastic model according to the following
approach. A grid method is used to sample the log; of the viscos-
ity (1) on the truncated cone mush reservoir, bounded by lower
and upper limits of 15 and 18, respectively (See Supplemental
Fig. S21). The choice of these limits is based on different theoreti-
cal studies (Dragoni and Magnanensi, 1989; Bonafede and Ferrari,
2009), thermomechanical models (Jellinek and DePaolo, 2003; Del
Negro et al., 2008), and laboratory experiments of silicic volcanoes
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(Newman et al., 2001, 2006). Then, a Levenberg-Marquardt nu-
merical optimization grid search method determines the optimum
loading duration of the magma injection (to) together with the op-
timum overpressure (dP) inside the ellipsoidal source and the op-
timum viscosity (7) in the visco-elastic cone truncated (Levenberg,
1944). We limit the range of duration of this magma injection from
several months to 10 yr and the overpressure from 1 to 150 MPa.

We present on Fig. 7, the different viscoelastic models inferred
from each geometry, that best match the observed 10 years-long
time series of ground displacements at MAU2 (spanning period
2007-2017).

The resulting viscosities (1) in the truncated cone reservoir are
very similar in all three model geometries. Nevertheless, the dura-
tion of the loading time (tg) and the pressure (dP) differ slightly.
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The best minimum root mean square (rms) error between ob-
served and modeled ground surface displacements are obtained
for a viscosity n ~ 10! Pas in model 1, model 2 and model 3;
resulting in rms values of 0.04, 0.02 and 0.01 m, respectively. The
loading time varies between tg ~ 4 yr for model 2 and model 3, to
a maximum tg ~ 5.4 yr, for model 1 supporting the idea that the
mafic recharge could not have been longer than the first 6 yr and
that the remaining deformation was caused by the viscoelastic re-
sponse of the surrounding shell. The applied overpressure in the
elliptical source at the base of the truncated cones varies slightly
showing that a thicker viscoelastic reservoir requires less overpres-
sure to generate similar ground surface deformation; dP ranges
from 18 MPa for the thickest viscoelastic source (3 km height) to
36 MPa for the thinnest source (1 km height). The appropriateness
of these values are further discussed in the following section 5.

5. Discussion
5.1. Source characterization

This study confirms that the uplift at LdM started sometime be-
tween 2004 and 2007 (Fournier et al., 2010; Feigl et al., 2013) and
continued at least until March 2017. The decomposition of both In-
SAR and GNSS time series indicates that displacements have been
linear in time since early 2012. The best inflating truncated cone
models embedded in an elastic crust, deduced from the inversions
of Sentinel 1 and GNSS data match well the ALOS1 data acquired
from 2007 to 2011, indicating that the source’s shape and location
have not changed significantly since 2007. Our inversions show
that the center location, the orientation and the dip of the source
remain very similar whatever its geometry. The center is located
below the southwest part of the lake, its major axis is elongated
N22°E-23°E and it dips down to the west with an angle of about
20°. Furthermore, the inversions cannot provide strong constraints
on the depth of the source, due to the trade-off between depth
and pressure. Nevertheless, the estimated rate of volume change,
of about 0.02 km?3/yr from October 2014 to January 2017, is close
to that obtained by Le Mével et al. (2016) and is independent of
the source type when assuming a purely elastic crust and an in-
compressible magma.

5.2. Visco-elastic parameters of the mush reservoir

A large spectrum of acceptable source geometries explains the
data, ranging from a thin source (sill) to a large massive source
of equivalent basal area of about 10 x 8 km?. The volume and
the thickness of this large massive source range from ~60 to
200 km?® and from 1000 to 3000 m, respectively. Such values
might seem large, but they are compatible with the size of the
magma chamber that would have triggered the formation of the
12 x 8 km?-wide Bobadilla caldera ~950 kyr ago (Hildreth et
al., 2010). From the continuum of possible sources, we selected
three representative geometries simulating a mush reservoir that
responds visco-elastically to a basal pressure change. Whatever
the geometry considered, they fit the temporal evolution of sur-
face displacements at MAU2 for a viscosity converging towards
1017 Pas. Our results indicate that a thicker mush reservoir (model
2 and 3 in Fig. 7B-C) explains better the temporal evolution of
surface displacements than the thinner model 1 (Fig. 7A). Model
1 cannot explain the variation in slope that starts in 2014 (day
~1980, Fig. 7A), illustrating the importance of the thickness of the
mush reservoir in amplifying surface displacements.

The presence of a large mush reservoir beneath LdM has two
main implications. (i) Although an elastic medium requires a full
10 yr of inflation over the 10 yr of observed surface uplift, a
visco-elastic medium “overtopping” an ellipsoidal source requires

a shorter period of active inflation (less than 6 years), the re-
maining four-years reflecting its delayed visco-elastic response. (ii)
Although the cumulated surface displacements are similar between
an elastic medium and a visco-elastic medium, the visco-elastic
mush model requires less basal magma recharge, i.e. a volume
change 50% lower than the elastic model.

