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Abstract

The Nevados de Chillan Volcanic Complex in the Southern Volcanic Zone (SVZ) of the Andes is one of the most active volcanic
systems in Chile and has recently hosted one of the longest and best-instrumented eruptive cycles documented in the country.
Here, we integrate satellite-geodetic and seismic time series spanning December 2015 to late 2025 to characterize the full
eruptive cycle. We identify three main periods: (I) slight subsidence from 2015 to 2019, (II) marked inflation from 2019 to 2022
with a maximum LOS displacement of ~25cm, and (IIT) deflation from late 2022 onward. Inflation and deflation produced
a similar spatial pattern with opposite sign and a cumulative LOS range change of ~20cm. We modeled the 2019-2022
inflation using a pressurized prolate spheroid and found that deformation throughout all three periods was mainly associated
with a shallow source region centered at ~5.4 km depth. The source aligns with the NW-SE-oriented Cortaderas Lineament
and volcano-tectonic seismicity at 3—6km depth. The volcano continued to inflate during the period of highest effusive
output, while erupted lava volumes remained modest relative to the modeled source volume change, suggesting continued
pressurization. Seismicity migrated northeastward during Period II, indicating structural control on shallow magma storage
and transport. Through late 2025, deformation and seismicity declined toward pre-eruptive background conditions.
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Introduction

Editorial responsibility: F. Galetto . . .
P Y Chile hosts one of the most active volcanic arcs world-

wide with ~100 active volcanoes (Lara et al. 2011), offer-
ing exceptional conditions to study the temporal evolution
of magmatic and eruptive processes in subduction zones
(Galetto et al. 2023; Delgado et al. 2025). The Southern
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Volcanic Zone (SVZ) between 33°S and 46°S includes at
least 60 historically and potentially active volcanic edifices
(Simkin 1994; Stern 2004; Delgado et al. 2017; Cabrera
et al. 2024). Among the most active are the Laguna del
Maule, Nevados de Chillan, Villarrica, and Puyehue-Cordén
Caulle volcanic complexes (Delgado et al. 2025; Cortés et al.
2024; Le Mével et al. 2021; Navarrete-Reyes et al. 2026).
But eruptive cycles over their full duration have rarely been
continuously monitored with modern geodetic and seismic
networks, limiting our understanding of how deformation
and seismicity evolve through long-lived eruptive cycles.

We focus on the Nevados de Chillin Volcanic Com-
plex (NChVC), located in the Nuble Region (36°51°S;
71°24°W, 3216 m.a.s.1., Fig. 1), which has been active for
~650 ka (Dixon et al. 1999), comprises seventeen emis-
sion centers aligned predominantly along a NW-SE direction
(Orozco et al. 2016; Cardona et al. 2021; Mura et al. 2025),
and has been permanently monitored since 2012 by the
Southern Andean Volcano Observatory (OVDAS) that is
operated by the Geological and Mining Chile Service (Ser-
vicio Nacional de Geologia y Mineria (SERNAGEOMIN)
2026; Orozco et al. 2016). The December 2015 to January
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Fig.1 a Regional map showing the location of the Nevados de Chillan
Volcanic Complex (NChVC; red triangle) within the active volcanic
arc of Chile (black triangles). The triangulated line marks the Chilean
subduction zone, and the black onshore line marks the Chile-Argentina
border. White contours mark the rupture extent of the 2010 Maule earth-
quake (Mw 8.8) (Moreno et al. 2012), and faults are shown in blue
(Maldonado et al. 2021). b Local map of our study area showing the
active Nicanor crater (red triangle; 2015/12-2023/01), seismic stations
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(green diamonds), GNSS stations (white inverted triangles). The black
dashed line marks the Cortaderas Lineament, which aligns several cones
and craters (Cardona et al. 2021; Mura et al. 2025; Espinosa-Leal et al.
2025). ¢ Close-up view of the NChVC showing the individual volcanic
edifices of the Cerro Blanco subcomplex (Vn. Santa Gertrudis, Vn.
Cerro Blanco, Vn. Shangri-La) and the Las Termas subcomplex (Vn.
Nuevo, Vn. Arrau, Vn. Viejo, Vn. Chillan) (Pineda et al. 2025)
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2023 eruptive cycle stands out as one of the longest and the
best-instrumented sequences documented in Chile, provid-
ing an opportunity to track a magmatic system from early
unrest through post-eruptive relaxation. Beyond the distinct
surface deformation, the eruptive cycle was also marked
by pronounced changes in seismicity. The volcano’s reac-
tivation was characterized by increasing long-period (LP)
activity together with more regular volcano-tectonic (VT)
seismicity, and VT hypocenters were described along a
NW-SE structural trend consistent with the Cortaderas Lin-
eament (Cardona et al. 2021). Later effusive phases were
accompanied by increased seismicity, including a rise in VT
earthquake rate at the onset of the 2019 uplift episode (Eiden
et al. 2025).

Recent studies have used Sentinel-1 InSAR and GNSS
observations to characterize parts of the 2019-2022 uplift
episode and to model the responsible deformation source.
Astort et al. (2022) modeled a pressurized prolate spheroid
at ~5.5 £ 0.5 km beneath the Las Termas subcomplex using
Sentinel-1 data from October 2019 to November 2020, con-
sistent with the NW-SE Cortaderas Lineament (Cardona et al.
2021; Mura et al. 2025). Lizama et al. (2025) proposed
instead a two-reservoir system using ascending ALOS-2 and
descending Sentinel-1 data from January 2019 to May 2020,
with a shallow source at ~5.8 km and an additional deeper
sill at ~15km. Eiden et al. (2025) interpreted the deformation
as a sequence of independent inflation episodes, obtain-
ing source depths ranging from ~4.3 to ~6.4 km across
three sub-periods: Uplift 1 (July 2019-July 2020), Uplift 2
(October 2020-May 2021), and Uplift 3 (August 2021-
January 2022), using InSAR and GNSS. These studies
consistently document inflation since 2019 but differ in
source depth and geometry, rely primarily on Sentinel-1 data
with limited coherence over the densely vegetated volcanic
flanks, and cover only portions of the eruptive sequence.

