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ARTICLE INFO ABSTRACT

Keywords: The volcanic complex of Nevados de Chillan, located in the Southern Volcanic Zone (SVZ) of the Andes, has been
Nevados de Chilldn active for the past 640 + 20 ka. Its volcanic activity includes dome forming eruptions, explosive events, and lava
DInSAR

flows. The most recent eruption cycle started in January 2016. We employ DInSAR time-series from Sentinel-1
data to investigate the unrest episode from January 2019 to November 2020. Two distinct periods of unrest are
recognized in the time series. The first period (from January to October 2019) coincides with explosive events,
dome growth inside the active crater, and a decrease in seismic activity but does not present a significant
deformation. The second period (October 2019 to November 2020) is characterized by a displacement towards
the sensor’s line-of-sight of 100-120 mm. The observed surface deformation is compatible with an inflation
source approximately 1.5 km south-southwest of the present active vent, at 5.5 & 0.5 km depth from the surface,
and with a volume change of 0.044 + 0.014 km®. The most likely explanation for the observed inflation of

Eruption cycle
Volcanic unrest
Deformation modeling

Nevados de Chillan is the intrusion of magma in a reservoir feeding the current eruption cycle.

1. Introduction

Explosive eruptions from active volcanoes in the Southern Andean
Volcanic Zone can seriously impact critical economic areas in Argentina
and Chile. The abundant ash fall/flow deposits from these eruptions are
a source of soil degradation for decades (e.g., Naranjo and Stern, 1998;
Elissondo et al., 2015; Delgado, 2021). Eruptions from the large volcanic
complex of Nevados de Chillan are a clear example of this kind of ac-
tivity. Nevados de Chillan is a group of coalescent stratovolcanoes
(3216 m a.s.], 36.86° S, 71.38° W) in the Nuble region of south-central
Chile. The volcanic complex consists of two main volcanic centers,
compositionally distinct (Dixon et al., 1999), situated ~10 km apart,
and extends along a north-northwest to south-southeast trending axis
with 17 identified craters (Orozco et al., 2016). The northwestern Cerro
Blanco subcomplex is dominantly andesitic, while the southeastern Las
Termas subcomplex is predominantly dacitic (Dixon et al., 1999; Fig. 1).

The regional geodynamics and stress field is controlled by the obli-
que subduction of the Nazca plate beneath the South American plate at a
rate of approximately 66 mm/yr (~N70°E) (Cembrano and Lara, 2009).
Nevados de Chillan presents a north-northwest to south-southeast
alignment of cones and emission centers nearly orthogonal to the
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regional stress. This alignment could be influenced by the northwest
Cortaderas Lineament (Ramos and Barbieri, 1989; Ramos and Folguera,
2005; Stanton-Yonge et al., 2016). The lineament extends 200 km to-
wards the foreland in Argentina and has been interpreted as a structural
accommodation zone (Radic, 2010).

According to Cembrano and Lara (2009), Nevados de Chillan could
be a kinematically uncoupled development, where the plumbing system
and the surface volcanic structures are more related to basement
structures than the regional stress regime. An important implication
would be that the magma-feeding mechanism for Nevados de Chillan
might be controlled by quasi-instantaneous extensions along west-
northwest trending axes during episodes of crustal relaxation triggered
by major earthquakes (Cembrano and Lara, 2009). Nonetheless, field
evidence is inconclusive. The 2010 Mw = 8.8 Maule earthquake was not
followed by any eruption (Eggert and Walter, 2009; Pritchard et al.,
2013; OVDAS report, 2021). Instead, a subsidence pattern up to 12 cm
(roughly oriented N-S) was documented from the few ALOS images
available for interferometric processing, probably caused by fluid loss
and pressure decrease in the underlying hydrothermal reservoirs
(Pritchard et al., 2013). Farias et al. (2014) studied the response of
Nevados de Chillan to two aftershocks (MW = 6.1 and 7.1) of the 2010
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Maule earthquake (MW = 8.8), reporting an increase in local seismic
activity after the first aftershock, a sign of reactivation of local struc-
tures. Farias and Basualto (2020) concluded that the megathrust of the
2015 Ilapel earthquake (MW = 8.3) induced dynamic stress changes in
the order of 0.5-1 bar at the Nevados de Chillan that probably lead to an
increase in the permeability, allowing high-pressurized fluids to
migrate. After a few months the volcanic center experienced several
phreatic explosions and a new fissure opened in the active crater.

Nevados de Chillan has been active at least from 640 + 20 ka with
extrusion of subglacial andesite flows, followed by subglacial and sub-
aerial eruption of basaltic andesite to low-silica rhyolite lavas (Fig. 1;
Dixon et al., 1999).

The volcanic complex has a history of periodic eruptions of low to
medium energy that last for years, with eruptive columns reaching
heights of 3 km (Global Volcanism Program, 2013). The Observatorio
Volcanico de los Andes del Sur (OVDAS) classifies the activity of
Nevados de Chillan as Vulcanian/Subplinian (https://www.sernageomin.
cl/complejo-volcanico-nevados-de-Chillan/). Violent eruptions can occur,
affecting the nearby villages whose economy is based on tourism (Nar-
anjo and Moreno, 2009).

