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A B S T R A C T

Determining how and why eruptive outputs are modulated by the loading and unloading of ice is key to un-
derstanding whether ongoing and accelerating deglaciation across mid- to high-latitudes will impact future
activity at many volcanoes. Here, we address two central questions. First, does decompression of the upper crust
during rapid thinning of ice sheets propel increases in eruption rates? Second, does surface loading during ice
sheet growth, followed by rapid unloading during deglaciation, promote changes in magma storage conditions
and compositions within the underlying magma plumbing systems? To provide new perspectives on these
questions, we address the mechanics and dynamics of ice sheet-arc magma plumbing system interactions at a
regional-to-local scale within the Andean Southern Volcanic Zone. Here, piedmont glacier lobes, forming the
northernmost extension of the Patagonian ice sheet, have enveloped dozens of large, active, composite volcanoes
as these glaciers reached local thicknesses of nearly 2 km during the local Last Glacial Maximum (LGM) between
~35 and 18 ka, before retreating rapidly between 18 and 15 ka. Our multi-faceted review features a synthesis of
existing and new field observations, laboratory measurements, and numerical simulations. Advances in
40Ar/39Ar radioisotopic and 3He surface exposure geochronology, in conjunction with geologic mapping, facil-
itate reconstructions of volcanic eruptive histories spanning the last glacial-deglacial cycle and in places provide
constraints on the thickness of ice at specific time slices. The magnitude and geometry of the glacial loading and
unloading is captured in a climate model-driven numerical simulation that reveals spatial and temporal het-
erogeneities in the configuration of the northernmost Patagonian ice sheet retreat. Geological observations
including dated moraine complexes, dated lava-ice contact features, and glacial erratic boulders at high altitude
on volcano slopes, are consistent with this model. Deep valleys imply intense localized erosion on volcano flanks,
and deposited sediment in nearby floodplains implies narrow regions of rapid sediment deposition. These ob-
servations, in conjunction with dated lava flows, provide constraints on rates and patterns of crustal loading and
unloading by sediment redistribution.
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The ice loading model, cone growth, and a sediment redistribution history inform numerical simulations of
intra-crustal stress changes below the volcanic arc in response to the ice-driven and sediment-driven changes. In
turn, the modeled surface loading is central to designing numerical simulations of magma reservoir responses to
intra-crustal stress changes beneath the volcanoes. Following periods of subdued volcanic output, upticks in
eruptive rates are found at three volcanoes during, or shortly after, the LGM. A numerical magma chamber model
suggests that this behavior could be the result of a delicate balance between the timescales of magma cooling, the
rate of magma recharge from depth, and viscous relaxation of surrounding crustal rocks. Depressurization of the
crust increases eruptive mass flux to the surface only if: (1) the rate of recharge just outcompetes the rate of
cooling, (2) the rate of recharge is barely large enough before loading to overcome viscous relaxation of over-
pressure by creep around the chamber, and (3) magmas are volatile undersaturated, and exsolve volatiles via
second boiling during the long repose associated with the high ice loads that precede rapid deglaciation. Existing
and newly developed thermobarometers that constrain magma crystallization and storage depths can be applied
to eruptive products spanning a glacial-deglacial transition, such that not only secular changes in rates of vol-
canic eruption, but also changes in the depths of pre-eruptive magma storage and in magma composition can
each be interpreted in the light of intra-crustal stress changes associated with glacial loading and unloading.

1. Introduction

The hypothesis that climate driven surface loading and unloading
modulates volcanic eruptions by way of deglaciation (Rampino et al.,
1979; Hall, 1982) or sea-level change (Matthews, 1968; Walcott, 1972)
has been considered for decades. Observations of increased global vol-
canic activity following the Last Glacial Maximum (LGM) illuminated by
Huybers and Langmuir (2009), as well as possible orbital pacing of
volcanism on longer time scales suggested by Kutterolf et al. (2013),
have renewed interest in the role of climate in driving volcanic activity.
Indeed, a growing set of observations hint at a solid earth-cryosphere
relationship in which changes in ice sheet thickness, sea level, and
volcanic activity track Milankovitch periods (e.g., Geyer and Bindeman,
2011; Kutterolf et al., 2019; Sternai et al., 2019; Edwards et al., 2020;
Satow et al., 2021). In parallel, a deeper appreciation of magma
plumbing and reservoir systems is emerging that emphasizes complex-
ities in their trans-crustal architecture, multi-component (melt-crys-
tals-volatiles) physical and compositional states, and susceptibility to
internal or external eruption triggering mechanisms (Degruyter and
Huber, 2014; Bachmann and Huber, 2016; Cashman et al., 2017; Huber
et al., 2019; Sparks et al., 2019). Glacially driven surface loading and
unloading has been considered as an external eruption-modulating
mechanism. For example loss of an ice sheet can promote lithospheric
decompression that enhances mantle melting and eruptive activity (Jull
and McKenzie, 1996; Maclennan et al., 2002), extensive glacial erosion
can cause decompression-induced stress changes on volcanoes that
enhance eruptive activity (Sternai et al., 2016), and changes in the
magnitude and rate of intra-crustal stress changes as ice sheets wax and
wane can enhance or impede dike propagation and magma transport
needed to produce eruptions (Jellinek et al., 2004; Geyer and Bindeman,
2011; Mora and Tassara, 2019; Wilson and Russell, 2020; Satow et al.,
2021; Coonin et al., 2024).

Steady improvements in: (1) the calibration, application, and inter-
pretation of a variety of mineral-melt thermobarometers (e.g., Putirka,
2008, 2016, 2017; Ridolfi et al., 2010; Wieser et al., 2022, 2023a,b;
Boschetty et al., 2022; Cutler et al., 2024; Weber and Blundy, 2024), (2)
volatile concentration estimates from melt inclusions (e.g., Rasmussen
et al., 2022), and (3) thermodynamic phase equilibrium modeling (e.g.,
Gualda et al., 2012, 2019) have increased the resolution for depths of
magma storage and melt extraction beneath continental arc volcanoes
(e.g., Huber et al., 2019; Wieser et al., 2023c). These tools now enable
the exploration of whether ice loading and unloading over time impacts
where magma stagnates, cools, and differentiates within the plumbing
system, and whether, or not it can ascend to erupt (e.g., Rocchi et al.,
2024).

In Iceland, where the lithosphere is exceptionally thin, decompres-
sion melting is dominant, and ice loading strongly influences mantle
melt production and volcanic output (Sigvaldasson et al., 1992; Jull and
McKenzie, 1996; Eksinchol et al., 2019; Maclennan et al., 2002;

Licciardi et al., 2007). Along mid-ocean ridges (Stevens et al., 2016;
Huybers and Langmuir, 2017) and island arcs (Nakada and Yokose,
1992; Sternai et al., 2016; Satow et al., 2021; Stewart, 2018), sea-level
changes have been invoked to explain shifts in both the rate and style
of eruptions. We focus here on continental volcanic arcs that are
distinguished by construction on thick lithosphere and which in higher
latitudes can be buried under extensive ice sheets (Watt et al., 2013). In
contrast to Iceland or ocean island arcs, the rates and compositions of
eruptions from continental volcanoes—responsible for 90 % of subaerial
volcanism globally and posing a major hazard—are likely modulated by
changes in crustal magma storage and transport rather than mantle melt
production (Jellinek et al., 2004; Huber et al., 2019; Townsend and
Huber, 2020; Wilson and Russell, 2020; Rasmussen et al., 2022). This
does not impy that variation in the flux of mantle melt into the lower
crust, advocated for by Till et al. (2019), is unimportant, but rather
acknowledges the complexity of magma transport and differentiation
within trans-crustal magma plumbing systems that could be affected by
external triggers including a sudden change in surface load (e.g.,
Cashman et al., 2017). Whereas individual arc volcanoes clearly reflect
impacts of multiple glacial cycles (e.g., Singer et al., 1997, 2008; Bacon
and Lanphere, 2006; Conway et al., 2015; Moreno-Yaeger et al., 2024),
systematic studies (e.g., Conway et al., 2023) are few.

The synchronicity of volcanic and climate events has been examined
using global and regional records (Glazner et al., 1999; Jellinek et al.,
2004; Nowell et al., 2006; Huybers and Langmuir, 2009; Geyer and
Bindeman, 2011; Kutterolf et al., 2013; Watt et al., 2013; Rawson et al.,
2016). These efforts comprise statistical analysis of terrestrial eruptive
frequency patterns during deglaciation following the last glacial
maximum (LGM) at ~18 ka [ka = thousand years ago; kyr thousand
years duration], with limited investigation of longer records in marine
sediments and ice cores (Kutterolf et al., 2013; Nyland et al., 2013;
Schindlbeck et al., 2018). Moreover, the focus has mostly been on
changes in eruptive rate following unloading and whether, or not, such
rate increases are detectable (Jellinek et al., 2004; Watt et al., 2013;
Conway et al., 2023). However, these approaches neglect several aspects
of how trans-crustal multi-phase magma plumbing systems operate. For
example, long term (105–106 yr) mantle and lower crustal inputs pro-
duce and incubate upper crustal magma reservoirs that evolve
thermo-mechanically on much shorter timescales (102–104 yr) and only
occasionally erupt (Bachmann and Huber, 2016; Till et al., 2019; Huber
et al., 2019; van Zalinge et al., 2022). Feedback between host rock
rheology and the P-T-X of magma bodies can play a key role in con-
trolling melt extraction and eruption (Cashman et al., 2017; Huber et al.,
2019). We thus expect that external forcing, by way of rapid ice retreat,
propels complex responses in underlying magma plumbing systems that
can vary among adjacent long-lived composite volcanoes. Character-
izing this coupling that affects the pre-eruptive evolution of magma will
enhance understanding of the earth systemwhile providing new insights
on volcano evolution and hazards (Aubry et al., 2022).

B.S. Singer et al. Journal of Volcanology and Geothermal Research 455 (2024) 108187 

2 



2. Avenues forward

Advancing understanding of how changes in the climate system
affect the continental lithosphere and its magma plumbing systems re-
quires integration of field observations, petrological and geochemical
analyses, and modeling. The observations include precise volcano
chronologies that underpin growth and erosion rate estimates (Conway
et al., 2023)—coupled with thermobarometry to assess changes in
magma storage and extraction depths over time, together with
geometrically accurate records of the growth and retreat of ice sheets
and glaciers across a region (e.g., Davies et al., 2020). Numerical
modeling can address the dynamics of ice sheets and topography (e.g.,
Åkesson et al., 2018; Cuzzone et al., 2019, 2024; Seguinot et al., 2016;
Ugelvig et al., 2016; Sternai et al., 2016), and crustal stress changes in
response to surface loading (e.g., Albino et al., 2010; Moon et al., 2017).
Thus far, models of how ice sheet growth and retreat impact magma
transport in continental volcanic arcs employ thin-plate bending of the
lithosphere under glacial loading to assess how and whether stress
changes promote either the ponding of magma in reservoirs, or its ascent
in dikes (Rawson et al., 2016; Mora and Tassara, 2019; Wilson and
Russell, 2020; Rocchi et al., 2024; Fig. 1).

Building upon these models requires: (1) accounting for thousands of
meters of topography in glaciated volcanic arcs and the intricacies of
how ice sheet thinning and retreat within such a landscape proceed over
time following glacial maxima, and (2) consideration of the mechanics
and dynamics of magma reservoirs and magma transport through the
crust. The crust acts as a non-linear filter for magma transported be-
tween the mantle and the surface. The complexity of that filter is rooted

in the rheological response of the crust to buoyant and/or pressurized
magmas transiting through it. Understanding the conditions that favor
magma storage and accumulations and modulate eruption characteris-
tics through time requires a deep understanding of mechanics (magma
and crust rheology, fracture and dike dynamics) as well as the internal
dynamics of magma storage regions (phase separation and differentia-
tion; cooling, crystallization and volatile exsolution). We posit that
progress along these directions is rooted in two main efforts. The first
effort lies in the integration of disciplines to capture the coupling be-
tween surface dynamics and magmatism. It involves integrating field
mapping, geochronology, petrology and geochemistry with ice sheet
reconstruction and associated sediment erosion and deposition
modeling into a multidisciplinary set of constraints. The second effort
requires the development of models that couple magma transport to
magma chamber (storage) dynamically to understand whether external
forcings constrained by this integration are sufficient to affect the
eruption history of a magmatic system and how.

The perspectives presented in this paper leverage emerging findings
regarding ice forcing in continental arc magma plumbing systems
gleaned from ongoing research that includes a novel blend of field
constraints including: geochronology of pre-, syn-, and post-glacial
eruptive products, glaciovolcanism and use of ice-lava contact fea-
tures, magma composition and storage conditions, and surface exposure
chronology to assess ice sheet retreat. These observations can be used to
inform and evaluate numerical model simulations of: ice sheet growth
and retreat, mass redistribution by erosion and deposition, evolution of
intracrustal stress, magma reservoir evolution and pressurization, and
reservoir failure leading to magma transport and eruption. Our

Fig. 1. Left panels: schematic of cylindrical plate-bending model employed by Wilson and Russell (2020) for the northern Cascade arc in Canada. As the Cordilleran
ice sheet is loaded onto the plate, bending extends the lower crust and contracts the upper crust, thereby inducing magma ponding in the lower crust, and inhibiting
magma ascent through the upper crust. Right panels: Conceptual model of glacial pumping of a magma charged crust resulting from loading and unloading of ice
using the plate-bending model on the left (from Wilson and Russell, 2020). A) Prior to glaciation with the crust in a relaxed state. A background number of eruptions
occur, reflecting the steady, long-term supply of magma to the crust. B) Glacial build-up invokes compression in the upper crust and extension in the lower crust as
illustrated in the mechanical model at the left. This encourages ponding of magma in the crust due to arrested dike ascent and an overall reduction in eruptions. C)
Immediately following deglaciation, relaxation of accumulated stress in the crust releases magmas stored in the upper part of the crust resulting in an increase in
eruption rate.
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integrated investigation of links between the cryosphere, topography
and magmatism capitalizes on existing and newly acquired knowledge
about ice-volcano interactions mainly within the Andean Southern
Volcanic Zone (SVZ). An aim is to bring to light aspects that may make
particular volcanic plumbing systems more, or less, sensitive to the
impacts of glacially induced changes in surface loading and crustal
stress.