We present continuous GNSS displacement time-series at
six stations, including five near-field stations and a reference
station (CHTC), ALOS-2 and Sentinel-1 InSAR time-series,
a SAOCOM-1 interferogram, and a seismic event catalog
spanning the full eruptive cycle and subsequent post-eruptive
evolution of NChVC from 2015 to late 2025. By extend-
ing the analysis through late 2025 and integrating coherent
L-band radar data, which are better suited to monitor dis-
placement in the densely vegetated volcanic terrain typical of
the Southern Andes (e.g., Delgado et al. (2024)), we provide
the most complete geodetic and seismic characterization of
NChVC to date, extending the temporal and spatial coverage
achieved by previous studies. We employ a pressurized pro-
late spheroid model (Yang et al. 1988) to characterize a source
geometry and depth capable of reproducing the first-order
deformation pattern observed across the three periods of the
cycle. In addition, we discuss the implications for magma
storage, recharge dynamics, and post-eruptive evolution.

Nevados de Chillan volcanic complex
(NChVC)

Historical eruptions

The NChVC is one of the most active and hazardous volcanic
complexes in Chile (Lara et al. 2011; Servicio Nacional de
Geologia y Mineria (SERNAGEOMIN) 2026), owing to its
proximity to human settlements and tourist infrastructure.
More than 15 historical eruptions, including both explosive
and effusive activity, have been documented (Dixon et al.
1999; Orozco et al. 2016). The NChVC consists of two
subcomplexes separated by approximately 6 km: the predom-
inantly andesitic Cerro Blanco subcomplex to the northwest
and the predominantly dacitic Las Termas subcomplex to
the southeast (Fig. 1b, ¢) (Naranjo and Moreno 2009). His-
torical activity has been concentrated within the Las Termas
subcomplex, which includes the Nuevo, Arrau, Viejo, and
Chillan volcanic centers (Fig. 1¢) (Orozco et al. 2016). The
Viejo stratocone (Vn. Viejo in Fig. 1c¢) is the oldest of these
edifices and was active between approximately 9.3 and 2.3
ka. The dacitic Chilldn cone (Vn. Chilldn in Fig. 1c) last
erupted in 1883 (Moussallam et al. 2018; Naranjo et al. 1994;
Briiggen 1948).

The seventeen emission centers of NChVC are aligned
along a NW-SE arc-oblique volcanic lineament structurally
related to the Andean Transverse Fault system (Mura et al.
2025; Stanton-Yonge et al. 2016). This lineament might
mark a northwestern continuation of the ~200km long Cor-
taderas Lineament, a crustal discontinuity extending from
the Chilean Cordillera into the Argentine foreland. The
discontinuity has been active since at least the Paleocene
(Ramos and Barbieri 1989; Ramos and Folguera 2005; Radic
2010), though the precise nature of this connection remains
poorly constrained (Mura et al. 2025). The structure is
transverse to the volcanic arc and oblique to the prevailing
interseismic stress field, though coseismic rebound during
megathrust events can transiently promote magma ascent
along NW-striking structures (Stanton-Yonge et al. 2016).
The lineament directly controls the distribution of eruptive
centers and geometry at NChVC (Cardona et al. 2021; Mura
et al. 2025; Espinosa-Leal et al. 2025).

The Nuevo volcano (Fig. 1c) was formed during activity
between 1906 and 1948 (volcanic explosivity index VEI 2,
Global Volcanism Program) and included lava flows, erup-
tive plumes, seismicity, intermittent explosive phases, and a
late effusive phase producing lahars (Orozco et al. 2016).
Between 1973 and 1987 (VEI 2), the Arrau volcano (a
dacitic lava cone) formed from dome growth. This period
involved successive eruptive pulses and gravitational col-
lapses in addition to gas and ash emissions (Naranjo et al.
1994, 2008; Orozco et al. 2016). Nuevo and Arrau volcanoes
were emplaced on top of the Democratico volcano (Dixon
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et al. 1999). More recently, in August—September 2003 (VEI
0-1), a small Vulcanian-type eruption generated the dou-
ble Chudcin crater, and in 2008 (VEI < 1) a lava flow was
observed to the NE of the Nuevo volcano from the new San
Sebastidn center (Naranjo and Moreno 2009).

The last activity at NChVC occurred immediately after the
2010 M,, 8.8 Maule megathrust earthquake that ruptured a
~500km-long plate interface segment at ~150km distance
(Fig. 1) (Moreno et al. 2012). The postseismic viscoelastic
relaxation following this event produced long-wavelength
surface deformation that was still ongoing at least 8 years
after the earthquake and might affect our study area (Li et al.
2017, 2018). Within weeks of the earthquake, Pritchard et al.
(2013) documented up to 15cm of coseismic subsidence at
NChVC, attributed to the release of hydrothermal fluids from
a reservoir at 3—10km depth; new non-eruptive fumarolic
activity was also reported at the volcano three days after the
event, suggesting that the earthquake transiently destabilized
the shallow hydrothermal system.

