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et Mécanique de la Litosphére, Institut de Physique du Globe de Paris, France , 3Canada Centre for Mapping and Earth
Observation, Natural Resources Canada, Ottawa, Ontario, Canada, *Observatorio Volcanolégico de los Andes del Sur
(OVDAS), Servicio Nacional de Geologia y Mineria, Temuco, Chile

Abstract The VEI 4 rhyolitic eruption of Cordén Caulle volcano in 2011-2012 was immediately followed
by ~0.77 m of exponentially decaying uplift during 2012-2015. In this study, we present evidence of
additional transient pulses of inflation with interferometric synthetic aperture radar (InSAR) time series
during 2016-2018. We also assess whether the 2012-2015 uplift can be explained by viscoelastic relaxation
or not. InSAR detected ~12 cm of uplift during 2016-2017 and ~5 cm during 2017-2018. The three
inflation episodes have very similar spatial scales and can be modeled with the same inflating sill (z ~ 6 km),
but their time evolution is significantly different. Numerical models of a pressurized reservoir surrounded
by a viscoelastic shell do not have a better fit than a magma injection model to the 2012-2015 InSAR time
series, indicating that magma injection is the most likely mechanism to explain this uplift signal. The spatial
similarities of the three pulses suggest that they are produced by episodic magma injection. These magma
injection pulses provide the heat to remobilize the crystal mush beneath the volcano on timescales of

a few months, but the end of the uplift is not predicted by existing models. None of these uplift pulses
were related to abnormal seismicity, and we speculate that they are mostly aseismic because they caused
stresses of lower magnitude than the coeruptive stresses. The meter scale displacement observed at Cordén
Caulle between 2007 and 2018 suggests that the volcano undergoes episodic cycles of inflation like those
observed in silicic calderas.

1. Introduction

Volcanic eruptions produce a significant pressure drop with respect to the deviatoric stress in the magma
reservoir walls, leading to a significant pressure gradient between a deeper source and the shallow reser-
voir from where magma flowed during the eruption (Segall, 2016). In some situations, the pressure gradient
can trigger posteruptive magma intrusion that can produce ground deformation signals with exponentially
decaying trends (e.g., Bagnardi & Amelung, 2012; Chadwick et al., 2012; Lu et al., 2003, 2010; Reverso et al.,
2014). These signals are predicted by analytical models that couple a shallow pressurized source and magma
flow from a deeper source (e.g., Bato et al.,, 2018; Dvorak & Okamura, 1987; Lengline et al., 2008; Pinel et al.,
2010). The time constant of the exponential ground deformation is a function of the magma reservoir com-
pressibility and viscosity (Le Mével et al., 2016), theoretically allowing an estimate of the recharging magma
composition and the gas content of the magma reservoir. These injection pulses also have the potential to
remobilize crystal mushes located beneath active volcanoes and to trigger future eruptions (Cooper, 2017).

Alternatively, exponential signals in ground deformation data can be explained by viscoelastic relaxation
(Dzurisin et al., 2009; Newman et al., 2001, 2006; Segall, 2016). In this type of model, stresses in the crust are
relaxed as the pressure applied in the chamber walls is transmitted by ductile flow in the medium in which
the pressurized reservoir is embedded in. These viscoelastic models (e.g., Bonafede et al., 1986; Dragoni &
Magnanensi, 1989; Masterlark et al., 2010) have two important differences over the linear elastic models
widely used in volcano geodesy (e.g., McTigue, 1987; Okada, 1985). First, viscoelastic simulations can explain
ground deformation data with source overpressures that are closer to the tensile strength of the encasing
rocks (T,) of ~1-10 MPa (Newman et al., 2006), close to those required to trigger a dike intrusion (Rubin, 1995).
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Figure 1. Mean line-of-sight surface velocities (a, b) and displacements (c-I) at Cord6n Caulle from: (a) ascending CSK 2013-2015, (b) descending CSK
2013-2015 (a and b after Delgado et al., 2016, and shown for comparison with the rest of the data sets), (c) descending CSK 2016-2017, (d) ascending
RADARSAT-2 2016-2017, (e) descending RADARSAT-2 2016-2017, (f) descending ALOS-2 2016-2017, (g) ascending Sentinel-1 2016-2017, (h) descending
Sentinel-1 2016-2017, (i) ascending ALOS-2 2015-2016, (j) descending CSK 2017-2018, (k) descending ALOS-2 2017-2018, and (I) descending RADARSAT-2
2017-2018. The colored circles show the location of the time series maximum displacements shown in Figure 3. The thin black lines are faults, the black arrow is
the satellite heading, the gray arrow is the satellite line of sight, the number in the white box is the satellite look angle, the brown outline is the lava flow erupted
during 2011-2012, and the red triangle is the eruptive vent of the 2011-2012 eruption. The diamonds in (j) are the location of the continuous GPS stations. Inset
in (i) shows the volcano location within South America. The red and black triangles in the inset are the Cordén Caulle 2011 eruptive and Holocene volcanoes
(Siebert et al., 2010).
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Figure 2. LOS displacements for ascending (asc, squares) and descending (dsc, circles) COSMO-SkyMED, RADARSAT-2,
Sentinel-1, ALOS-2 SM3, and GPS data (shown as points of the same color in Figure 1). Abbreviations are shown in

Table 1. ALOS-2 WD1 (ScanSAR) time series from Euillades et al. (2017). The black line is the best fit function of the form
Uos = U1 - e~t/7) of the CSK descending data between March 2012 and May 2015 (see discussion for details). The gray
dashed line shows the projection of the exponential fit to the rest of the CSK time series. The RS2, CSK, and S1
ascending time series have been offset from the CSK descending data so the end of the inflation can be better assessed
in the latter. RSAT-2 WF2 and CSK ascending data are from Delgado et al. (2016) and only shown for comparison with
the 2016-2017 inflation. Campaign GPS observations in February-April 2016 are described in Delgado et al. (2016) and
continuous GPS (cGPS) are recorded since late November 2017 by OVDAS (Southern Andes Volcano Observatory).
Velocities are only shown for the periods of ground deformation.

These are much lower and more realistic than those predicted by analytic models with overpressures that
can be several orders of magnitude larger than T, (Masterlark et al., 2010). These smaller overpressures result
from the viscosity itself because the material around the reservoir transmits stresses by viscous over time, and
not by a purely instantaneous elastic response. Second, viscoelastic models can produce ground deformation
in the absence of chamber pressurization, implying that exponential ground deformation signals might not
indicate magma recharge (Zurek et al., 2012). In the case of long-lived large silicic systems like Yellowstone
and Long Valley, viscoelastic models better reflect the rheology of the materials around shallow reservoirs
because the hot magma inside the reservoir is likely to have weakened the surrounding materials. Depending
on the viscosity of the encasing rocks, it is possible that viscoelastic effects are important even for short-lived
inflation periods following eruptions (Segall, 2016).

However, viscoelastic models are even more nonunique than the widely used linear elastic models due to the
multiple choices of viscosities and rheologies as discussed here. Depending on the choice of these parame-
ters, the signals predicted by viscoelastic relaxation models can be very similar to those produced by magma
injection models (Le Mével et al., 2016). The situation can be more complicated when these exponential
uplift pulses are recorded in complex sequences of transient events (e.g., Montgomery-Brown et al., 2015).
As the timescales of elastic pressurization and viscoelastic relaxation can overlap, it can be challenging to
differentiate among both mechanisms, leading to further ambiguities in the interpretation of geodetic signals.