Recorded eruptive episodes date back to the 1861-1865 Santa Ger-
trudis scoria cone and lava field formation in the Cerro Blanco sub-
complex (Petit-Breuilh, 1995; Mee et al., 2006). The latest eruptive
activity has been concentrated exclusively in the Las Termas sub-
complex (Fig. 1, Farias et al., 2014). Between 2003 and 2008, the Las
Termas subcomplex produced several low-magnitude explosive events
producing ash columns and lava flows (Naranjo and Lara, 2004; Naranjo
and Moreno, 2009; Coppola et al., 2016). In December 2015, this sub-
complex experienced an increase in seismicity and energy released by
the explosive events. In addition, a new crater was identified in 2016,
northeast of the volcano Arrau, created by several phreatic explosions
(Fig. 1; OVDAS report, 2021; Orozco et al., 2016). From middle 2017 to
present the unrest has been characterized by ash venting, explosions,
effusions of lava, growth, and destruction of domes. According to
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OVDAS, since March 2020, the volcanic activity remains at low energy
levels with volcano-tectonic earthquakes (Mw = 4) at a depth around 4
km, sporadic long-period events associated with subsurface fluid flow,
and small lava/pyroclastic flows (OVDAS report, 2021).

GNSS data recorded from 2015 to 2020 (Cardona et al., 2021) evi-
denced an uplift event beginning in July 2019, coinciding with the
eruption of several lava flows from August to December 2019. The
composition of gas samples acquired during early 2016 and middle of
2017 indicated that the gas emitted had its origin in the exsolution from
melt at high temperature (>850 °C), evidence that a new shallow
intrusion of magma was taking place (Moussallam et al., 2018).

In this work, we use DInSAR to investigate the deformation between
January 2019 and November 2020 (see Appendix A and Appendix B).
We show evidence of a large swelling deformation that we interpret as
the recharge of a magma reservoir feeding the present eruption cycle.
The deformation imaged by processing DInSAR ascending and
descending orbits show a correlation between ground deformation and
eruptive episodes. According to our modeling results, the observed
deformation field is produced by the recharge of magmatic reservoir
beneath the Las Termas subcomplex, orientated along the main geologic
structures of the volcanic system (see Cembrano and Lara, 2009;
Pritchard et al., 2013; Farias et al., 2014; Farias and Galvan, 2019).

2. Radar data
2.1. Processing

The SAR dataset consists of 15 ascending (orbit 91) and 57
descending (orbit 83) radar images from the Sentinel-1 catalogue (Eu-
ropean Space Agency, C-Band, available online at https://www.copern
icus.eu/en/accessing-data-where-and-how/conventional-data-access-h
ubs), from January 2019 to November 2020 (Appendix A and Appendix
B). To enhance the coherence quality of the interferograms, we dis-
carded satellite data collected in June, July, August, and September,
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Fig. 1. The volcanic complex of Nevados de Chillan. The Cerro Blanco subcomplex extends northwest (light purple) and the Las Termas subcomplex southeast
(purple). Magmatic products from 40 ka until present are represented by different colored areas. From 1700 until present, volcanic activity (red triangles) had been
mostly concentrated in the Las Termas subcomplex with multiple eruptions occurring in some of the intervals shown. The gray dashed line corresponds to the
alignment of cones and craters, which is interpreted as the trace of the Chillan-Cortaderas fault. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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because of the large amount of snow accumulated on the slopes of the
volcanic complex. The descending satellite data were acquired with an
acquisition frequency of 6 days and the ascending data with a frequency
of 12 days with a gap between May 2019 and March 2020 (Table 1).
These two datasets have been acquired in TOPS mode with an inter-
ferometric wide (IW) beam. TOPS mode collects data from a swath of
250 km with a spatial resolution of 14.1 x 2.3 m in azimuth and range,
respectively. The product type is Single Look Complex (SLC)
(https://sentinel. esa.int/web/sentinel/missions/sentinel-1).

The interferograms were processed using GMTSAR, an open source
InSAR Processing System based on the Generic Mapping Tools (Sandwell
et al., 2011a, 2011b). This software has modules that implement the
DInSAR Small Baseline Subsets (SBAS) technique and atmospheric
correction.

The first step of alignment and co-registration of the complete set of
images was accomplished with the geometric approach described by Xu
et al. (2017). Then, date pairs for the generation of interferograms were
selected by minimizing the spatial baseline and maximizing the numbers
of pairs by relaxing the temporal baseline. Only 15 scenes were available
in the Sentinel-1 catalogue for the period January 2019 to December
2020 for ascending orbits. Therefore, only 68 interferograms were
generated considering the temporal and spatial baselines of 450 days
and 100 m (Fig. 2a). Two hundred and sixty-four (264) interferograms
were generated from the 57 descending scenes, considering pairs with
210 days and 50 m for the temporal and spatial baselines (Fig. 2b).

We used a digital elevation model (SRTM) of 3-arc sec (~90 m res-
olution) for the topographic correction, and precise Sentinel-1 orbits for
the Earth’s curvature correction for interferograms flattening. Once the
interferograms were created, we applied a Gaussian filter of 200 m and
decimation of 8° in range and 2° in the azimuth direction. For the
unwrapping procedure, a coherence mask with a threshold of 0.3 was
considered when computing the Snaphu code which is included as a
module in GMTSAR (Chen and Zebker, 2002). A bilinear polynomial

Table 1
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trend was fitted, and then subtracted to each unwrapped interferogram,
to reduce long atmospheric wavelength noise and possible residual
orbital. An area of approximately 100-100 pixels, with no deformation
inside each unwrap map, was used as a stable reference for the pro-
cessing (Figs. 3 and 4).