The 2015-2023 eruptive activity

The most recent and most intensively monitored eruptive
episode began in December 2015 and was classified as VEI 2
(Global Volcanism Program). It includes the episodes shown
in Table 1:

Table 1 Chronology of the 2015-2023 eruptive activity (VEI 2).
Source: Sernageomin Timeline and Global Volcanism Program

Year Activity summary
2015 Anomalous seismicity
2016 Increased seismic activity, beginning of a period of

explosive events, formation of new craters

2017 Phreatic and phreatomagmatic explosions, formation
of the Nicanor crater. In December, emission of the
Gil Cruz lava dome inside the Nicanor crater

2018 Partial destruction and re-generation of the Gil Cruz
dome, pyroclastic flows

2019 Four lava flows (L1, L2, L3, and L4) from the Nicanor
crater

2020 Intermittent explosions with ash plumes and pyroclas-

tic flows (late January to early June); lava dome growth
and a lava flow on the northern flank (from late June
on)

2021 Lava flows L5 and L6 and creation of a second dome
(early in the year), highest eruptive rate at Nicanor
crater with an effusive period marked by the emission
of dome 3 and lava flows L7 and L8 (end of the year)

2022 Emission of the fourth dome, explosive phase with
column heights >2km and short-range pyroclastic
flows, last recorded surface activity (October 17)

2023 Decrease in seismic energy, end of the eruptive cycle

@ Springer

During the eruptive episode at the NChVC (December
2015 to January 2023), seismic stations recorded approxi-
mately 520,000 earthquakes; four domes were emplaced in
the Nicanor crater and subsequently destroyed and cumu-
lative SO2 emissions exceeded 580 kt (Servicio Nacional
de Geologia y Mineria (SERNAGEOMIN) 2026). As of
late 2025, seismic monitoring shows low-level background
seismicity with occasional events and no sustained surface
activity. Based on the geodetic time series (“Geodetic data”
section), we distinguish three deformation periods over the
observed record: Period I, characterized by slight subsi-
dence (2015/12/18-2019/01/25); Period II, characterized by
marked inflation (2019/01/25-2022/03/04); and Period III,
characterized by deflation (2022/03/04-2025/02/28).

Data analysis and modeling

We integrated seismic catalogs with surface displacements
derived from GNSS and InSAR (ALOS-2, SAOCOM-1, and
Sentinel-1) time-series spanning 10 and 8 years, respectively,
to characterize the deformation cycle at NChVC. We mod-
eled the observed uplift using a pressurized prolate spheroid
to constrain the geometry and depth of the magmatic source,
as described below.

Seismic data

The seismic catalog for NChVC spans January 2014 to
late 2025 and is routinely compiled by OVDAS (Servicio
Nacional de Geologia y Mineria (SERNAGEOMIN) 2026).
It includes hybrid (HB) events related to mixed brittle and
fluid-driven processes, long-period (LP) events associated
with fluid dynamics, seismic tremor (TR) reflecting sustained
fluid or magma movement, and volcano-tectonic (VT) events
related to brittle rock failure (Fig.2). We focus mostly on
VT events because they have reliable hypocentral locations;
LP, TR, and HB events are routinely detected but poorly
constrained in depth and location. The largest reported local
magnitude in the VT catalog is 4.6 M (Figs.2, 3, and S1),
and the completeness magnitude is approximately 1.0 My,
consistent with the Gutenberg-Richter frequency-magnitude
distribution.

We computed the b-positive parameter following the
approach of Van Der Elst (2021), which is based on the distri-
bution of positive magnitude differences between successive
events. For this, we used a moving window of 200 VT events,
advancing the window one event at a time along the catalog
(Fig.2). Within each window, we calculated the differences
in magnitude between consecutive events and retained only
those exceeding a minimum threshold of AM = 0.2, con-
sistent with discretized magnitude catalogs.


https://volcano.si.edu/volcano.cfm?vn=357070
https://www.sernageomin.cl/infografias-complejo-volcanico-nevados-de-chillan/
https://volcano.si.edu/volcano.cfm?vn=357070

Bulletin of Volcanology (2026) 88:109 Page50f17 109
o
e o
& e & < e .S 2 0(7\4 G e’?oo & & e
& O & S C® o KgY & LF O
v RS ST It Q,'Z,(@ oS o
800 ———————————|
Eruptive Episodes
600 LP
TR
- VT
400
B
©
kel
< 200
o
s i
._? 0 i il ') e % ey o
S
e Zoom
a 20 s T 1T ‘ || ‘
S ‘ Al | 1 \ T N \ ‘ | il
1 “ 'l‘ :““ { 1 i | | [ | { !
L, !fn ! ' j wid ' | ! J i .u.‘Jl..l .“..‘A‘, [ IR Ll e ¥
2014-01 2015-01 2016-01 2017-01 2018-01 2019-01 2020-01 2021-01 2022-01 2023-01 2024-01 2025-01 2026-01
f
ot? z
.5 —— b-positive i !
'g 1.0 Eruptive Episodes ! |
Y MM |
4 '; ,J\M'“M i
0.5 i i
2014-01 2015-01 2016-01 2017-01 201801 2019-01 2020-01 2021-01 2022-01 2023-01 2024-01 2025-01 2026-01
Time [yr]
L L L 1
! Period | I Period Il ! Period Il |

Fig.2 Upper panel: Daily seismicity at the NChVC from 2014 to 2025,
with LP (long-period) events shown in orange, TR (tremor) in gray-
blue, and VT (volcano-tectonic) in black. A zoomed-in section below
highlights periods of increased VT activity. Lower panel: Temporal
evolution of the b-positive parameter calculated from volcano-tectonic
(VT) seismicity only (in blue, uncertainty range in gray). Both panels

GNSS

We processed data from six continuous GNSS stations cov-
ering December 2015 to late 2025 (Fig. 1). The stations are
operated by OVDAS and the National Seismological Center
(CSN) of the University of Chile and were processed using a
differential strategy with Bernese software V5.4 (Dach et al.
2007; Béez et al. 2018). Station CHTC, located approxi-
mately 40km southwest of NChVC, was selected as a local
reference because it lies outside the volcanic deformation
field.

