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Glacier unloading effects on stress redistribution above magma bodies in
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ABSTRACT
Climate warming is accelerating glacier thinning and altering themechanics of ice-capped volcanic systems. At Sollipulli volcano
(Southern Andes), digital elevation model (DEM) differencing between 1979 and 2013 reveals up to ~300 m of surface lowering
and motivates a parameterized unloading trajectory. Finite Element Method models show that cumulative ice loss reduces the
minimum principal stress above a pressurized magma source and promotes upward expansion of a tensile domain. These
effects are strongest for shallower sources and are amplified by magma overpressure. Within a linear elastic framework, stress
changes are controlled by unloading magnitude, while different thinning trajectories produce distinct sequences of incremental
stress changes. Thick, caldera-filling glaciers therefore enhance themechanical sensitivity of the shallow crust to climate-driven
ice loss, with implications for fracture opening, magma ascent, and volcanic hazards.

RESUMEN
El calentamiento climático está acelerando el adelgazamiento glaciar y modificando las condiciones mecánicas de sistemas
volcánicos cubiertos por hielo. En el volcán Sollipulli (Andes del Sur), la diferencia entre modelos digitales de elevación de
1979 y 2013 revela hasta ~300 m de descenso superficial y motiva una trayectoria parametrizada de adelgazamiento acelerado.
Modelos de Elementos Finitos muestran que la pérdida acumulada de hielo reduce el esfuerzo principal mínimo sobre una
fuente magmática presurizada y favorece la expansión ascendente de un dominio tensional. Estos efectos son más intensos
para fuentes más someras y se amplifican con la sobrepresión magmática. En un marco elástico lineal, los cambios de esfuerzo
dependen de lamagnitud del deshielo,mientras que la trayectoria de adelgazamiento determina cómo se distribuyen los cambios
incrementales de esfuerzo entre etapas sucesivas de pérdida de hielo. Los resultados destacan que glaciares gruesos que
rellenan calderas pueden aumentar la sensibilidad mecánica de la corteza somera frente a la pérdida de hielo, con implicancias
para la apertura de fracturas, el ascenso de magma y la peligrosidad volcánica.

KEYWORDS: Glacier Thinning; Glacier unloading; Tensile stress; Magma ascent; Finite Element Method; Sollipulli.

1 INTRODUCTION
In a warming climate, thinning and retreating glaciers are
rapidly altering the mechanical conditions of the Earth’s crust
in high-latitude and high-elevation regions, including under
ice sheets [Zemp et al. 2019; Hugonnet et al. 2021; The GlaM-
BIE Team 2025]. These changes have important consequences
for volcanic systems located beneath ice masses, where the
removal of surface loads can modify crustal stress and poten-
tially influence magma migration [e.g. Sigvaldason et al. 1992;
Jellinek et al. 2004; Pagli and Sigmundsson 2008; Sigmunds-
son et al. 2013]. Similar associations have been observed in
continental settings. For example, Glazner et al. [1999] docu-
mented an anticorrelation between glacial periods and erup-
tive activity in eastern California over the past 800,000 years,
suggesting that surface loading from glaciers may suppress
volcanism in intraplate regions. Jellinek et al. [2004] subse-
quently found that eruption frequency correlates with the rate
of change of ice volume rather than with the total ice load,
and interpreted this response using a viscoelastic model of
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magma chamber overpressure. This sensitivity is supported
by evidence linking deglaciation and snow or ice load reduc-
tion to increased eruptive activity in regions such as Iceland
[e.g. Albino et al. 2010; Sigmundsson et al. 2010], Alaska [e.g.
Praetorius et al. 2016], the Garibaldi Volcanic Belt in western
Canada [Wilson and Russell 2020], West Antarctica [Coonin
et al. 2024], and the Andes [e.g. Rivera and Bown 2013; Van
Wyk de Vries et al. 2022; Moreno-Yaeger et al. 2024; Moreno-
Yaeger et al. 2025]. In fact, glaciers in the southern Andes
(37°-46°S) are undergoing rapid and accelerating ice loss [e.g.
Dussaillant et al. 2019; Hugonnet et al. 2021; Carrivick et al.
2024], with ice-capped stratovolcanoes and ice-filled calderas
in the region losing on average 38.8% (range: 18.6-82.7%) of
their glacier area since the 1960s and 1970s [Rivera and Bown
2013; Daros Idalino et al. 2019; Reinthaler et al. 2019].

The removal of overlying ice reduces the lithostatic load,
which can lead to stress changes in the crust surrounding
magma bodies [e.g. Pinel et al. 2007; Tuffen 2010; Hooper
et al. 2011; Sigmundsson et al. 2013; Watt et al. 2013; Mora
and Tassara 2018; Singer et al. 2024; Moreno-Yaeger et al.
2025; Wanket et al. 2025]. Depending on the initial stress state,
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such unloading may either reduce compression and promote
tensile failure (as in cases of thick overburden) or decrease
pre-existing tension resulting from flexural bending, particu-
larly when the magmatic system is shallow enough for sur-
face loads to induce bending stresses in the roof region [Pinel
and Jaupart 2005]. These mechanical effects can be especially
pronounced in glacier-filled calderas, where thick ice masses
sit directly above shallow magmatic systems and unloading
is concentrated over a relatively small footprint, potentially
focusing stress changes. As deglaciation continues under on-
going climate warming [Hugonnet et al. 2021; Zekollari et al.
2025], cumulative ice loss may progressively drive stress con-
ditions toward tensile regimes, particularly above pressurized
magma bodies. These mechanical effects are especially rel-
evant in volcanic regions with persistent magmatic activity
that are currently experiencing rapid ice loss, such as in the
southern Andes [Rivera and Bown 2013]. Prehistoric eruptive
records suggest that deglaciation has previously influenced
volcanic activity in the Southern Volcanic Zone (SVZ) in the
Andes, with eruption frequencies during the early post-glacial
period being higher than during the mid-Holocene, consistent
with enhanced volcanic activity following Late Pleistocene ice
retreat after the Last Glacial Maximum [Watt et al. 2013].

Beyond individual volcanic systems, the climatic relevance
of these interactions has been highlighted by global-scale stud-
ies linking deglaciation to increased volcanic activity and at-
mospheric CO2 release [Huybers and Langmuir 2009], sug-
gesting that ice loss could trigger geophysical feedback with
broader environmental consequences. These patterns point to
a potential link between surface mass loss and enhanced vol-
canic response, likely mediated by changes in crustal stress.
This transition has important implications for magma trans-
port: while compressive stress can inhibit dyke propagation
by promoting dyke arrest and sill formation, tensile stress con-
ditions facilitate dyke opening and upward magma migration
[Rubin 1995; Gudmundsson 2002]. More generally, a growing
body of work has shown that magma ascent and dyke path-
ways are highly sensitive to externally imposed stress pertur-
bations acting from the surface or lithosphere, highlighting a
top-down mechanical control on volcanism [e.g. Maccaferri et
al. 2014; Ferrante et al. 2024; Rivalta and Chamberlain 2025].
Although these studies focus on crustal unloading in exten-
sional and rift settings rather than glaciated volcanoes, they il-
lustrate a general mechanical principle directly relevant here:
progressive surface unloading can reorganize the local stress
field and modulate the conditions for magma ascent. Changes
in the stress field may be accompanied by surface deformation,
including uplift or subsidence, that can be detected by geodetic
techniques, such as Interferometric Synthetic Aperture Radar
(InSAR) and Global Navigation Satellite System (GNSS) [e.g.
Richter et al. 2016; Delgado et al. 2018; Wang et al. 2025],
offering valuable insights into subsurface processes. Despite
this, the mechanical implications of rapid ice loss in thick,
caldera-filling glaciers remain underexplored, particularly re-
garding how such unloading trajectories influence stress evo-
lution above shallowmagmatic systems. While several studies
have reviewed the diverse ways climate change may influence
volcanic systems, from glacier recession to permafrost degra-