2.2. SBAS time-series

Time series from all the generated interferograms were processed by
the SBAS time-series approach with a smoothing parameter of 1, and 3
iterations for the atmospheric correction included in the process
(Berardino et al., 2002). This approach allowed a proper spatial and
temporal characterization of the deformation patterns within the stud-
ied area and time-period.

Significant noise from the atmospheric effect is visible in most in-
terferograms because of the high altitude of the volcanic complex. The
atmospheric noise comes from stratifications of the atmosphere corre-
lated with topography and turbulent atmospheric events. We applied the
atmospheric correction with common-point stacking between nearby
scene grids to mitigate this noise (Tymofyeyeva and Fialko, 2015; Xu
et al., 2017). The common-point stacking is performed during the SBAS
time-series estimation under the assumptions of slow deformation
changes in time, and atmospheric noise randomly distributed in time. It
compares interferograms with an equal time span that share a common
scene, and therefore share the same phase delay due to atmospheric
noise (Tymofyeyeva and Fialko, 2015). The atmospheric phase noise
(APS) estimated for each scene, and the corresponding displacement
grids with and without atmospheric correction applied, can be observed
in Figs. A1-A6 in Appendix A.

Displacement time-series and maps of cumulative displacements per
year are presented in Figs. 3 and 4. Considering the discontinuities in the
availability of images from ascending orbits (Fig. 3), the cumulative
displacement per year was calculated in different periods for each

Scenes and perpendicular baselines for 57 descending and 15 ascending scenes processed in this paper (Appendix A and Appendix B). The date format corresponds to

yyyymmdd and the perpendicular baseline By, length is in meters.

Descending Scenes Bperp Ascending Scenes Bperp Descending Scenes Bperp Ascending Scenes Bperp
[m] [m] [m] [m]
20190106 —105.17 - - 20191208 —63.98 - -
20190112 26.2 20190112 89.34 20191214 —27.03 - -
20190118 —54.79 - - 20200113 —19.34 - -
20190124 —61.7 20190124 49.91 20200119 —27.28 - -
20190130 —28.72 - - 20200131 —25.17 - -
20190205 —47.04 20190205 —5.25 20200212 —2.46 - -
20190211 —28.14 - - 20200218 —35.01 - -
20190217 —65.65 20190217 11.43 20200224 —52.06 - -
20190223 -12.95 - - 20200301 —38.73 - -
20190301 —22.44 - - 20200307 —63.06 20200307 —15.45
20190307 —18.81 - - 20200313 -2.39 - -
20190313 -19.34 20190313 68.55 20200319 -29.13 20200319 0.00
20190319 —82.88 - - 20200325 —62.88 - -
- - - - - - 20200331 23.64
20190325 —-50.86 20190325 47.38 20200406 —95.69 20200406 —62.55
20190331 -19.78 - - - - 20200412 48.94
20190406 —59.42 20190406 —60.91 20200424 —77.52 20200424 3.82
20190412 —93.27 - - 20200430 —44.49 - -
- - 20190418 —22.28 20200506 —127.34 - -
20190424 -3.92 - - 20200512 -100 - -
20190430 —25.71 20190430 -35.21 20200518 —133.52 - -
20190506 -122.88 - - 20200524 —103.48 - -
20190512 —82.31 - - 20200530 —56.36 - -
20190518 —106.8 - - 20200605 —201.06 - -
20190524 —67.63 - - 20200611 —102.68 - -
20190530 —72.51 - - 20201027 -39.8 - -
20191027 —134.55 - - 20201102 —84.87 - -
20191102 0 - - 20201108 12.76 - -
20191108 —49.63 - - 20201120 25.5 - -
20191114 —40.67 - - —69.04 - -

20191120 46.33 - -

20201126
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Fig. 2. Baselines versus date for the interferometric pairs. The interferometric
pairs were selected considering a temporal and spatial baseline threshold of (a)
450 days and 100 m for the ascending configuration, and (b) 210 days and 50 m
for the descending configuration. Each dot is labeled by the corresponding date
(day/month).

satellite configuration (Fig. 4): from April 2019 to April 2020 for
ascending orbits, from October 2019 to November 2020 for descending
orbits.

2.3. Atmospheric noise and observed deformation

Atmospheric noise is seasonal, with the months of March, April, and
May of 2019 and 2020 the most affected, and varies from few milli-
meters to 45 mm. We considered several factors when correcting this
noise:

1. The common-point stacking approach has better performance if the
dates of the scenes involved are continuous. This is not the case for
both datasets, especially for the ascending data.

2. The assumption of this approach is that noise is randomly distributed
in time. In this sense, the stratified tropospheric layer correlated to
the volcano edifice and geometry may not always be random in a
short time, therefore it could lead to a misinterpretation of atmo-
spheric noise as slow deformation. After the atmospheric correction
was applied, we observed a smoother deformation in both satellite
configurations, without modifying the general deformation pattern
and with no significant change in the final cumulative displacement.
However, this does not imply the absence of atmospheric noise
residuals.
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3. The standard deviation calculated in non-deformed areas at each
scene after the atmospheric correction (bar error in displacement
curve from Fig. 3), indicates larger noise in the descending data than
on the ascending data, even though the descending dates are much
denser than in the ascending case. This is consistent with the
different values found in the cumulative displacement maps from
ascending and descending (Fig. 4).

The complete set of APS, and the corrected and uncorrected scene
maps, are available in Appendix A, Figs. A1-A6.

The red dashed line in Fig. 3 divides the time interval analyzed into
two different periods: January-October 2019 and October
2019-November 2020. Because of the lack of SAR images for ascending
orbits in the Sentinel-1 catalogue between May 2019 and March 2020,
the ascending curve presents several discontinuities.