The horizontal trajectories shown in Figs. 4a—c and the
time series in Fig. S2 correspond to the original GNSS
solutions. For Fig. 4d and for comparisons with the InSAR
observations and model predictions, we subtracted the east,
north, and vertical components recorded at CHTC from the
corresponding components at the other stations. For the LOS
comparisons, these relative GNSS displacements were pro-
jected into the corresponding satellite line of sight (Figs. 6,
S4, and S5).

illustrate the variability of eruptive processes (Table 1) and correspond-
ing Sernageomin-OVDAS alert levels (green: no significant change in
activity; yellow: volcanic unrest with minor activity changes; orange:
significant unrest with possible increase in activity) throughout the
observation period

InSAR

We acquired radar imagery from three satellite missions:
ALOS-2 and SAOCOM-1 in L-band, and Sentinel-1 in C-
band. The L-band observations provide improved coherence
over highly vegetated regions.

We used ALOS-2 imagery acquired in Stripmap Mode 3
(SM3 10m/pixel) on an ascending orbit, beams F2-F6, from
December 18, 2015, to February 28, 2025, with one radar
image per year (Fig. S6). We discarded the image acquired
in 2014 due to an incorrect center frequency setting. We
created the interferograms using the alosStack.py workflow
(Liang and Fielding 2017a,b) implemented in the InSAR
Scientific Computing Environment (ISCE2) software (Rosen
et al. 2012). We considered a maximum temporal baseline
of 2.5 years, and built connections with the two previous
and two following images. We used the 30m Copernicus
DEM from the European Space Agency to remove the topo-
graphic phase. Before processing, the DEM elevations were
converted from the EGM2008 geoid to WGS84 ellipsoidal

@ Springer
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Fig.3 Map view (top panels) and SW-NE cross section (bottom pan-
els) of volcano-tectonic (VT) seismicity for three periods: a 2015-2019,
b 2019-2022, and ¢ 2022-2025. Colors indicate progression over time.
Inverted white triangles mark GNSS stations, green diamonds represent
seismometers, and the red triangle indicates the active crater location,

heights. We then averaged the interferograms using 8 looks in
range and 16 looks in azimuth. We applied the split-spectrum
technique to remove the ionospheric phase (Rosen et al. 2010;
Gomba et al. 2015; Liang et al. 2018), an adaptive phase
filter (Goldstein and Werner 1998) with a power spectrum
coefficient of 0.5, and unwrapped the phase using Mini-
mum Cost Flow (MCF) (Chen and Zebker 2002). We built
a small-baseline (SBAS) InSAR time-series and derived the
cumulative deformation with MintPy (Miami InSAR Time-
series software in Python) (Yunjun et al. 2019).

We processed one descending SAOCOM-1 interferogram
spanning October 2019-November 2021 (Fig. 5), using the
stripmapApp.py workflow in ISCE2 (Rosen et al. 2012). Pix-
els were averaged with 8 looks inrange and 16 in azimuth, and
the topographic phase was removed using the 30 m Coperni-
cus DEM. We applied a phase filter with a power spectrum
coefficient of 0.5 (Goldstein and Werner 1998) and removed
a linear ramp to account for ionospheric and tropospheric
long-wavelength signals (Delgado et al. 2024).

We used automatically processed Sentinel-1 C-band inter-
ferograms (Lazecky et al. 2020) from descending track 83,
from October 2014 until June 2023, and formed a network
of interferograms with temporal baselines ranging from 6
days to 1 year (Fig. S6). Pixels were averaged with 4 looks in
azimuth and 20 looks in range, and the topographic phase was
removed using the 1 arc-second, void-filled Shuttle Radar
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shown in both map view and projected onto the cross-section profile.
The red square marks the preferred prolate spheroid source location.
The black dashed line marks the Cortaderas Lineament. White dashed
lines in map view indicate the location of the SW-NE cross section
A-A

Topography Mission (SRTM) DEM (Farr et al. 2007). We
applied an adaptive phase filter (Goldstein and Werner 1998)
with an FFT window size of 32 and a power spectrum coeffi-
cient of 1.0, unwrapped the phase with Minimum Cost Flow
(MCF) (Chen and Zebker 2002), and masked pixels with
coherence below 0.5. We built InSAR time-series (Fig. S5)
with the open-source SBAS analysis tool LICSBAS (Mor-
ishita et al. 2020), which includes an atmospheric correction
(Yu et al. 2017, 2018). We manually excluded incoherent
interferograms, particularly during the austral winter period.

For comparison with the GNSS observations, the ALOS-2
time series were referenced using the location of the CHTC
GNSS station. Since CHTC lies outside the Sentinel-1 cov-
erage, the Sentinel-1 time series were referenced to a stable
area shown in Fig. S5.

Source modeling

To constrain the location and geometry of the magmatic
source driving surface uplift, we used a pressurized finite pro-
late spheroid model (Yang et al. 1988), inverting the cumula-
tive LOS displacement maps derived from the ALOS-2 and
SAOCOM-1 L-band datasets during Period II (2019-2022),
which provide the most complete and coherent spatial cov-
erage over the vegetated flanks of the volcano. Sentinel-1
was not included in the inversion because of its higher noise
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Fig.4 a Map showing the monitoring network around the active crater
(red triangle), including seismometers (green diamonds) and GNSS sta-
tions (inverted triangles). The colored trajectories represent the original
cumulative horizontal GNSS displacements, color-coded by time. Insets
show the original horizontal displacement trajectories at b CHTC and ¢

level and reduced coherence in parts of the study area. The
GNSS stations are sparse and unevenly distributed around the
deformation source and therefore provide limited constraints

FRSC. d East, North, and vertical GNSS time series at all six stations,
referenced to CHTC and color-coded by Sernageomin-OVDAS alert
levels (as in Fig. 2). The bottom panel shows seismicity as in Fig. 2,
together with the cumulative number of events over the same period

on its geometry. Sentinel-1 and GNSS were retained as
independent observations for comparison. To reduce data
redundancy while preserving the spatial characteristics of
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the deformation signal, the InSAR displacement maps were
spatially downsampled using a resolution-based approach
(Lohman and Simons 2005).