dation and sea-level changes [e.g. Jellinek et al. 2004; Watt et
al. 2013; Satow et al. 2021; Singer et al. 2024; Moreno-Yaeger
et al. 2025; Sottili and Palladino 2025], the mechanical links
between these processes and crustal stress evolution are only
beginning to be quantified [e.g. Aubry et al. 2022]. As empha-
sized by Tuffen [2010], understanding how deglaciation affects
magma ascent and volcanic hazards is a key challenge in the
context of ongoing climate change.
Previous studies have demonstrated that ice unloading can
promote tensile stress conditions above magmatic systems [e.g.
Pinel and Jaupart 2005; Albino et al. 2010; Sigmundsson et
al. 2013; Watt et al. 2013; Mora and Tassara 2018; Moreno-
Yaeger et al. 2025]. However, the sensitivity of shallow mag-
matic systems to glacier unloading likely depends strongly
on the geometry of the overlying ice load, the depth of the
magma body, the magnitude of magma overpressure, and the
thinning trajectory of the glacier. These controls may be es-
pecially important in glacier-filled calderas, where thick and
spatially concentrated ice loads are removed directly above
the volcanic system. A key unresolved question is how such
unloading modifies the stress field above shallow magma bod-
ies and promotes the transition from compressive to tensile
conditions. Here, we use a series of axisymmetric Finite El-
ement Method (FEM) models to investigate the mechanical
sensitivity of shallow magmatic systems to unloading from
thick, caldera-filling glaciers and to evaluate how glacier ge-
ometry, source depth, magma overpressure, and thinning tra-
jectory influence the evolution of the overlying stress field.
Within this elastic framework, stress changes scale with the
magnitude of ice thickness loss, whereas differences in thin-
ning trajectories determine how incremental stress changes
are distributed across successive stages of ice loss rather than
the magnitude of the total stress change itself. The models
represent glacier-filled calderas in which ice infill of differ-
ent thicknesses imposes a near-uniform load directly above
the magma body, as observed in parts of the SVZ in the An-
des, including Sollipulli, Michinmahuida, and Hudson [Rivera
and Bown 2013]. This approach isolates the roles of unload-
ing magnitude, glacier geometry, magma overpressure, and
thinning trajectory in driving the transition from compressive
to tensile stress regimes, with implications for dyke propaga-
tion. The results provide first-order mechanical insights into
glacier-volcano interactions, with relevance for hazard assess-
ment in ice-capped volcanic regions, particularly in settings
hosting thick, caldera-filling glaciers.

2 METHODS

2.1 Glacier Surface Elevation Changes and Thinning Rates

To estimate the magnitude of recent ice loss over the glaciated
portions of the SVZ we generated digital elevation models
(DEMs) of the area from declassified Hexagon KH9 images
acquired on the 26th March 1979, using SpyMicMac, a set of
Python-based tools that prepares historical imagery for fur-
ther photogrammetric processing in MicMac [Rupnik et al.
2017]. We then differenced the Hexagon KH9 DEM from
the Copernicus GLO-30 DEM (hereafter COP GLO-30 DEM),
which was generated from TanDEM-X acquisitions between
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Figure 1: Axisymmetric Finite Element Method model of a pres-
surized shallowmagma body beneath a glacier undergoing pro-
gressive unloading. The glacial load is applied as a vertical
pressure over a circular area with radius r = 2500 or 5000 m,
representing glaciers of different spatial extent. The unload-
ing is implemented in incremental stages, corresponding to
successive fractions of ice-thickness loss. A constant magma
overpressure (po) of 5, 10 or 20 MPa is applied to the bound-
ary of a spherical body of 500 m radius and centred at 2000 m
and 4000 m depth, embedded in a linear elastic crust (20 km-
deep and 40 km-wide) with Young’s Modulus E = 40 GPa and
Poisson’s ratio v = 0.25. The minimum principal stress (σ3) is
evaluated above the magma body at 1200 m and 3200 m depth
and along a vertical profile from the surface to the top of the
body. Boundary conditions include a fixed base, roller lateral
boundary, and a free surface.

2011 and 2015. We adopted the central date of this acqui-
sition window (2nd July 2013) for the purpose of estimating
a rate of elevation change between the Hexagon KH9 DEMs
and COP GLO-30 DEM. We followed established techniques
[xDEM contributors 2023] to coregister the different DEMs and
account for geolocation errors resulting from DEM misalign-
ment. Following DEM differencing we filtered resulting eleva-
tion change data, retaining elevation change estimates where
MicMac image correlation scores were greater than 60%, ef-
fectively removing portions of the Hexagon KH9 DEMs where
image contrast was poor and derived elevation estimates un-
reliable. This filtering results in locally patchy coverage, visi-
ble as grey areas in Figure 2A, corresponding mainly to steep
or low-contrast regions where stereo correlation failed. To
estimate the uncertainty associated with glacier surface eleva-
tion change measurements, we follow the methods developed
by Hugonnet et al. [2022]. These methods quantify the het-
eroscedasticity of elevation measurements, their variability in

relation to terrain attributes such as slope and curvature, as
well as the spatial autocorrelation of elevation errors, which
can occur over a variety of scales. Glacier area at the time
of the Hexagon acquisitions, which is a requirement for both
DEM coregistration, and elevation change uncertainty calcu-
lations (Supplementary Material Table S1), was digitised man-
ually using RGI 7.0 [RGI Consortium 2023] as a baseline and
the 1979 orthoimages as reference of glacier extent at the time.