3. The Andean Southern Volcanic Zone natural laboratory

Of the glaciated continental arcs, the Andean Central Southern
Volcanic Zone (CSVZ, 37–41.5◦S) is the strongest candidate in which to
pursue our aims (Watt et al., 2013). This reflects a dense array of large
composite arc front volcanoes, extensive and well-documented eruptive
activity (Hickey-Vargas et al., 1989; Singer et al., 2008; Watt et al.,
2011; Fontijn et al., 2014; Rawson et al., 2015, 2016; Naranjo et al.,
2017; Alloway et al., 2015, 2017a, 2017b, 2022; Naranjo et al., 2017;
Geoffroy et al., 2018; Mixon et al., 2021; Vander Auwera et al., 2021;
Bechon et al., 2022; DeSilva et al., 2023; Moreno-Yaeger et al., 2024)
and well-dated LGM glacial deposits (e.g., Lowell et al., 1995; Denton

et al., 1999; Moreno et al., 2015; Fig. 2). In addition to its numerous
volcanoes, many geophysical characteristics are relatively uniform,
including the subducting plate age at the trench (<23 Ma), thicknesses
of the crust, which decreases from about 42 km under Villarrica volcano
to 35 km under Yate, and mantle wedge (Tassara et al., 2006; Hickey-
Vargas et al., 2016). The base of the seismogenic zone is 12 km beneath
the arc front, whereas local earthquakes extend to depths of 40 km
beneath the forearc (Sielfeld et al., 2019), indicating the magmatic
plumbing systems reside within thermally mature crust, which may
explain the high eruption rates (Fig. 3).

Composite arc front volcanoes including from north to south: Vil-
larrica, Mocho-Choshuenco, Puyehue-Cordón Caulle, Antillanca Volca-
nic Complex, Osorno, Calbuco, and Yate, have been impacted by growth
and decay of Andean piedmont glacier lobes of the northernmost Pata-
gonian ice sheet during the Late Pleistocene, with well-dated glacial
deposits documenting maximum ice extents (Porter, 1981; Denton et al.,
1999; Lowell et al., 1995; Kaplan et al., 2004; 2008; Glasser et al., 2008;
Hein et al., 2010; Moreno et al., 2015; Davies et al., 2020). At its greatest
extent, ice grew to thicknesses reaching from 1300 to at least 1900 m
where it encased, in many instances, all but the uppermost flanks of

Fig. 2. A. Patagonian ice sheet extent during the local LGM; target volcanoes red triangles. B. Yellow lines: moraines deposited 23.0–17.8 ka which impound large
proglacial lakes; those marked 18 ka are associated with many 14C dates (modified from Davies et al., 2020). The arrows indicate flow paths of throughgoing streams
of the Patagonian ice sheet (PIS) during the LGM westward from the Andean rangecrest.
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these volcanoes (Figs. 2 and 3). Dated Patagonian ice sheet glacial de-
posits indicate that the last deglaciation began locally at 18 ka (Clark
et al., 2009; Kaplan et al., 2008; Moreno et al., 2015). Moreover, the last
deglaciation occurred very rapidly between 18 and 15 ka based on
paleoclimate proxy records (Moreno et al., 2015), 14C dating of the onset
of tephra deposition and up-building of andic soil cover-beds with
intervening tephra layers (Alloway et al., 2022), and ice sheet modeling
detailed below (Cuzzone et al., 2024). The region has eight large
(~20–40 km) proglacial lakes impounded by end moraines, that reflect
the configuration of the various Andean piedmont glacier lobes. These
former glacial lake basins (which have been repeatedly occupied over
the Quaternary) are efficient sediment traps and thus sensitive recorders
of geomorphic responses to glaciation and climate (Figs. 2 and 3;
Andersen et al., 1999; Bertrand et al., 2005, 2008; Heirman et al., 2011).
These features permit resolution of the histories of ice configuration and
sediment redistribution over the last glacial-to-interglacial transition,

and hence constrain the surface loading history.
For the target CSVZ arc-front volcanoes investigated by our team –

temporal comparative analysis utilizing tephrochronology is fraught
with difficulty on account of the paucity of LGM and older volcaniclastic
cover-bed records as a direct consequence of pervasive glacial erosion
and/or deep burial. Often the only cover-bed records preserved in, and
adjacent to, these environments are of late Last Glacial and younger age
(< 18 ka). These volcanoes have been mapped by Chile’s Servicio
Nacional de Geología y Minería (SERNAGEOMIN) and a coherent inter-
regional post-LGM tephra record is emerging (Watt et al., 2011; Lohmar
et al., 2012; Rawson et al., 2015; Fontijn et al., 2016; Naranjo et al.,
2017; Geoffroy et al., 2018; Alloway et al., 2017a, 2017b, 2022; DeSilva
et al., 2023).

Even less well documented are the chronology and petrology of
effusive lava eruptions that span from pre-, to syn-, to post-LGM time as
this was not the focus of the volcano-specific geochemical and petrologic

Fig. 3. Conceptual model for hypothetical volcanic responses along the Central Southern Volcanic Zone of the Andes to changes in ice loading from peak ice
thickness during the local LGM between 35 and 18 ka, to nearly complete retreat of ice by 16 ka. During peak ice conditions, surface loading increases the lithostatic
stress at depths where magma is stored within the upper portions of trans-crustal plumbing systems that perforate a 35 km thick crust. Upon rapid retreat of the
Patagonian ice sheet, this stress drops by several MPa. Goals of our ongoing research in this continental magmatic arc are to determine: 1. How the composition,
timing, and volume of eruptions vary from volcano to volcano during the last 50 ka and whether ice loading and unloading modulates the longer term melt flux from
the mantle, 2. Whether some magmas and reservoirs are more sensitive than others to changes in surface loading and unloading by virtue of constrasts in melt
composition, volatile contents, storage depth, or recharge rate, and 3. Mechanically how the stress drop may promote volatile exsolution, pressurization of stored
magma, and dike propagation to fuel an increase in the number and volume of post-LGM eruptions.
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efforts of Hickey-Vargas et al. (1989), McMillan et al. (1989),
López-Escobar et al. (1995), Bechon et al. (2022), Vander Auwera et al.
(2021), or Boschetty et al. (2022). A more complete eruptive record that
includes lava flows is key to addressing the questions we aim to tackle.
This requires many precise age determinations from lava flows in
well-documented stratigraphic successions that are challenging but
possible to date using 40Ar/39Ar and 3He methods. We highlight below
the geochronologic and petrologic measurements that, when acquired,
can provide powerful first-order insights as to magma plumbing system
behavior spanning the rapid transition from peak glacial to nearly

ice-free conditions. Indeed, available chronologic data from Puyehue
Cordón-Caulle, Calbuco, and Mocho-Choshuenco (Fig. 4) suggest that
both effusive and explosive volcanic output along the CSVZ are sensitive
to glacial-interglacial fluctuations in ice load.

4. Field and laboratory observations

Here we expand upon the sets of field observations, and geochro-
nologic and petrologic data that are required to address how ice forcing
impacts magma plumbing systems. We provide examples from our
ongoing work in the CSVZ.

4.1. Eruption rates and volcano growth and erosion rates

It is hypothesized that glacial loading and unloading can impact
magma plumbing systems, and hence eruptive outputs from composite
arc volcanoes, in two principal ways. First, deglacial unloading may
promote an increase in eruption frequency and volume by facilitating
dike ascent (e.g., Singer et al., 2008; Watt et al., 2013; Conway et al.,
2023). Second, ice loading can impede magma ascent causing it to pond,
cool, and differentiate, thereby exerting a compositional effect on
eruptive products (e.g., Rawson et al., 2016; Rocci et al., 2024). Using
examples mainly from the CSVZ, we examine here some of the evidence
for such impacts and demonstrate that despite the uncertainties, build-
ing detailed records of cone growth and petrologic changes that span
one or more complete glacial-interglacial cycles can illuminate potential
causal relationships during evolution of the cryosphere and underlying
magma plumbing systems. Subsequently, we examine petrologic evo-
lution of a spectrum of compositionally distinctive CSVZ arc front vol-
canoes where the chronology and growth rate records are most robust
and discuss potential impacts of glacial loading and unloading on
magma storage conditions.

Essential to understanding potential causal relationships between
glaciation and eruption rates are accurate and precise chronologies, in
concert with volumetric cone growth rate estimates, both of which are
associated with uncertainties that can limit the ability to assess whether
any feedback can be distinguished (Conway et al., 2023). To simplify
their review, Conway et al. (2023) focus on age determinations close to
the LGM and point to uncertainties in these few ages as being perhaps
insufficient to recognize any change in eruption rate associated with the
glacial-interglacial transition. Clearly, higher precision age de-
terminations are desirable. Our current effort in the CSVZ capitalizes on
improvements in 40Ar/39Ar mass spectrometers and analytical proced-
ures expressly aimed at improving the precision and accuracy of ages
determined from Late Pleistocene to Holocene lavas pursued in the
WiscAr Geochronology Laboratory at the University of Wisconsin-
Madison (Jicha et al., 2016; Martínez et al., 2018; Klug et al., 2022;
Mixon et al., 2021; 2022; Moreno-Yaeger et al., 2024). We are also
capitalizing on the ability to estimate the eruption ages of Holocene,
minimally eroded mafic lava flows and scoria cones using surface
exposure dating with measurements of cosmogenic 3He in olivine (e.g.,
Moreno-Yaeger, in 2024; Doll et al., 2024). However, we argue here that
simply compiling dates from lava flows to constrain growth rates is not
enough. Of the seven composite arc front volcanoes we are investigating,
geochronologic constraints of sufficient accuracy and precision so as to
distinguish eruptions that occurred during the last glaciation (before 18
ka), from those that occurred during and after the rapid deglaciation
between 18 and 15 ka, are currently available from Calbuco (Mixon
et al., 2021), Puyehue-Cordón Caulle (Singer et al., 2008) and
Mocho-Choshuenco (Moreno-Yaeger et al., 2024; Fig. 4). Importantly,
our geochronologic work on these volcanoes also leverages extensive
mapping and field observations regarding the stratigraphic context of
the dated lavas as well as topographically-constrained volume estimates
for packages of dated lavas, that are used to estimate volumes lost to
erosion during particular periods of time. The cone growth curves for
these three volcanoes are minimum estimates that consider erosive

Fig. 4. Records of cumulative volume erupted over time from three composite
arc front volcanoes in the Andean Southern Volcanic Zone (from Coonin et al.,
2024). 40Ar/39Ar ages from effusive lava flows and 14C ages for tephra deposits
have been used together with field relations to estimate eruptive volumes and
growth rates. Solid curves are minimum growth rates, dashed curves account
for erosion (data from Singer et al., 2008; Mixon et al., 2021; Moreno-Yaeger
et al., 2024). Comparison with the δ18O marine proxy record for global ice
volume (Lisiecki and Raymo, 2005) indicates that following both Termination II
(TII, 127 ka) and the local Last Glacial Maximum (LGM, 35–18 ka), volumetric
rates of eruption of volcanic products, including lava flows, and regionally-
dispersed tephras, increased significantly.
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losses and include estimated tephra volumes for the largest post-glacial
eruptions (Fig. 4).

The growth history of Puyehue-Cordón Caulle volcano is constrained
using forty-three 40Ar/39Ar ages of lava flows and 14C dates for seven
major post-LGM tephras (Singer et al., 2008; Fig. 4). Notably, after the
LGM at about 18 ka eruptions became exceptionally bimodal, including
some basalt interspersed with voluminous dacitic-rhyolitic lavas that
contain between 2.5 and 3.2 wt% K2O. Several of these relatively high-
K2O lavas yield age determinations spanning from 19 to 5 ka with 2σ
uncertainties of only 1–3 kyr. Although reconstructions of the pre-LGM
growth history have uncertainties, reasonable interpretations of vol-
umes of preserved lava flow stacks that have been 40Ar/39Ar dated and
that account for removal of lavas in glaciated valleys cut into these
stacks imply that an early edifice grew rapidly (0.9 km3/kyr) closely
following the end of the penultimate glaciation at ~127 ka until about
96 ka (Fig. 4). Beginning at about 69 ka, the ancestral Puyehue cone then
grew at an average rate of about 0.3 km3/kyr, followed by a 60 % higher
rate of growth at 0.5 km3/kyr for the modern, post-LGM cone (Singer
et al., 2008; Fig. 4). These growth rate estimates may have uncertainties
of more than 25 % (Singer et al., 2008). However, we are reasonably
confident that closely following the penultimate deglaciation ~127 ka,
and the LGM at 18 ka, eruptive rates and cone growth at Volcán Puyehue
increased by factors of between 100 and 50 %. This conclusion is
consistent with analysis of the regional post-LGM tephra record which
supports up to a two-fold increase in eruption rate in the 5 kyr following
the LGM (Watt et al., 2013).

Volcán Calbuco has erupted a much narrower range of magma
compositions (basaltic andesitic to andesitic; mostly 53–61 % SiO2)
compared to Volcán Puyehue (Castruccio et al., 2016; Arzilli et al., 2019;
Morgado et al., 2019a, 2019b; Mixon et al., 2021; Vander Auwera et al.,
2021; Romero et al., 2021; Fig. 5). Establishing an accurate long-term
chronology for these K2O-poor (0.5–0.9 wt%) eruptions is challenging
with modern, low-blank, multi-collector mass spectrometry methods
yielding 40Ar/39Ar age determinations from only 9 of 36 lava samples
measured by Mixon et al. (2021). Notably, these age determinations
range from 99 ± 12 to 9 ± 5 ka and represent the map units of Sellés and
Moreno (2011) for which SERNAGEOMIN 40Ar/39Ar ages are as old as
340 ka, with the discrepancies likely reflecting unstable analytical
blanks and single-collector mass spectrometer methods (Klug et al.,
2022). The modern 40Ar/39Ar determinations imply a much shorter
duration of volcanism and therefore much greater rates of cone growth
than previously thought (Fig. 4; Mixon et al., 2021). Combined with 14C
dated tephra—in places intercalated with glacial sediment depos-
its—spanning from 19 to <1 ka, estimated volumes of post-LGM lava
and tephra deposits total 26 km3. Six 40Ar/39Ar dates younger than 26 ±

5 ka from upper portions of the edifice comprise another 26 km3. Using(caption on next column)

Fig. 5. SiO2 vs. MgO for Pre-, and Post-LGM for lavas from Calbuco (Mixon
et al., 2021), lava and tephra from Mocho-Choshuenco (Moreno-Yaeger et al.,
2024; Rawson et al., 2016), and lava and tephra (Singer et al., 2008; Naranjo
et al., 2017) and mafic enclaves in 2011 rhyolite; Winslow et al., 2022) from
Puyehue-Cordón Caulle. Note that post-LGM compositions are distinctly
different at each edifice. Calbuco compositions are monotonous and there is no
shift in composition associated with the transition from pre- to post-LGM time.
In contrast, at Puyehue Cordón Caulle compositions shift from mainly andesitic
during pre-LGM time, to exceptionally bimodal following deglaciation. At
Mocho Chochuenco a continuum of basaltic to rhyolitic compositions erupts
throughout its history. For Mocho-Choshuenco and Puyehue-Cordón Caulle,
alphaMELTS thermodynamic phase equilibrium models illustrate possible
fractional crystallization of basaltic andesitic parent magmas to generate rhy-
olites. At Mocho-Choshuenco rhyolite can be produced at pressures between 1
and 2 kbar, whereas at Puyehue-Cordón Caulle the recent rhyolites can be
generated via fractional crystallization at pressures less than 1 kbar. The bottom
panel shows how the compositions erupted at each volcano have evolved over
the last 150 kyr. The blue curve is global ice volume δ18O proxy from Lisiecki
and Raymo (2005).
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this chronology, and considering modest and aggressive erosion rate
scenarios, Mixon et al. (2021) demonstrate that the cone growth and
eruption rate at Volcán Calbuco increased from less than about 0.5
km3/kyr between 96 and 26 ka, to more than 2 to 3 km3/kyr during
post-LGM time (Fig. 4). A lacuna between about 55 and 30 ka wherein
no lava flows are dated may reflect either suppression of eruptions as the
Patagonian ice sheet thickened, or enhanced erosion by ice during this
time that could bias the pre-LGM growth rate estimate (Mixon et al.,
2021).