According to Le Mevel’s model, a 25 km deep reservoir would
feed a 30-60 m wide conduit with mafic magma during the first
2 yr (2007-2009) at a constant increasing pressure rate, itself fill-
ing in a shallow crustal reservoir. Over the following years, the
pressure remains constant in the deep reservoir, but it continues
to increase in the shallow reservoir until hydrostatic equilibrium
is reached. This model explains both the amplitude and the pro-
gressive deceleration of the ground surface displacements with the
elastic response of the bedrock surrounding the upper chamber. Le
Mével et al. (2016) justify their assumption of an elastical bedrock
by showing that a viscous component of deformation increments
the surface uplift by only 4% compared to a purely elastic solution.
But these authors assumed that the viscoelastic shell corresponds
to the thermal variation associated to a mafic intrusion into a small
magmatic source (16 km?3), thus insufficient to significantly am-
plify ground surface displacements. This would imply a continuous
supply of magmatic material from below. Our assumptions here
differ from Le Mével et al. (2016) because we consider a thicker
mush reservoir developing over at least 26 kyr, hypothesizing that
it would be continuously reheated with mafic magma during that
broader time-scale. This assumption is coherent with the process
suggested by Andersen et al. (2017) and others pointing towards
the presence of a long-standing near-solidus magma body beneath
the area of active uplift, cf. Section 5.3 below.

5.3. Large near-solidus magma body beneath LdM

The volume of the “mush” reservoir inferred by the inversion of
InSAR and GNSS data must be taken with caution as we did not ac-
count for the possible contribution of additional viscous and brittle
deformation of the bedrock around and below the reservoir. This
host rock could be mechanically damaged by dyking and meta-
morphic reactions in a potentially hydrated environment, which
would contribute to further reducing its effective strength (Rubin
Allan, 1995; Newman et al., 2001; Jellinek and DePaolo, 2003;
Gerbault et al., 2018). The viscosity of about 10!7 Pas inferred
from our modeling study is one order of magnitude below com-
mon values of crustal viscosity ~10'8 Pas inferred for volcanic
regions with a large amount of heated country rock (Newman
et al, 2006; Parks et al., 2015; Le Mével et al, 2016), but it is
higher than that obtained in other thermo-mechanical studies such
as those of Del Negro et al. (2008) and Currenti and Williams
(2014) that obtained a crystal viscosity of ~10'® Pas. This value
of 10'7 Pas is in turn too high to support the hypothesis of a
large quantity of molten magma beneath the LdM volcanic com-
plex, which is in agreement with the main conclusions of the MT
analysis carried out by Cordell et al. (2018), who suggested that
a molten magma body below the uplift area was unlikely to be
greater than 10-20 km3. Our modeled values are also consistent
with the gravity anomaly pattern reaching 19 mGal at the center
of inflation, which was interpreted to witness a large shallow sili-
cic system of low density, mostly crystallized magma (Miller et al.,
2017). It is also consistent with the results of isotopic geochem-
ical studies that rule out the possibility of LdM rhyolites being
generated in the lower crust, and rather favor the hypothesis that
the last period of activity resulted from mafic magma intruding
a well-developed pre-existing crystallized rhyolitic reservoir in the
shallow crust (Andersen et al., 2017).

Jellinek and DePaolo (2003) pointed out that the accumula-
tion of large quantities of magma for many years in silicic vol-
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canoes is favored by warm-wall rocks with lower effective vis-
cosity compared to conventional bedrocks. Conjointly for silicic
volcanoes, Cooper and Kent (2014) suggested for Mount Hood,
USA, that nearly all of the duration of magma storage (>88% and
perhaps 99%) occurs at near-solidus conditions, i.e. under rela-
tively cool (<750°), viscous and uneruptible conditions. They sug-
gested that eruptions in these systems occur via remobilization of
a cold and rigid state that reacts immediately to mafic recharge,
as had also been suggested for other silicic volcanoes such as
Taupo volcano, Long Valley, and others (Charlier et al., 2004;
Hildreth, 2004; Hildreth and Wilson, 2007; Cooper and Kent, 2014;
Degruyter and Huber, 2014). This concept of magma storage is also
similar to that proposed in the recent study by Szymanowski et al.
(2017) from the analysis of zircon and titanite crystals collected
in the Kneeling Nun Tuff (New Mexico). These authors conclude
that magma has been mainly stored at cold temperatures rang-
ing from 680 to 730°. Therefore, despite the detection by MT of a
large partially molten magma body in the northern zone of LdM,
which could forecast an imminent eruption, the small volume of
high melt concentrations immediately below LdM probably reflects
that the mafic recharge is not able to promote an eruption. A
large near-solidus magma body beneath LdM maintained in a non-
eruptible state, might still be reactivated before an eruption, but
not necessarily “enough”.