2.2 Numerical Modelling Setup

Building upon these observation-based thinning estimates, a
series of axisymmetric FEM models was developed to evalu-
ate how glacier unloading and magma overpressure affect the
stress field above a pressurized shallow magma body Figure 1.
Pressurized magma body (pressure source) depths of 2 km and
4 km were considered, representing very shallow and shal-
low upper-crustal conditions, respectively. The simulations
were conducted in COMSOL Multiphysics 6.2 assuming a lin-
ear elastic crustal rheology, with a Young’s modulus (E) of 40
GPa and a Poisson’s ratio (v) of 0.25, consistent with estimates
for the upper crust in volcanic arc settings [e.g. Gudmunds-
son 2011; Hickey and Gottsmann 2014]. Models are solved
in terms of excess pressure, so σ3 represents stress perturba-
tions rather than absolute magnitude. The model geometry
consists of a cylindrical domain 20 km deep and 40 km wide,
representing the upper crust, and chosen to minimize bound-
ary effects [Hickey and Gottsmann 2014]. Boundary conditions
include a fixed base, roller constraints on the lateral edge (zero
horizontal displacement), and a stress-free top surface where
glacier loads are applied. These boundary conditions were
selected to minimise artificial boundary effects and to isolate
stress perturbations associated with surface loading and un-
loading. The fixed base represents a mechanically stiff lower
boundary at depth, the lateral roller conditions approximate
lateral symmetry and prevent rigid-body translation of the do-
main, and the stress-free top surface allows direct application
of glacier loading and unloading. The domain was discretized
using triangular finite elements. Mesh refinement was applied
in regions of high stress gradients, including the vicinity of the
pressurized magma body, along the axis of symmetry, and
near the free surface where glacier loads are imposed, while a
coarser mesh was used in the far field to reduce computational
cost without compromising accuracy.
A spherical magma body (pressure source) was centred be-
low the symmetry axis at depths of 2 km and 4 km [e.g. Kratz-
mann et al. 2009; Freundt et al. 2025] with a radius of 0.5 km
[Mogi 1958; Hickey and Gottsmann 2014]. In overpressur-
ized scenarios, a constant magma overpressure (po) of 10 MPa
was applied to the magma body boundary, with additional
simulations run at 0, 5 and 20 MPa for comparison [e.g. Gud-
mundsson 2006; Bonaccorso et al. 2010]. Glacier load was im-
plemented as a vertical pressure applied over a circular area
at the surface, representing the footprint of an ice cap cen-
tred on the volcanic edifice. Three idealized glacier footprints
were modelled: one with a radius of 5 km (~80 km2) and
two with a radius of 2.5 km (~20 km2). Initial ice thicknesses
values (h0) are set to 250 m for the 5000 m-radius case, rep-
resenting broad ice-caps with low vertical accumulation (e.g.
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Figure 2: [A] Elevation changes in the ice-filled caldera of Sollipulli between 1979 (KH-9 DEMs) and 2013 (Copernicus DEM),
overlaid on an orthoimage. Colours indicate elevation change, with negative values corresponding to surface lowering and the
largest decreases concentrated near the caldera centre. [B] Parametrized thinning trajectory for Sollipulli based on observed
elevation changes between 1979 and 2013. The curve represents a simple quadratic thinning trajectory used as a parameterized
representation of accelerating thinning consistent with the observed magnitude of DEM-derived surface lowering. The shaded
envelope indicates the mean total thickness loss (94.1 ± 5.7 m). The trajectory is anchored by the estimated maximum ice
thickness in 2013 (~750m) derived from ground-penetrating radarmeasurements [Arndt et al. 2026]. [C] Corresponding temporal
evolution of the thinning rate implied by the quadratic thinning trajectory, showing progressively increasing rates toward recent
decades. Uncertainty bounds reflect the standard deviation of the total thickness loss. Data gaps, where the underlying DEM
hillshade is visible, correspond to areas where stereo matching failed, or image contrast was insufficient to derive reliable
elevation differences, and were excluded from the reported mean and uncertainty calculations.

Michinmahuida), 400 m for one of the 2500 m-radius cases,
representing an ice-filled caldera of moderate ice thickness
(e.g. Mocho-Choshuenco), and 750 m for the other 2500 m-
radius case, representing a thick ice-filled caldera (e.g. Sollip-
ulli). These thicknesses were selected to represent a range of
glacier geometries and loading magnitudes informed by geo-
physical measurements, regional inventories, and global-scale
thickness models [Rivera and Bown 2013; Farinotti et al. 2019;
Edwards et al. 2020; Arndt et al. 2026].

Although the model does not incorporate glacier flow dy-
namics or detailed ice rheology [e.g. Bahr et al. 2015], it pro-
vides a tractable and mechanically meaningful framework for
quantifying stress changes associated with progressive glacial
unloading. The focus is on glacier geometries compatible with
low-relief volcanic edifices, such as calderas, where ice can
accumulate to considerable thickness in confined summit ar-
eas. These morphologies are simplified to the axisymmetric,
flat-surface model employed in this study. By contrast, steep-
sided, ice-capped stratovolcanoes tend to host thinner, more
distributed ice covers because of their conical geometry and
efficient outward flow, resulting in lower effective ice loads
and weaker mechanical coupling with the crust [Edwards et
al. 2020]. Accordingly, such systems are not explicitly repre-
sented in this study, which instead focuses on configurations
where glacier unloading is expected to exert a comparatively
strong mechanical influence on the shallow stress field.

For each glacier geometry and source depth, simulations
were run both without magma overpressure and with magma
overpressures of 5, 10, and 20 MPa, resulting in a total of 24
model runs summarized in Table 1. The minimum principal
stress (σ3) above the pressurized magma body and the tra-
jectories of maximum principal stress (σ1) were extracted to
assess stress changes relevant to magmatic intrusion. All re-
sults are analysed as a function of progressive ice loss during
deglaciation.

3 RESULTS

3.1 Recent Glacier Thinning at Sollipulli Glacier-Filled Caldera

Progressive glacier thinning has been observed in several vol-
canic systems in the Southern Andes, with implications for
stress redistribution in the upper crust and the mechanical
stability of shallow magmatic systems. At Sollipulli, a glacier-
filled ~4 km-wide caldera located in the central sector of the
Andean SVZ (38.97°S, 71.52°W), elevation differences, reveal
a maximum surface lowering of approximately ~320 m at
the summit area between 1979 and approximately 2013 (Fig-
ure 2A). The DEM-derived elevation changes reveal a spatially
heterogeneous pattern of surface change across the glacier at
Sollipulli, dominated by net surface lowering. Local maxi-
mum elevation decreases exceed ~300 m near the caldera cen-
tre, whereas the mean surface lowering between 1979 and
2013 is 94 ± 5.7 m (Figure 2A), corresponding to an average
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Table 1: Summary of numerical model runs evaluating the crustal stress response above a pressurized shallow magma body
under different glacier thinning scenarios. Each model is defined by the initial glacier thickness (h0), glacier radius (r), with
dimensions estimated from published data [Rivera and Bown 2013], magma overpressure (po), and depth to the centre of the
magma body (z).

Model run h0 (m) r (m) po (MPa) z (m) Modelled glacier geometry

A1 250 5000 0 2000

Broad ice cap (e.g. Michinmahuida)

A2 250 5000 0 4000
B1 250 5000 5 2000
B2 250 5000 5 4000
C1 250 5000 10 2000
C2 250 5000 10 4000
D1 250 5000 20 2000
D2 250 5000 20 4000
E1 400 2500 0 2000
E2 400 2500 0 4000
F1 400 2500 5 2000
F2 400 2500 5 4000
G1 400 2500 10 2000
G2 400 2500 10 4000
H1 400 2500 20 2000
H2 400 2500 20 4000

Moderate thickness ice-filled caldera (e.g. Mocho-Choshuenco)

I1 750 2500 0 2000

Thick caldera-filling glacier (e.g. Sollipulli)

I2 750 2500 0 4000
J1 750 2500 5 2000
J2 750 2500 5 4000
K1 750 2500 10 2000
K2 750 2500 10 4000
L1 750 2500 20 2000
L2 750 2500 20 4000

thinning rate of -2.7 ± 0.16 m yr-1 over this period. A sum-
mary of the DEM-derived elevation-change and uncertainty
metrics is provided in the Supplementary Material 1 Table S1.
Ground-penetrating radar measurements from 2013 indicate
a maximum remaining ice thickness of ~750 m [Arndt et al.
2026]. Cumulative observations through 2024 show ~70 m of
total ice loss since 2000, with acceleration from 2.05 m yr-1
(2000-2015) to 4.11 m yr-1 (2018-2024) [Arndt et al. 2026].
To explore how this observed acceleration pattern influences
stress redistribution, we employ a parameterized thinning tra-
jectory (Figure 2B,C) informed by these observational con-
straints.
Based on these observations, the magnitude of the applied
pressure can be modelled as a nonlinear function that reflects
the progressive loss of ice thickness (Equation 1):