A remarkable feature of Volcán Calbuco is the preservation of several
narrow ridges comprising steep stacks of thick andesitic lava flows,
separated by several hundred-meter-deep glaciated valleys that radiate
from the modern summit vent area. Many of these lavas thicken
downslope and toward the adjacent valleys and display curvilinear to
radial jointing indicating that flow was arrested by impoundment
against glacial ice (Fig. 6). The 40Ar/39Ar ages for three of these lavas
range from 25.6 ± 4.7 to 22.5 ± 7.4 ka indicating a series of eruptions
closely associated with the transition from peak glacial to interglacial
conditions that began at 18 ka. Some of these flows crop out well above

1400 m above sea level (masl) on the south and west flanks of Calbuco
volcano and are interpreted to have flowed against valley glaciers that
merged into a Patagonian ice sheet that was at least this thick prior to
the onset of rapid retreat at ~18 ka (Fig. 6). Retreat of the Patagonian ice
sheet left behind the inverted topography formed by ice-confined lava
flows (Lescinsky and Sisson, 1998). This is but one example of how
40Ar/39Ar dating, in support of field observations, can provide direct
evidence for the geometry of glacial ice that surrounded the large arc
front volcanoes during the period of time shortly prior to rapid ice
retreat following the local LGM.

Volcán Mocho-Choshuenco (Figs. 1 and 2) comprises 106 km3 of
basaltic andesitic to rhyolitic eruptive products (Fig. 5; Moreno-Yaeger
et al., 2024). Based solely on the post-LGM tephra record, Rawson et al.
(2016) hypothesize that changes in the eruption rate and the composi-
tion of magmas in the magma plumbing system beneath Mocho-
Choshuenco are related to unloading of the Patagonian ice sheet. The
Rawson et al. (2016) three phase model includes: large eruptions of
long-stored SiO2-rich magma from 13 to 8 ka (Phase 1), followed by
refilling of the reservoir to produce small mafic eruptions from 7 to 3 ka

Fig. 6. Examples of chronologic constraints on ice configuration at Calbuco volcano. A. View from helicopter northward into valley walled by late Pleistocene
andesite lava flows (map unit Plc2, overlain by Holocene lavas and tephra of unit Hc3) and floored by a lobe of the 1961 andesite lava flow. The stack of thick
andesitic lavas comprising the west wall of the valley has been 40Ar/39Ar dated at 25.6 ± 4.7 ka (Mixon et al., 2021). Note that the flow thickens down valley and
toward the valley axis. B. Photo westward from helicopter of of the area in panel A outlined in the dashed box. Note the vertical joints that flare upward into radial
and sub horizontal joints. These features are consistent with lava flowing and cooling against glacial ice that occupied this valley at 26 ka during the local LGM.
Modeling by Cuzzone et al. (2024) suggests that during the local LGM the PIS attained a thickness of >1600 m, consistent with the field relations illustrated here. C.
View southward from helicopter of ridge comprising a stack of thick andesitic lavas to the west of those in panel A (red star in panel B shows common point) that
thicken down valley and toward the axes of the valleys. These lavas, mapped as the same Plc unit and age as those in panel A, are interpreted as ‘inverted’ topography
where the flows were impounded and cooled against ice that formerly occupied these valleys during the local LGM (Lescinsky and Sisson, 1998). A small lateral
moraine at 1200 masl is interpreted as mid Holocene or neoglacial in age. D. View from helicopter eastward into valley walled on the south by andesitic lavas of map
unit Plc2 that have been 40Ar/39Ar dated at 22.5 ± 7.4 ka (Mixon et al., 2021). As on the south flank of Calbuco volcano, these Plc2 lavas thicken down valley
indicating that they had been impounded and cooled against glacial ice during the local LGM.
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(Phase 2), culminating in an uptick in rate and andesitic activity since
2.4 ka (Phase 3). Because this model is only based on post-LGM tephra,
Moreno-Yaeger et al. (2024) have acquired extensive new field obser-
vations on the effusive history via 24 modern 40Ar/39Ar age de-
terminations of lava flows and two 3He surface exposure ages. The
findings, outlined briefly here, facilitate an examination of eruption
rates and compositional evolution prior to, during, and after the local
LGM that occurred between 35 and 18 ka. Moreover, a group of
40Ar/39Ar-dated lava flows at elevations between 1350 and 1700 masl
that give ages between 19.7 ± 3.2 and 16.6 ± 2.4 ka, many of which
display platy, curved, or chaotic, arcuate or irregularly oriented (hackly)
jointing, some of which are intercalated with glacial till, provide evi-
dence for the height of the Patagonian ice sheet during the local LGM
(Fig. 7).

As at Volcán Calbuco, the new 40Ar/39Ar dating has revised the
chronostratigraphy and duration of volcanism based on previous work
(Moreno and Lara, 2007), such that half of the volume of Mocho-

Choshuenco has been erupted since 130 ka (Fig. 4; Moreno-Yaeger
et al., 2024). In this work volumes of map units are calculated from a 12
m-resolution digital elevation model by measuring areas in a geographic
information system with thicknesses from field and aerial drone obser-
vations (e.g., Fig. 11A). Volume estimates are based on eroded products
and are hence minimum values. We estimate uncertainties of between
10 and perhaps up to 20 % on the volumetric growth curves at most time
slices, particularly where dense arrays of radioisotopic ages have been
determined (Fig. 4). On Mocho-Choshuenco, erosion is estimated by
reconstructing pre-incision topography within extant incised valleys and
applying 40Ar/39Ar ages, stratigraphic principles, and field observations
to extrapolate the timing of incision onset. The average erosion rates in
several radial valleys give a minimum volume removed from the edifice
of about 13 km3 over the past 300 kyr, with about 4.8 km3 of that vol-
ume removed since 150 ka, and 0.34 km3 since 18 ka (Moreno-Yaeger
et al., 2024). The time-volume evolution of Mocho Choshuenco yields an
average growth rate since 300 ka of about 0.4 km3/kyr, similar to other

Fig. 7. Examples of chronologic constraints on ice configuration at Mocho-Choshuenco volcano. A. On the east flank of the volcano at 1350 masl dacitic lava flows
thicken downslope, comprise irregularly oriented platy and radial joints, and in this outcrop, the lava flowed onto several meters of glacial till. Note the 1.8 m tall
person for scale. This lava flow is 40Ar/39Ar dated at 16.2 ± 2.6 ka (Moreno-Yaeger et al., 2024). We interpret these field relations to reflect lava flowing into and
cooling against the margin of the Patagonian ice sheet as it has begun to shrink rapidly between 18 and 15 ka. B. Google Earth view northward onto the upper
southern flank of the volcano highlighting a lava flow 40Ar/39Ar dated at 19.2 ± 4.4 ka inferred to have been impounded at an elevation of 1700 masl against the
margin of the Patagonian ice sheet during the local LGM. C. On the west flank of the volcano, view to the south of a 30 m thick andesitic lava flow at 1600 masl that
has been 40Ar/39Ar dated at 18.6 ± 2.6 ka (Moreno-Yaeger et al., 2024). This lava flow thickens downslope and comprises a platy-jointed base below subvertical
joints. We infer that this flow was impounded against the margin of the Patagonian ice sheet during the local LGM (e.g., Smellie et al., 2011-see their Fig. 9). D. On
the east flank of the volcano a dacitic lava mapped together with the lava in panel A as unit Drt exhibits curved jointing and small polygonal fractures (cell phone in
the inset is 15 cm long) along its southern margin suggesting confinement by the Patagonian ice sheet at 1700 masl during the local LGM (e.g., Conway et al., 2015).
The field observations and chronology highlighted here are consistent with modeling of the configuration of the Patagonian ice sheet during the last 25 ka (Cuzzone
et al., 2024).
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arc front volcanoes, but with prominent increases in volumetric eruptive
output to 1.4 km3/kyr or greater at about 130 ka, and again at about 13
ka, that closely follow the penultimate deglaciation and the LGM,
respectively (Fig. 4).

Our findings at Mocho-Choshuenco expand upon those of Rawson
et al. (2016) in several ways. First, there are lacunae between about 80
and 45 ka and 37 and 26 ka wherein few, if any, lavas are preserved, and
the rate of cone growth was low between 45 and 18 ka (Fig. 4). A similar
lacuna at Calbuco, and a relatively low rate of cone growth at Puyehue-
Cordón Caulle, suggests that a regional factor—perhaps growth of the

Patagonian ice sheet—rather than sampling bias, is involved. Interest-
ingly, a parallel may be preserved at the 2640 m high Ruapehu volcano,
central North Island, New Zealand at a similar southern latitude (39.28
oS), where a lacuna occurs between 40Ar/39Ar-dated ice-marginal lava
flows between about 45 and 20 ka (Conway et al., 2015). Moreover, we
have discovered that both basaltic andesitic and dacitic lavas erupted
extensively between 20 and 7 ka from an intricate set of magma reser-
voirs distinguished from one another by trace element contrasts
(Moreno-Yaeger et al., 2024). Many of these lavas erupted during the
local LGM when the Patagonian ice sheet was at its greatest thickness

Fig. 8. Examples of erratic cobbles and boulders of various granitoid lithologies discovered on the eastern or southern flanks of several composite volcanoes. During
the course of field campaigns from 2019 to 2024, erratics have been found in a band of altitude that varies among volcanoes. Erratics have been found at Villarrica
between 1550 and 1900 masl on the south flank, at Mocho-Choshuenco on the east flank between 1650 and 1800 masl, at Antillanca between 1300 and 1343 masl,
on Puntiagudo at 1290 to 1310 masl, and on the east flank of Yate volcano at 1430–1500 masl.
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and extent (Fig. 4), thus reduction in surface loading is likely not the
only factor in promoting the uptick in silicic eruptions at 12 ka featured
in the Rawson et al. (2016) model. Notably, a dacitic lava dated at 16.6
± 2.4 ka is truncated by a 3.5 km wide caldera from which the 5 km3

rhyolitic Neltume Tephra was likely sourced at 12 ka (Moreno-Yaeger
et al., 2024). The possibility that the rapid reduction in surface loading
at the end of the LGM may have propelled volatile exsolution and
pressurization of a modest-sized silicic magma reservoir, that led to dike
ascent, roof failure, and caldera collapse, is the subject of ongoing

investigation and is addressed in modeling below.

4.2. Glaciovolcanic constraints on ice sheet configuration

While extensive work, mainly in Iceland and British Columbia,
document the characteristics of glaciovolcanic deposits (Smellie and
Edwards, 2016; Edwards et al., 2020), much less work has been pub-
lished on glaciovolcanic deposits within subduction zones. Exceptions to
this are largely from New Zealand (Conway et al., 2015; Cole et al.,

Fig. 9. Upper panel: View south from helicopter of a glacially excavated valley descending the west flank of Yate volcano (Fig. 2). From the deepest part of the valley
in the photograph, to the the top of the ridge is about 700 m. A > 100 m thick wedge of glacial till and sediment is sandwiched between underlying lavas that dip
westward and flat-lying lavas above. The lower panel is a close up of the area outlined in white box in the upper panel illustrating characteristics of the glacial
sediments and bracketing lava flows.
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2018) and the Cascades (Lescinsky and Sisson, 1998; Lescinsky and Fink,
2000; Kelman et al., 2002; Wilson et al., 2019), with limited observa-
tions from the Andes (Lachowycz et al., 2015). General references to
subglacial deposits are indicated on map legends for some volcanoes in
Chile, but detailed characterization and systematic mapping of glacio-
volcanic deposits is sparse, and none have been documented from the
volcanoes that are the focus of our current research (Figs. 2 and 3).
Identification of volcano-ice interaction is particularly critical to our
goals as it is the only approach that can link with certainty geochemical
characteristics of volcanic units with the presence or absence of ice.
Thus, identifying and characterizing volcano-ice contact features on
CSVZ composite volcanoes is key to testing hypotheses developed from
40Ar/39Ar dating of eruptions and models of ice sheet configuration over
time.

Many of the most characteristic deposits of glaciovolcanism that are
interpreted to require the presence of impounded water generated via
eruption-synchronous melting of an ice sheet, such as pillow lavas,
palagonitized tephra and lava-fed deltas, are documented in basaltic
deposits from Iceland (e.g., Bennett et al., 2009; Skilling, 2009) and
British Columbia (e.g., Mathews, 1947; Edwards et al., 2020).
Field-based studies at subduction zone volcanoes have generally relied
on lava flow morphologies and patterns of jointing (Lescinsky and Fink,
2000) to identify potential glaciovolcanic deposits. We have highlighted
above similar features within our target area (e.g., Mixon et al., 2021;
Moreno-Yaeger et al., 2024; Figs. 6 and 7).

Notably, the lava flows on the east flank of Volcán Mocho-

Choshuenco that have been 40Ar/39Ar dated to between about 20 and
16 ka display many ice-contact features (Fig. 7) that we interpret to
result from growth of a lava-fed delta within a lake that formed along the
margin of the Patagonian ice sheet between 1350 and 1700 masl
(Moreno-Yaeger et al., 2024). Other novel observations that provide
local constraints on the configuration of the northernmost Patagonian
ice sheet include: (1) the occurrence of granitoid erratic boulders as a
‘bathtub ring’ deposit high on volcano flanks, (2) glacio-fluvial sedi-
ments interbedded with lava flows at high altitude on Yates and Mocho-
Choshuenco volcanoes, as well as high altitude occurrences of: (3) pil-
low lavas, (4) lava-ice contact surfaces, (5) palagonite, and (6) ice-block
melt-out cavities in lava flows.