A significant influx of magma over a long period of time is
still required to allow for the development of a long-lived large
near-solidus magma body (Annen, 2009; Galetto et al., 2017), or
else diffusive cooling would freeze it. At LdM, the abundance and
the frequency of post-glacial rhyolitic eruptions are characterized
by a prolonged history of explosive silicic eruptions since 1.5 Ma
(for instance the Bobadilla caldera collapse ~950 ka ago, Hildreth
et al., 2010). The development of this high crystal rich reservoir
with successive transient mafic recharges might be linked with the
>60 m magnitude of surface deformation accumulated since 9.4
thousand years in the southern-east zone of LdM, and that was in-
terpreted as the evidence for the incremental growth of a magma
reservoir just underneath (Singer et al.,, 2014, 2018). Another hy-
pothesis is that the LdM complex is fed from a large magmatic sys-
tem at >8 km of depth to the north that could provide sufficient
heat and melt to maintain the shallower system (Reyes-Wagner et
al.,, 2017; Cordell et al., 2018). Finally, several studies converge to
the same interpretation that the past 50 rhyolitic eruptions that
encircled the lake in the postglacial period were derived from a
single and large shallow silicic system of low density. This silicic
magmatic system together with volatile mingling within it would
furthermore inhibit the direct ascent of mafic magma to the sur-
face (Hildreth et al., 2010; Singer et al., 2014; Miller et al., 2017;
Andersen et al., 2017).

5.4. Implication on the source overpressure

The three representative geometries of viscoelastic truncated
cones that we tested match the observed evolution of ground sur-
face displacements with a maximum residual of 4 cm between
models and observations. The models require a basal overpres-
sure source ranging between 18 MPa for the largest viscoelastic
reservoir (3 km thick, model 2) and 36 MPa for the thinnest vis-
coelastic reservoir (1 km thick, model 1). This pressure/thickness
relationship can be justified with a simplified 1D analogy: con-
sidering a similar total surface uplift or deformation rate (dv)
and a similar viscosity (n) for both geometrical domains, but
a different height Hq, Hy over which this deformation occurs,
one can write dv = Hy x P1/n = Hy x Py/n (invoking the stan-
dard stress-strain-rate viscous constitutive relationship). This leads
P1 x Hy = Py x Hy, showing that the thicker the viscoelastic do-
main, the smaller the overpressure required to produce the same

uplift rate. Such overpressures remain realistic since 18 MPa is
of the order of the tensile strength of crustal rocks and a com-
mon value assumed for overpressurised magmatic crustal reser-
voirs. 36 MPa is also likely possible in contexts of rather dry
and competent bedrock environments (Jellinek and DePaolo, 2003;
Gerbault et al., 2018).

Finally, our study confirms that viscoelasticity is a key factor to
promote long-term surface displacements over decades. Our model
3 in particular, which best fits the data between 2007 and 2017
at LdM, predicts that a four-year continuous injection of mafic
magma at the base of a mush reservoir can promote 3.8 m of cu-
mulative displacements at station MAU2 within 50 yr (Fig. 8). This
increase reflects the slow transference of overpressure between a
pressurized basal source and the walls of the large mush reservoir,
due to its retarded viscoelastic response. While an elastic model is
a good indicator of the pressure at the walls of a large source (if
related to a small injection of magma over a short period of time)
it cannot reflect the activation of a large magma chamber for silicic
volcanoes displaying long-term deformation such as LdM. In such
cases viscoelastic shells should rather be considered. Future mea-
surements will help clarify the geometry of this large visco-elastic
shell, and the associated inflating overpressure, further helping to
predict the evolution of this volcanic hazard.

6. Conclusion

Our study quantifies for the first time the characteristic prop-
erties of a mush reservoir promoting large surface displacements
above a silicic volcanic system such as LdM, Long Valley, Campi
Flegrei, etc. Such large mush reservoirs may be associated to re-
current mafic recharges that these volcanic complexes experience,
but do not necessarily indicate imminent eruption.

From the analysis of a 10 years-long combined time series of
InSAR and GNSS data we first confirm the spatial and temporal
evolution of the regional uplift (up to 2 m of accumulated dis-
placement) observed at the LdM volcanic complex. As an alterna-
tive to previously proposed models explaining such surface dis-
placements, we tested 3D visco-elastic models simulating a mafic
magma recharge at the base of a crystal rich reservoir behaving
visco-elastically. The tested geometries of visco-elastic reservoirs
match the observed evolution of ground surface displacements
over time, with a viscosity approaching 10!7 Pas. The resulting
overpressure ranges between 18 and 36 MPa depending on the
reservoir’'s dimension. Our models support a scenario in which
a basal mafic intrusion first inflated during the first 4 or 6 yr
of active deformation, then triggering a continuous slow transfer
of pressure between this basal load to the viscoelastic reservoir’s
walls, promoting an increase in ground surface displacements for
up to another 50 yr.

Our best fitting dimensions, viscosity and overpressure of the
visco-elastic mush reservoir are consistent with previous interpre-
tations of a large long-lived, near-solidus magma body underneath
LdM. This raises the issue of how such magma bodies are thermo-
mechanically maintained over time, by other mechanisms than
standard thermal diffusion/dyking processes (metamorphism, per-
colation through porous media etc.), and calls for improving our
understanding of the multi-scale physics of volcanic plumbing sys-
tems, also with the help of high quality geophysical and geodetic
campaigns.
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