In this study we focus on a sequence of three posteruptive inflation events recorded by INSAR in 2012-2015,
2016-2017,and 2017-2018 following the 2011-2012 rhyodacitic eruption of Cordén Caulle volcano, the best
instrumentally recorded silicic eruption to date (Castro et al., 2013, 2016; Jay et al., 2014). This study is divided
in two parts. In the first one, we present a 6-year COSMO-SkyMED InSAR time series updated from a previ-
ous study (Delgado et al., 2016), as well as new RADARSAT-2, Sentinel-1, and ALOS-2 observations that span
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Table 1
Details of the Processed SAR Data Sets
Satellite A(cm) Dates (yy/mm/dd) Pass Path [ Mode, Beam #SAR #Ifg
COSMO-SkyMED 3.1 12/03/14-18/05/26 D N/A 28 HIMAGE, H4-02 120 404
COSMO-SkyMED 3.1 16/07/06-16/09/24 A N/A 45 HIMAGE, H4-13 19 61
RADARSAT-2 55 15/05/04-17/03/30 D N/A 35 Wide Fine 2 5 8
RADARSAT-2 55 16/01/30-18/05/19 A N/A 38 u12w2 15 30
RADARSAT-2 55 16/02/06-18/05/26 D N/A 43 uiew2 16 37
Sentinel-1 5.5 15/01/08-18/03/05 A 164 36 W 25 34
Sentinel-1 5.5 14/10/23-18/05/05 D 083 38 [\ 33 46
ALOS-2 24.2 15/03/12-18/05/03 D 130 34 SM3, F2-5 7 9
ALOS-2 24.2 15/12/09-17/11/22 A 36 35 SM3, F2-6 3 2

Note. The columns show the satellite name, radar wavelength (1), date range (year/month/day), whether the satellite is in an ascending (A) or descending (D) orbit,
satellite path (if available, otherwise labeled as N/A), average incidence angle (), mode and beam, number of synthetic aperture radar (SAR) images per track,
and the number of interferograms used in the time series (Ifg). For RADARSAT-2 Wide Fine 2, COSMO-SkyMED ascending, and ALOS-2 SM3 F2-6 Ifg indicates the
number of processed pairs. The Sentinel-1 ascending time series in Figures 1 and 2 ends in January 2017 because interferograms calculated with the next image
in February 2017 have ramps that cannot be removed with simple polynomial functions. Acquisitions were then stopped in this track and resumed only during

July 2017 and February—March 2018.

March 2012 to May 2018. This data set shows that after the March 2012 to May 2015 inflation, uplift resumed
in July 2016 until February 2017 and since May 2017 and ongoing as of May 2018. The 2016-2017 pulse
has already been documented by (Euillades et al., 2017), but here we use an independent analysis with a
much larger data set. This uplift pulse was produced by the same reservoir that was active during 2012-2015,
albeit at a reduced inflation rate. In the second part of this study, we address the ambiguity of interpreting
posteruptive exponential ground deformation during the 2012-2015 inflation. Delgado et al. (2016) inter-
preted this signal as being produced by magma recharge, and here we assess whether alternative mechanisms
like non-magmatic viscoelastic relaxation with exponential pressurization might explain it. Finally, we discuss
the implications of these nonlinear transient reservoir recharge events in terms of crystal mush rejuvenation
pulses that might lead to future eruptions in this volcano. We then compare it with other well studied sili-
cic systems like Laguna del Maule (Le Mével et al., 2016) that have undergone recorded meter scale ground
displacement over several years.

2. InSAR Data and 2016-2018 Ground Deformation

We use InSAR data from the COSMO-SkyMED (CSK), RADARSAT-2 (RS2), Sentinel-1 (S1), and ALOS-2 missions
to produce time series and differential interferograms that span the complete inflation events (Figures 1, 2,
and S1-S3; Table 1). These data sets were processed with standard algorithms described in detail in the sup-
porting information (Agram et al., 2013; Chen and Zebker, 2001; Delgado et al., 2017; Farr et al., 2007; Fattahi
et al.,, 2017; Fattahi and Amelung, 2013; Finnegan et al., 2008; Goldstein and Werner, 1998; Lopez-Quiroz et
al., 2009; Prats-lraola et al., 2012; Remy et al., 2015; Rosen et al., 2012; Samsonov, 2010; Sansosti et al., 2006;
Yague-Martinez et al., 2016; Zebker et al., 2010).. The differential interferograms calculated for every satellite
orbit show ~12 cm of uplift between June 2016 and February 2017 (Figures 1c to 1i), with a mean velocity of
~23 cm/year (Figure 2), in agreement with an independent ALOS-2 ScanSAR time series (Euillades et al., 2017).
This rate is intermediate between ~45 cm/year during 2012-2013 (Delgado et al., 2016) and ~16-17 cm/year
during 2013-2015 (Figure 2). The onset of uplift can be inferred assuming uplift at a constant rate for the
2016 winter and then interpolating the ground displacement until it matches the period of no deformation
in mid-2016. Under this assumption, the uplift likely started sometime in June-July 2017, in agreement with
ALOS-2 ScanSAR data (Euillades et al., 2017). Due to the lack of coherence in the winter for all the data sets,
even in 1-day CSKinterferograms, it is not possible to further pin down the onset of deformation. The CSKand
S1 descending and the ALOS-2 and RS2 time series do not show clear unambiguous uplift signals after Febru-
ary 2017; thus, we interpret this to mean that the 2016-2017 inflation event ended during February 2017.
The spatial footprint of the 2016-2017 inflation is very similar to that of the 2012-2015 event (Figure 1) and
different from those of the preeruptive and coeruptive deformation signals (Euillades et al., 2017; Jay et al,,
2014; Wendt et al., 2017). The InSAR and GPS time series indicate an additional pulse of ~5 cm/year of infla-
tion between May 2017 and May 2018 (Figure 2), although more data are required to thoroughly confirm this.
As for the 2016-2017 inflation, the spatial footprint of this third posteruptive pulse is very similar to that of
2012-2015.

DELGADO ET AL.

9410



At

100 Journal of Geophysical Research: Solid Earth 10.1029/2018JB016240
Table 2

Inverted Okada Source Model Parameters for the 2012-2015 (Delgado et al., 2016) and 2016-2017
Inflation Pulses

Model X, (km) X; (km) Z, (km) 0 ) L (km) W (km)
Sill 2012-2015 736.3 5514.2 6.2 39 11 19 10.07
Sill 2016-2017 736.0 5514.2 6.8 39 5 1.3 10.3

Note. X, Y,, and Z; sill centroid coordinates (UTM WGS84 18S), 6 strike, 6 dip, L length, and W width.
The source strike 6 was fixed because the signal is oriented in the NW-SE direction (Delgado et al.,
2016). For a thorough description of the stability of the inversion in the absence of a proper data
covariance matrix see (Delgado et al., 2016).

3. Elastic Source Modeling of Ground Deformation During 2016-2017

3.1. Elastic Modeling Approach

The differential interferograms spanning the 2016-2017 uplift (Figures 1c to 1e, 1g and 1h) were downsam-
pled with a resolution-based algorithm (Lohman & Simons, 2005) using a horizontal sill at a depth of 4 km. This
sill structure is only used to increase the number of downsampled points in the area of maximum deforma-
tion, not for the source modeling (e.g., Pearse & Lundgren, 2013). These downsampled interferograms were
inverted for the best fit sill geometry (Table 2) with the nonlinear neighborhood algorithm (Sambridge, 1999).
Source model error estimation (Lohman & Simons, 2005) due to atmospheric noise is not possible because
the CSK differential interferogram does not have a covariance matrix due to the lack of coherence in nonde-
forming areas (see Delgado et al., 2016, for a detailed description of this issue). We used all the differential
interferograms with equal weights for the inversion. The ALOS-2 SM3 data were not used for the source model
inversion because its temporal sampling is much poorer than the rest of the data sets (Figure 2).