Glacial erratics have been observed on several of the composite
volcanoes within an elevational band ranging between about 1300 to
1900 masl (Fig. 8) and are interpreted as lodgement till that was
deposited as the Patagonian ice sheet melted and thinned between 18
and 16 ka. Although this till could have been reworked during successive
Pleistocene and Holocene glaciations, its current position in the land-
scape implies that the local thickness of the Patagonia ice sheet at this
time of peak LGM extent was at least 1200 m regionally, and as much as
1900 m around the flanks of some volcanoes. The latter estimates are
consistent with numerical modeling of the ice sheet discussed below.

A spectacular example of glacio-fluvial sediment deposited on, and
buried by, late Pleistocene to Holocene lava flows is preserved between
1520 and 1650 masl on the west flank of Volcán Yate (Fig. 9). The
package of coarser diamictite and overlying finer grained, well-sorted

Fig. 10. Examples of features indicating lava-ice interactions at high altitude on volcano flanks. A. Pillow lavas on the southwestern flank of Villarrica volcano. B.
Isolated pillow lava on the eastern flank of Mocho-Choshuenco volcano. C. Cavity beneath lava flow at Villarrica volcano interpreted to be an ice block melt-out
cavern. D. Hackly and irregular lava surface textures indicative of direct ice contact, Villarrica volcano. E. Outcrop of palagonitized tuff-breccia, southern flank
of Villarrica volcano. F. Palagonitized lapilli tuff block, southern flank of Villarrica volcano.

B.S. Singer et al. Journal of Volcanology and Geothermal Research 455 (2024) 108187 

12 



glacial fluvial and lake sediments are similar to those described by
Bennett et al. (2009) that formed as a result of subglacial eruptions at the
Brekknafjoll–Jarlhettur volcanic complex in Iceland. This glacio-fluvial
sediment package interfingers with, and is buried by, flat-lying lava
flows that cap a broad ridge on the west flank of Volcán Yate. These flat-
lying lava flows and the diamictite disconformably rest upon a package
of thick lava flows that dip to the west (Fig. 9); the entire section through
these lavas and the till is more than 700 m thick. We interpret the lower
lavas to have erupted prior to the local LGM that began about 35 ka, and
the upper lavas to have been erupted during and after retreat of the
Patagonian ice sheet from the upper reaches of Volcán Yate, during
which the till and glacial lake sediment were deposited in a glacially-
impounded lake beginning at about 16 ka. This hypothesis can be
tested by 40Ar/39Ar dating of the lava samples in yellow that span this
section (Fig. 9).

Several ‘classic’ types of glaciovolcanic deposits, have also been
observed high on the flanks of Villarrica and Mocho-Choshuenco vol-
canoes. Pillow-like lava lobes have been located on Villarrica (1600
masl) and Mocho-Choshuenco (1550 masl) volcanoes (Fig. 10A and B).
Cavities defined by radial, narrow-width fractures at the base of lava
flows occur on the western flank of Villarrica (1690 masl; Fig. 10C) and
are interpreted as ice block melt-out features (e.g., Smellie et al., 2023).
At another Villarrica location (1700 masl) lava surface textures are
covered by glassy, hackly fractures (Fig. 10D) that we interpret to
indicate direct ice contact emplacement similar to features documented
in the 2010 Gigjökull lava flow (Björnsson, 2016). We have also docu-
mented the presence of palagonitized tuff breccia (Fig. 10E; Villarrica

1590 masl) and lapilli tuff (Fig. 10F; Villarrica 1590 masl). Moreover, a
variety of fracture features ascribed to lava-ice contact are pervasive,
including apparent ice-dammed lava cliffs (Fig. 11A, Mocho-
Choshuenco 1620 masl) and sub-horizontal to radiating column joints
(Fig. 11B, Mocho-Choshuenco 1590 masl), pervasive platy-jointing in
lava interpreted to have been confined within sub-ice channels (Moreno-
Yaeger et al., 2024; Fig. 11C), and pseudo-pillow joints indicative of the
presence of water (Fig. 11D; Lescinsky and Fink, 2000).

5. Modeling ice, erosion, intracrustal stress, and magma
reservoirs during deglaciation

5.1. Modeling northernmost Patagonia Ice Sheet (PIS) retreat

Given a limited number of geologic constraints on paleo-PIS extent
and retreat, early ice sheet modeling efforts focused on reconstructing
areal ice extent and volume of the PIS (Hulton et al., 1994; Sugden et al.,
2002; Hubbard et al., 2005) in response to an inferred uniform tem-
perature change during the LGM. Since these early efforts, geologic re-
constructions of LGM and deglacial PIS behavior have improved (Davies
et al., 2020) to a point where model-data comparisons can yield
important constraints on the climate drivers of PIS change. More recent
work using a newer generation ice sheet model (Yan et al., 2022) applied
spatially varying temperature and precipitation fields from an ensemble
of climate model simulations for the LGM. These results show that while
the LGM temperature depression was largely responsible for the simu-
lated areal extent and ice volume of the PIS most closely matching

Fig. 11. Examples of lava jointing characteristics commonly indicative of lava-ice interactions observed high on the eastern flank of Mocho-Choshuenco volcano. A.
Pervasively jointed 30 m high cliff of lava, B. Inclined columnar joints spanning 10 m across a lava flow edge, C. Pervasively platy joints in 16 ka lava D. Pseudo-
pillow jointing.
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geologic reconstructions (Davies et al., 2020), variations in regional
precipitation play an important role in modulating PIS extent. Regional
ice modeling studies also suggest that variations in glacial and late
glacial precipitation, driven by changes in large scale atmospheric cir-
culation and associated latitudinal shifts in the SouthernWesterly Winds
(SWW), played a key role in PIS retreat and advance (Leger et al., 2021;
Martin et al., 2019; Muir et al., 2023). Ultimately, where the existing
synthesis of geologic reconstructions (PATICE; Davies et al., 2020) can
be used to constrain deglacial changes in PIS extent, constraints on
vertical ice thinning and volume are limited. Whereas ice sheet models
can help fill gaps in our understanding of deglacial PIS thinning and
volumetric changes, large-scale simulations of the deglacial response of
the PIS are limited to a more regional and local scale.

Recently, Cuzzone et al. (2024) simulated the response of the PIS
across the Chilean Lakes District (CLD) during the last deglaciation using
the Ice Sheet and Sea-level System Model (ISSM; Larour et al., 2012).
These numerical simulations were performed using a spatially varying
high resolution model mesh that resolved bedrock features down to 450
m and resolved ice flow using higher order ice flow approximations
(Dias dos Santos et al., 2022). LGM and deglacial changes in the PIS
across the CLD were simulated by prescribing climate from a transient
climate model simulation of the last deglaciation, TraCE-21 ka (Liu
et al., 2009; He et al., 2013). During the LGM, ice thicknesses of up to
2000 m are simulated within the deep valleys of the CLD, with thinner

ice cover <250 m simulated across the highest elevation peaks (e.g.
volcanic peaks). Large-scale ice retreat began after 19 ka, and acceler-
ated between 18 and 16.5 ka, coincident with deglacial warming
(Fig. 12). Because geologic reconstructions of vertical ice thinning in this
region are limited to non-existent at present, thickness and volumetric
changes could not be evaluated in this study. However, the simulated
areal extent was shown to agree well with early deglacial behavior
reconstructed from PATICE (Davies et al., 2020), giving confidence that
the ice sheet model simulations performed well in capturing geographic
PIS retreat across the CLD. These simulations reveal that by 15 ka
deglaciation across the CLD was largely complete, with only small ice
caps and mountain glaciers remaining (Fig. 13). This simulated retreat
history contrasts with the PATICE reconstruction during this interval
(Davies et al., 2020), which suggests more extensive ice cover at 15 ka,
before the PIS evolved into regional ice caps during the early Holocene.
Unfortunately, limited geologic constraints on the ice history in this
region, particularly during the late deglacial period, add large un-
certainties to the PATICE reconstruction and model validation, and
echoes a need for more additional constraints on past ice margin and ice
thickness change to evaluate the ice modeling results. Nonetheless, the
good agreement between the modeled ice retreat and the geologic
reconstruction during the period of most rapid ice loss during the early
deglaciation, it is reasonable to assume the ice model of Cuzzone et al.
(2024) is capturing the large-scale ice thinning history with fidelity

Fig. 12. Elevation profile of modeled Patagonia Ice Sheet (PIS) profile through time and geomorphic glacial features adjacent to the volcanoes. A. Topographic cross
section of the PIS near three volcanoes in the CSVZ. Profiles are during the last glacial maximum (22 ka), the last deglaciation (17.8 ka), and at the beginning of the
Holocene (11.3 ka), B. Photo of Late Holocene Moraine crest (dashed red line) on the southern flank of Villarrica Volcano, C. High elevation Miocene pluton outcrop
near the southern flank of Villarrica volcano, D. Miocene plutonic outcrop at lower elevations between volcanoes, and E. View west toward Late Pleistocene moraines
near the eastern flank of Lanín volcano straddling the Chile-Argentina border.
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(Fig. 13). Ultimately, climate forcing is critical for a more accurate
simulation of deglacial ice retreat and remains one of the largest un-
certainties in more accurately simulating the nature of deglacial PIS
retreat. Cuzzone et al. (2024) finds that whereas deglacial warming
controlled the overall retreat of the PIS across the CLD, modest varia-
tions in precipitation were able to modulate the rate and timing of
deglacial ice retreat. This insight aligns with proxy data suggesting that
during the LGM and early deglacial period, conditions were likely wetter
across the CLD (Moreno et al., 1999, 2015, 2018) coincident with an
intensification or equatorward shift of the SWW. More recent findings
(Pesce and Moreno, 2014; Moreno, 2020; Díaz et al., 2023; Moreno
et al., 2023, 2024) indicate that the transition out of the hyperhumid
LGM involved a major decline in south westerly winds that led to an
early termination westerly minimum, between 18 and 16.5 ka, with
subsequent increases in westerly influence in pulses at 16.5 ka and at the
onset of the Antarctic Cold Reversal (14.5 ka). While TraCE-21 ka
simulated this increased precipitation in accordance with proxy records
(Liu et al., 2009; He et al., 2013), the magnitude of this simulated
change in precipitation was much less than inferred from precipitation
proxies. Therefore, it is possible that larger anomalies in LGM and
deglacial precipitation could have impacted the timing and pace of
deglacial ice retreat more than is currently simulated (Cuzzone et al.,
2024).

5.2. Modeling evolution of intracrustal stress during deglaciation

Understanding how deglaciation perturbs the state of stress where
continental arc magmas are stored and transported is crucial for linking
deglaciation to volcanism. Simplistic models assuming an elastic crust
subject to the removal of a slab of ice yield varied predictions in the
magnitude and distribution of decompression (~1–100 MPa in the
shallow crust beneath the SVZ post-LGM; Rawson et al., 2016; Mora and
Tassara, 2018). The significant difference in predicted decompression,
up to two orders of magnitude, stems mainly from differing assumptions

about crust rheology. Elastic half-space models suggest smaller pressure
changes because the load is fully supported by elastic deformation of the
crust (Rawson et al., 2016), while plate bending models assume the crust
has a finite elastic thickness underlain by an inviscid fluid, leading to
surface load accommodation through plate bending (Fig. 1; Wilson and
Russell, 2020; Mora and Tassara, 2018). Although elastic thickness in
volcanic settings can be locally thin (e.g., ~20–25 km beneath the SVZ –
Pérez-Gussinyé et al., 2008), treating the lower crust and mantle as an
inviscid fluid likely overestimates crustal flexure and decompression,
especially over the short (~kyr) timescales of deglaciation. More real-
istic models consider viscoelastic behavior of the lower crust and mantle
(Lucas et al., 2022; Nakada and Yokose, 1992; Kutterolf et al., 2013) and
explore how the presence of melt-rich magma bodies locally modifies
host-rock rheology and concentrates stress to potentially trigger magma
reservoir failure (e.g. Lucas et al., 2022; Geyer and Bindeman, 2011).

The rheological behavior of the crust during deglaciation is also
influenced by the geometry of the ice load. Currently overlooked in
existing models is the role of bedrock topography in modulating the
thickness of ice over volcanically active regions. In these areas, ice tends
to be thinner atop volcano summits and thicker in the surrounding
valleys (Fig. 12; Cuzzone et al., 2024). In addition, numerous geomor-
phic and volcanic processes may accompany deglaciation that
contribute to the redistribution of surface mass, but few efforts go
beyond accounting for the loss of ice (Sternai et al., 2016). Enhanced
erosion rates, sediment and water redistribution, and the growth or
destruction of volcanic cones as they respond to changes in surface cover
can all perturb the state of stress at depth (Pinel and Jaupart, 2000;
Sternai et al., 2016). Recent advances in modeling ice sheet dynamics (e.
g., Cuzzone et al., 2024) and their effects on erosion and sediment
redistribution (e.g., Jefferson et al., 2014), and refined chronologies of
volcano growth (e.g., Singer et al., 2008; Mixon et al., 2021; Moreno-
Yaeger et al., 2024), offer an opportunity to develop more realistic and
location-specific models of crustal stress evolution at the scale of indi-
vidual volcanic systems.

Fig. 13. Simulated Patagonian Ice Sheet (PIS) area (Cuzzone et al., 2024) and mapped and dated glacial deposits and features (Denton et al., 1999; Moreno et al.,
2015; Davies et al., 2020). Simulated PIS extent at: A. 22 ka, B. 18 ka, and C. 12 ka. Mapped end moraines (red lines) and locations of published radiocarbon (white
circles) and future surface exposure dates (yellow and orange circles) noted.
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As a proof of concept, we simulate the load of the PIS from the model
of Cuzzone et al. (2024); Fig. 14) as a distribution of normal tractions
acting on the surface of an elastic half space (Boussinesq, 1885; Fig. 15).
Following deglaciation at Mocho-Choshuenco, Puyehue-Cordón Caulle,
and Calbuco, the resulting change in crustal mean stress is greatest in
magnitude directly beneath the valleys where ice was thickest, with
little to no change in mean stress in the upper ~1 km beneath the base of
the volcanoes (Fig. 15). However, unloading from the sides of the vol-
canoes causes the magnitude of the mean stress change to increase with
depth directly beneath the volcanoes, reaching a depth range of
maximum change before decaying again with depth. The maximum
magnitude of the mean stress change and the depth range at which the
stress change peaks differ for the three volcanoes because they experi-
enced different ice histories due to variations in their topography and
geographic position beneath the PIS (Fig. 15). At Mocho-Choshuenco,
the change in mean stress reaches −5.5 MPa at a depth range of
~9–13 km beneath the base of the edifice. At Puyehue-Cordón Caulle,
the maximum change in mean stress is greater (−6.2 MPa) over a wider
depth range (~6.5–17 km) because the volcano’s lower relief and flatter
summit region hosted thicker ice during the LGM. By contrast, the high
relief and conical shape of Calbuco and its proximity to the western
margin of the PIS imply thinner ice during the LGM and subsequently
smaller changes in mean stress following deglaciation (−3.7 MPa from
~8–18 km depth beneath the edifice).