The first period of the time-series (January to May 2019) presents no
major deformation, except for small fluctuations around zero at the end
of this first period in the northeast flank where the active crater is
located (pixel B and B*, Fig. 3c and d; see Fig. 4 for location of the
pixels). Some small displacements could be related to local activity such
as hydrothermal overpressure release but most of the observed defor-
mation is residual from the correction of atmospheric noise.

The second period, from October 2019 to November 2020 (Fig. 3),
shows a clear displacement towards the sensor’s line-of-sight for both
orbits (see Figs. 3 and 4, pixels A, A*, B, B*, C, and C*). According to
Cardona et al. (2021), the GNSS stations registered an uplift from the
end of July 2019. Unfortunately, the seasonal discontinuity in the time-
series curves from the end of May to the end of October limits the
observation of the beginning of the deformation. The time-series of
descending orbits from October 2019 to June 2020 (Fig. 3a, c, and f)
shows a smoothly increasing displacement towards the line-of-sight,
reaching a maximum value of approximately 90 mm in November
2020. Because of the lack of SAR images for ascending orbits between
May 2019 and March 2020, the time-series seems to present an abrupt
increase from almost zero displacement to 80-120 mm (Fig. 3b, d, and
f).

Fig. 4 shows the cumulative displacement per year for the ascending
and descending orbits for the second period. A displacement towards the
sensor’s line-of-sight can be observed in both satellite orbits (ascending/
descending), centered in the Las Termas volcanic subcomplex, the center
of volcanic activity in the last century (Fig. 4a). Maximum observed
deformation is approximately 100 mm/year for the descending orbit,
and approximately 120 mm/year for ascending orbits. The differences
between the ascending and descending values could be explained by
either a large horizontal deformation component in the local deforma-
tion or residuals from the atmospheric correction (Fig. 3).

3. Modeling
3.1. Modeling approach

We performed a joint inversion of ascending and descending cumu-
lative displacement per year from October 2019 to November 2020
(Fig. 4), using dMODELS (Battaglia et al., 2013). This software package
implements analytical solutions for sources embedded in a homoge-
neous elastic half-space. This approach employs pressurized cavities of
simple geometries to approximate the crustal stress field of the actual
source. The inversion algorithm is a weighted least-squares algorithm
combined with a random search grid to find the minimum of the penalty
function, the chi-square per degree of freedom. Results are presented in
Table 2.

The original dataset was down sampled up to 5% (or a constant step
of 1 pixel every 20) to reduce the computational cost. Because of the low
spatial gradient of the displacement (and the processing coherence
threshold), there was no need to employ more complex algorithms (e.g.,
gradient-based methods such as Quadtree) in this case (Pritchard et al.,
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The quantitative analysis to determine the best fit model is based on
two statistical indices (see Table 2): the value of the penalty function 2,
and the root mean square error (RMSE) of the comparison between the
semivariograms of models and dataset. The semivariogram provides a
measure of the spatial distribution of the DInSAR dataset and results

Oct Nov Dic Jan Feb Mar Apr May Jun Oct  Nov
2020

Fig. 3. Displacement time-series for descending (a,
¢, and, e) and ascending (b, d, and, f) configurations.
A, A*, B, B*, C, and C* correspond to the points
marked in Fig. 4. The dates taken as relative initial
time for the SBAS time-series are January 6, 2019,
for descending orbits and January 12, 2019, for
ascending orbits. The black triangles correspond to
data without the atmospheric correction, while the
light blue dots correspond to data after the atmo-
spheric correction. The error bars for each data point
represent the standard deviation of a non-deforming
area for each date. The red line indicates the period
in which DInSAR signal presents a clear deformation
towards the line-of-sight. The dotted black lines
indicate the maximum values of deformation. The
gray rectangles correspond to the winter months
from 2019 and 2020 when no information could be
extracted from the interferograms because of the
presence of snow; see text for more details. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

from the different models and allows a quantitative evaluation of the

ability of the model to mimic the spatial distribution of the data (e.g.,
Battaglia et al., 2021). Finally, model results were also compared with
the available geological/geophysical data to verify that the best-fit
source is appropriate for the geological context of the studied area.
Errors for the best-fit parameters are estimated using a Monte Carlo
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Fig. 4. Cumulative displacements per year of SBAS time-series from October
2019 to November 2020 for descending orbits, and from April 2019 to April
2020 for the ascending orbits. The motion towards the sensor’s line-of-sight
direction represents inflation. (a) Digital elevation model SRTM (90 m) of
the volcanic complex of Nevados de Chillan, the red contour corresponds to
the active crater placed in the Las Termas subcomplex. (b) Cumulative dis-
placements per year for descending orbits, superimposed to shaded topog-
raphy. (c) Cumulative displacements per year for ascending orbits,
superimposed to shaded topography. The points A, A*, B, B*, C, and C*
correspond to the displacement versus time curves in Fig. 3. R and R*
correspond to a stable area taken as reference for calculating the relative
deformation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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simulation technique (Wright et al., 2001): white noise is added to the 3.2. Modeling results

original dataset and the noisy dataset is then inverted to determine the

best-fit parameters. This process is repeated 100 times to create a dis-
tribution of values for each best fit parameter. The standard deviation of
this distribution is assumed to be a good estimate of the uncertainty of
the best fit parameter (Table 2).