𝑝(𝑡) = ρ𝑖𝑐𝑒 · 𝑔 · ℎ0 (1 − 𝑓 2) (1)

where ρice = 917 kg m-3, g = 9.81 m s-2, and h0 is the initial ice
thickness defined above. The dimensionless thinning factor f
ϵ [0,1], represents the progression of ice loss, where f = 0 cor-
responds to the full initial glacier load and f = 1 to complete
ice removal. For instance, assuming h0 = 750 m, the glacier
loses only 67.5 m by f = 0.3, but 367 m by f = 0.7, and 750 m
by f = 1. Similar non-linear thinning patterns have been ob-
served in temperate glaciers [Pelto 2010] and across glacierized

regions globally [Hugonnet et al. 2021]. By varying f, we can
evaluate the evolution of the stress field surrounding a shallow
magma body as glacier loads progressively decrease.

3.2 Stress Fields Across Different Unloading and Overpres-
sure Conditions

The Sollipulli volcanic complex hosts a ~4 km wide, ice-
filled summit caldera whose formation has been interpreted
as non-explosive and largely constructional, associated with
prolonged glaciovolcanic activity and subsidence [Gilbert et
al. 1996; Lachowycz et al. 2015]. Holocene activity at Sollipulli
has been dominated by effusive eruptions and lava emplace-
ment along the caldera margins and flanks, consistent with
shallow to mid-crustal magma storage inferred from petrolog-
ical and geochemical studies [Gilbert et al. 1996]. Subsequent
activity involved lava dome emplacement and effusive erup-
tions on the northern and southwestern flanks, suggesting the
presence of a shallow and potentially reactivable magmatic
system [Naranjo et al. 1993]. Petrological and geochemical
studies [Gilbert et al. 1996] indicate that the magmas erupted
during the Holocene are predominantly dacitic and derived
from mid- to upper-crustal storage zones. Recent petrological
constraints from the Alpehué Plinian eruption (~3 ka), which
occurred from a vent located southwest of the caldera rim, in-
dicate magma storage at depths of ~4 km within the broader
Sollipulli magmatic system [Freundt et al. 2025].
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Figure 3: Minimum principal stress field (σ3, colour scale) and orientation of the maximum principal stress (σ1, black lines)
for three scenarios with identical initial glacier geometry (h0 = 750 m, r = 2500 m) and magma overpressure po = 10 MPa from
a magma body centred at 2 km [A-F] and 4 km depth [G-L]. The parameter f is the dimensionless thinning parameter and the
corresponding fraction of ice thickness removed is f2. [A] f = 0, [B] f = 0.3, [C] f = 0.5, [D] f = 0.75, [E] f = 0.85, and [F] f = 1. The
initial ice thickness h0 is indicated as a dashed line, and the remaining ice is shaded in light blue. The magma body is shown as
a white circle.

Figure 3 shows the spatial distribution of minimum princi-
pal stress (σ3) and the orientation of the maximum principal
stress (σ1) for model scenarios with an initial ice thickness h0
= 750 m and radius r = 2500 m (e.g. Sollipulli). The upper
row panels (Figure 3A-F) correspond to a magma body cen-
tred at 2 km depth, while the lower row (Figure 3G-L) shows
equivalent results for a deeper magma body centred at 4 km
depth. In all panels, compressive minimum principal stresses
(σ3 > 0) are shown in red and tensile stresses (σ3 < 0) in blue.
Black lines indicate the orientation of σ1. The panels corre-
spond to different values of the thinning parameter (f ) with
constant magma overpressure po = 10 MPa. The remaining
ice thickness at each stage is shown as a light blue rectangle
at the top of each panel, drawn to scale relative to the initial
glacier height.
For the shallow case (2 km depth, Figure 3A-F), the mini-
mum principal stress field (σ3) is vertically oriented near the
surface and becomes increasingly influenced by the presence
of the magma body with depth. In the case with no unloading

(f = 0, Figure 3A), a broad region of positive σ3 (compressive
regime) is located above the body, with weak stress perturba-
tions surrounding it. Increasing the unloading to f = 0.3 and
f = 0.5 (Figure 3B,C) results in small changes of the zone with
lower σ3 values around the body and progressive reorienta-
tion of σ1 trajectories in the surrounding crust, from subverti-
cal to subhorizontal and radial. When f = 0.75 (Figure 3D), the
tensile stress concentration around the magma body becomes
significantly more pronounced, and the orientation of σ1 dis-
plays a more radial pattern around the magma body margins.
Figure 3E (f = 0.85) shows the stress field at an advanced stage
of unloading, where most of the initial ice load has been re-
moved. Figure 3F, when the ice load is fully removed (f =
1), compressive stresses associated with glacier loading van-
ish entirely, and σ1 trajectories become radial throughout the
crustal domain.
For the deeper magma body case (4 km depth; Figure 3G-L),
the stress field exhibits a different initial configuration. At f =
0 (Figure 3G), σ3 values above the body are already negative,
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indicating tensile conditions extending through a substantial
portion of the upper crust. Progressive unloading to f = 0.3
and f = 0.5 (Figure 3H,I) primarily modifies the magnitude
and spatial extent of the tensile stresses rather than inducing
a transition from compression to tension. As unloading in-
creases further (f = 0.75 and f = 0.85; Figure 3J,K), tensile
stresses around the body intensify and extend upward, while
σ1 trajectories become increasingly radial near the body mar-
gins. In the fully unloaded case (f = 1; Figure 3L), tensile
stresses dominate the region above the magma body, and σ1
orientations are radially distributed over most of the model
domain.

3.3 Stress Evolution Above the Magma Chamber

Figure 4 shows the evolution of the minimum principal stress
(σ3), evaluated at 300 m above the upper boundary of the pres-
surized magma body, as a function of thinning parameter (f ),
for different glacier geometries and magma overpressure (po)
scenarios, and for two depths (2 km and 4 km). Figure 4A and
Figure 4B present results for a shallow magma body centred
at 2 km depth. Figure 4A illustrates the combined effects of
glacier unloading and magma overpressure on σ3 for various
ice thicknesses (h0) and glacier radii (r). In all cases, σ3 de-
creases progressively with increasing f, reflecting the mechan-
ical effect of glacier unloading. However, the magnitude of this
decrease and the resulting stress regime depend critically on
both the initial ice geometry (thickness and area extent) and
magma overpressure.
For the 2 km depth scenario, only the thickest glacier (h0
= 750 m) combined with magma overpressure (solid lines)
begins under compressive conditions (σ3 > 0). Continued
ice thinning in these cases leads to a transition into tensile
stress (σ3 < 0), occurring earlier (at lower f ) for more spa-
tially localized glacier geometries (i.e. smaller radius). This
behaviour reflects the more concentrated unloading associated
with narrow, thick ice covers. In contrast, glacier-only scenar-
ios (dashed lines) exhibit a systematic reduction in compres-
sive stress with unloading, but do not reach tensile regime,
even for thick glaciers. The role of glacier extent is also evi-
dent, as the broad but thinner glacier (h0 = 250 m, r = 5000 m)
produces a stronger initial compressive load than the thicker
but more geographically-concentrated glacier with h0 = 400 m
and r = 2500 m.
Figure 4B shows the evolution of σ3 for a fixed glacier ge-
ometry (h0 = 750 m, r = 2500 m) under increasing magma
overpressure. Increasing po shifts σ3 toward lower values
over the entire range of f. For po ≥ 10 MPa, σ3 becomes
negative at intermediate to high values of f, whereas for po =
0 MPa, σ3 remains positive for all ice thickness considered.
Figure 4C and Figure 4D present the corresponding results
for a deeper pressurized magma body located at 4 km depth.
In contrast to the shallower case, σ3 values at f = 0 are neg-
ative for most glacier geometries and overpressure scenarios.
In Figure 4C, variations in glacier thickness and radius pro-
duce relatively small changes in σ3 compared to the 2 km
case, and σ3 remains negative throughout the full range of f
for all geometries. Differences between glacier configurations
are most evident at low f and diminish as f approach 1. Fig-