3.2. Elastic Modeling Results

The best fitting inverted source model for the 2016—-2017 inflation is a NE-oriented subhorizontal dipping
sill with a centroid at ~6.8 km (hereafter M,4_,,, Table 2) and located less than 0.5 km from the centroid of
the 2012-2015 inflation source (hereafter M,,_;5, Table 2, Delgado et al., 2016). These two source models are
very similar in location and dimensions because the wavelength of the 2016-2017 deformation signal is very
similar to that of the 2012-2015 uplift pulse. Because the sill model still had a systematic residual, we used
a variable sill opening model to calculate the volume change. We fixed the source centroid and orientation
based on the uniform opening sill inversion using both M,,_,, and M,,_;s model and solved for opening in
10 by 20 smaller sill patches of 1 x 1 km? with a nonnegative least squares inversion (Delgado et al., 2016).
The distributed sill opening model using M,_,, predicts a volume change of ~0.0225 km3 but with a slightly
better data fit compared with a volume change of ~0.02 km? for M,,_5, although both have similar residuals
of ~1.5-2 cm (Figure 3). Because both the deformation signal and the source models of the 2012-2015 and
2016-2017 inflation events are so similar (Figure 1; Table 2), we use the M,,_;s model to calculate the source
volume change for the 2016-2017 data (Figures 3, 4, and S4).

The distributed sill model matches most of the deformation signal but with systematic residuals of ~1.5-2cm
consistent in the same areas of the ascending data sets (red boxes in Figure 3). Extending the distributed sill
opening model from 10 to 15 patches in length neither improves the residual nor significantly changes the sill
volume change, so the residuals could reflect a more complex deformation source (e.g., Nikkhoo et al., 2016).
Similar residual signals are also observed in the same area in the 2012-2015 inflation event (e.g., Figure 3i of
Delgado et al., 2016) although not as clearly as in 2016-2017 because only a single ascending track with poor
coherence in the zone with largest residuals was available during the 2012-2015 uplift. The total volumetric
change during 2016 and 2017 is ~0.02 km3, which added to the volume change of 0.125 km? between 2012
and 2015 yields a total posteruptive sill volume change of ~0.145 km?3. This number is 3 times larger than the
preeruptive source volume change of 0.05 + 0.03 km? between January 2007 and May 2011 (Jay et al., 2014).

4. Time-Dependent Magma Injection Models During 2012-2015

We use two different models to explain the time dependence of the 2012-2015 posteruptive inflation signal
(Figure 2). Both models assume that magma of viscosity #,, is intruded at a flow rate Q,,(t) from a vertical
conduit into a magma reservoir embedded in a linear elastic half space with shear modulus G and Poisson
ratio v (Figure 5). The reservoir refill increases the deviatoric stress P_(t), which leads to ground uplift. The only
difference between the two models (Figure 5) is that the medium of the first one is entirely elastic (hereafter
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Figure 3. Downsampled InSAR deformation rate maps for the 2016-2017 inflation event (a, d, g, j, m), model prediction
(b, e, h, k, n), and residuals (c, f, i, |, 0) comparing data and the model for the inversion of the distributed sill opening.
Black lines show the extent of the augmented sill geometry. The thin and thick black line show the outline and the top
of the sill source. The color scale in (m) is the same for all the downsampled and synthetic rate maps. The color scale in
(0) is the same for the all residuals. The red box in (0) and (f) shows an area with a systematic residual and is described in

the text.
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Figure 4. Contours of total sill opening for 2012-2013 (a), 2013-2015 (b), and 2016-2017 (c) draped over the shaded Shuttle Radar Topography Mission
topography. Contour intervals are 25 cm of sill opening. The black rectangles show the extent of the sill models (thick line shows its top). The red triangle and
brown outline are the 2011 eruptive vent and the outline of the erupted lava flow; 2012 and 2013-2015 contours after Delgado et al. (2016). Circles are inverted
deformation sources (Jay et al., 2014) that deflated during the first three eruption days (orange) and between June 2011 and February 2012 (red), and inflated
during 2007-2008 (blue) and 2009 (purple). The green square is the centroid of the spheroid used in the viscoelastic simulations. CNC is Cordillera Nevada
caldera, CC is Cordon Caulle, and PV is Puyehue volcano.

the analytic model), while in the second one the reservoir is surrounded by a viscoelastic shell with viscosity
n (hereafter the viscoelastic model) The presence of a viscous shell is plausible because it is likely that the
intrusion of hot magma over several thousands of years has weakened the area around the reservoir. This
implies that in addition to an instantaneous ground displacement due to pressurization in an elastic media,
there is a delayed response, which is a function of the shell viscosity (Newman et al., 2001). These magma
injection models require the use of a source model that incorporates the reservoir overpressure as a model
parameter, so in the following sections we use the prolate spheroid model of Delgado et al. (2016) (Table 3),
which also provides a very good data fit to the 2012-2015 InSAR data.

Viscoelastic effects can be tested by analyzing the data itself. The predicted ground deformation by a pres-
surized sphere of radius R, surrounded by a viscous shell of radius R, is equivalent to the elastic response
of a sphere with radii R, and R, at the beginning and at the end of the simulation, respectively (equations
7.101 and 7.113 in Segall, 2010). This results in ground deformation signals of different wavelengths, which
can be used to test for potential viscoelastic effects. Profiles of ground deformation normalized with respect
to the maximum of each epoch in the time series between 2012 and 2016 show that the wavelength of the
ground deformation signal does not vary significantly throughou t the inflation, except during the first two

Figure 5. Cartoons that summarize the magma recharge models. In both models the reservoir is embedded in an
elastic medium with shear modulus G, Poisson ratio v, and with magma influx Q,(t) proportional to the pressure
gradient. This implies that the reservoir pressure is an exponential of the form P (t) = Pf(1—e"/’) (Lengline et al., 2008;
Pinel et al., 2010). The only difference between the elastic (left) and viscoelastic (right) models is the shell with viscosity
7 in the latter.
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Table 3
Inverted Prolate Spheroid (Yang et al., 1988) for the 2012-2015 Inflation Event (Delgado et al., 2016)
Model X; (km) Y, (km) Z (km) 0 ) a (km) b (km)
Spheroid 2012-2015 736.6 5,513.9 4.6 129 9 7.2 1.0

Note. This spheroid model can also explain the 2012-2015 data with a very low residual, and it is used
in the viscoelastic simulation. Source model parameters: X;, Y, and Z; spheroid centroid coordinates
(UTM WGS84 18S); 0 strike; 6 plunge; a semimajor axis; b semiminor axis (fixed in the inversion to ensure
numerical accuracy).

and a half months of the uplift (Figure 6). This suggests that the data itself are to a first order not indicative of
viscoelastic effects.

Time-dependent analysis of transient signals of volcano ground deformation has been carried out focusing
on a time series from a single point that is representative of the complete ground deformation or the point
of maximum uplift (e.g., Le Mével et al., 2016; Newman et al.,, 2006; Parks et al., 2015). To assess whether the
assumption that a single time series is representative of the complete data set or not for Cordén Caulle, we fit
an exponential function of the form U = U,(1 — e7"/7) to pixels that remained coherent in at least 80% of the
CSK time series (Figure S5). As the time constant 7 is similar for pixels near the point of maximum uplift, we
consider it as representative of the complete data set. In the following sections, we apply models of magma
recharge and viscoelastic relaxation to the time series of the point of maximum uplift only.

4.1. Analytic Exponential Model
The predicted ground displacement of the system made up of a pressurized spheroidal reservoir coupled to
a deep source with constant overpressure has an analytic solution (Le Mével et al., 2016; Lengline et al., 2008).
The ground deformation U is given by U = U,(1 — /%), where U, is a constant that is the product of the
final source overpressure AP and terms that depend on the source geometry (Yang et al., 1988), and 7 a time
constant given by formula (1).
8nLVo (B + Fu)
= —O0m 7w
na?

m

Here L is the conduit length, a, the conduit radius, # the magma viscosity, and g, and g, the magma and
reservoir compressibilities. For the reservoir compressibility we use formula (2)

Distance

Figure 6. (a) Total line-of-sight displacement in meters at the end of the
2012-2015 inflation from the CSK descending time series. The black line is
the location of the deformation profiles shown in (b). (b) Profiles of ground
deformation for different times normalized with respect to the maximum of
each epoch.