Results from the joint inversion of cumulative displacement per year
from ascending and descending orbits are presented in Table 2. The best
fit solution for radially symmetric sources (sphere, spheroid, and sill)
infers an intrusion located beneath Nevados de Chilldn, 5 to 8 km below
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Table 2
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Parameters of best-fit sources. All depths are relative to the crater. Okada’s parameters correspond to the initial (top) and final (bottom) location of the dike. A smaller
RMSE (the variogram’s root-mean-square error) indicates that the source better reproduces the data spatial distribution.

Source e Lat Long Depth Radius 8V RMSE
©) ©) (km) (m) x10° m®/yr

Sphere 6.2 ~36.89 ~71.39 6.2 1000 18 0.071

Spheroid 5.4 ~36.89 + 0.04 ~71.38 + 0.05 5.5+ 0.5 850 2+7 0.051

sill 7.6 ~36.87 ~71.39 8.3 657 19 0.121
dip

- ~36.84 + 0.03 ~71.42 + 0.03 1+02 77° £10° B

Opening dike 1 ~36.89 £ 0.04 ~71.32 £ 0.04 6.5+05 Opening 201 0105

0.4+0.01m

the surface. Source locations are clustered on the west side of the Las
Termas subcomplex, where the latest lava flows are located (Fig. 1). The
best fit solution for an opening dike extends for 10 km on both sub-
complexes of Nevados de Chillan with a strike of 305°.

We compare the two best-fit models, the opening dike and spheroid
(see Table 2), in Figs. 5 and 6. The deformation field is centered in the
Las Termas subcomplex, even though it appears skewed in the opposite
directions because of the SAR line-of-sight.

Although the opening dike (Okada, 1985), dipping 77°E, has a
smaller y2 error (Table 2), it presents a steep gradient opposite to the
sensor’s line-of-sight that is absent in the data (Fig. 6). The linear fea-
tures in the residual panels (Fig. 5) and the asymmetric deformation
shapes (Fig. 6) are modeling artifacts of the opening dike best fit solu-
tion, not observed in the deformation data. Our preferred model is the
prolate spheroid, since its smaller root mean square error (RMSE) in-
dicates that it better reproduces the data spatial distribution (Fig. 6,
Fig. C1 in Appendix C).

It is worth noting that several factors can prevent a better fit:

1. The high values of noise present in the descending data, discussed in
Section 2.3.

2. The possibility of having additional deformation from minor struc-
tures, such as the subvertical dikes proposed by Cardona et al.
(2021), which interact with the deep magmatic reservoir and the
shallow hydrothermal system.

Spheroid

3. Mechanical and structural discontinuities neglected by the models
we employ.

A 3D representation of the prolate spheroid, placed in perspective with
the topography of the volcanic complex of Nevados de Chillan, is shown in
Fig. 7. The modeled geometry’s semi-major axis aligns with the cones and
craters trend, which is interpreted as the trace of the Chillan-Cortadera fault
(see also Fig. 1). Seismic hypocenters (OVDAS report, 2021, https://www.
sernageomin.cl/complejo-volcanico-nevados-de-Chillan/) cluster above the
location of the spheroid.

4. Discussion

This work presents DInSAR time-series of surface deformation from
the Sentinel-1 data at the volcanic complex of Nevados de Chillan from
January 2019 to November 2020. Eruptions started in June 2016 and an
uplift period was recorded by GNSS stations from August of 2019
(Cardona et al., 2021). This uplift is observed in the DInSAR time-series
from October 2019 to November 2020. Sentinel-1 scenes from the
months before October 2019 cannot be considered due to strong
decorrelation for the presence of snow in the volcano edifice.

Even though intermittent columns of ash, gas, and pyroclastic ma-
terial have been observed throughout 2019 and 2020, these became
more frequent and energetic during the last months of 2020. These ash
emissions (Fig. 8), together with the new lava flows observed in 2019,

Opening Dyke

Residual

[ Toeaaaa—— s
-0.02 0 m/yr 0.04 0.1 0 m/yr

Residual
T

Fig. 5. Modeling results for opening dike and spheroid. (Top row) ascending orbit; (Bottom row) descending orbit. The yellow triangle is the current active vent of
Nevados de Chillan, the red star is the location of the center of the best fit spheroid (spheroid panels) and the solid red line is the trace of best fit opening dike
(opening dike panels). The dashed red lines (left column, data panels) identify the deformation profiles shown in Fig. 6. The linear features evident in the modeled
and residual panels of the opening dike model are not observed in the dataset (Fig. 6). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Deformation profiles for ascending and descending orbits. The blue lines are the DInSAR data + error, the red line is the spheroid model, and the green line is
the opening dike model. The spheroid better reproduces the overall pattern of the deformation but underestimates the maximum deformation. The opening dike
profile has a dip that is not present in the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 7. Three-dimensional representation of the best-fit spheroid model, superimposed on a digital elevation model (SRTM 3-arc sec) of the volcanic complex of
Nevados de Chillan. Black dots correspond to hypocenters of seismic events reported by OVDAS for the period January 2019-November 2020 (OVDAS report, 2021).
The modeled geometry orientation coincides with the volcanic cones and craters trend, while hypocenters cluster over the top of the deformation source.

suggest a continuous intrusion in the reservoir feeding the eruptive cycle
coupled with intermittent release of material.