ure 4D shows that increasing magma overpressure shifts σ3
to progressively lower values, but the relative variation of σ3
with ice thinning is limited compared to the shallower case.
A notable difference between the shallower (Figure 4A) and
deeper (Figure 4C) pressure source configurations is the rela-
tive ordering of glacier geometries in terms of the magnitude
of σ3 variations. While at 2 km depth the largest changes in
σ3 are associated with thicker and more localized glaciers, at
4 km depth the glacier with the largest lateral extent (h0 =
250 m, r = 5000 m) exhibits σ3 variations comparable to or
exceeding those of thicker but narrower glaciers.

Figure 5 illustrates the vertical evolution of the minimum
principal stress (σ3), incremental changes, and the develop-
ment of tensile volumes above the pressure source for the case
with initial ice thickness h0 = 750 m, glacier radius r = 2500 m,
and constant magma overpressure po = 10 MPa. Figure 5A
shows vertical profiles of σ3 above the pressure source for
the 2 km depth case. For f = 0 (no unloading), σ3 is positive
above ~1264 m depth, reaching 0.53 MPa at 300 m from the
source upper boundary. Progressive glacier thinning leads to
a systematic decrease of σ3 throughout the profile. The first
occurrence of tensile conditions (σ3 < 0) at 300 m above the
upper boundary is at f = 0.3. By f = 0.70, σ3 at this depth
reaches -0.99 MPa, and by f = 0.85 it reaches -1.26 MPa, with
the tensile domain extending progressively upward through
the profile. Below ~1444 m depth the ordering of the profiles
reverses, so that higher f values correspond to slightly less
tensile σ3, producing a local inversion in the vertical stress
gradient.

Figure 5C presents the equivalent σ3 profiles for the 4 km
depth case. In this configuration, σ3 is already negative
throughout the evaluated interval at f = 0, and progressive un-
loading results in comparatively smaller changes in σ3 near
the upper boundary of the pressurized magma body. The
separation between curves corresponding to different f values
is reduced relative to the 2 km case within the first 300 m
above the pressure source, indicating a weaker sensitivity of
near-source stresses to glacier thinning at greater source depth.
Nevertheless, σ3 continues to decrease monotonically with in-
creasing f over the full depth range shown.

Figure 5B shows the incremental stress change (Δσ3) be-
tween successive unloading intervals for the 2 km depth case,
for a quadratic unloading trajectory. For the quadratic un-
loading trajectory, the late-stage interval (f = 0.75 →1) pro-
duces the largest stress change, reaching a maximum Δσ3 of
-2.56 MPa at ~1306 m depth. This value is approximately 1.4
times larger than the mid-stage interval (f = 0.5→0.75), which
reaches -1.83 MPa.

Figure 5D shows the corresponding incremental stress
changes for the 4 km depth case. While the overall pattern of
larger Δσ3 values during later unloading stages is preserved,
peak Δσ3 magnitudes occur at greater distances above the
magma body compared to the 2 km case. Within the first
300 m above the pressure source, differences between unload-
ing intervals are comparatively small, and the strongest stress
changes are shifted upward in the crust.
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Figure 4: Evolution of the minimum principal stress (σ3) 300 m above a pressurized magma body as a function of the thinning
parameter f, under varying glacier geometries and magma overpressure (po) scenarios. Background shading indicates compres-
sive (σ3 > 0, red) and tensile (σ3 < 0, blue) stress regimes. [A] Results for three initial ice thicknesses (h0 = 250, 400, 750 m),
paired with glacier radii of 5000, 2500, and 2500 m, respectively, with magma overpressure po = 0 MPa (dashed lines) and po =
10 MPa (solid lines). Blue tones darken with increasing ice thickness. All curves correspond to a quadratic unloading trajectory,
proportional to 1 – f2. [B] Results for a fixed glacier geometry (h0 = 750 m, r = 2500 m) under varying levels of magma overpres-
sure (po = 0, 5, 10, 20 MPa), highlighting the increasingly tensile stress conditions promoted by higher internal pressurization
during glacier thinning. [C–D] Same as [A–B], but for a deeper pressure source centred at 4 km.

4 DISCUSSION

4.1 Implications for Magma Propagation

Our results show that progressive glacier unloading can sub-
stantially modify the stress field in the upper crust above a
pressurized magma body, driving an overall reduction in the
minimum principal stress (σ3) and, in some configurations,
a transition from dominantly compressive (σ3 > 0) to ten-
sile (σ3 < 0) conditions. Such stress regime changes define
domains where mode I fracturing is mechanically favoured,
creating conditions conducive to vertical dyke propagation to-
wards the surface. Conversely, when σ3 remains positive,
tensile fracturing is suppressed and magma is more likely to
propagate laterally into sills along mechanically weak horizons
[Gudmundsson 2002; Galland et al. 2014]. Within the linear
elastic framework adopted here, the resulting stress state is

controlled by the magnitude of ice unloading, whereas the un-
loading trajectory determines how incremental stress changes
are distributed across successive stages of ice loss.
Across the range of geometries explored, the magnitude and
spatial distribution of unloading-induced stress changes de-
pend strongly on both the depth of the magma body and the
geometry of the overlying glacier. For shallower bodies, un-
loading produces larger stress gradients and more pronounced
stress regime transitions within a few hundred metres above
the source upper boundary. In contrast, for deeper pressure
sources (4 km), σ3 at the evaluation point above the source is
already negative at f = 0, and progressive unloading primarily
modulates the magnitude and vertical distribution of tensile
stress rather than inducing a clear sign change. This indi-
cates that glacier unloading remains mechanically relevant at
greater depths, but its effects become increasingly distributed
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Figure 5: [A,C] Vertical profiles of the minimum principal stress (σ3) evaluated 300 m above a pressurized magma body for
progressive glacial unloading (f = 0-1), assuming an elastic crust and a constant magma overpressure of 10 MPa. Panels [A] and
[C] correspond to pressure source centre depths of 2 km and 4 km, respectively. Background shading indicates compressive
(σ3 > 0, red) and tensile (σ3 < 0, blue) stress regimes. The red arrow schematically indicates the direction of stress evolution
associated with progressive glacier unloading, highlighting the transition from compressive to tensile conditions. Inset illustrate
conceptual dyke trajectories under tensile stress regime. [B,D] Depth profiles of the incremental change in minimum principal
stress (Δσ3) between successive stages of glacier thinning for the same configuration shown in [A] and [C]. Solid lines corre-
spond to a quadratic unloading trajectory (proportional to 1 – f2). Three unloading intervals are shown for each case: f = 0.3-0.5,
f = 0.5-0.75, and f = 0.75-1. Under this trajectory the three intervals remove 16%, 19% and 56% of the initial ice thickness, respec-
tively, so that the larger late-stage Δσ3 reflects the greater unloading within that interval rather than a non-linear mechanical
response.

over a thicker crustal column, reducing the sharpness of near-
source stress perturbations. The geometry of the ice load fur-
ther modulates this response. The relative influence of ice
thickness and lateral extent varies with depth: for shallower
pressure sources, thick glaciers tend to produce stronger near-
source stress gradients and earlier reductions in σ3 for a given
fraction of ice loss, whereas for deeper pressure sources, later-
ally extensive loads can exert a comparatively larger influence
on σ3 evaluated near the source.