5.3. Crustal stress responses to cone growth

In order to contextualize the effect of ice loading on crustal stress and
capture potential feedbacks between crustal stress change and volcanic
activity, it is necessary to understand how volcanic activity itself can
modulate stress at the shallow depths where subvolcanic magmas reside.
The growth of a volcanic edifice progressively loads the crust and in-
creases compressive stresses beneath the base of the edifice. Idealized
elastic models for the change in horizontal normal stress in response to
the load of a volcano were developed by Pinel and Jaupart (2000) by
modeling the load of a volcano as a distribution of cylindrical slabs of
infinitesimal thickness to approximate the load of a cylindrical cone. We
apply this model to estimate the stress change during growth of Mocho-
Choshuenco using eruption rates determined by Moreno-Yaeger et al.
(2024). We idealize the Mocho-Choshuenco edifice as a cylindrical slab
with a 5-km radius that increases in thickness over time according to the
net cone growth rates determined in the sections above. We consider
that tephras and other explosive deposits are too widely distributed and
too easily eroded to contribute to the growth of the cone and use only the
volume of erupted lavas.

By calculating the change in radial normal stress with depth beneath
the edifice over different time periods, we can glean key insights about
the role of edifice growth on crustal stress. Using a long-term average
cone growth rate of 0.3 km3/kyr for the past 300 kyr, we find that
growth of the cone to its present-day size adds approximately 25 MPa of

Fig. 14. Crustal stress model. Ice thickness change from the model of Cuzzone et al. (2024); Fig. 13) over 22 kyr is illustrated in the upper right panel. Lower right
panel illustrates the mean stress change below Mocho-Choshuenco volcano at 2, 6, and 10 km depths shown in the stress maps in the left panels. Note that nearly all
the stress change occurs during the rapid deglaciation between 18 and 15 ka predicted in the ice sheet retreat model of Cuzzone et al. (2024) and supported by
geologic and geochronologic data.
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compressive normal stress beneath the edifice, for a time-averaged rate
of ~0.08 MPa/kyr (Fig. 16). However, during periods of accelerated
cone growth, such as that following the penultimate glacial maximum
between ~130–100 ka, stress change rates can reach ~0.3 MPa/kyr in
the shallowest ~1 km beneath the edifice.

Compared to crustal stress change caused by deglaciation of the PIS,
volcano growth is a much shallower perturbation to the crustal stress
field and operates on a much longer timescale. The stress perturbation
from cone growth decays over a depth range on the order of the radius of
the volcano; for example, the stress change from growth of Mocho-
Choshuenco appears to nearly vanish by ~6–8 km depth beneath the
edifice. Thus, we can infer that volcano loading will primarily impact
near-surface magmatic processes such as transport through dikes (Pinel
and Jaupart, 2000, 2004), whereas the stress changes from PIS retreat
may extend well into magma storage regions to modulate processes that
occur there. In addition, the peak mean stress change due to retreat of
the PIS is ~5.5MPa in only ~4 kyr, for a rate (1.4 MPa/kyr) that is about
one order of magnitude faster than even the most rapid cone growth
(Figs. 14 and 15).

5.4. Crustal stress responses to erosion and deposition of sediment

Erosion of rock and deposition of sediment drive crustal deformation
by redistributing mass across Earth’s surface (e.g., Dalca et al., 2013;
Ferrier et al., 2017), and thus have the potential to influence magma
production, transport, and eruption, just as the growth and retreat of ice
sheets do (Sternai et al., 2019). Relative to changes in loading driven by
ice mass variations, changes in loading driven by erosion are amplified
by the density of the eroded rock, which is ~3 times higher than that of
ice. Calculating the degree to which this affects crustal stresses at a given
volcano depends on the local history of sediment redistribution, which
requires estimating the history of rates and patterns of erosion and
deposition on and around the volcano (e.g., Jefferson et al., 2014). Here
we describe an illustrative example from Mocho-Choshuenco to show

how erosion and deposition can generate changes in crustal loading that
are locally comparable in magnitude to ice-driven changes, following
the analysis in Moreno-Yaeger et al. (2024).

Several observations suggest that Mocho-Choshuenco may have
experienced significant changes in loading driven by erosion and
deposition of rock and sediment. Deep valleys incised into the flanks of
the volcano show the removal of large volumes of rock by erosion.
Mocho-Choshuenco is mantled by young lava flows (Moreno-Yaeger
et al., 2024), suggesting susceptibility to rapid erosion, as many young
volcanic surfaces are elsewhere (e.g., Gayer et al., 2019). It was overrun
by a temperate ice sheet during recent glaciations (Cuzzone et al., 2024),
indicating that erosion may have been fast, similar to that in other set-
tings (e.g., Koppes and Montgomery, 2009; Alley et al., 2019; Hallet
et al., 1996). All of these suggest that the deep valleys on the volcano
flanks may be locations of focused crustal unloading.

The sediment eroded from these valleys is transported by rivers to-
ward floodplains upstream of lagos Riñihue, Panguipulli, Ranco, and
Maihue, which are west, northwest, southwest, and south of Mocho-
Choshuenco, respectively (Fig. 17). These lakes are glaciogenic and
accumulate water and sediment from upstream catchments hundreds to
thousands of km2 in area (Laugenie, 1982; Van Daele et al., 2015),
suggesting that the floodplains and lakes are locations of focused crustal
loading.

To illustrate how large these sediment- and water-driven changes in
loading may have been, we constructed a scenario of rock and sediment
redistribution via erosion and deposition at Mocho-Choshuenco. For
each valley incised into the flanks of Mocho-Choshuenco, we calculated
a basin-averaged erosion rate by dividing the mass of eroded rock by the
valley’s drainage area and the duration of erosion. We estimated each
valley’s eroded rock mass as the product of valley volume and rock
density, in which valley volumes were estimated by subtracting the
present valley topography from pre-incision topography reconstructed
from minimally eroded valley rims, following procedures adopted in
volcanic landscapes elsewhere (Singer et al., 1997; Ferrier et al., 2013a,

Fig. 15. Crustal stress model applied at Calbuco, Puyehue-Cordon Caulle, and Mocho-Choshuenco volcanoes. Top panels: depict ice thickness changes integrated
over 22 kyr (Fig. 14) around each volcano. Bottom panels: depict mean stress changes below each volcano along the white cross section lines in upper panels. The
map and depth profile for Mocho-Choshuenco are models generated at much higher spatial resolution than for the other two volcanoes.
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b). We used the ages of mapped lava flows to constrain the timing of the
onset of incision, which, combined with the estimates of eroded rock
masses and drainage areas, yield maps of eroded rock mass fluxes. Since
this approach assumes that the valley was eroded entirely over the time
since the mapped lava flows were emplaced, this gives upper bounds on
erosion rate estimates and hence upper bounds on erosion-driven
changes in crustal loading.

Valleys on the flanks of Mocho-Choshuenco are as deep as 440 m.
Using a bedrock density of 2.8 g cm−3 and the ages of the mapped lava
flows, this translates to rock mass fluxes as large as 7600 t km−2 yr−1

(Fig. 17). Erosion of valleys this deep corresponds to local drops in
crustal loading as large as 12.1 MPa, equivalent to unloading of 1.35 km
of ice. The eroded valleys are all on the flanks of the volcano, 2–15 km
from the summit of Mocho-Choshuenco (Fig. 17).

We are unaware of measurements of sediment deposition rates in the
area surrounding Mocho-Choshuenco over the past glacial cycle, which
precludes the possibility of constructing an empirically constrained
sediment deposition history for the region. For the purposes of illus-
trating the potential effects of sediment deposition on crustal stress
changes, we construct a prospective deposition history by identifying
geomorphically plausible sinks for each valley’s eroded sediment.

Given the presence of floodplains upstream of the lakes and the
absence of large deltas, we built a prospective deposition scenario in
which sediment is deposited exclusively on floodplains (Fig. 17).
Restricting deposition to these relatively small areas yields higher esti-
mates of deposition rates—and therefore higher estimates of deposition-
driven increases in crustal loading—than would occur if deposition were
more widely distributed. Thus, these can be considered upper bounds on
deposition rates in the depositional areas.

We began identifying potential depositional areas by mapping
channel networks around Mocho-Choshuenco, calculated by applying
D8 flow routing to 30-m resolution topographic data (SRTM 4 Digital

Elevation Model; NASA Shuttle Radar Topography Mission, 2013).
These channel networks indicate the direction rivers transport eroded
sediment from each valley. To delineate depositional areas along each
river, we used the presence of meander belts, point bars, and fans in
Google Earth satellite imagery, low gradient (< 0.001) areas, and pre-
viously mapped deposition areas (Campos et al., 1998; Rodríguez et al.,
1999; Moreno and Lara, 2007; Moreno-Yaeger et al., 2024). From these
observations we delineated six depositional areas in floodplains that
collectively lie 10–36 km away from the summit of Mocho-Choshuenco
(Fig. 17).

We applied sediment mass conservation in each time interval
(Fig. 17; 130–18 ka, 18–12 ka, and 12 ka-present) to ensure that the
mass of sediment in each depositional area matched the mass of eroded
sediment from the contributing valleys. Within each depositional area,
we applied spatially uniform deposition rates, which yielded rates as
large as 8800 t km−2 yr−1. This corresponds to a change in surface
loading of 11.2 MPa, equivalent to the addition of 1.25 km of ice.

Elsewhere in the CSVZ, seismic surveys in several lakes reveal facies
interpreted to be the paleo-interface of lacustrine deposits and ice,
suggesting that lakes in the CSVZ pre-date the last glacial cycle (Heirman
et al., 2011; Van Daele et al., 2016). This implies that the lake basins
were likely filled with ice during glaciation and then filled with water
after glaciation. If so, then deglacial changes in load in the lake basins
should be associated with the replacement of ice with an equivalent
volume of water. This would generate a far smaller increase in load than
would have been generated if the lake basins had been empty before
filling with water. For example, given the maximum depth of Lago
Maihue (207 m; Rodríguez-López et al., 2024) and the 90 kgm−3 density
difference between water and ice, the maximum increase in load asso-
ciated with the replacement of ice by water in the Lago Maihue basin is
0.18 MPa (equivalent to ~20 m of ice), which is substantially smaller
than the estimated changes in load associated with erosion and

Fig. 16. Change in compressive horizontal normal stress in response to growth of the Mocho-Choshuenco volcano with depth beneath the center of the edifice, using
eq. 2.1 from Pinel and Jaupart (2000) with a Poissons’s ratio of 0.25. Curves reflect the total normal stress distribution accumulating over different time periods of
cone growth (from Moreno-Yaeger et al., 2024), including the penultimate post-glacial period of rapid cone growth (1.4 km3/kyr) from 130 to 100 kya (blue), 100
kya to present (~0.03 km3/kyr; red), and 300 kya to present (~0.3 km3/kyr; yellow).
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deposition elsewhere across the study area. Thus, for simplicity in our
simulations, we neglected changes in load associated with the replace-
ment of ice with water in the lake basins during deglaciation.

After constructing this sediment redistribution scenario, we used the
rates and patterns of erosion and deposition in Fig. 17 to compute
changes in crustal stresses in response to the imposed changes in surface
loading around Mocho-Choshuenco. The largest reductions in stress are
under the volcano flanks where erosion is fastest, while the largest in-
creases in stress are under floodplains where deposition is fastest
(Fig. 18). Changes in stress grow smaller in amplitude and laterally
smoother with depth, demonstrating that the largest changes in crustal
stress and the largest lateral gradients in changes in crustal stress are
nearest the surface. Over the duration of this sediment redistribution
scenario, the largest integrated stress changes at 2 km depth are no
larger than ~1.5 MPa in magnitude (Fig. 18D). These crustal stress
changes are small relative to those associated with the ice unloading
during deglaciation, which generated changes in crustal stress that
exceed 10 MPa in magnitude near the surface (Fig. 18).

Together, Fig. 17 and Fig. 18 illustrate how to account for sediment
redistribution on active volcanoes and how to compute crustal stress
responses to it, and thus provide a template for applying this approach to
volcanoes throughout the CSVZ and elsewhere. Future work using this
approach could benefit from field-derived measurements of erosion and
deposition rates (e.g., Schachtman et al., 2019), as well as model sim-
ulations that account for transient variations in physical and chemical
erosion rates (e.g., Ferrier and West, 2017), which could help identify
periods of rapid changes in crustal loading.

5.5. Modeling evolution of magma reservoirs of varied composition under
ice loading and unloading conditions

Open system magma chambers host a wide range of coupled non-
linear processes and consequently their response to variations in
external forcing, such as surface load changes, is complex. Our primary
modeling goal when considering the physical response of a magma

chamber to ice loading and unloading is to learn about the causality
between surface load changes and the thermo-mechanical conditions of
the chamber, specifically with respect to its eruption history. While the
stress changes caused by ice accumulation and loss are small compared
to the confining pressure at the depth of the subvolcanic magma
chambers (4–12 km), many factors associated with the evolving stress
state of the crust around the chamber caused by these loading/unload-
ing events can affect the evolution of the coupled magma chamber-host
crust system.