ﬁw = a (2)
-40.4 ¢ 0.8 for a prolate spheroid (Amoruso & Crescentini, 2009), where G is the shear
- modulus. The key parameter to constrain is the magma viscosity n because
-40.451 ’ it provides information on the composition of the magma that is flowing
405¢ 0.4 into the reservoir, so the time constant formula is rearranged to solve for #:
0.2 4
-40.55 | n= __ e ©)
0 8LVo(Bm + Bu)
" This analytic model predicts most of the ground deformation for 7 =
° T L 1.8 years and inverted from the CSK time series (Figure 2). However, and
= R 038 as noted by Delgado et al. (2016), the magma recharge model cannot
é : gg}ggggz 06 explain the abrupt end of the deformation in May 2015. Given this time
k5 051 + 2012/11/09 i constant, values from the prolate spheroid model of Delgado et al., 2016
N . y . .
= . gg}ijg;gg (2016; Table 3), and assuming a deep magma source in the Moho at a
g o 2015/05/13 Le depth of ~33 km (L = 28 km; Hildreth & Moorbath, 1988), we estimate 5
Z 0 L - 0 . . . —
723 7205 55 as a function of both G, a,, and g,, in Figure 7 for = 1.8 years. We use

a range of conduit radii between 1 and 50 m, slightly higher than those
modeled and observed for subaerial vents (Fukushima et al., 2010), shear
modulii between 10 and 32 GPa, and magma compressibilities of 0 and
2.1-107'° Pa~" for both incompressible and very compressible magmas
(Jay et al.,, 2014). For a fixed conduit radius, the range of shear modulii
and magma compressibilities change the magma viscosity by one order of
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Figure 7. Magma viscosity # as a function of conduit radius a., magma compressibility f,,,, and shear modulus G derived
from the time constant 7 of the best exponential fit for the CSK data set time series of Figure 2. See text for details. Solid
and dashed lines show calculations for incompressible (4,, = 0) and gas-rich compressible (8, = 2.1%10710 pa—1)
magmas for a set of shear modulii between 10 and 32 GPa. The calculations show that a relatively small range of conduit
radii predicts a very large range of magma viscosities. The viscosity is a proxy for the magma composition, but it is not
possible to assess the composition of the injecting magma in the absence of further observations to narrow the range
of conduit radii.

magnitude, so the effect of G and g, is of second order. However, the magma viscosity varies over 8 orders of
magnitude for conduit radius between 1 and 50 m, almost spanning the entire range of magmas from mafic
to felsic compositions, and with 0-3 wt% of dissolved H,O (Lesher & Spera, 2015). Alternatively, the conduit
radius can be calculated with knowledge of the magma viscosity, flux rate, source overpressure, and density
gradients (Fukushima et al., 2010). Nevertheless, given the strong dependence of the magma viscosity on the
fourth power of the conduit radius, and the lack of geophysical observations of such structures, we do not
attempt to further pin down the properties of the recharging magma.

4.2, Finite Element Linear Viscoelastic Model

Analytic solutions for pressurized reservoirs surrounded by viscoelastic shells with a Maxwell rheology
(Dragoni & Magnanensi, 1989; Segall, 2010, 2016) predict ground displacement with exponential decaying
trends, very similar to the elastic model. But a severe limitation of viscoelastic models applied to volcano
geodetic data is that these analytic solutions are available only for spherical sources with either constant, lin-
ear, trapezoidal, or exponential pressure functions (e.g., Bonafede et al,, 1986; Del Negro et al., 2009; Parks
etal,, 2015; Segall, 2010, 2016). Hence, viscoelastic models for volcanic sources of arbitrary shapes and pres-
surization functions must be calculated with numerical techniques that are computationally expensive and
time consuming, rendering many inversion algorithms difficult to implement.

An example of the complexity of viscoelastic simulations applied to volcano geodetic data is shown in Table 4,
which highlights that there is no agreement upon the choice of viscous rheology and medium. Previous stud-
ies have relied on modeling either a single time series (e.g., Newman et al., 2001, 2006; Parks et al., 2015) and
then using the synthetic model derived from the best fit parameters to predict the rest of the available data
sets, or a set of total displacements (e.g., Del Negro et al., 2009; Fialko & Pearse, 2012; Gregg et al.,, 2013; Hickey
etal, 2013; Masterlark et al., 2010; Pearse & Fialko, 2010). The reservoir pressurization functions vary from lin-
ear (Hickey et al., 2013) to highly nonlinear (Newman et al., 2001, 2006), which requires an a priori guess of the
unknown pressurization time evolution. Another limitation is that the input geometry from an elastic model
is potentially biased because this best fit source model may be different from that for a viscoelastic source
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Table 5
Seismic Wave Velocities (Wendt et al,, 2017) and Densities Used in the Finite
Element Model
Depth (km) V,, (km/s) V (km/s) Density (kg/m3)
0.0 4.70 2.65 2,650
0.5 4.90 2.81 2,650
1.5 5.05 2.84 2,650
2.5 5.10 2.87 2,650
35 5.15 2.92 2,650
4.5 6.05 3.40 2,650
53 6.38 3.62 2,650
6.5 6.46 3.63 2,650
7.5 6.47 3.63 2,650
8.5 6.50 3.65 2,700
12 6.60 3.76 2,850
15 6.70 3.88 2,850
30 6.90 4.10 3,100
45 7.00 4.27 3,230
65 7.30 4.44 3,230

Note. The density of the first 8.5 km is from the gravity model of Sepulveda
etal. (2005) and was used as the background value of the upper crust. The rest
of the densities are from the gravity model of Tasarova (2007).

model with elastic layering. To our knowledge, inversion algorithms that search for the complete set
of best fit model parameters for a pressurized spheroid surrounded by a viscous shell (source loca-
tion, geometry, rheology, and pressurization function) do not exist. The few examples of inversions of
geodetic data in volcanoes with viscoelastic models have used either elastic models as the input geom-
etry (Masterlark et al.,, 2010) or a viscoelastic half space rather than a shell (Hickey et al., 2016). Hence,
we rely on using the elastic source models derived from nonlinear inversions as input geometries.

Given these drawbacks of viscoelastic modeling, we take the following approach for the Cordén Caulle data.
First, we explore the dependence of the shell viscosity using a model for a spherical source with an exponential
pressure function (Equation 7.113 of Segall, 2010), and constrained with the time constant calculated from the
timescales of exponential fits to the 2012-2015 CSK time series. However, we do not use the analytic model
of Segall, (2016, equation 18) because the source geometry is different than the one that deflated during
the 2011-2012 eruption (Delgado et al., 2016). Second, we use finite element simulations with a grid search
algorithm to calculate the shell viscosity.

4.2.1. Finite Element Model

We use the finite element method to model the ground displacement produced by a pressurized spheroidal
source calculated in our previous paper (Delgado et al., 2016) and surrounded by a viscous shell. Although
the preferred source geometry responsible for the 2012-2015 inflation was a subhorizontal sill, we use the
spheroid model (Delgado et al., 2016) because the source overpressure is a model parameter required by the
numerical simulation, and its root mean square is only slightly larger than the one of the sills. We use the Cubit
software to create a 3-D mesh with linear tetrahedral elements and the finite element open source software
Pylith (Aagaard et al., 2013) for the viscoelastic simulations. The mesh size was chosen to be a trade-off in
terms of computational load and accuracy to benchmark well-known analytic linear elastic (McTigue, 1987;
Yang etal., 1988) and linear viscoelastic solutions (Segall, 2010; Figure S6). We find that the difference between
the finite element and the approximate analytic solution of Segall (2010) is at most 3% for a small pressurized
sphere (Figure S6), which is well within the uncertainties of individual epochs in the CSK time series. Although
other studies have assumed that most of the medium is viscoelastic (e.g., Del Negro et al., 2009; Hickey et al.,
2013), we consider this an unlikely situation for the short timescales of ground deformation (months to years)
and because all the preeruptive, coeruptive, and posteruptive deformation sources (Jay et al., 2014) are shal-
low (depths between 4 and 6 km) and located just beneath Cordén Caulle. We incorporate the effect of 1-D
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elastic layering using the seismic velocity model of Wendt et al. (2017) and the density models of Tasarova
(2007) and Sepulveda et al. (2005; Table 5).