Using the Neighborhood Algorithm, we initially searched
for the source centroid location, major semi-axis, dip, and
strike (Fig. S7). During repeated preliminary inversion runs,
the strike was left as a free parameter and consistently con-
verged toward 134°. The strike was therefore fixed at this
value in the final inversions. The minor semi-axis was fixed
at 1 km in all inversions to ensure that the radius of curvature
of the upper surface of the spheroid does not exceed its depth
below the surface. Parameter uncertainties for the remaining
free parameters (centroid location, major semi-axis, and dip)
were estimated from the spread of multiple Neighborhood
Algorithm runs (Fig. S7).

Model performance was evaluated using the mean squared
misfit, calculated as the sum of the squared residuals divided
by the number of observations. We assumed a shear mod-
ulus of © = 2.1 GPa, consistent with values commonly
adopted for volcanic rocks (Heap et al. 2020). The pressure
change A P was solved independently for each InSAR dataset
via least-squares, and the corresponding volume change was
derived from the estimated A P and the assumed u follow-
ing Yang et al. (1988). We simultaneously solved for a linear
ramp to account for any residual long-wavelength signal in
the InSAR data and to adjust the reference point. The fit to
the independent Sentinel-1 and GNSS observations was sub-
sequently used to evaluate the preferred model.

After obtaining the preferred source geometry for Period
II, we fixed it and performed forward calculations for Period
1(2015-2019) and Period III (2022-2025), estimating only
AP via least-squares inversion of the cumulative ALOS-
2 displacement maps. This allowed us to test whether the
Period II geometry reproduces the first-order deformation
patterns observed during the other two periods.

Results

As introduced in the “The 2015-2023 eruptive activity” sec-
tion, our observations define three distinct seismo-geodetic
activity phases at NChVC: a prolonged pre-event Period I
(2015-2019), characterized by background seismicity and
subtle localized subsidence; event Period II (2019-2022),
marked by increased volcano-tectonic (VT) seismicity and
surface deformation consistent with inflation; and post-
event Period III (2022-2025), during which seismic activity
declined and the deformation signal reversed sign, indicat-
ing deflation. Period boundaries are defined by the available
ALOS-2 acquisition dates which are closest to the onset of the
observed seismic and geodetic changes. InNSAR observations
extend through February 2025, whereas GNSS and seismic
data extend through late 2025. In the following, we describe

@ Springer

the temporal and spatial evolution of seismicity (“Seismicity”
section), the space-geodetic observations (“Geodetic data”
section), and the source-modeling results (“Source model-
ing” section).

Seismicity
Period 1 (2015-2019)

Seismic activity slowly but significantly increased during
2015 until the end of the year, when the alert level was raised
from green to yellow. During 2016, more than 1,200 seis-
mic events were recorded, dominated by long-period (LP)
and tremor (TR) activity associated with the onset of explo-
sive episodes and formation of new craters; volcano-tectonic
(VT) earthquakes were also present but less frequent (Fig. 2).
LP and TR activity remained elevated through 2016 and
2017, including a marked increase in LP events by the end
of 2017, coincident with the onset of new crater activity and
subsequent lava-dome emplacement. From 2018 onward, LP
and TR seismicity showed a sudden, sustained increase, and
VT hypocenters progressively aligned along a NW-SE trend
(Figs. S1 and 3).

Period 11 (2019-2022)

Between late 2019 and 2020, seismic activity increased
across all event types (LP, TR, VT), coinciding with the
effusion of lava flows (Fig. 2), with LP and TR domi-
nating throughout. A second seismic peak of LP and TR
between 2021 and 2022 was associated with renewed dome
emplacement and effusive activity. VT earthquakes increased
in discrete pulses toward the end of 2019, 2021, and 2022,
each coinciding with eruptive episodes, but remained less
numerous than LP events throughout the period.

During 2020-2022, VT hypocenters migrated progres-
sively northeastward relative to the active crater (Fig. 3),
culminating in January 2022 with a pronounced cluster
~5km northeast of the crater at 3—4 km depth (Figs. S1 and
3). Most VT events occurred at depths of 3—6km (Fig. 3).

Period 11l (2022-2025)

Eruptive activity declined markedly by late 2022, with par-
tial destruction of the dome in August 2022 and the last
recorded eruptive event in October 2022. From November
2022, TR and LP seismicity decreased substantially: TR
events declined toward year-end, while VT and LP events
returned to background levels through 2023 (Fig. 2). The
alert level was downgraded to green in January 2023.

The b-positive parameter, estimated from the VT cata-
log, fluctuated between 0.5 and 1.5 throughout the study
period, with a marked increase in May 2022 concurrent with
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the largest-magnitude event of the eruptive cycle (M, 4.6;
Fig.2). Through 2024 and into late 2025, seismicity remained
low, dominated by VT and LP events (Fig. 2).

Geodetic data
Period | (2015-2019): Gradual displacement

The East, North, and vertical GNSS components show slow
and almost linear displacements, consistent with a subtle
subsidence signal observed in the InSAR. This localized
subsidence near the active crater is consistently captured by
GNSS and InSAR and is most clearly expressed in the time-
series of GNSS station FRSC projected into the LOS (Fig. 6),
with a rate of less than 1 cm/yr. The signal is also visible in
both ALOS-2 and Sentinel-1 time-series, the latter with a
higher temporal sampling (Figs. 6 and S5).

Period 11 (2019-2022): Inflation

The GNSS time-series record an abrupt rate change corre-
sponding to inflation that begins in late 2019 and continues
through 2020. The strongest deformation is centered at and
around the active crater (Fig. 6). Station FRSC, located clos-
est to the active crater, records approximately 22.5 cm of
vertical uplift (Fig.4) in this period but shows no signif-
icant horizontal displacement attributable to the inflation.
PTZL and NUBL move towards NE, the other stations all
move towards WNW, and only CHTC remains unaffected
(Fig.4). All stations exhibited a non-linear, rapid uplift in
2019-2020 that, in the case of TRAN, was captured by an
exponential fit (Fig. S3). Radar interferometry of three satel-
lite missions all captures this deformation (Figs.5 and 6).
ALOS-2 and SAOCOM-1 both record cumulative LOS dis-
placements exceeding ~25cm, consistent with the GNSS

displacement at FRSC. The scatter between the ALOS-2
and GNSS LOS time-series is ~10mm (Fig. 6), which we
consider a proxy for the remaining noise in the ALOS-2 dis-
placement maps. Sentinel-1 resolves the same deformation
pattern (Fig. S5), although at lower amplitudes, likely due to
its higher noise level and shorter observation period, which
extends only to June 2023. In contrast, ALOS-2 observations
extend to February 2025, although with approximately one
acquisition per year.