On a thermodynamic basis, the confining pressure changes caused by
ice loading are moderate in amplitude but can influence the partitioning
of volatiles (H2O and CO2) between the melt and an exsolved phase
(hereafter called magmatic volatile phase or MVP). Coonin et al. (2024)
illustrated that ice unloading can expedite gas exsolution, building up
pressure in the chamber, significantly increasing magma compressibility
and subsequently increasing the volume of magma erupted. On a me-
chanical basis, the confining pressure changes caused by ice loading and
unloading on the magma have a negligible influence over its physical
properties besides volatile partitioning. The mechanical response to
loading is primarily the stress changes in the crust and their effect on the
initiation and propagation of dikes. The spatial and temporal variations
of the stress field around the magma chamber and between the chamber
and the surface impact the critical overpressure required to initiate a
dike. Moreover, the stress field in the crust between the chamber and the
surface affects the growth of dikes, their shape and trajectory, and
therefore their ability to reach the surface and feed an eruption or stall in
the crust. While dike propagation will be discussed in more detail below,
we assume for now that whether a dike reaches the surface or stalls at
depth does not dramatically impact the physical evolution of the sub-
volcanic magma chamber. For simplicity, we consider all dikes sourced
from the shallow storage region to generate an eruption. This assump-
tion is revisited below.

Teasing out the causality between surface load changes and the
eruption history at a volcanic center, as well as the sensitivity of magma
chambers to ice loading cycles, requires a simplified approach where

Fig. 17. Estimates of erosion rates (blue) and deposition rates (red) around Mocho-Choshuenco from 130 ka to present. Summit is indicated by a yellow circle at
39.93◦S, 72.03◦W. Lakes are outlined in light gray lines in grayscale shaded topography. A. Estimates of erosion rates (blue) and deposition rates (red) around
Mocho-Choshuenco at 130–18 ka. B–C. As in panel A, but for 18–12 ka and 12 ka-present, respectively. D. Total change in load associated with erosion and
deposition from 130 ka to the present. Erosion is focused on the volcano flanks ~2–15 km of the summit, while deposition is focused in small areas farther from the
volcano, up to ~36 km from the summit. This implies that the net effect of sediment redistribution directly on the volcano is a reduction in crustal load.
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parametric analyses are possible within a framework that accounts for
the necessary processes to study possible feedbacks. We base our model
on the box model framework introduced by Jellinek and DePaolo (2003)
and expanded by Degruyter and Huber (2014) to analyze the thermal
and mechanical evolution of a subvolcanic magma chamber subjected to
magma recharge, hosting a multiphase magma (Fig. 19). Two notable
recent additions to the model include the presence of CO2 as a secondary
volatile species (Scholz et al., 2023) and the consideration of time-
dependent changes in confining pressure associated with ice unload-
ing (Coonin et al., 2024). Both are accounted for in the model results
(Fig. 20), but it is important to note that the unloading model proposed

in Coonin et al. (2024) is further modified here to account for both ice
loading and unloading phases.

As a thought experiment, we devise a series of simulations of magma
chambers undergoing an ice loading cycle to understand if conditions
exist where the eruptive history of the system mimics qualitatively the
features observed in Fig. 4, namely a drop in cumulative volume erupted
as the ice sheet grows followed by an increase in eruptive output soon
after the initiation of the unloading. The series of simulations discussed
here assume a greater confining pressure change than estimated in
Figs. 14 and 15 (15 MPa change at the depth of the chamber) that would
be consistent with a thick ice sheet covering the whole edifice.

Fig. 18. Map of rate of change in mean crustal stress at 2 km depth in response to erosion and deposition from 130 ka to present. A. Map of rate of change in mean
crustal stress at 2 km depth in response to erosion and deposition from 130 to 18 ka (Fig. 17A). Yellow circle indicates summit of Mocho-Choshuenco. B–C. As in
panel A, but in response to erosion and deposition at 18–12 ka and 12 ka to the present, respectively (Fig. 17B-C). D. Total change in mean crustal stress over 130 ka
to present. E-H. As in panels A-D, but at 6 km depth. I-L. As in panels A-D, but at 10 km depth. The largest reductions in stress are under the volcano flanks where
erosion is fastest, while the largest increases in stress are under valleys where deposition is fastest. Stress changes grow smaller in amplitude and laterally smoother
with depth, illustrating that the largest changes in crustal stress are nearest the surface.
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Moreover, we consider a case where the effective fracture toughness to
initiate and grow a dike from the magma chamber correlates with the
confining pressure because of anelastic effects near the crack tip as
suggested by Barenblatt (1962) and Rubin (1993). In that context, the
critical overpressure in the chamber required to initiate dikes increases
during periods of ice growth and decreases during unloading. Whereas
more work is required to establish whether this effect is relevant in the
present case and how large it may be, we consider here arbitrarily that
the maximum change in critical overpressure is 6 MPa. The evolution of
the confining pressure in the model starts from background confining
pressure (unglaciated), to growing ice load (transient increase in
confining pressure to a constant high confining pressure), transitioning
into a rapid decrease (ice unloading) back to background confining
values (bottom dashed line in Fig. 20a).

Our modeling predicts that requent eruptions take place in the
background state. In this particular instance, the magma is initially
undersaturated andMVP bubble exsolution only takes place consistently
after approximately 4000 years (Fig. 20 panel c). As ice loading pro-
ceeds, both the confining pressure and critical pressure for eruptions
increase, albeit the latter more than the former because of the assumed
increase in fracture toughness at higher confining pressure. The
increasing critical overpressure extends the period between eruptions up
to a point when the eruptions are suppressed for almost 5000 years.
During this quiescent stage, the magma chamber grows in mass and
volume. Once unloading starts, the critical pressure required to initiate a
dike decreases which facilitates the onset of new eruptions. These final
eruptions are significantly larger in volume than the ones before
loading, mostly because the magma chamber has grown during the high
confining pressure stand and because MVP bubbles render the magma
more compressible (Townsend et al., 2019). Overall, on a qualitative
basis, this mechanical response to ice loading leads to a cumulative mass
erupted (Fig. 20d) that resembles the growth of Mocho-Choshuenco,
Puyehue-Cordón Caulle and, to a lesser extent, Calbuco (Fig. 4).

In order to compare simulation outputs within which recharge,
magma chamber depth and volume differ, Degruyter and Huber (2014)
developed a regime diagram built of ratios of fundamental timescales
that control the evolution of magma chambers. These include the
timescale for magma chamber cooling τcool (time to cool a chamber of
volume V), the timescale for magma injection/recharge τinj (time to fully
replenish a magma chamber of volume Vwith a given recharge rate) and
the timescale of viscous relaxation τrel (time to transition from an elastic
to a viscous crustal response). These timescales were further com-
plemented by the addition of a timescale for surface load change by
Coonin et al. (2024), which is here, by choice, fixed for all runs and not
discussed further. The magma chamber scenarios that display a strong
modulation of the eruption history by surface load changes encompass
conditions for which τcool> τinj (recharge-driven eruptions are possible)
and τrel are barely greater than τinj. The latter condition is crucial, as it
means that the rate of pressurization by recharge is initially just large
enough before loading to overcome viscous relaxation of overpressure
by creep around the chamber. Finally, we find that cases where erup-
tions are not only suppressed at high surface load but the erupted mass
rate increases after unloading compared to the background state require
the chamber to be initially volatile undersaturated and exsolve MVP by
second boiling during the long repose during the period of high ice load.

It is important here to revisit some of the assumptions underlying this
thought experiment. We considered a larger change in confining pres-
sure at the depth of the magma chamber than those computed for the
volcanoes considered here. Moreover, we assumed that this change in
confining pressure directly impacted the critical overpressure required
to initiate a dike out of the magma chamber. In many ways we consid-
ered optimal conditions for load changes to affect the eruptive history of
these synthetic volcanic systems. Whereas we show under these most
favorable conditions that it is possible to obtain an eruptive output due
to loading changes that qualitatively resembles that of Mocho-

Choshuenco and Puyehue-Cordón Caulle, the required conditions are
narrow and define a very constrained sweet spot that these systems must
satisfy coincidentally before the LGM. While such a coincidence is not
impossible, it is unlikely, which suggests that other factors, not
accounted for in our model, play an important role andmust broaden the
range of conditions that generate these types of eruption histories.

One important factor not accounted for here is that the initiation of a
dike from a magma chamber does not necessarily lead to an eruption at
the surface. Dikes may arrest before reaching the surface either because
they are limited by source pressure and volume and/or because of
thermal (freezing) and mechanical barriers to propagation (e.g., stress
barriers). Townsend and Huber (2020) used a coupled magma chamber-
dike model to identify specific source conditions needed for chamber-fed
dikes to reach the surface before depleting the magma pressure and
volume from their source. Chambers below a critical volume and
compressibility will lose pressure faster than the dike can extend to the
surface. In addition, deep chambers or less buoyant magmas will require
even larger critical volumes to erupt at the surface. Considering these
factors would further narrow the conditions under which we expect to
observe a surface manifestation of a magma chamber’s response to ice
loading. Furthermore, while greater critical overpressures for dike
initiation might inhibit dike formation by causing τinj > τrel, chambers
reaching critical pressure (i.e. those that maintain τinj< τrel) during
loading will experience greater pressure for dike growth, potentially
leading to larger dike volumes with a higher chance of reaching the
surface. From this perspective, an increase in the critical overpressure
during periods of glaciation could for some cases result in a greater ratio
of magma extrusion to intrusion, contrary to observations at Mocho-
Choshuenco, Puyehue-Cordón Caulle, and Calbuco.

On the other hand, dike propagation is very sensitive to the state of
stress at the leading edges of the dike. Increasing compressive stresses
between the chamber and surface during ice loading could potentially
slow down or arrest the vertical growth of dikes and instead encourage
either stalling or lateral growth (Pinel and Jaupart, 2000, 2004). Upon
removal of these compressive stresses during ice unloading, dike ascent

Fig. 19. Illustration of the magma chamber model. The magma is assumed
homogeneous in the chamber, changes in the relative proportion of melt,
crystals and MVP are driven by conductive cooling to the surrounding crust and
is governed by the crystallinity-temperature and solubility curves (for H2O-CO2
mixtures), see Scholz et al. (2023) for details. Modified from Degruyter and
Huber (2014).
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would become more feasible (Wilson and Russell, 2020). This effect
would broaden the range of conditions conducive to the type of magma
chamber response depicted in Fig. 20, to include higher values of
τrel/τinj.

Mocho-Choshuenco and Puyehue-Cordón Caulle both exhibit ranges
of composition that change coevally with the end of the LGM, with silicic
magmas contributing more to the eruptive outputs after LGM (Figs. 4
and 5). Moreover, the composition of the magmas erupted is consistent
with the more silicic endmembers being generated through crystal
fractionation from mafic parent magmas, with moderate degrees of
assimilation (Jicha et al., 2007; Singer et al., 2008; Winslow et al., 2022;
Moreno-Yaeger et al., 2024). Can the hiatus or decline in eruption
during LGM play a role in the maturation of the magmas and, conse-
quently, the generation and extraction of more differentiated erupted
products?

Melt extraction from crystal mushes is dominated by a combination
of crystal settling and mush repacking (Bachmann and Huber, 2019).
The degree of differentiation required to generate the silicic endmember
components at Mocho-Choshuenco and Puyehue-Cordón Caulle is sig-
nificant and likely extends beyond what hindered crystal settling alone
can explain. Using the recent work by Florez et al. (2024a) where melt
extraction from mushes under compaction by repacking is calibrated by
phase separation experiments, Florez et al. (2024b) applied a model of
compaction by mush repacking to constrain the efficiency of high silica
melt extraction from cumulates at the Spirit Mountain batholith in

Nevada. They calculate an estimated time required to extract a given
volume of melt from a repacking mush driven solely by gravity (upper
bound estimate given that shear deformation can speed up the process).

We use the same approach to estimate the time it would take to
extract 5 km3 of silicic magma from the mushy part of the magma
chamber under Mocho-Choshuenco to produce the Neltume Tephra that
erupted ~3000 years after the LGM (Rawson et al., 2015, 2016; Moreno-
Yaeger et al., 2024). Assuming that the caldera footprint of the Neltume
eruption provides a good estimate for the areal extent of the magma
chamber we find that a melt-rich lens of 300–500 m thickness would
account for the volume of magma erupted. Repacking of the mush under
gravity alone would extract enough melt to fully account for the volume
erupted in 20–30 kyr (Florez et al., 2024b), which is an upper bound as
(1) some amount of melt extracted before the LGM was already present
and (2) stress changes around the chamber also induce deformation and
therefore speed up the repacking processes. Under these conditions it is
not surprising to see that incubation periods as long as 50 to 70 kyr at
Mocho-Choshuenco can lead to conditions amenable to the accumula-
tion of a silicic melt pool necessary to generate the rhyolitic Neltume
Tephra.

6. Evolution of volcanoes and their plumbing systems spanning
a glacial-interglacial cycle

To illustrate how field observations, geochronologic constraints, and

Fig. 20. Timeseries of magma chamber pressure (panel a), MVP volume fraction (panel c) and cumulative erupted mass (panel d) for a silicic magma chamber of
initially 30 km3 located at 9 km depth and containing initially 6 wt% H2O and 200 ppm CO2, subjected to a constant recharge rate of 2.5 × 10−3 km3/yr. Panel a
shows the magma pressure in the chamber through time, with dashed lines showing the confining pressure (bottom one) and critical pressure for eruptions (top one).
The background colors highlight the different phases in the loading evolution. The green shaded area covers the first 1000 years of magma chamber evolution at a
constant confining pressure (before ice loading). This phase serves as a background state for comparison to the subsequent eruption history. The stage highlighted in
purple reflects the increase in ice load over 3000 years, and it is followed by a stage of constant maximum ice load for 3000 years (in cyan) and a rapid unloading
phase (pink) spanning 1750 years (half of the loading time) before the background conditions are restored. Panel b shows a regime diagram of time-scales for 800
simulations (symbols) using the initial conditions for each simulation. Tcool is the magma chamber cooling time scale, Tinj is the recharge timescale and Trel is the
viscoelastic timescale of the crust (more information in the main text). Blue crosses refer to simulations that do not qualitatively agree with the cumulative eruptive
outputs shown for Mocho-Choshuenco and Puyehue in Fig. 4 and red circles are the simulations that do qualitatively agree.
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the modeling of ice sheet retreat, erosion and deposition, surface
loading, stress evolution within the crust, and magma reservoir behavior
may be used in an integrated manner to better understand the evolution
of magma plumbing systems, we discuss changes in magma storage
conditions and eruption rates spanning the last glacial-interglacial
transition at three CSVZ composite arc front volcanoes. As an initial,
first-order attempt at estimating pre-eruptive depths of magma extrac-
tion and storage, we employ a machine learning-based thermobar-
ometer for magmatic liquids (Weber and Blundy, 2024) that estimates
pressures and temperatures from themajor element compositions of lava
flows and tephra. Whereas the Weber and Blundy (2024) algorithm fa-
cilitates rapid surveys of thermobarometric conditions below specific
volcanoes, we also recognize that it is important to obtain estimates
from measurements of mineral-melt equilibria and via thermodynamic
modeling, particularly for more crystal-rich eruptive products. We note
that the more crystal-poor silicic eruptive products (>62 % SiO2)
characteristic of the target volcanoes meet the criteria for application of
the Weber and Blundy (2024) method. Ongoing work at the target
volcanoes (Fig. 2) aims to obtain mineral and melt-based pressure and
temperature estimates for comparison to the Weber and Blundy (2024)
estimates highlighted here. The examples from Puyehue-Cordón Caulle,
Mocho-Choshuenco, and Calbuco volcanoes highlight that each under-
lying magma plumbing system has responded differently to the rapid
retreat of the northernmost Patagonian ice sheet.