A notable feature of the stress profiles in Figure 5A is the
localized inversion in σ3 immediately above the source upper

boundary (1400-1500 m), where increasing unloading leads to
slightly less tensile conditions. This inversion is much less
pronounced for the deeper pressure source case (Figure 5C),
where unloading primarily modulates the magnitude of ten-
sile stress over a broader vertical interval rather than produc-
ing a localized stress reversal near the pressure source roof.
This behaviour indicates that the vertical distribution of σ3
above the source responds non-uniformly to progressive un-
loading, and highlights that the region most favourable for
tensile failure is not necessarily located directly at the source
margin, but within an overlying volume where stress gra-
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dients are maximized. This is consistent with observations
and models indicating that dykes nucleation commonly oc-
curs above, rather than exactly at, the top of magma storage
regions [e.g. Roman and Cashman 2018]. Incremental stress
profiles in Figure 5B and Figure 5D further emphasize the
importance of the cumulative unloading path. For non-linear
(quadratic) thinning, the late stage unloading interval produces
noticeably steeper stress changes than earlier stages. This late-
stage concentration follows directly from the increasing slope
of the prescribed quadratic loading function as f approaches
1, and is therefore an expected consequence of the chosen
parametrization rather than an emergent nonlinear feedback
of the mechanical system. Its relevance lies in showing how
an observationally motivated unloading trajectory translates
into a specific sequence of stress increments, rather than in
the magnitude of the late-stage change per se. Such dynam-
ics may enhance the probability of brittle failure or seismic
activation once the crust approaches critical stress conditions.
These findings are consistent with earlier modelling efforts by
Sigmundsson et al. [2013], who showed that ice mass loss can
induce stress changes sufficient to alter failure conditions and
rupture potential, particularly above shallow magma bodies.

The peak stress changes modelled here range from
<0.1 MPa in the deeper (4 km) pressure source scenario to
a few MPa for shallower sources beneath thick, caldera-filling
glaciers. Although such stress perturbations may appear mod-
est, they fall within the range commonly considered sufficient
to influence tensile fracture opening, dyke propagation, and
fault reactivation in volcanic and crustal rocks [Hill et al. 2002;
Toda et al. 2005; Gudmundsson 2011; Heap and Violay 2021].
Moreover, static stress changes as small as ~0.01 MPa have
been shown to influence seismic activity in critically stressed
crustal systems [King et al. 1994; Ziv and Rubin 2000; Brown
and Ge 2018]. In this sense, the mechanical relevance of
glacier retreat in the systems considered here lies in the unusu-
ally large and spatially concentrated ice loads involved, which
allow glacier unloading to generate stress perturbations of me-
chanically significant magnitude in the shallow crust. Under
ongoing climate warming and accelerated glacier thinning,
such stress states may be reached over progressively shorter
timescales, increasing the potential for unloading to influence
magma ascent, fracture propagation, or structural reactivation.
The magnitude of unloading-induced stress changes is com-
parable to previous local-scale models of deglaciation-driven
stress perturbations [e.g. Rawson et al. 2016; Wilson and Rus-
sell 2020; Moreno-Yaeger et al. 2025], but is up to two orders
of magnitude smaller than the decompression values reported
by Mora and Tassara [2018]. This difference primarily reflects
the contrasting physical frameworks: while Mora and Tas-
sara [2018] model regional lithospheric flexural unbending of
an elastic plate of finite thickness, leading to large-scale de-
compression of the upper crust, our approach focuses on lo-
cal stress perturbations around a pressurized magma body in
an elastic medium. As such, the stress changes reported here
should be interpreted as conservative, first-order estimates of
local unloading effects, rather than as full lithospheric-scale
decompression. Results from Figure 4B further show that in-
creasing magma overpressure systematically shifts σ3 toward

more tensile values, amplifying unloading-induced stress per-
turbations and expanding the volume affected by tensile con-
ditions. While overpressure alone does not control the onset of
tensile regimes, particularly for deeper pressure sources (Fig-
ure 4D), it enhances the magnitude of tensile stresses reached
for a given amount of glacier unloading.
The present models are motivated by conditions at the
glacier-filled caldera of Sollipulli, where recent constraints
suggest magma storage at ~4 km depth [Freundt et al. 2025],
but the results are also generally applicable to systems host-
ing shallower or transient magma bodies. Geophysical and
petrological studies increasingly indicate that eruptible magma
may reside temporarily at shallow levels prior to ascent, form-
ing vertically extensive and mechanically unstable storage re-
gions rather than long-lived, static chambers [Cashman et al.
2017]. In such settings, surface unloading processes may ex-
ert a stronger mechanical influence on magma propagation
than would be inferred from long-term average storage depths
alone.
These results provide a first-order mechanical framework
to interpret eruptive trends in glacierized volcanic regions in
the past. In particular, Watt et al. [2013] proposed that magma
stored beneath ice can be mobilized during deglaciation due
to increased magmatic overpressure and upper-crustal stress
conditions more favourable to dyke propagation. They ar-
gue that such responses do not require enhanced melt gen-
eration, but can be explained by changes in the mechanical
stress regime. This effect is expected to become more pro-
nounced in the later stages of glacier retreat, as cumulative ice
loss brings the system closer to critical stress conditions. Pelto
[2010] emphasize that once the accumulation zone is affected,
glaciers often transition into irreversible mass loss, a condition
that may exert an increasingly dominant influence on crustal
stress evolution in glaciated volcanic settings. In this sense,
our models provide a first-order physical basis for this sce-
nario, demonstrating how crustal stresses evolve during thin-
ning and identifying a key region above shallow magma bod-
ies where brittle failure is most likely to occur.