Period lll (2022-2025): Transition to deflation

The beginning of this period is marked by a transition from
inflation to deflation processes as indicated in both GNSS
and InSAR observations. Vertical GNSS components record
a deflation trend (Fig.4) similar to the one observed in the
InSAR LOS signal, with a quasi-linear peak decay rate of
approximately —5 cm/yr (Fig. 6).

Source modeling

The preferred prolate spheroid for Period II is centered at
5.4 £0.2 km depth at 71.40°W, 36.87°S, near GNSS station
FRSC and beneath the active crater, with a major semi-
axis of 5.9 £+ 0.1 km, a fixed minor semi-axis of 1km, a
fixed NW-SE strike of 134° clockwise from North, and
a near-horizontal dip of 3°-8° along the major axis. The
fixed strike is consistent with the value obtained during
the preliminary inversions (134 & 1°). The estimated vol-
ume changes are 0.048 km? during the ALOS-2 observation
period (2019/01/25 — 2022/03/04) and 0.028 km? for the
SAOCOM-1 period (2019/10/25 —2021/11/07).

The predicted LOS displacements reproduce well the
observed deformation pattern in both datasets (Fig. 7), with
RMS residuals of 1.5 cm for ALOS-2 and 1.6 cm for
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Fig.5 Map of accumulated LOS displacement from ALOS-2 (ascending), SAOCOM-1, and Sentinel-1 (descending). Red colors indicate movement
towards the satellite. The black dashed line marks the Cortaderas Lineament. Note the slightly different observation periods. Other features as in

Fig. 1
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Fig. 6 Cumulative LOS displacement observed by ALOS-2 for three
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2022/03/04, and ¢ Period I1I: 2022/03/04—-2025/02/28. The black dashed
line marks the Cortaderas Lineament. Other features as in Fig. 1.

SAOCOM-1, compared to the maximum displacement of
~25 cm. Residuals locally reach approximately +2 cm on the
SW flank. The comparison between predicted and observed
GNSS horizontal velocities shows good first-order agree-
ment, particularly at PTZL, TRAN, and NUBL (Fig. 7).

Forward model calculations using the same fixed geom-
etry for Period I and Period III result in RMS residuals
of 0.9 cm and 1.3 cm, respectively (Fig. 8). The forward-
modeled horizontal GNSS velocities for Periods I and III are
also compared with the observations in Fig. 8, and reproduce
the first-order magnitude and orientation of the observations
at most stations in both periods, with residuals of similar
order to those obtained for Period II. Wrapped versions of
the observed, modeled, and residual deformation are shown
in Fig. S8.

Discussion

The geodetic and seismic observations at NChVC between
2015 and late 2025 define a three-period deformation cycle
in which, despite sign changes in deformation between peri-
ods, the overall spatial pattern of deformation and seismicity
remained broadly consistent through time. Forward calcula-
tions for Periods I and IIT using the preferred source geometry
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2020-01
Time [yr]

2019-01

2021-01 2022-01 2023-01 2024-01 2025-01

Period Il Period IlI

d Line-of-sight (LOS) displacement time series at station FRSC com-
paring GNSS (black dots) and ALOS-2 InSAR (light blue triangles),
both referenced to CHTC, over the full observation period, with
Sernageomin-OVDAS alert levels and eruptive episodes as in Fig. 2

constrained during Period II reproduce the dominant spatial
pattern of the observations, with RMS residuals of 0.9 and
1.3 cm, respectively (Fig. 8). This consistency indicates that
deformation throughout the recent eruptive cycle was mainly
associated with a shallow source region centered at approxi-
mately 5.4 km depth, though it does not rule out contributions
from secondary or transiently active parts of the plumb-
ing system. Differences in deformation amplitude and the
localized residuals may reflect modest temporal variations
in source dimensions, depth, or pressure conditions within
this region. Nevertheless, the preferred Period II geometry
reproduces most of the observed geodetic deformation and
its first-order spatial pattern across the three periods.

The source depth of ~5.4 km (Fig. 9) is consistent with the
thermobarometric constraints of Oyarzun et al. (2022), who
estimated crystallization depths of dacitic and rhyodacitic
magmas at NChVC between 2.2 and 9.7 km based on pre-
eruptive Pleistocene—Holocene volcanic rocks. The inferred
spheroid thus lies within this petrologically defined storage
range, consistent with a shallow magma accumulation zone
within a broader, vertically zoned plumbing system that need
not have been entirely active during the observation period.