6.1. Volcán Puyehue-Cordón Caulle

Despite producing explosive-followed-by-effusive rhyolitic eruptions
of more than 1 km3 each in 1921–22, 1960, and 2011–12, constraints on
the longer-term evolution of the magma plumbing system beneath
Volcán Puyehue-Cordón Caulle are limited. Salient to our focus on po-
tential impacts that ice loading and unloading may play in modulating
volcanic outputs, Singer et al. (2008) show that after 300 kyr of erupting
mainly basaltic andesitic to andesitic (52–61 wt% SiO2) lava flows,
eruptive products including lavas flows and tephra become exception-
ally bimodal beginning at about 35 ka, and more so immediately
following the LGM (Figs. 5 and 21). On the Puyehue composite cone, a
stack of basaltic to basaltic andesitic (48–55 wt% SiO2) lava flows, first
recognized by Gerlach et al. (1988), crop out between dacitic lava flows
40Ar/39Ar dated at 14.9 ± 2.9 and 11.5 ± 1.1 ka. These ~13 ka basalts
erupted from vents within a km of younger rhyolitic lavas 40Ar/39Ar
dated at 6.9 ± 1.6 to 5.2 ± 2.4 ka comprising the southern rim of the
modern Puyehue summit crater (Singer et al., 2008). Trace element
compositions (K/Rb vs. Rb, and Dy/Yb vs. SiO2) suggest that the dacites
and rhyolites erupted from Puyehue volcano could be produced by
extensive fractional crystallization of a cumulate mineral assemblage
comprising hornblende, clinopyroxene, orthopyroxene, plagioclase, and
magnetite (Singer et al., 2008), despite the absence of amphibole in the
eruptive products. Projecting whole rock compositions from plagioclase
into the pseudoternary olivine-clinopyroxene-quartz system, Gerlach
et al. (1988) suggest that fractionation occurred at pressures of 200–500
MPa, equivalent to depths of about 7–17 km.

Hydrothermal phase equilibrium experiments (Castro et al., 2013),
mineral equilibrium and radar satellite geodesy-measured surface
deformation (Jay et al., 2014), and rhyolite-MELTS thermodynamic
models (Seropian et al., 2021) constrain the pressures of pre-eruptive
storage for the rhyolitic magma erupted from Cordón Caulle in 2011
to between 80 and 150 MPa, equivalent to about 3 to 7 km depth
(Fig. 21). Thermodynamic modeling suggests that the 1921–22 and
1960 rhyolitic eruptions from Cordón Caulle were sourced from similar
depths (Seropianet al., 2021). Rhyolite-MELTS thermodynamic models
are consistent with low pressure fractional crystallization of basaltic
andesite to produce the post-glacial rhyolites (Fig. 5). Volcán Puyehue
lies 8 km southeast from the 1960 and 2011–12 eruptive vents on
Cordón Caulle and it remains unclear whether or not the magma
plumbing system beteween these vents is connected at depth (Jay et al.,

2014; Seropian et al., 2021).
The Weber and Blundy (2024) thermobarometer has been employed

to gauge changes in magma extraction and storage depths over the 70
kyr period spanning the last glacial to post-glacial transition beneath
Puyehue-Cordón Caulle (Fig. 21). Whole rock (mineral + matrix) com-
positions are inferred to reflect depths where magma crystallization
begins; matrix glass compositions are inferred to reflect pre-eruptive
storage depths of eruptible melt (Weber and Blundy, 2024). Between
70 and 35 ka many basaltic andesitic magmas were extracted from
depths of about 16–25 km, and the andesitic and dacitic magmas from
about 9 to 12 km (Fig. 21). A conspicuously mingled lava flow,
40Ar/39Ar dated at 34 ka, attests to contact between deeply sourced
basaltic andesitic and shallower dacitic magma during the LGM
(Fig. 21). Rhyolitic eruptions, sourced mainly from depths of 5 to 7 km,
commenced at both Cordón Caulle and Puyehue during the period of
maximum intracrustal stress change, 18–15 ka. The shallow crystalli-
zation and storage of rhyolite suggested from the Weber and Blundy
(2024) thermobarometer is consistent with the experimental and ther-
modynamic estimates outlined above. Also, soon after the peak change
of crustal stress, basaltic magma from deep levels erupted along with the
more shallowly sourced rhyolitic magma (Fig. 21). Thus, a major shift in
the depth of sources for erupted magmas, and an increase in composi-
tional bimodality, is associated with the rapid drop in surface loading.
The basaltic lavas erupted at Puyehue are among the most MgO-rich in
the SVZ (Gerlach et al., 1988) and have a much wider range in 87Sr/86Sr
ratios than the previously or subsequently erupted rhyolites (Singer
et al., 2008), consistent with a deep crustal origin distinct from shal-
lower reservoirs. We hypothesize that the stress drop of about 5 MPa
enabled the Liquine Ofqui fault system (Fig. 2), on which the Puyehue
edifice sits, to become an efficient pathway for the ascent of basalt from
the lower crust (e.g., Watt et al., 2013; Chamberlain et al., 2024) and led
to an increase in the growth rate of the Puyehue edifice (Fig. 4).

Obtaining the compositions of key minerals from prehistoric lava
flows and tephra layers that are well-dated and span the range of com-
positions erupted during the last 70 kyr, in parallel with rhyolite-MELTS
modeling (e.g., Seropian et al., 2021), is clearly the next step to refining
the pressures at which magmas were stored during and after the last
glacial-interglacial transition and exploring in more detail how the
Puyehue-Cordón Caulle magma plumbing system responded to glacial
loading and unloading (Fig. 21).

6.2. Volcán Mocho-Choshuenco

The compositions of minerals including plagioclase, clinopyroxene,
orthopyroxene and amphibole, as well as modeling crystallization con-
ditions using the alphaMELTS thermodynamic phase equilibrium code,
have been used to estimate pressures of pre-eruptive magma storage for
a set of well dated lava flows and tephras at Mocho-Choshuenco (Fig. 5;
the findings will be reported elsewhere). These estimates suggest that
during the last 50 kyr pressures of pre-eruptive storage and crystalliza-
tion for both silicic and mafic magmas varied greatly between about 200
to 450 MPa (7 to 16 km depth). Notably, water-rich amphibole-bearing
dacitic to rhyolitic magmas erupted at 11.5 ka were extracted from a
reservoir 2 to 5 km deeper in the crust, ~12–14 km, than were earlier
erupted dacites. Holocene eruptions tapped relatively shallow magma
reservoirs at 7–11 km depth.

The above pressure estimates are reinforced and expanded upon by
those obtained using the Weber and Blundy (2024) thermobarometer
which suggests that most magmas crystallized in reservoirs between
about 7 and 16 km depth during the last 50 kyr (Fig. 21), with dacitic
and rhyolitic magma sourced from deeper crustal levels than at Puye-
hue-Cordón Caulle, but not as deep as andesitic magmas from Calbuco
(Fig. 21). Shortly following the unloading of the Patagonian ice sheet, at
11.5 ka, an explosive eruption of 5 km3 of rhyolitic Neltume Tephra left
behind a 3 km-wide summit caldera (Moreno-Yaeger et al., 2024). The
Neltume rhyolite magma began to crystallize at a depth of about 13 km,
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whereas the crystal-poor rhyolitic melt was extracted from this magma
and stored at 6 km depth prior to the caldera-forming eruption (Fig. 21).
The latter finding of shallow storage of rhyolitic melt is consistent with
rhyolite-MELTS thermodynamic models (Fig. 5). The output from the
Weber and Blundy (2024) thermobarometer thus suggests a vertically
extensive silicic reservoir produced the Neltume Tephra. Moreover, the
output suggests magma extraction from two separate depth regimes
both prior to, and following, the rapid drop in surface load of about 3 to
6 MPa. During the last 5 kyr, andesites erupted from small parasitic
vents on the flanks of Mocho-Choshuenco likely tapped into magma
reservoirs residing much deeper, 23–26 km, than any prior eruption
(Fig. 21). Thus, the most striking changes in the magma plumbing sys-
tem include the onset of abundant dacitic eruptions during the rapid
drop in surface load between 18 and 15 ka, and the deepening of magma
sources during post-glacial time. We hypothesize that surface loading
during growth of the Patagonian ice sheet led large volumes of magma to
pond, cool, and crystallize at depths of 13 to 19 km, where H2O-satu-
rated amphibole-bearing dacite magma formed. Rapid unloading may
have propelled extraction, ascent to 6 km depth, and exsolution of H2O
from the Neltume rhyolitic melt that pressurized the shallow magma
reservoir, leading to an explosive eruption and caldera collapse at 11.5
ka (Fig. 21). During the last 12 kyr, the volumetric eruption rate from
Mocho-Choshuenco has increased about 50-fold (Fig. 4), possibly in
response to the reduction in surface load.

6.3. Volcán Calbuco

In contrast to Mocho-Choshuenco and Puyehue-Cordón Caulle, Cal-
buco has erupted compositionally monotonous basaltic andesite and
andesite (53–61 wt% SiO2; Fig. 5). Mineral thermobarometry acquired
from lava flows, blocks, and bombs spanning the 96 ka eruptive history
of Volcán Calbuco (Fig. 4), including scoria from the 2015 eruption,
constrain magma storage and crystallization pressures to between about
210 and 460 MPa, corresponding to depths of about 8–17 km (Fig. 21;
Arzilli et al., 2019; Morgado et al., 2019a, 2019b; Namur et al., 2020;
Vander Auwera et al., 2021). This relatively deep level of crystallization
and ponding of mafic magma containing amphibole suggests melt H2O
contents greater than 5 wt% that, upon degassing, can stall magma
ascent (Rasmussen et al., 2022). From the thermobarometry survey of
only four samples, no shift in magma crystallization or storage condi-
tions that can be correlated with the glacial-interglacial transition is
discernable (Vander Auwera et al., 2021). However, using the Weber
and Blundy (2024) thermobarometer on whole rock lava and tephra
compositions that span the last 70 kyr of eruptions on Calbuco (Mixon
et al., 2021) we find that most basaltic andesitic to andesitic magma was
extracted from magma reservoirs between about 16 and 20 km depth.
However, during the Holocene, several basaltic andesite eruptions were
sourced from reservoirs as shallow as 6–7 km (Fig. 21). The post-glacial
period also coincides with a four-fold increase in the rate of eruptions

Fig. 21. Upper panels: whole rock lava and tephra compositions and tephra glass compositions from Mocho-Choshuenco, Puyehue-Cordón Caulle, and Calbuco
volcanoes are used in the Weber and Blundy (2024) machine-learning thermobarometer to estimate pressures (and depths assuming crustal density of 2.7 g/cm3) of
magma extraction (whole rocks) or storage (glass). Ages of lava and tephra samples from Calbuco are in Mixon et al. (2021), from Puyehue-Cordón Caulle these are in
Singer et al. (2008), Naranjo et al. (2017), and Alloway et al. (2022), and from Mocho-Choshuenhco they are in Moreno-Yaeger et al. (2024). Ages from several lava
samples are inferred from stratigraphic positions relative to lavas from which 40Ar/39Ar ages have been obtained. Vertical gray bars show range of pressures esti-
mated in sources from the literature discussed in the text. For Calbuco this includes four samples spanning the 70 kyr period, from Puyehue-Cordón Caulle the 3–7 km
depth range is from experimental and thermodynamic constraints on historical rhyolites. P denotes two small parasitic cones on Mocho-Choshuenco, CC denotes pre-
historic rhyolite from Cordón Caulle with compositions identical to those from Puyehue. Lower panels: Mean stress changes at depth from the ice sheet-surface
loading models for areas surrounding each of the three volcanoes discussed in the text and illustrated in Fig. 15. The black and white boxes schematically illus-
trate the positions of prominent magma reservoirs that fueled eruptions prior to, and following, the period of peak intracrustal stress change between 18 and 15 ka
(the yellow vertical bands denoted ΔPmax reflect stress drops illustrated in Fig. 14).
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and cone growth (Fig. 4). We posit that divergence toward coeval deeper
and shallower magma reservoirs and the uptick in eruptive frequency
and cone growth rate the reflect the intracrustal stress drop of only about
2 MPa on a water-saturated basaltic andesitic magma that is recharged
with mantle-derived melts at an exceptionally high rate (Mixon et al.,
2021). The magma chamber model suggests that a high rate of magma
recharge is offset by high rates of both magma cooling and viscous
relaxation of the crust, suggesting a relatively cool geotherm situated
beneath Calbuco.

7. Conclusions and future prospects

Addressing the mechanics and dynamics of ice sheet-arc magma
plumbing system interactions at a regional-to-local scale is propelling us
to a more granular, and physically realistic, understanding of what the
volcanic record may be telling us about its responsiveness to glaciation.
This effort benefits from a synthesis of existing and new field observa-
tions, laboratory measurements, and numerical simulations. Advances
in 40Ar/39Ar radioisotopic and 3He surface exposure geochronology, in
conjunction with geologic mapping, permit reconstructions of volcanic
eruptive histories spanning a glacial-deglacial cycle and in places can
provide constraints on the thickness of ice at particular times. In parallel,
existing and newly developed thermobarometers that constrain magma
crystallization and storage depths can be applied to eruptive products
spanning a glacial-deglacial transition, such that secular changes in
magma eruptibility can be interpreted in light of intracrustal stress
changes associated with glacial loading and unloading. The magnitude
and geometry of the surface loading and unloading are captured in a
numerical simulation of regional ice sheet retreat. We have found that
rates and patterns of crustal loading and unloading based on estimates of
erosion and deposition on and around volcano surfaces, and due to
volcanic cone growth, are overwhelmed by the unloading due to ice
retreat. Thus, the loading/unloading history due to ice retreat is central
to the design of numerical simulations of magma reservoir responses to
intracrustal stress changes beneath the volcanoes.