The finite element simulations presented in this study have two unknowns that must be constrained after the
model geometry has been set. These model parameters are the shell viscosity and the pressurization history.
Literature values for shell viscosities span 1 order of magnitude, from 4.7 - 10" Pa-s (Parks et al., 2015) to
7.5-10'0 Pa-s (Masterlark et al., 2010) with an average of 10'® Pa-s for a felsic shell surrounding a felsic magma
chamber (Newman etal., 2001). As the CSK time series follows an exponential trend recorded just after the end
of the 2011-2012 eruption, and previous studies have used pressurization functions that follow the overall
trend of the geodetic time series (Hickey et al., 2016; Newman et al., 2001, 2006; Parks et al., 2015), the data are
consistent with a simple exponential pressurization function. Hence, we do not try complex pressure functions
with transient steps (e.g., Hickey et al.,, 2016; Newman et al., 2001, 2006). The modeled pressure function is
P(t) = P;(1 — e7/7) (Lengline et al., 2008), with 7 a time constant that we vary between 0.1 and 0.9 years
and P; = 1-30 MPa. Different models with lower final overpressures can be tried by just scaling P, because
the chamber overpressure is a linear parameter in the finite element model. With this pressure history, the
viscoelastic finite element model parameters that must be sought for are the viscosity and the pressurization
timescale.

4.2.2. Viscoelastic Rheology

A variety of linear viscoelastic rheologies are available (Table 4), including the Maxwell, generalized Maxwell,
Kelvin-Voight, and standard linear solid models (Segall, 2010). The main difference between these models is
the number of springs and dashpots that represent the linear elastic and viscoelastic elements, respectively,
and the way they are arranged. Geodetic studies of postseismic deformation (Freed & Burgmann, 2004) have
shown that in some situations the Maxwell model is inaccurate and power law rheologies are required to
properly model GPS velocities. However, Table 4 shows that most of the studies have relied on either a Maxwell
or generalized Maxwell rheology to simulate viscoelastic deformation at volcanoes. Only a few studies (Hickey
etal, 2013,2015,2016; Le Mével et al., 2016; Pearse & Fialko, 2010) have used a power law and a standard linear
solid medium, most likely because they have considered ground deformation with timescales of decades
rather than a few years. Our calculations comparing a generalized Maxwell rheology with equal fractional
components of the shear modulus (G, = y,G, G, = u,G, p; = u, = 0.5) do not show significant differences
compared with a Maxwell rheology (not shown). The choice of the fractional components is not simple, so
in the absence of external information about the viscoelastic structure of the shell that likely surrounds the
pressurized reservoir beneath Cordén Caulle, we use the simplest of all these rheologies, which is the Maxwell
model.

4.2.3. Shell Radius and Viscosity

We implement our models with a shell radius of 1 km after Newman et al. (2001). This figure is essentially
unconstrained due to the lack of subsurface seismic observations, but we note that there is an inverse trade-off
between shell radius and pressure because increasing the shell radius will reduce the overpressure required
to model a given uplift signal. The most critical parameter in the simulation is the shell viscosity because it
controls the timescale of the viscous relaxation, but it can vary several orders of magnitude depending on the
rock composition, water content, and temperature among other factors.

Newman et al. (2001) used petrological arguments and experimental models to constrain the shell viscosity
given the medium thermal state and rheology underneath Long Valley caldera. These figures span 2 orders
of magnitude (~ 10> -10" Pa-s) and agree with those derived from the time constants of exponential data
fits, representative of largely crystallized rhyolites near their solidus but not of partially molten rocks. Thermal
models that could be used to provide more realistic estimates of shell viscosity by means of a power law
function (e.g., Del Negro et al., 2009) are not available at Corddn Caulle; hence, we use a constant shell viscosity
only. Nevertheless, most of the published viscoelastic models (Table 4) have relied on either a parametric
forward exploration (Pearse & Fialko, 2010) or just assuming a fixed figure (Hickey et al., 2013). Here the shell
viscosity will be calculated directly from the data instead of using a fixed value.

The initial shell viscosity of the source responsible for the 2012-2015 deformation signal is calculated with
a spherical shell as an initial model, even though the ground deformation signal is clearly nonsymmetric
(Figure 1). The viscosity of a spherical shell of radius R, surrounding a spherical reservoir of radius R, is

G, (1+v) (R
=3 0-v <R_2) @
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Figure 8. Root mean square (RMS) in centimeters between the March 2012
to January 2016 CSK time series (Figure 2) and the synthetic signal predicted
by finite element viscoelastic models with variable shell viscosity # and
pressurization timescale = for a maximum pressure of 19 MPa. The white
point shows the best fit model parameter, and the white line is the
confidence interval, defined as a variation of 10% with respect to the RMS
minimum.

with the relaxation time and G the shear modulus (Equation 7.98 of Segall,
2010). The result of the time series inversion for a source with a radius of
1 km and a shell radius of 2 km at a depth of ~7 km (Figures S7 and S8) is
within the range of values valid for the Mogi model radius-to-depth ratio
and can fit the CSK time series for pressurization and relaxation times of
0.175 and 1.725 years, respectively, for a maximum pressure of ~270 MPa.
Given a shear modulus between 5 to 35 GPa, the shell viscosity varies
between 1.8 - 10" and 1.3 - 10"7 Pa-s (Figure S8), which are within the
estimates of Newman et al. (2001).

4.2.4. Viscoelastic Numerical Model With Exponentially Decreasing
Pressure Function

The best fit exponential pressurization time constant and shell viscosities
of the finite element simulations are sought with a grid search algorithm
(Figure 8). The best fit viscoelastic model for the CSK time series has a
maximum pressure of 19 MPa, a pressurization time constant of 146 days
(0.4 years), and a shell viscosity of 2 - 10'7 Pa-s, which falls within the range
of viscosities calculated with the analytic model (Equation 7.113 in Segall,
2010). The best fit viscoelastic model predicts very little deformation dur-
ing 2016 (Figure 9), although it predicts less ground uplift during late 2014
to early 2015 than the actually recorded. The best fit viscoelastic model has
been used to generate a set of cumulative synthetic LOS displacements
that are compared to selected dates of the CSK time series (Figure S9).

5. Discussion

5.1. Magma Reservoir Pressurization With and Without Viscoelastic
Relaxation

As shown in previous sections, models of magma reservoir pressurization
both with and without a viscous spherical shell can model the exponen-

tial decrease in the CSK time series. The slight deviations from a linear trend during the onset of inflation
in March—May 2012 (Figure 9) are similar to transient viscoelastic signals observed at the onset and end of
inflation episodes in the Santorini caldera (Parks et al., 2015), although their magnitudes are of second order
with respect to the main quasi-exponential or quasi-linear (Parks et al., 2015) trends. The inferred shell vis-
cosity of 2 - 10" Pa-s is similar to that of other volcanoes (Newman et al., 2001), and the maximum source
overpressure of 19 MPa is much lower than the ~100 MPa calculated by Delgado et al. (2016), based on incor-
porating both the viscous shell and the elastic layering. The source overpressure can be further decreased

90 r
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Figure 9. CSK InSAR line-of-sight (LOS) time series (red dots, Figure 2) compared with the best fit magma recharge
viscoelastic and analytic models (blue and dashed black lines, respectively, Figure 5). The black dashed box shows the
area where the viscoelastic model has a better data fit than the elastic one.
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with a larger spheroid, but such sources are difficult to calculate because inversions for finite-sized shallow
prolate spheroids are very inaccurate when the source radius of curvature is larger than its depth (Yang et al.,
1988). This effect can be tested with forward finite element models where we fix the source geometry of the
pressurized spheroid (Table 3) and use b = 2.5 and 3 km rather than 1 km. We also use G = 20 GPa, repre-
sentative of a more brittle crust rather than the traditionally used figure of 32 GPa. This finite-sized spheroid
predicts overpressures of just 8.4 and 4.7 MPa to explain the ~77 cm of ground uplift in the InSAR time series
(Figure S10), with no need for a viscoelastic shell nor elastic layering to decrease the source overpressure. This
is in agreement with other studies (Le Mével et al., 2016) and strongly suggests that viscoelastic effects are
not necessary to model the InSAR data.