The period from October 2019 to November 2020 was characterized
by a significant displacement towards the sensor’s line-of-sight (LOS) of
approximately 100 mm in both orbits. According to OVDAS, incandes-
cent material was observed from the active crater in the Las Termas
subcomplex in January 2019. This material resulted from an explosion
that partially destroyed a dome observed inside the active crater in early
2018. From January 2019 to September 2019, the volcanic complex
experienced several long-period seismic events with explosions of ash,
pyroclastic material, and gases columns less than 1 km high. In October
2019, a new emission point was detected in the active crater, and low

amplitude volcano-tectonic seismic events (magnitude Mj, ~ 3) became
frequent. In mid-2020, ash columns approximately 2-3 km high were
also observed (OVDAS report, 2021).

We observe a strong correspondence between the volcanic activity
described above and the LOS displacements (Figs. 3, 4, and 9). The first
period of the time-series, January to October 2019, started with the
explosion in January that destroyed the dome inside the active crater
(Fig. 3). The decrease in seismic activity, explosive events, and dome
growth rate between January 2018 to August 2019 (Moussallam et al.,
2021) correlates with this first time-series period of no significant
deformation (pixel B and B*, Fig. 3c and d).

For the second period, October 2019 to November 2020, the
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Fig. 8. Satellite images from Sentinel-2 evidence a strong thermal anomaly at the Las Termas subcomplex during the deformation period observed in the DInSAR
time-series from Sentinel-1 data. Ash and pyroclastic columns can be observed in the third panel (April 10, 2020). A double thermal anomaly is observed in the

August 2020 panel.

displacement towards the LOS (about 100 mm; Figs. 3 and 4) correlates
with the long-period seismic events followed by more frequent volcano-
tectonic activity at approximately 4 km depth. This seismic activity and
the displacement towards the sensor’s line-of-sight can be associated
with a new injection of magma that increases the pressure and triggers
volcano-tectonic events and the extrusion of lava flows, Fig. 9.

The prolate spheroid source (Table 2) better reproduces the overall
deformation pattern (Fig. 6). This source aligns with the northwest to
southeast trend of the Chillan-Cortadera fault, and its depth (5.5 & 0.5
km below the surface) is closely related to the location and hypocenters
of LPs and seismic tremor (Fig. 7). The volcanic complex of Nevados de
Chillan source depth is comparable with that inferred for nearby vol-
canoes under similar tectonics stresses, Laguna del Maule (~5 km depth,
Singer et al., 2014; Feigl et al., 2014) and Domuyo (4-7 km; Astort et al.,
2019). The prolate spheroid source probably coexists with a subvertical
dike system (Cardona et al., 2021), connecting it to the surface.

According to Lundgren et al. (2017), Copahue possesses a similar
feeding reservoir (a shallow elongated source), connected to the surface
of the caldera by a plunging dike.

Finally, Moussallam et al. (2018) proposed three possible future
scenarios for this unrest episode: (I) a gradual end of unrest without
extrusions; (II) transition to a magmatic eruption with explosive activity
and pyroclastic flows; (III) persistent low activity, frequent outgassing,
and eventual transition to scenarios I or II. The results presented in this
study suggest that activity at Nevados de Chillan has been evolving to-
wards the third scenario. The depressurization processes described by
Moussallam et al. (2021) are probably preventing a large accumulation
of volatiles and pressure changes needed to have explosive eruptions of
higher energy.
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Fig. 9. Correlation between DInSAR time-series and seismic activity reported by Cardona et al. (2021). a) Maps of cumulative displacements per year at pixels C and
C* near the active crater; (b) SBAS time-series from October 2019 to November 2020 at C and C*; ¢) Seismicity and lava flows from the volcanic complex of Nevados
de Chillan (modified after Cardona et al., 2021); TR/day panel - magenta line: daily tornillo-type; blue line: daily seismic tremor; ML panel - red line: daily volcano-
tectonic (red line); black dots: local magnitude; DR panel- yellow line: daily long-period; green line: reduced displacement calculated from the LP seismic activity.
The increase in seismic activity from August 2019 correlates with the displacements towards the sensor’s line-of-sight. Four lava flows were observed at the active
crater in August 2019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Data

Sentinel-1 data were freely provided by the ESA Copernicus Pro-
gramme. All information about seismicity was extracted from the re-
ports available online at https://www.sernageomin.cl/complejo-volcani
co-nevados-de-Chillan/. Each report includes a description of ash
emissions, and location, depth and type of seismic activity recorded. The
open-source processing tools employed in this work, Generic Mapping
Tools (GMT) and GMTSAR, were provided by Wessel et al. (1998) and
Sandwell et al. (2011a, 2011b). dMODELS is an open-source software
developed by the USGS Volcano Disaster Assistance Program (https://p
ubs.er.usgs.gov/publication/tm13B1). The latest version of dAMODELS is
available from M. Battaglia (mbattaglia@usgs.gov).
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Appendix A. Line-of-sight deformation maps with and without atmospheric corrections
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Fig. Al. Descending orbits. Atmospheric noise for each scene, estimated from stacking of common points between nearby date grids.
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Fig. A2. Descending orbits. Displacement without atmospheric correction applied.
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Fig. A3. Descending orbits. Displacement with atmospheric correction applied for each scene, estimated from stacking of common points between nearby date grids.
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Fig. A6. Ascending orbits. Displacement with atmospheric correction applied.

Appendix B. Data tables

Table B1
Interferometric pairs for the descending configuration Sentinel-1.