4.2 Implications for Volcanic Edifice Stability

Glacier unloading may also influence the long-term structural
stability of volcanic edifices. Large-scale mass removal during
Late Pleistocene and Holocene deglaciation has been linked
to changes in eruptive behaviour and edifice stress conditions
in strongly glaciated volcanic regions, particularly in Patago-
nia [e.g. Rawson et al. 2015; 2016; Moreno-Yaeger et al. 2024;
Moreno-Yaeger et al. 2025]. This may also be relevant in the
Southern Andes, where volcanoes such as Antuco exhibit ev-
idence of sector collapse and were likely substantially glacier-
ized in the past [Singer et al. 2000; Romero et al. 2023], although
Antuco is located further north than the Patagonian volcanic
systems mentioned above and likely experienced lower ice
volumes overall. Notably, the major flank collapse at Antuco
occurred 6,200 years ago, approximately 12,000 years after
the end of the Last Glacial Maximum (LGM) [Martínez et al.
2018]. While this temporal gap might seem large, geologi-
cal evidence suggests that glaciers persisted for several mil-
lennia after the LGM in a retreating state [e.g. Mendelova et
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al. 2017]. If glacier retreat persisted over an extended inter-
val, progressive unloading may have contributed to gradual
changes in stress conditions within the edifice, especially along
pre-existing structural weaknesses or altered zones. Our mod-
els do not explore this scenario explicitly, but the stress per-
turbations associated with glacier thinning could have acted
as a long-term contributing factor to mechanical failure. Fu-
ture work integrating paleoglacial reconstructions, mechanical
heterogeneities, and slope stability modelling may help quan-
tify this potential link and assess how deglaciation influences
flank collapse timing and likelihood. Moreover, given the ob-
served acceleration of glacier retreat in many regions of the
world [Hugonnet et al. 2021], including the Southern Andes,
such structural destabilization processes may not be confined
to the geological past, but could become increasingly relevant
over the coming decades.

4.3 Regional and Global Perspectives

The accelerated thinning trend observed at Sollipulli is con-
sistent with regional acceleration trends documented in the
Andes of central Chile [Jó et al. 2023] and globally [Hugonnet
et al. 2021]. This thinning trend could also be representative
of other glacier-filled summit craters such as Puyehue, in the
Puyehue-Cordón Caulle volcanic complex, which thinned by
nearly 300 m from 1979 to ~2013 (Supplementary Material 1
Figure S1). In this system, magma storage was initially in-
terpreted to be very shallow, at depths of ~2.5-3 km, based
on petrological constraints [Castro et al. 2013; Seropian et al.
2021]. Subsequent studies incorporating additional petrologi-
cal evidence have revised the dominant storage depth to ~5-
7 km [Winslow et al. 2022]. Importantly, this re-estimation
does not preclude the development of transient, mechanically
significant intrusions at much shallower levels [e.g. Cashman
et al. 2017]. Indeed, geodetic and geophysical observations
document the emplacement of a shallow laccolith at depths of
a few hundred meters beneath the surface during the 2011-
2012 eruptive cycle [Castro et al. 2016; Delgado et al. 2016;
2018]. Such observations demonstrate that even in systems
with deeper long-term magma storage, the stress state of the
uppermost crust can be strongly influenced by short-lived,
very shallow magma bodies.
In this context, the magnitude of ice loss documented at
Puyehue over the observational period remains modest rel-
ative to the total ice thickness, but its temporal trajectory
closely aligns with the early portion of the quadratic thinning
curve similar to that explored in our models. Moreover, the
timescale required to approach complete unloading is con-
sistent with long-term loss trajectories observed in temperate
and tropical regions, including cases where more than 40% of
glacier volume has been lost within ~15 years [Masiokas et al.
2020]. In extreme cases, some regions have effectively lost all
their glaciers within decades, such as in Venezuela [Rabatel
et al. 2013; Swain et al. 2024]. Under such conditions, cu-
mulative ice loss may already be sufficient to drive the crust
toward tensile stress regimes in some volcanic settings, even
before complete deglaciation is achieved.
The magnitude and acceleration of ice loss observed at Sol-
lipulli (Figure 2) are consistent with the more intense unload-

ing scenarios explored in our models. As thinning progresses
and cumulative ice loss increases, our results predict the up-
ward expansion of the tensile stress domain above pressur-
ized magma bodies, increasing the likelihood of brittle failure
in the overlying crust. It is important to note that many ice-
filled calderas are infilled with thick sequences of pyroclastic
deposits, which typically have lower Young’s modulus and
tensile strength than the surrounding edifice. Such mechan-
ical contrasts may modify the redistribution of stresses dur-
ing unloading by altering both stress magnitudes and failure
thresholds, potentially changing the depth, extent, or timing of
tensile failure relative to predictions from homogeneous elastic
models.
Although the modeled glacier geometries used here were
based on estimations of known volcanic systems, the frame-
work that has been developed can be extended to larger ice-
covered regions. This includes scenarios where active vol-
canic edifices are almost entirely covered by thick glacier ice,
such as Lautaro beneath the Southern Patagonian Icefield [e.g.
Mouginot and Rignot 2015]. Similar considerations apply to
remote subglacial volcanic systems, such as those identified
in West Antarctica [van Wyk de Vries et al. 2018; Coonin et
al. 2024; Wanket et al. 2025]. In such settings, rapid glacier
mass loss could drive crustal stress changes that remain un-
detected due to sparse monitoring networks or the subtle na-
ture of early mechanical responses, yet still influence magma
ascent or edifice stability.
These stress transitions could also influence the mechanical
response of crustal structures associated with caldera systems.
In particular, magma overpressure and external loading vari-
ations may perturb pre-existing faults surrounding calderas,
potentially facilitating their reactivation. Recent evidence from
the Southern Patagonian Icefield has shown that rapid ice-
mass removal can induce measurable crustal deformation and
trigger fault reactivation [Ammirati et al. 2024], underscoring
the sensitivity of the brittle upper crust to surface unloading
at glaciated volcanic arcs. Even moderate ice-thickness reduc-
tions were sufficient to promote slip along pre-existing dis-
continuities, suggesting that mechanical thresholds for reac-
tivation can be reached under present-day deglaciation rates.
Villarroel et al. [2024] similarly demonstrated that inherited
structural anisotropies can localize rupture in caldera systems,
with stress field configurations playing a key role in control-
ling the onset of ring faulting. Incorporating glacier unloading
into such frameworks could help assess the mechanical condi-
tions favoring caldera fault slip, especially under accelerating
ice loss.
Our models show that vertical stress gradients induced by
glacier unloading strongly control fracture localization. How-
ever, in more complex crusts, this response may interact with
host-rock anisotropies, layering, or mechanical discontinuities.
Previous work has demonstrated that such heterogeneities can
significantly modify the trajectory of magma-driven fractures
[Clunes et al. 2021; 2024] and even amplify or suppress surface
displacements depending on the dip and stiffness contrast of
the layers [Clunes et al. 2023]. These effects suggest that crustal
structure may modulate not only dyke propagation paths but
also the geodetic signals associated with glacial unloading and
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magma ascent. Incorporating these complexities into future
models could help bridge the gap between idealized mechan-
ical predictions and the asymmetric, stratigraphy-influenced
behavior observed in real volcanic systems.