Although the viscoelastic model is more geologically realistic, its residuals are slightly higher than those from a
purely elastic model (Figures 9, S9, and S10); hence, it does not provide an unambiguously better fit to the CSK
time series than the exponential fit indicative of magma injection in an elastic medium. This is also in agree-
ment with the constant wavelength of the ground deformation signal after the first 2.5 months of inflation,
which implies no stress relaxation as in a viscoelastic simulation (Figure 6). Hence, we suggest that viscoelastic
effects are of second order with respect to magma injection in an elastic medium to explain the 2012-2015
inflation at Cordén Caulle. This does not rule out the possibility that other viscoelastic simulations using more
arbitrary pressurization functions that do not follow simple mathematical functions can provide a better fit
to the data. However, these potential better fitting models are very difficult to find with a three-dimensional
numerical simulation because every slight modification to the input pressure function results in a new model
that requires many hours of calculations. It also does not imply that viscoelastic effects can be important
in other systems with clear exponential ground deformation signals or that the shell viscosity is higher and
viscoelastic effects might be noticeable in longer timescales of inflation (e.g., Pearse & Fialko, 2010). To our
knowledge, pressure functions that do not follow simple mathematical functions (polynomial and exponen-
tial) have been tried only by the use of forward models (Hickey et al., 2016; Newman et al., 2001, 2006). It is
also possible that simulations with a set of viscoelastic shells with different viscosities can explain the data
(Newman et al., 2006).

The importance of viscoelastic relaxation depends on the orders of magnitude of the recharge timescale and
the Maxwell relaxation time. The Maxwell relaxation time t; = g (Segall, 2010, equation 6.21) forn = 2 -
10'7 Pa-s and G between 25 and 35 GPa varies between 92 and 66 days, which is significantly smaller than the
best fit exponential pressurization timescale (146 days), and might explain the slight deviations from a pure
exponential signal during the onset of uplift in March—May 2012 (Figure 9). However, stresses have already
been relaxed during the rest of the inflation period; thus, viscoelastic effects only have a secondary effect, and
the uplift signal is produced by magma recharge. It is likely that in other systems the effects of viscoelastic
relaxation are more important for timescales of several years or decades, but at Cordén Caulle viscous effects
are of second order compared with magma recharge in an elastic medium.

5.2. Magma Injection in a Shallow Reservoir During 2012-2018

The geodetic modeling (Figures 3 and 4) shows that the same source was active during 2012-2015 and
2016-2017. This is the first time at Cordén Caulle since the onset of high-quality geodetic measurement in
January 2007 with the ALOS-1 satellite that the same source has been active in two different time periods. Euil-
lades et al. (2017) reached this same conclusion using a prolate spheroid source model at a depth of 8—10 km,
although the distributed sill opening model used here provides a better fit to the data. Based upon the similar-
ity of the source model of the 2012-2015 and 2016-2017 uplift pulses (Table 2), we suggest that the latter is
also due to magma injection. Also, due to the elongation of the ground deformation signal during 2016-2017
in the direction of the local volcanic chain (Figure 1), we suggest that this magma injection pulse was tecton-
ically controlled, as has been proposed for the long-term evolution of the volcano (Lara, Lavenu, et al., 2006),
and for the 2012-2015 uplift (Delgado et al., 2016). Despite the similarities of the 2012-2015 and 2016-2017
inflation events, their temporal evolution follows very different functions. The 2012-2015 inflation can be
modeled by an exponential decay whereas the 2016-2017 is a linear function with some resemblance to
a double exponential (Figure S11). The exponential decay implies a deep source that feeds a shallow reser-
voir with a constant pressure (Pinel et al., 2010), the double exponential indicates a linear pressure increase
followed by a constant pressure in the deep magma source (Le Mével et al., 2016), and a linear pressure
increase implies that the intrusion occurred during a much shorter timescale than the one characterized
by the exponential time constant (Formula 1). The very large range of allowed magma viscosities (Figure 7)
implies that it is not possible to infer the recharging magma composition in a shallow reservoir from ground
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deformation data only. Unfortunately, no existing geophysical technique can image these deep structures
with the required resolution (~10-100 m).

Neither the elastic nor the viscoelastic models predict both the deformation during early 2015 and the end
of the inflation in May 2015, so other inelastic mechanisms are required to explain the abrupt end of magma
injection. These include effects such as conduit clogging as the magma flow rate dropped because of a
decrease in the pressure gradient between the shallow reservoir and a deep source (Delgado et al., 2016). A
similar situation was observed during the waning of the Bardarbunga-Holuhraun effusive eruption in Iceland,
where lava extrusion ended before the prediction of exponential trends by similar coupled reservoir-conduit
models (Coppola et al., 2017; Gudmundsson et al., 2016). Also, none of these coupled reservoir-conduit mod-
els can explain why the magma flow abruptly ended in February 2017 before the deformation signal either
decreased or reached a value close to the asymptotic threshold as it did during 2012-2015 and why there was
atime lag of ~1 year between the two inflation pulses. Unfortunately, existing time-dependent simulations of
magma injection do not have predictive capabilities to forecast the onset and the end of ground deformation
(Le Mével et al,, 2016; Pinel et al., 2010; Reverso et al., 2014). Also, transient viscoelastic effects as observed at
the end of the 2011-2012 inflation of Santorini (Parks et al., 2015) are not evident at the end of inflation in
January and February 2017. We consider that inelastic effects such as conduit clogging due to magma solidi-
fication might be responsible for the abrupt end of uplift in February 2017, similar to the mechanism inferred
for the end of the 2012-2015 inflation in May 2015.

Changes in the hydrothermal systems in silicic calderas can also explain ground deformation signals (Hurwitz
etal., 2007). However, we consider that neither the 2012-2015 nor the 2016-2017 inflation can be explained
by these processes because the hydrothermal system depth of ~2-3 km (Sepulveda et al., 2004, 2007) is much
shallower than the inflation sources. It is possible that some of the ground deformation might be buffered
by the hydrothermal system with lower shear modulus than the surrounding rock, but detailed constraints
on the subsurface elastic structure are not available. Currently Cordén Caulle has neither volatiles nor gas
flux monitoring, and to our knowledge its gas flux has only been measured with ground data before the
2011-2012 eruption (Sepulveda et al., 2004, 2007). Hence, the relation between the inflation events, seismic-
ity, the degassing flux and potential changes in the volcano hydrothermal systemis currently unknown. Unlike
at Campi Flegrei and Yellowstone, we cannot relate the extent that seismic swarms are related to fluid injec-
tion produced by breaching of a sealed layer in the brittle-ductile transition (Hurwitz & Lowenstern, 2014).
Finally, we cannot completely discard other driving mechanisms for generating the source overpressure such
as H,0 exsolution in a cooling felsic crystal mush. The effect of other volatiles exsolution such as CO, can be
discarded because their solubility is much lower than H,O in these magmas (Tait et al., 1989). We recommend
additional volatile and gas flux observations at Cordén Caulle.