Previous studies inferred shallow deformation sources
using different datasets, observation periods, and model-
ing approaches (Fig. 9). Despite these differences, most
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Fig. 7 Observed (left), predicted (center), and residual (right) defor-
mation for the ALOS-2 (top) and SAOCOM-1 (middle) displacement
maps during Period II. The prolate spheroid source is shown in all
panels. The black dashed line marks the Cortaderas Lineament. Other
features are as in Fig. 1. The lowest panels show the corresponding
GNSS results for Period 11 (2019/01/25-2022/03/04). In the left GNSS
panel, black and blue vectors represent the observed and predicted hor-

estimates place the principal deformation source at approxi-
mately 4-6 km depth. Astortetal. (2022) inverted cumulative
Sentinel-1 displacement maps from October 2019 to Novem-
ber 2020 and obtained a prolate spheroid at 5.5 + 0.5 km
depth, oriented along the NW-SE Cortaderas Lineament
(Cardona et al. 2021; Mura et al. 2025). Lizama et al. (2025)
combined ascending ALOS-2, descending Sentinel-1, and
GNSS time series from January 2019 to May 2020, propos-
ing a two-reservoir system composed of a shallow source at

</ GNSS
@ Seismometer

A Active crater (2015/12-20283/01)
M Best Yang'’s source

izontal velocities, respectively, while the colored circles represent the
observed vertical (Up) velocities in centimeters per year. The vertical-
velocity color scale ranges from 0 to 10 cm/yr. The ellipses indicate the
horizontal GNSS uncertainties. The right GNSS panel shows the hori-
zontal residual velocities. Reference vector scales are indicated within
each GNSS panel

~5.8 km, accounting for ~97% of the modeled uplift, and a
deeper sill at ~15 km contributing the remainder. Eiden et al.
(2025) applied a Bayesian inversion framework using InNSAR
and GNSS for Uplift 1 and GNSS-only observations for sub-
sequent periods, obtaining source depths of 4.3 & 0.2 km,
4.8 +0.1 km, and 6.4 0.5 km across the three deformation
episodes.

Our results are spatially consistent with the principal
shallow deformation sources identified in previous studies,
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Fig. 8 Observed (left), predicted (center), and residual (right) ALOS-
2 LOS displacements for a) Period I (2015/12/18-2019/01/25) and b)
Period I1I (2022/03/04-2025/02/28), calculated using the preferred pro-
late spheroid geometry constrained during Period II. The corresponding
GNSS results for each period are shown in the panels below the InNSAR
results. In the left GNSS panels, black and blue vectors represent the
observed and predicted horizontal velocities, respectively, while the

despite differences in datasets, source geometries, and mod-
eling approaches. Our preferred spheroid overlaps the source
inferred by Astort et al. (2022), the shallow source regions
obtained by Eiden et al. (2025), and the shallow, dominant
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colored circles represent the observed vertical (Up) velocities in cen-
timeters per year. Periods I and III use the same vertical-velocity color
scale, ranging from —4 to 0 cm/yr. The ellipses indicate the horizontal
GNSS uncertainties. The right GNSS panels show the horizontal resid-
ual velocities. Reference vector scales are indicated within each GNSS
panel. Other features are as in Fig. 1

source proposed by Lizama et al. (2025) (Fig. 9). Only the
deeper sill proposed by Lizama et al. (2025), at approxi-
mately 15km depth, lies outside this shared shallow source
region. However, this deeper source accounted for only
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approximately 3% of the modeled uplift, whereas the shallow
source explained the remaining 97%. Although our observa-
tions cannot exclude deeper magma transfer or secondary
components of the plumbing system, the shallow source
reproduces most of the observed deformation and its first-
order spatial pattern. Our source also shows a markedly
larger lateral extent than those proposed in previous stud-
ies, with a major semi-axis of 5.9 & 0.1 km (Fig. 9). This
broader modeled footprint may partly reflect the wider coher-
ent coverage provided by the L-band ALOS-2 observations.
By preserving coherence across the vegetated flanks and
farther from the active crater, the ALOS-2 interferograms
sample a larger fraction of the deformation field and provide
additional constraints on its long-wavelength component and
lateral dimensions.

Taken together, these independent studies consistently
place the principal deformation source at approximately
4-6km depth. This agreement indicates that the shallow
magmatic system played a central role in surface deforma-
tion during the recent eruptive cycle. The different source
geometries shown in Fig. 9 may represent different param-
eterizations of a structurally and geometrically complex
shallow storage system, rather than different volcanological
interpretations. This interpretation is further supported by the
concentration of Period II VT seismicity at approximately
3-6km depth and by the independent magma-storage range
inferred from geobarometry (Fig. 9). Together, the geodetic
models, seismicity, and petrological constraints indicate that
this shallow magmatic region was the main contributor to the
observed deformation and eruptive activity.

The contrast between our predicted volume change of
0.048 km? and the relatively small erupted volumes of
0.01-0.02 km?® (Servicio Nacional de Geologia y Minerfa
(SERNAGEOMIN) 2026) could suggest continued pressur-
ization during eruption rather than simple depletion of a
closed reservoir. This hypothesis is supported by the con-
tinuation of inflation throughout the main effusive phase. A
pressurized shallow reservoir likely persisted during the main
eruptive period. The vertical component at TRAN shows the
same general inflationary trend during this interval (Figs. 4
and S3). Uplift at TRAN decays exponentially, a pattern
known from magma injections modeled as a Newtonian fluid
without crystals, in which the inflation rate decreases as the
pressure difference between the source and the conduit equi-
librates (Lengliné et al. 2008; Pinel et al. 2010). The relative
contributions of magma supply, storage, compressibility, and
eruptive output cannot be resolved in detail with the available
observations, however.

During Period I, phreatic and phreatomagmatic explo-
sions were followed by dome extrusion, repeated dome
destruction, and pyroclastic flows, while the geodetic obser-
vations showed only subtle subsidence (Fig. 4). The contrast
between the marked surface activity and the weak deforma-
tion suggests that this early stage may have been dominated
by shallow hydrothermal and conduit processes, including
degassing and the transfer of limited magma volumes toward
the surface.

During Period II, the continuous GNSS data and the
Sentinel-1 time series show that inflation was not uni-
form (Figs. 4 and S5). Following the subtle subsidence
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observed during Period I and the first months of 2019,
uplift began in mid-2019 and increased rapidly through
early 2020, coincident with a marked increase in seismic-
ity and the emplacement of the first lava flows. This was
followed by intervals of slower uplift and renewed increases
through early 2022. The annual ALOS-2 observations at the
near-source stations are consistent with this longer-term evo-
lution, although their temporal sampling does not resolve the
shorter-term variations visible in the GNSS and Sentinel-1
data.