Master Slave Bperp[m] Master Slave Bperp[m] Master Slave Bperp[m] Master Slave Bperp[m]
20190518 20191114 —30.57 20200113 20200325 —0.00 20191208 20200307 —24.06 20200307 20200319 —45.78
20190518 20191208 20.49 20200113 20200406 16.15 20191208 20200325 —29.87 20200307 20200506 12.40
20190524 20191108 27.21 20200113 20200506 18.20 20191208 20200406 -13.71 20200307 20200518 17.17
20190524 20191214 33.22 20200113 20200512 -33.19 20191208 20200506 —11.66 20200313 20200319 29.77
20190530 20191102 —5.04 20200113 20200524 —-33.97 20191208 20200518 —6.89 20200313 20200424 -3.82
20190530 20191114 40.46 20200119 20200131 —16.89 20191214 20200107 47.08 20200313 20200512 36.56
20190530 20191120 —37.09 20200119 20200212 —35.03 20191214 20200131 —23.90 20200313 20200524 35.78
20191102 20191114 45.51 20200119 20200307 13.53 20191214 20200212 —42.04 20200319 20200424 —33.60
20191102 20191120 —32.05 20200119 20200319 —32.24 20191214 20200224 8.19 20200319 20200506 58.18
20191102 20200131 42.08 20200119 20200506 25.94 20191214 20200319 —39.25 20200325 20200406 16.15
20191102 20200212 23.94 20200119 20200518 30.71 20191214 20200506 18.93 20200325 20200506 18.21
20191102 20200218 51.15 20200131 20200212 —18.14 20191214 20200518 23.70 20200325 20200512 -33.19
20191102 20200301 38.80 20200131 20200307 30.43 20200107 20200224 —38.89 20200325 20200518 22.98
20191102 20200313 -3.04 20200131 20200319 —15.34 20200107 20200307 —40.55 20200325 20200524 —33.97
20191102 20200319 26.73 20200131 20200506 42.83 20200107 20200506 —28.15 20200406 20200506 2.05
20191102 20200424 —6.87 20200131 20200518 47.60 20200107 20200518 —23.38 20200406 20200512 —49.34
20191102 20200512 33.52 20200212 20200224 50.23 20200113 20200119 —-7.73 20200406 20200518 6.82
20191108 20191214 6.01 20200212 20200307 48.57 20200113 20200131 —24.63 20200506 20200518 4.77
20191108 20200131 —17.88 20200212 20200319 2.79 20200113 20200212 —42.77 20200512 20200524 —-0.78
20191108 20200212 —36.02 20200212 20200424 —30.81 20200113 20200224 7.46 20191120 20200530 38.84
20191108 20200224 14.20 20200218 20200224 23.02 20200113 20200301 —27.90 20191208 20200605 —26.37
20191108 20200319 —33.23 20200218 20200301 —-12.34 20200113 20200307 5.80 20191214 20200611 22.35
20191108 20200506 24.94 20190518 20191114 —-30.57 20200113 20200325 —0.00 20200113 20200611 —27.10
20191114 20191208 51.06 20190518 20191208 20.49 20200113 20200406 16.15 20200119 20200611 —19.36
20191114 20191214 20.47 20190524 20191108 27.21 20200113 20200506 18.20 20200131 20200530 —45.38
20191114 20200113 21.20 20190524 20191214 33.22 20200113 20200512 -33.19 20200131 20200611 —2.46
20191114 20200131 —-3.43 20190530 20191102 —5.04 20200113 20200524 —-33.97 20200212 20200530 —27.24
20191114 20200212 —21.57 20190530 20191114 40.46 20200119 20200131 —16.89 20200212 20200611 15.67
20191114 20200224 28.66 20190530 20191120 —-37.09 20200119 20200212 —35.03 20200218 20200611 —11.53
20191114 20200301 —6.70 20191102 20191114 45.51 20200119 20200307 13.53 20200224 20200611 —34.56
20191114 20200307 27.00 20191102 20191120 —32.05 20200119 20200319 —32.24 20200301 20200530 —42.11
20191114 20200319 —18.77 20191102 20200131 42.08 20200119 20200506 25.94 20200301 20200611 0.80
20191114 20200325 21.19 20191102 20200212 23.94 20200119 20200518 30.71 20200307 20200611 —32.90
20191114 20200406 37.35 20191102 20200218 51.15 20200131 20200212 —18.14 20200313 20200530 —0.25
20191114 20200506 39.40 20191102 20200301 38.80 20200131 20200307 30.43 20200313 20200611 42.65
20191114 20200512 —11.99 20191102 20200313 —3.04 20200131 20200319 —15.34 20200319 20200530 —30.03
20191114 20200524 -12.77 20191102 20200319 26.73 20200131 20200506 42.83 20200319 20200611 12.87
20191120 20200424 25.17 20191102 20200424 —6.87 20200131 20200518 47.60 20200325 20200611 —27.09
20191208 20191214 —30.59 20191102 20200512 33.52 20200212 20200224 50.23 20200406 20200611 —43.25