In summary, volcano deformation exponential signals are inherently ambiguous to interpret, and in the
absence of external information, it is difficult to discriminate between magma injection and volatile exsolu-
tion. This limitation has been observed in other large scale magmatic systems with inflation signals that last
several years and where only geodetic data are available (Henderson et al., 2017; Henderson & Pritchard, 2017;
Lundgren et al., 2017). One way to rule out gas exsolution produced by crystallization of anhydrous minerals
with respect to magma recharge is by means of time-lapse microgravity observations (Carbone et al., 2017)
that can track mass changes resulting from magma intrusion. Time-lapse microgravity data have been useful
to show that uplift at Three Sisters required a significant viscoelastic response (Zurek et al., 2012), while uplift
events at Laguna del Maule (Miller, Le Mevel, et al., 2017), Yellowstone (Tizzani et al., 2015), and Long Val-
ley (Battaglia et al., 1999) have been produced by magma injection, although a recent study (Hildreth, 2017)
has challenged this interpretation for the latter volcano. The intrusion of 0.125 and 0.02 km? of basalt with
a density of 2,850 kg/m? into a spherical reservoir at a depth of 6 km produces a maximum gravity change
of 66 and 10 pGal for the 2012-2015 and 2016-2017 inflation events, respectively. The former signal should
be detectable, while the latter is within the uncertainty of time-lapse surveys (Williams-Jones & Rymer, 2002),
unless magmais intruded at a much shallower depth of 3 km, increasing the gravity change to 40 pGal. Despite
the small predicted gravity changes, microgravity measurements can shed light on the driving mechanism of
uplift events at Cordén Caulle and reduce the inherent ambiguity in the interpretation of ground deformation
data. Therefore, we recommend additional microgravity measurements at Cordén Caulle.
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Figure 10. Compilation of selected InSAR time series between January 2007 and March 2018 (Delgado et al., 2016; Jay
et al., 2014; this study) from the ALOS-1, ENVISAT, CSK, and Sentinel-1 satellites; asc and dsc are ascending and
descending data, respectively. Volcanotectonic and long-period earthquakes are shown as daily and cumulative

sums between April 2010 and June 2017 on a logarithmic scale (Wendt et al., 2017) and updated from the
OVDAS-SERNAGEOMIN data catalog. The ALOS-1 path 119 (p119) time series shows the maximum ground uplift
compiled from individual interferograms (Jay et al.,, 2014). The ENVISAT data are from the 1S6 beam and is presented
with different colors because it records deformation from four deformation sources: preeruptive in the Cordén Caulle
graben (dark blue dots) and coeruptive deflation at Puyehue volcano (Pv, orange line), Cordillera Nevada caldera (CNc,
brown line) and the Corddn Caulle graben (CCg, red line, calculated with a finite element spheroid model with the data
oflay et al., 2014). The preeruptive ALOS-1 and ENVISAT data show three pulses of ground uplift (Jay et al., 2014).

5.3. Relation Between Deformation and Seismicity

An intriguing feature of the 2012-2015 and 2016-2017 inflation events is the overall lack of abnormal
seismicity (Delgado et al., 2016). The only abnormal seismicity since the onset of inflation in March 2012
occurred in April 2012 (Figure 11, Delgado et al., 2016), in June 08 2016 with a maximum local magnitude
M, of 3.0 (OVDAS,2016), which could be related to the onset of the second inflation event in June-July
2016, and in early June 2018 (OVDAS,2018; Figure 10). A similar situation has also been observed at Long
Valley caldera where only some of the seismicity is correlated with inflation events in its resurgent dome
(Montgomery-Brown et al., 2015), but it is different from other systems like Yellowstone where cycles of
inflation-deflation are correlated with seismic swarms (Hurwitz & Lowenstern, 2014). We speculate that the
Kaiser effect (Heimisson et al., 2015) is an explanation for the overall lack of abnormal seismicity in the three
posteruptive inflation events. The Kaiser effect predicts that the seismicity rate remains low until the pressur-
ization in the magma reservoir is larger than the maximum of previous stressing cycles. Testing this hypothesis
requires both geodetic and seismic data recorded in several unrest episodes like at Krafla caldera in Iceland
(Heimisson et al., 2015), but such dense records are not available at Cordén Caulle.

Before 2010 the sparse volcano seismic network recorded an increase in the seismicity between June 2007
and January 2008 (Wendt et al.,, 2017), coincident with ~20 cm of uplift during 2007-2008 (Jay et al., 2014).
However, detailed earthquake statistics are only available after April 2010 (Figure 10). Because the volcano
has continuous GPS measurements only since November 2017 (Figure 2), all the available measurements of
magma injection rely upon InSAR data that have been acquired since 1996, although with very poor quality
observations before the start of ALOS-1 acquisitions in early 2007 (de Ruyt, 2013; Fournier et al,, 2010; Jay
et al,, 2014; Pritchard & Simons, 2004). Hence, the lack of instrumental records before 1996 precludes testing
the Kaiser effect hypothesis. Continuous acquisition of geodetic, seismic, and geochemical data during future
uplift pulses of uplift will help to further clarify this point.
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Figure 11. Cordon Caulle conceptual geological cross section (updated from Delgado et al., 2016) that summarizes the
estimated deformation sources between 2007-2012 (Jay et al., 2014), 2012-2016 (Delgado et al., 2016), and 2016-2017
(this study) derived from InSAR modeling and the inferred magma sources of the 1921-1922, 1960, and 2011-2012
eruptions from geological mapping (Castro et al.,, 2013; Jay et al., 2014; Lara, Moreno, et al., 2006; Singer et al., 2008). The
red region is the hypothetical mush zone (which could be a collection of discrete, connected reservoirs instead of a
large, interconnected zone), likely surrounded by a viscoelastic shell (orange region). The light blue and blue regions are
the inferred magma intrusions for 2007 -2008, 2009, 2012-2015, 2016-2017, and potentially during 2017-2018, and
the green region is the hydrothermal system beneath the volcano (Sepulveda et al., 2004, 2007). Blue stars show the
location of the historical eruptive vents, black stars are earthquakes beneath the volcano (Delgado et al., 2016; Wendt

et al,, 2017), horizontal lines with open triangles show the graben bounding faults, and LOFZ is the Liquifie-Ofqui
regional fault zone that crosses the volcano (Lara, Lavenu, et al., 2006). MASH zone refers to a hypothetical zone of
magma melting, assimilation, storage, and homogenization (Hildreth & Moorbath, 1988) that we infer to be the source
of magmas (see rationale in Jay et al., 2014). Black points in the red regions show crystals that might have settled at the
bottom of the reservoir, thus reducing the magma viscosity (Castro et al., 2013) and enhancing interstitial liquid
extraction, a condition likely required to produce eruptible magma in a silicic magma chamber (Bachmann & Bergantz,
2008; Cooper, 2017). The sketch shows that the source of the 1921-1922, 1960, and 2011-2012 eruptions is the same
reservoir located beneath Cordillera Nevada, Cordén Caulle, and Puyehue volcanoes and where magma intruded during
2007-2008, 2008-2009, 2012-2015, 2016-2017, and potentially during 2017-2018. InSAR data are interpreted to
show that magma flowed from the Cordillera Nevada and Puyehue volcanoes toward the 2011-2012 eruptive event
during the first three eruption days and then flowed from areas closer to the vent during the rest of the eruption (Jay

et al,, 2014). Note that the shape of the crystal mush is hypothetical because no seismic tomography is available for the
volcano.