A second prominent increase in LP and TR seismicity
during 2021-2022 accompanied renewed dome growth, lava
effusion, and the highest eruptive rates, broadly coinciding
with the final stage of inflation. However, the timing and
amplitude of the seismic, eruptive, and geodetic changes do
not show a simple one-to-one correspondence. These differ-
ences suggest that the shorter-term fluctuations may reflect
changes in magma and fluid transfer toward the surface and in
eruptive discharge, superimposed on the longer-term pressur-
ization of the dominant shallow source region identified by
our model. The deformation subsequently reversed to defla-
tion during Period III.

The VT seismicity supports a structural control on magma
storage and migration. From 2018 onward, hypocenters
aligned along a NW-SE trend consistent with the NW-SE
lineament of NChVC (e.g., Cardona et al., 2021; Mura
et al., 2025; Espinosa-Leal et al., 2025). During Period II
they migrated ~3 km northeastward, culminating in the Jan-
uary 2022 cluster that coincided with increased LP activity
(Figs. 2,3, and S1). Most VT events occurred at 3—6 km depth
and agree well with our predicted centroid source depth.
Together with the alignment of eruptive centers, this spa-
tial pattern points to a structural control on shallow magma
storage and on the pathways of magma and fluids. The b-
positive parameter showed no systematic variation correlated
with surface deformation or seismic event rate throughout the
cycle.

The horizontal displacement time series at station FRSC,
located directly above the modeled source region, remained
largely unaffected by the inflation. The slight decaying tra-
jectory observed over the full observation period may include
a far-field postseismic component associated with the 2010
Maule earthquake. We assessed this potential contribution
using the regional interseismic deformation and viscoelas-
tic relaxation predictions of Li et al. (2017, 2018). This
assessment indicates that the predicted differential regional
contribution between CHTC and the other GNSS stations
is small, supporting the use of CHTC as a local reference
and limiting the influence of Maule-related deformation on
the relative GNSS time series. A rigorous separation of the
regional and volcanic signals would require a dedicated anal-
ysis and is beyond the scope of the present study.
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The coseismically induced subsidence at NChVC follow-
ing the 2010 Maule earthquake was attributed to the release
of hydrothermal fluids at 3—-10km depth (Pritchard et al.
2013). To evaluate whether this earthquake-related defor-
mation could be reproduced by the same shallow source
geometry inferred for the recent eruptive cycle, we applied
the preferred Period II geometry to an ENVISAT interfer-
ogram spanning 2010/01/30-2010/04/10 (Pritchard et al.
2013). It should be noted that the ENVISAT interferogram
may also include an early postseismic contribution, as the
earthquake occurred on 27 February 2010 and the second
acquisition was obtained on 10 April 2010. Figure S9 com-
pares the observed LOS displacement, the forward-model
prediction, and the corresponding residuals. The Period 11
geometry does not reproduce the observed spatial pattern
of subsidence, indicating that the 2010 deformation cannot
be explained by the same source geometry responsible for
the deformation during Periods I-III. This result is consis-
tent with the interpretation of Pritchard et al. (2013) that
the 2010 subsidence reflected a hydrothermal rather than
magmatic process. Similar non-eruptive subsidence unre-
lated to lava-flow dynamics has been documented at other
volcanic systems, including Medicine Lake (Poland et al.
2006), Askja (De Zeeuw-van Dalfsen et al. 2012), Lassen
Volcanic Center (Parker et al. 2016), and Cerro Blanco (Velez
et al. 2021). Deflation and seismicity declined progressively
through late 2025, extending the observations beyond previ-
ous studies at NChVC. Both deformation rate and seismicity
decreased over time, pointing to gradual depressurization and
a transition toward pre-eruptive background conditions. The
continuation of slowly reducing deformation and seismicity
through late 2025 demonstrates that system relaxation per-
sisted well beyond the end of the eruptive cycle.

Conclusions

Ten years of seismo-geodetic time-series document one com-
plete eruptive cycle (pre-, syn-, and post-eruptive Period I, I
and IIT) of the Nevados de Chillan Volcanic Complex in Chile.
This unique dataset combines a seismic catalog of long-
period, tremor, and volcano-tectonic events and b-positive
parameters with space- and in-situ-geodetic observations in
three dimensions at millimeter sensitivity, and constitutes one
of the most comprehensively documented eruptive sequences
in the Southern Volcanic Zone.

During Period II (2019-2022), surface uplift peaked at
~25cm along LOS. A shallow source at 5.4 £+ 0.2 km depth
reproduces the observed deformation with RMS residuals of
1.5 cm (ALOS-2) and 1.6 cm (SAOCOM-1). The modeled
volume change of 0.048 km> exceeds the estimated erup-
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tive lava volumes of 0.01-0.02 km?3 (Servicio Nacional de
Geologia y Mineria (SERNAGEOMIN) 2026) by a factor
of 2 to 4, suggesting that a pressurized shallow reservoir
persisted throughout the eruptive period rather than pro-
gressively depleting. Volcano-tectonic seismicity migrated
~3 km northeastward during Period I and occurred predom-
inantly at 3—6 km depth, consistent with the centroid depth of
the modeled source. Together with the alignment of eruptive
centers along the Cortaderas Lineament, this spatial pattern
is suggestive of structural control on shallow magma storage
and transport pathways.

The preferred Period II source geometry reproduces the
deformation observed during Periods I and III through for-
ward calculations, with RMS residuals of 0.9 cm (Period I)
and 1.3 cm (Period III). Subsidence observed just after
the 2010 Maule earthquake, however, is not reproduced by
this geometry and is consistent with a distinct source of
hydrothermal origin.

Deformation rates and seismicity declined gradually
through late 2025, demonstrating that system relaxation
persisted well beyond the end of the eruptive cycle. Our
observations highlight the value of sustained multi-dataset
monitoring over full eruptive cycles for constraining mag-
matic source evolution and informing volcanic hazard assess-
ment.
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