4.4 Model Considerations and Uncertainties

The conceptual framework presented here remains a first-
order mechanical approximation of the response of glacier-
filled volcanic systems to accelerated surface unloading. The
model neglects horizontal glacier recession and ice mass thick-
ness variations, temperature-dependent viscoelastic relaxation
of the crust surrounding magma chambers, topographic com-
plexity, and crustal heterogeneities (e.g. faults and mechanical
layering), time-dependent variations in magma overpressure,
comparisons between magma body geometries and magma
rheology, and the presence of a regional tectonic stress field.
These simplifications allow isolation of the mechanical effects
of progressive glacier unloading and enable controlled com-
parisons across geometries and loading scenarios. In partic-
ular, the mechanical behaviour of the host crust is simplified
as that of a homogeneous, isotropic elastic medium [e.g. Mogi
1958]. While this assumption facilitates comparison across
scenarios, volcanic systems often exhibit significant hetero-
geneity in lithology, porosity, and structural fabric [e.g. Trasatti
et al. 2003; Gudmundsson and Brenner 2004; Long and Gros-
fils 2009; Ruz et al. 2020; Clunes et al. 2021; Heap and Violay
2021]. Such heterogeneities can strongly influence stress dis-
tributions, leading to localised stress amplification and pref-
erential failure zones [e.g. Gudmundsson 2006; Clunes et al.
2024]. By isolating key mechanical thresholds in a simplified
medium, the present model provides a controlled reference
framework against which more complex configurations can
be evaluated.
A further geometric simplification of the model concerns
the assumption of a flat caldera-floor topography beneath
the glacier load. In natural systems, post-caldera volcan-
ism can significantly modify caldera morphology through the
emplacement of lava flows, domes, and shallow intrusions,
as documented in non-glacier-filled calderas such as Crater
Lake [Gardner et al. 2001], as well as in glacier-filled systems
like Sollipulli [Lachowycz et al. 2015] and Mocho-Choshuenco
[Moreno-Yaeger et al. 2024]. Such post-caldera features may
locally alter glacier thickness, surface loading distribution, and
stress transfer to the underlying crust. While these complexi-
ties are not explicitly represented in the present axisymmetric
models, they may influence local stress heterogeneity and frac-
ture localization during glacier unloading and therefore repre-
sent an important aspect to be addressed in future studies.
An additional limitation of the model is the omission of a
pre-existing regional tectonic stress field, which is particularly
relevant for Andean volcanic systems developed within long-
lived compressive to transpressive (oblique) regimes associ-
ated with Nazca-South America plate convergence [e.g. Cem-
brano and Lara 2009]. In such settings, the regional stress
field includes both compressive and shear components, lead-
ing to spatially variable stress states in the upper crust. Un-
der the assumption of linear elasticity, superposition of glacier
unloading-induced stress onto a non-zero background stress

would not alter the first-order spatial pattern of stress pertur-
bations generated by ice mass loss. However, it would modify
the absolute magnitudes of the principal stresses and, conse-
quently, the conditions under which the minimum principal
stress (σ3) may locally approach or reach tensile values. Re-
cent studies have shown that the addition of far-field compres-
sion can locally enhance tensile stresses in favourably oriented
regions of the crust, while simultaneously restricting the range
of principal stress orientations and dyke trajectories [e.g. Ruz et
al. 2020; Drymoni et al. 2023; 2024]. In transpressive tectonic
regimes, regional compression does not preclude the develop-
ment of local extensional conditions. Instead, the combined
action of compression, shear, and mechanical heterogeneity
can promote extension in specific crustal volumes, particu-
larly when stress perturbations are concentrated. In this con-
text, unloading-induced reductions in σ3 may act to further
destabilize the local stress field, bringing portions of the crust
closer to tensile failure even if the regional stress regime re-
mains overall compressive. Accordingly, σ3 < 0 conditions
identified in our models should be interpreted as relative indi-
cators of unloading-induced stress perturbations and mechan-
ical favourability of tensile failure, rather than as universal or
deterministic thresholds for magma ascent. While the present
models do not explicitly resolve stress orientations or dyke tra-
jectories under oblique loading, they capture the magnitude of
unloading-related stress changes that may tip the balance be-
tween compression- and extension-dominated behaviour in
mechanically heterogeneous volcanic systems.
The quadratic thinning function used in this study is use-
ful to capture the general trend of increasing thinning. While
real-world observations show greater variability and phase-
specific accelerations [e.g. Zemp et al. 2019; Sommer et al.
2023], our simplified approach allows controlled comparisons
between unloading scenarios and isolates the effect of cumu-
lative ice loss on the stress field. To partially bridge this gap,
we used observed elevation ranges and thinning constraints
from Sollipulli volcano to motivate one end-member parame-
terized scenario. Nonetheless, future work could benefit from
integrating glacier thinning curves derived from remote sens-
ing or ice-flow models to further refine the temporal structure
of surface unloading across a broader range of ice-capped and
ice-filled volcanic systems.
Future work could explicitly incorporate realistic regional
stress fields, high-resolution digital elevation models, detailed
spatially resolved glacier thinning data, and laboratory-based
measurements of the mechanical properties of crustal rocks in
volcanic settings. Such efforts would help constrain the sensi-
tivity of ice-capped volcanic systems, and particularly, glacier-
filled calderas, to climate-driven changes in surface loading.

5 CONCLUSIONS
This study uses Finite Element Method models to investi-
gate how progressive glacier unloading modifies the crustal
stress field above pressurized magma bodies in ice-filled vol-
canic systems. Although the models are idealized, assuming
elastic rheology, axisymmetric geometry, prescribed pressure
source depths, and simplified loading conditions, they cap-
ture first-order mechanical effects relevant to glacier-covered
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volcanoesThe depth of the magma body and the geometry of
the overlying glacier exert a first-order control on the spatial
distribution and sharpness of stress gradients. Shallow pres-
surized magma bodies experience stronger and more localized
stress changes within a few hundred metres above the source
roof, whereas deeper magma bodies show a more distributed
tensile response over a thicker crustal column.

Our results show that cumulative ice mass loss systemati-
cally reduces the minimum principal stress (σ3) in the upper
crust above pressurized magma bodies and, in some configu-
rations, drives a transition from compressive to tensile stress
regimes. These stress transitions define domains where mode
I fracturing is mechanically favoured, increasing the likelihood
of vertical dyke propagation. Magma overpressure does not
control the onset of tensile conditions by itself, particularly for
deeper pressure sources, but it amplifies unloading-induced
stress perturbations and increases the magnitude and vertical
extent of tensile stresses once unloading progresses. Impor-
tantly, local inversions in σ3 immediately above the source
highlight that the region most favourable for tensile failure
is not necessarily located at the pressure source margin, but
within an overlying zone where stress gradients are maxi-
mized.

Within the linear elastic framework adopted here, the re-
sulting stress state depends on the magnitude of glacier un-
loading, while the unloading trajectory determines how incre-
mental stress changes are distributed across successive stages
of ice loss. The quadratic trajectory adopted here, consistent
with the accelerating ice loss observed at Sollipulli and else-
where in the Southern Volcanic Zone of the Andes, concen-
trates the largest incremental stress changes in the advanced
stages of deglaciation; this concentration follows from the pre-
scribed thinning function rather than from any non-linearity
in the mechanical response. Because cumulative unloading
progressively lowers σ3, systems that have already lost a sub-
stantial fraction of their ice could be closer to tensile failure,
such that further ice loss would act on a crust already near
the threshold. Glaciers that are thin today might therefore
represent a greater mechanical hazard than when they were
intact.

Although motivated by the glacier-filled caldera of Sollip-
ulli, the mechanical framework developed here is applicable
to a wide range of volcanic systems hosting shallow or tran-
sient magma bodies, including those where long-term magma
storage is deeper but short-lived intrusions develop in the
upper crust. In such systems, climate-driven glacier retreat
may progressively condition the stress state of the shallow
crust, predisposing it to dyke propagation, fault reactivation,
or eruptive activity once critical thresholds are approached.
Future work incorporating tectonic loads, viscoelastic rheolo-
gies, three-dimensional source geometries, realistic topogra-
phy, evolving ice loads, and crustal heterogeneity will further
refine these scenarios and improve assessments of how glacier
retreat may interact with magmatic processes under ongoing
and projected anthropogenic climate change.
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