5.4. Evidence for Geodetically Detected Crystal Mush Rejuvenation Events

As currently understood, magma reservoirs underlying silicic systems are made up of crystal mushes, which
are semirigid sponges of crystals (>40-50%) with small fractions of melt (Bachmann & Bergantz, 2008; Cooper,
2017; Hildreth, 2004). Crystals spend most of their lifetimes in these mushes under cold storage conditions
(Cooper &Kent, 2014) because large magmatic systems are likely ephemeral (Cashman et al., 2017). Radiomet-
ric ages suggest that these mushes are rejuvenated by discrete and ephemeral intrusions of magma batches
that provide the heat and volatiles that prevent the thermomechanical locking of the mush and can even-
tually trigger an eruption. The intrusion timescales are several decades to centuries (Bachmann & Huber,
2016) inferred from either zircon geochronology (Cooper, 2017) or diffusion modeling in zoned crystals (Costa
& Dungan, 2005). Alternative views on silicic reservoirs suggest that these discrete events do not provide
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Figure 12. Time series of normalized ground deformation at silicic volcanoes. The compilation includes both meter scale
signals like at Laguna del Maule and signals with amplitudes of 10-20 cm as in Santorini. The data were normalized by
dividing by the maximum displacement and the total duration of each inflation event. The InSAR time series are plotted
for the points of maximum displacement. Data sources: Yellowstone (Chang et al.,, 2010), Santorini (Newman et al., 2012),
Cordon Caulle (Delgado et al., 2016; this study), Laguna del Maule (Le Mével et al., 2016), and Campi Flegrei (Battaglia

et al.,, 1999). The Yellowstone and Santorini data sets are GPS vertical displacements from the WLWY and NOMI stations,
respectively, and processed by the Nevada Geodetic Laboratory. Data from Long Valley caldera (Montgomery-Brown

et al,, 2015) have not been included because the uplift signals recorded since the mid-1970s have been recently
reinterpreted as being produced by volatile exsolution rather than magma injection (Hildreth, 2017). The 2004-2009
Yellowstone inflation resembles a similar concave function, but it displays a convex shape at the onset of the inflation
produced by a short-lived increase in the pressure in a deep source.

enough source overpressure above the tensile strength of the wall rock; hence, other mechanisms such as
volatile exsolution must occur in order to trigger an eruption (Putirka, 2017). The much shorter temporal sam-
pling of geodesy makes it a useful tool to resolve mush rejuvenation events that occur on short timescales of
just a few months.

We speculate that the underlying system beneath Cordén Caulle is a crystal mush given the petrological and
geochemical similarities of the erupted rhyolites in the 1921-1922, 1960, and 2011-2012 eruptions that are
thought to be fed from the same reservoir (Castro et al., 2013; Jay et al., 2014; Figure 11). To test this hypothesis
requires additional data sets that are currently unavailable, such as detailed zircon geochronology studies of
these rhyodacitic lava flows and high-resolution geophysical imaging of the volcano subsurface. The source
volumetric changes from geodetic inversions before and after the eruption are ~0.01-0.04 km3/year (Del-
gado et al., 2016; Jay et al., 2014), ~1-2 orders of magnitude larger than the volcano average extrusion rate
during the past 300 Kyr (Singer et al., 2008), and the average growth rate of plutons in the upper crust (Annen,
2009; Menand et al., 2015). Thus, we propose than the crystal mush underlying Cordén Caulle is rejuvenated
by transient and short-lived episodes of magma recharge that could last only a few months as in 2016-2017.
Nonetheless, the 2016-2017 uplift did not trigger an eruption because its source pressure change was ~1-2
orders of magnitude below the tensile strength of the rocks as predicted by a simple rupture criteria (Brown-
ing et al,, 2015). The chemical composition of the intruding magma cannot be constrained from geodetic
data only, and it is not known how many injection events are required to trigger an eruption. Nevertheless,
numerical models applied to the 2011-2012 unrest episode of Santorini caldera show that they must be
larger and last longer than a given threshold, which is a function of the magma properties and plumbing
system (Degruyter et al., 2016). Within the framework of this model, the 2012-2015 inflation is interpreted
as the refilling of the crystal mush that deflated during the 2011-2012 eruption. More realistic models of
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crystal mush rejuvenation due to episodic magma recharge should couple ground deformation and seismic
data, the crust response due to reservoir pressurization, conduit flow from a deeper source, and the fluid
dynamics and chemical evolution of the reservoir, although these models are very complex and yet to be
completed (Bachmann & Huber, 2016).

5.5. Meter Scale Displacement in Silicic Volcanoes

Aside from Corddn Caulle, only a few other silicic systems have similar instrumentally recorded meter scale
inflation and deflation cycles with nonlinear trends. These include the restless Campi Flegrei, Rabaul, and
Long Valley calderas (Battaglia et al., 1999; Montgomery-Brown et al,, 2015), and the Laguna del Maule vol-
canic complex (Le Mével et al.,, 2015, 2016; Singer et al., 2018). Although Cordén Caulle is not a caldera, its
geodetic time series resemble those of restless silicic caldera scale systems (Figure 12), with multiple inflation
events in several decades (Biggs & Pritchard, 2017). Uplift signals in calderas tend to display an increase in the
uplift rate followed by either decreased or constant rates, which can be explained by a double exponential
model in which the pressure from a deep source increases linearly and then becomes constant (Le Mével et al.,
2015, 2016). This double exponential model shows time series with a characteristic convex-concave shape,
while posteruptive inflation signals tend to be concave because they only display a single exponential decay.
The temporal trend of the 2016-2017 inflation lies within the framework of this double exponential model
(Figure S11), as could the poorly constrained 2007-2011 inflation pulses. On the contrary, the exponential
signal recorded during 2012-2015 is a posteruptive reservoir refill pulse with a concave shape only, different
from the uplift signals observed in other silicic systems, and indicative of no pressure increase in the deep
magma source (Figure 12). Despite the similarity of the deformation trends, this does not imply that Cordén
Caulle is a caldera nor that its plumbing system is caldera sized. For example, the Laguna del Maule rhyolitic
volcanic complex has inflated more than 2.5 m in ~10 years (Le Mével et al., 2015; Singer et al., 2018), albeit
with a different temporal pattern and with a plumbing system of only ~30 km3 (Miller, Williams-Jones, et al.,
2017). The actual dimensions of the Corddn Caulle plumbing system are unknown as no detailed geophysi-
cal imaging has been carried out, but it is likely that it is larger than 30 km? based on the size of the prolate
spheroid source model for the 2012-2015 inflation (Vyperoig = %abzz ~30 km3, Table 3).

6. Conclusions

In this study we have presented InSAR time series at Cordén Caulle volcano that show a second and poten-
tial third pulse of posteruptive inflation in 2016-2017 and 2017-2018, respectively, following the 2011-2012
silicic eruption and the 2012-2015 subsequent inflation. The 2012-2018 uplift cycle with a total inflation of
~0.9 m is unique at Corddn Caulle because it is the first time since the onset of high-quality geodetic mea-
surements in 2007 that the same magma reservoir has been active twice. The best fit model of these ground
deformation pulses is a sill at a depth of ~6 km and elongated in the direction of the volcano. Numerical mod-
els of ground deformation for a viscoelastic shell (7= 2-10"7 Pa-s) that surrounds a pressurized reservoir do not
provide a better data fit to the exponential inflation signal during 2012-2015 than a simple elastic model of
magma recharge. Hence, viscoelastic effects are negligible for the 2012-2015 inflation and the uplift is most
likely due to magma injection. The temporal evolution of the uplift and the similarity in the source geome-
try suggests that both the 2012-2015 and 2016-2017 inflation pulses were produced by magma injection
in the crystal mush that likely underlies the volcano, both of which were associated with low seismicity lev-
els. Between January 2007 and May 2018, the volcano showed a complex cycle of five transient pulses of
meter scale inflation that resemble sequences of magma injection in caldera scale systems elsewhere. The
short duration of geodetically detected inflation pulses in the crystal mush that likely underlies Cordén Caulle
suggest that they have timescales of several months, much shorter than the decades to hundreds of years
inferred from radiometric ages. Given the meter scale of inflation at Cordén Caulle, we suggest a continuous
multiparametric monitoring strategy (gas, temperature, microgravity, and seismicity), and physicochemical
numerical modeling in addition to the continuous stream of data recorded by the civilian SAR constellation,
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