(continued on next page)
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Master Slave Bperp[m] Master Slave Bperp[m] Master Slave Bperp[m] Master Slave Bperp[ml]
20191208 20200107 16.49 20191108 20191214 6.01 20200212 20200307 48.57 20200406 20201027 —35.95
20191208 20200113 —29.86 20191108 20200131 —17.88 20200212 20200319 2.79 20200424 20200530 3.56
20191208 20200119 —37.60 20191108 20200212 —36.02 20200212 20200424 —30.81 20200424 20200611 46.48
20191208 20200218 —45.42 20191108 20200224 14.20 20200218 20200224 23.02 20200430 20200530 16.27
20191208 20200224 —22.40 20191108 20200319 —33.23 20200218 20200301 -12.34 20200430 20201108 20.32
20191208 20200307 —24.06 20191108 20200506 24.94 20200218 20200307 21.36 20200430 20201120 9.33
20191208 20200325 —29.87 20191114 20191208 51.06 20200218 20200319 —24.41 20200506 20200611 —45.30
20191208 20200406 -13.71 20191114 20191214 20.47 20200218 20200325 15.55 20200506 20201102 16.25
20191208 20200506 —11.66 20191114 20200113 21.20 20200218 20200406 31.71 20200506 20201126 17.92
20191208 20200518 —6.89 20191114 20200131 —3.43 20200218 20200506 33.76 20200512 20200530 —36.82
20191214 20200107 47.08 20191114 20200212 —21.57 20200218 20200512 —17.63 20200512 20200611 6.09
20191214 20200131 —23.90 20191114 20200224 28.66 20200218 20200518 38.53 20200512 20201027 13.39
20191214 20200212 —42.04 20191114 20200301 —6.70 20200218 20200524 —18.41 20200512 20201108 —32.76
20191214 20200224 8.19 20191114 20200307 27.00 20200224 20200307 —1.66 20200512 20201120 —43.76
20191214 20200319 —39.25 20191114 20200319 —-18.77 20200224 20200319 —47.44 20200518 20201102 11.48
20191214 20200506 18.93 20191114 20200325 21.19 20200224 20200506 10.74 20200518 20201126 13.15
20191214 20200518 23.70 20191114 20200406 37.35 20200224 20200518 15.51 20200524 20200530 —36.04
20200107 20200224 —38.89 20191114 20200506 39.40 20200301 20200307 33.70 20200524 20200611 6.87
20200107 20200307 —40.55 20191114 20200512 -11.99 20200301 20200313 —41.85 20200524 20201027 14.17
20200107 20200506 —28.15 20191114 20200524 -12.77 20200301 20200319 —-12.07 20200524 20201108 —31.98
20200107 20200518 —23.38 20191120 20200424 25.17 20200301 20200325 27.90 20200524 20201120 —42.98
20200113 20200119 -7.73 20191208 20191214 —-30.59 20200301 20200406 44.06 20200530 20200611 4291
20200113 20200131 —24.63 20191208 20200107 16.49 20200301 20200424 —45.68 20200605 20201102 —34.25
20200113 20200212 —42.77 20191208 20200113 —29.86 20200301 20200506 46.11 20200605 20201126 —32.58
20200113 20200224 7.46 20191208 20200119 —37.60 20200301 20200512 —5.28 20201027 20201108 —46.16
20200113 20200301 —27.90 20191208 20200218 —45.42 20200301 20200518 50.88 20201102 20201126 1.66
20200113 20200307 5.80 20191208 20200224 —22.40 20200301 20200524 —6.07 20201108 20201120 —10.99
Table B2
Interferometric pairs for the ascending configuration Sentinel-1.

Master Slave Bperp[m] Master Slave Bperp[m]

20190112 20190124 48.96 20190313 20190325 13.41

20190112 20190217 68.00 20190313 20200319 91.08

20190112 20190313 —68.88 20190313 20200331 21.82

20190112 20190325 —55.46 20190313 20200412 21.74

20190112 20190406 83.45 20190325 20200319 77.66

20190112 20190418 71.72 20190325 20200331 8.40

20190112 20190430 89.21 20190325 20200412 8.33

20190112 20200307 78.79 20190325 20200424 98.40

20190112 20200319 22.19 20190406 20190418 -11.73

2019011 20200331 —47.06 20190406 20190430 5.75

20190124 20190205 83.63 20190406 20200307 —4.66

20190124 20190217 19.04 20190406 20200319 —61.26

20190124 20190406 34.49 20190406 20200406 —10.49

20190124 20190418 22.76 20190406 20200424 —40.51

20190124 20190430 40.25 20190418 20190430 17.49

20190124 20200307 29.83 20190418 20200307 7.07

20190124 20200319 —26.76 20190418 20200319 —49.52

20190124 20200331 —96.02 20190418 20200406 1.23

20190124 20200406 24.00 20190418 20200424 —28.77

20190124 20200412 —96.09 20190430 20200307 —10.41

20190205 20190217 —64.59 20190430 20200319 —67.01

20190205 20190406 —49.14 20190430 20200406 -16.25

20190205 20190418 —60.87 20190430 20200424 —46.27

20190205 20190430 —43.38 20200307 20200319 —56.59

20190205 20200307 —53.80 20200307 20200406 -5.83

20190205 20200406 —59.63 20200307 20200424 —35.85

20190205 20200424 —89.65 20200319 20200331 —69.25

20190217 20190406 15.45 20200319 20200406 50.76

20190217 20190418 3.71 20200319 20200412 —69.33

20190217 20190430 21.20 20200319 20200424 20.74

20190217 20200307 10.79 20200331 20200412 -0.07

20190217 20200319 —45.80 20200331 20200424 90.00

20190217 20200406 4.95 20200406 20200424 —30.01

20190217 20200424 —25.06 20200412 20200424 90.07
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Appendix C. Semivariograms

Semivariogram
Data

Opening Dyke

/‘\ Sphe roid

Variogram

1 3 5 7 9 11 13 15 17 19
Distance (h)

Fig. C1. Semivariograms of deformation (blue), opening dike model (green) and spheroid model (orange). Note the ability of the spheroid model (orange) to mimic
the spatial distribution of deformation (blue) while the opening dike (green) variogram has a significant offset. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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