A simulation of retreat of the northernmost Patagonian ice sheet
from 22 ka to the present that uses climate model input is remarkably
consistent with empirical reconstructions that rely principally on the
positions of dated glacial deposits marginal to the ice sheet. The nu-
merical model simulates spatially and temporally heterogeneous
changes in ice thickness, ice retreat velocity, and deglaciation age, each
of which are critical to estimating changes in surface loading on the
volcanoes of interest (Figs. 12 and 13). The numerical simulation sug-
gests a southerly shift in moisture-carrying westerly winds likely
contributed to the spatially heterogeneous deglaciation. Local ice sheet
thicknesses of 1300 to 1900 m around the flanks of several composite
volcanoes predicted by the numerical simulation are also supported by
the observation of a ‘bathtub ring’ deposit of granitoid glacial erratic
boulders (Fig. 8), as well as several precisely 40Ar/39Ar-dated lava-ice
contact features (Fig. 7).

In support of geologic maps of composite continental arc volcanoes,
modern 40Ar/39Ar, 14C, and 3He dating of eruptive products, including
both lava flows and tephra deposits, can be sufficiently numerous and
precise to reveal changes in eruptive rates during the past 100 kyr. The
resulting chronostratigraphic constraints facilitate more accurate re-
constructions of erosion of these composite edifices. At three volcanoes
in the Andean CSVZ new geochronology reveals that rates of eruption
and cone growth increased significantly during, or shortly after, the
LGM. Notably, at Mocho-Choshuenco and Puyehue volcanoes, the up-
tick in eruptions follows the LGM by 1 to 3 kyr, whereas at Calbuco
eruption rate increased at about 25 ka (Figs. 4 and 6), perhaps reflecting
its position near the western limit of the Patagonian ice sheet (Fig. 2)
where glacier thinning may have progressed a few kyr earlier than at the
other volcanoes (Figs. 13 and 15). Moreover, periods of much lower
growth rate preceded these syn- to post-LGM increases (Fig. 4). This may
reflect the thermo-mechanical responses of upper crustal magma

reservoirs that limit eruptions under conditions of maximum ice loading,
but favor eruptions upon relatively rapid removal of the ice load. Our
numerical magma chamber model suggests that this behavior may
reflect a delicate balance between the timescale of viscous relaxation of
surrounding crustal rocks, the rate of magma recharge from depth and,
importantly, the effect of shallow crustal stress change on dike propa-
gation (Fig. 20).

7.1. Outstanding issues

Ongoing work in the CSVZ is focused on improving the eruptive
chronologies for several additional volcanoes, as well as cosmogenic
dating of the duration of surface exposure of bedrock in several vertical
profiles and on moraines east of the Andes (Romero et al., 2024). The
surface exposure dating will be used to validate and refine the numerical
ice sheet simulation for this region. Further work is needed to better
establish how the simulated climate from TraCE-21 ka compares with
proxy records (e.g., Moreno et al., 1999, 2015, 2018), which also may
entail renewed efforts to produce proxy records of deglacial temperature
and precipitation change. Improvements in the ice retreat model will, in
turn, help improve the resolution of the surface loading model around
the composite volcanoes of interest. Locating and dating many addi-
tional glaciovolcanic features promises further geologic constraints on
ice sheet configuration. Field-based measurements of paleo-erosion and
deposition rates are useful targets for improving constraints on the
crustal loading history associated with sediment redistribution. Incor-
porating the latter changes in surface mass into the crustal stress
modeling is another important goal.

Improving eruptive chronologies from additional volcanoes will
provide additional information useful to refining the magma chamber
model. Measurements of mineral compositions in key eruptive products
spanning the last 70 kyr will facilitate application of several mineral-
melt thermobarometers that, in parallel with rhyolite-MELTS thermo-
dynamic modeling, will refine our current constraints on depths of
magma crystallization and pre-eruptive storage from the Weber and
Blundy (2024) thermobarometer.

Future work to improve our surface loading model will also focus on
better constraining complex bedrock topography, which is key to un-
derstanding dike ascent. Moreover, accounting at higher spatial reso-
lution for mass loading due to volcano growth, caldera collapse, or flank
collapse, in parallel with ice loading/unloading, will improve models of
subvolcanic stress evolution. From a trans-crustal plumbing system
perspective, it will also be important to accommodate the rheological
complexity of melts, mushes, and crustal rocks that vary with depth.

7.2. Implications for a habitable planet

Our findings thus far suggest that intracrustal stress relaxation
associated with rapid deglaciation may propel 2–50 fold increases in the
eruptive fluxes that are sustained over periods of several kyr at large
composite continental arc front volcanoes (Fig. 4). Although difficult to
quantify, the CO2 concentrations of arc magmas can be up to 1.0 wt% at
depths of crystallization and storage (Wallace et al., 2015). The amount
of CO2 flux emitted to the atmosphere from eruptions of subaerial vol-
canoes in magmatic arcs, hotspots, and rifts is estimated to be about 1.8
× 1012 mol/yr, or about 2 Tg of CO2/yr, and is comparable to that of the
output from the entire mid-ocean ridge sytstem (Fischer, 2008; Fischer
et al., 2019). Although this current rate of CO2 contributed by subaerial
eruptions is only ~5% of that emitted annually by the annual burning of
fossil fuels at about 35 Tg of CO2/yr (Gerlach, 2011), rapid deglaciation
might be expected to increase atmospheric CO2 concentrations over
periods of several kyr on top of the anthropogenic addition, and thus
contribute in a non-trivial way to longer term global warming. We
anticipate that the example we have illustrated from the Andean SVZ
and northernmost Patagonian ice sheet retreat will stimulate further
work to characterize more quantitatively the impacts of ice sheet
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loading and retreat on several other continental magmatic arcs, for
example in Kamchatka, Hokkaido/Japan, the Alaskan Peninsula, and
the Cascades, as well as within intraplate settings such as northern
British Columbia (Edwards et al., 2020).

The magma chamber model developed here builds off one developed
specifically to address the impact of subglacial volcanism in Antarctica
(Coonin et al., 2024). The West Antarctic Ice Sheet (WAIS) is more
susceptible to climate change, and thus more capable of contributing to
sea level rise in the near future, than the remainder of ice sheets in
Antarctica. It sits atop more than 100 topographic structures tentatively
identified as volcanoes associated with the West Antarctic Rift System
(van Wyk de Vries et al., 2018). Future thinning of the WAIS as atmo-
spheric temperature increases could reduce crustal stresses on the un-
derlying volcanic plumbing systems with the possibility of creating a
feedback such that increasing rates of eruption could enhance ice sheet
thinning via melting at the base of the ice (Coonin et al., 2024). More-
over, we anticipate that the field, laboratory, and modeling approaches
we have presented here may prove useful in evaluating the contributions
of continental arc magmatism to CO2 outputs and climate changes over
the last several hundred million years (e.g., Ratschbacher et al., 2019).

The increase in eruption frequency and rates of cone growth
following the LGM in the CSVZ has led to widespread distribution of
unconsolidated tephra deposits and oversteepened cliffs of lava flows on
steep slopes through the landscape in Fig. 1b. In the context of a
warming climate associated with more frequent and intense rainfall
events (e.g., Towhata et al., 2021), many of these tephra deposits are
unstable and can fail causing far-traveling landslides or debris flows (e.
g., Somos-Valenzuela et al., 2020; Fustos-Toribio et al., 2021). Thus,
widespread retreat of edifice-buttressing ice masses coupled with
increased post-glacial volcanic output along the CSVZ may be a
contributing factor in destabilizing volcanic massifs and significantly
increasing the risk of mass flow inundation around many of these
volcanoes.
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Freshwater diatom evidence for Southern Westerly Wind evolution since ~18 ka in
northwestern Patagonia. Quat. Sci. Rev. 316, 108231.

Doll, P., Eaves, S.R., Kennedy, B.M., Blard, P.H., Nichols, A.R.L., Leonard, G.S.,
Townsend, D.B., Cole, J.W., Conway, C.E., Baldwin, S., Fénisse, G., 2024.
Cosmogenic 3He chronology of postglacial lava flows at Mt. Ruapehu, New Zealand.
Geochronology 6, 365–395. https://doi.org/10.5194/gchron-6-365-2024.

Edwards, B.R., Russell, J.K., Jicha, B., Singer, B.S., Dunnington, G., Jensen, R., 2020. A 3
million year record of volcanism and glaciation in northern British Columbia,
Canada. Geol. Soc. Am. Spec. Pap. 548, 231–258.

Eksinchol, I., Rudge, J.F., Maclennan, J., 2019. Rate of melt ascent beneath iceland from
the magmatic response to deglaciation. Geochem. Geophys. Geosyst. 20, 2585–2605.

Ferrier, K.L., West, N., 2017. Responses of chemical erosion rates to transient
perturbations in physical erosion rates, and implications for relationships between
chemical and physical erosion rates in regolith-mantled hillslopes. Earth Planet. Sci.
Lett. 474, 447–456.

Ferrier, K.L., Huppert, K.L., Perron, J.T., 2013a. Climatic control of bedrock river
incision. Nature 496, 206.

Ferrier, K.L., Perron, J.T., Mukhopadhyay, S., Rosener, M., Stock, J.D., Huppert, K.L.,
Slosberg, M., 2013b. Covariation of climate and long-term erosion rates across a
steep rainfall gradient on the Hawaiian island of Kaua ‘i. Geol. Soc. Am. Bull. 125,
1146–1163.

Ferrier, K.L., Austermann, J., Mitrovica, J.X., Pico, T., 2017. Incorporating sediment
compaction into a gravitationally self-consistent model for ice age sea-level change.
Geophys. J. Int. 211, 663–672.

Fischer, T.P., 2008. Fluxes of volatiles (H2O, CO2, N2, Cl, F) from arc volcanoes.
Geochem. J. 42, 21–38.

Fischer, T.P., Arellano, S., Carn, S., Aiuppa, A., Galle, B., Allard, P., Lopez, T.,
Shinohara, H., Kelly, P., Werner, C., Cardellini, C., 2019. The emissions of CO2 and
other volatiles from the world’s subaerial volcanoes. Sci. Rep. 9, 18716.

Florez, D., Huber, C., Hoyos, S., Pec, M., Parmentier, E.M., Connolly, J.A.D., Hirth, G.,
2024a. Repacking in compacting mushes at intermediate melt fractions: constraints
from numerical modeling and phase separation experiments on granular media.
J. Geophys. Res. Solid Earth 129, e2024JB029077. https://doi.org/10.1029/
2024JB029077.

Florez, D., Huber, C., Bachmann, O., Sigworth, A., Claiborne, L., Miller, C., 2024b.
Repacking-Driven Compaction in the Spirit Mountain Batholith, Southern Nevada.
https://d197for5662m48.cloudfront.net/documents/publicationstatus/203280/p
reprint_pdf/ba7e21e4ea8e5d64cb0f7f6758198da8.pdf.

Fontijn, K., Lachowycz, S.M., Rawson, H., Pyle, D.M., Mather, T.A., Naranjo, J.A.,
Moreno-Roa, H., 2014. Late Quaternary tephrostratigraphy of southern Chile and
Argentina. Quat. Sci. Rev. 89, 70–84. https://doi.org/10.1016/j.
quascirev.2014.02.007.

Fontijn, K., Rawson, H., Van Daele, M., Moernaut, J., Abarzúa, A.M., Heirman, K.,
Bertrand, S., Mather, T.A., De Batist, M., Naranjo, J., Moreno, H., 2016.
Synchronisation of sedimentary records using tephra: a postglacial
tephrochronological model for the Chilean Lake District. Quat. Sci. Rev. 137,
234–254. https://doi.org/10.1016/j.quascirev.2016.02.015.

Fustos-Toribio, I.J., Morales-Vargas, B., Somos-Valenzuela, M., Moreno-Yaeger, P.,
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Grande de Chiloé (43 S) since the Last Glacial Maximum, northwestern Patagonia.
Quat. Sci. Rev. 90, 143–157.

Pinel, V., Jaupart, C., 2000. The effect of edifice load on magma ascent beneath a
volcano. Philos. Trans. R. Soc. London, Ser. A 358 (1770), 1515–1532.

Pinel, V., Jaupart, C., 2004. Magma storage and horizontal dyke injection beneath a
volcanic edifice. Earth Planet. Sci. Lett. 221 (1–4), 245–262.

Porter, S.C., 1981. Pleistocene Glaciation in the Southern Lake District of Chile. Quat.
Res. 16, 263–292. https://doi.org/10.1016/0033-5894(81)90013-2.

Putirka, K.D., 2008. Thermometers and Barometers for volcanic systems. Rev. Mineral.
Geochem. 69, 61–120. https://doi.org/10.2138/rmg.2008.69.3.

Putirka, K.D., 2016. Amphibole thermometers and barometers for igneous systems and
some implications for eruption mechanisms of felsic magmas at arc volcanoes. Am.
Mineral. 101, 841–858.

Putirka, K.D., 2017. Down the crater: where magmas are stored and why they erupt.
Elements 13 (1), 11–16.

Rampino, M.R., Self, S., Fairbridge, R.W., 1979. Can rapid climate change cause volcanic
eruptions? Science 206, 826–829. https://doi.org/10.1126/science.206.4420.826.

Rasmussen, D.J., Plank, T.A., Roman, D.C., Zimmer, M.M., 2022. Magmatic water
content controls the pre-eruptive depth of arc magmas. Science 375 (6585),
1169–1172.

Ratschbacher, B.C., Paterson, S.R., Fischer, T.P., 2019. Spatial and depth-dependent
variations in magma volume addition and addition rates to continental arcs:
application to global CO2 fluxes since 750 Ma. Geochem. Geophys. Geosyst. 20,
2997–3018.

Rawson, H., Naranjo, J.A., Smith, V.C., Fontijn, K., Pyle, D.M., Mather, T.A., Moreno, H.,
2015. The frequency and magnitude of post-glacial explosive eruptions at Volcán
Mocho-Choshuenco, southern Chile. J. Volcanol. Geotherm. Res. 299, 103–129.
https://doi.org/10.1016/j.jvolgeores.2015.04.003.

Rawson, H., Pyle, D.M., Mather, T.A., Smith, V.C., Fontijn, K., Lachowycz, S.M.,
Naranjo, J.A., 2016. The magmatic and eruptive response of arc volcanoes to
deglaciation: insights from southern Chile. Geology 44, 251–254. https://doi.org/
10.1130/G37504.1.

Ridolfi, F., Renzulli, A., Puerini, M., 2010. Stability and chemical equilibrium of
amphibole in calc-alkaline magmas: an overview, new thermobarometric
formulations and application to subduction-related volcanoes. Contrib. Mineral.
Petrol. 160, 45–66.

Rocchi, I., Tomassini, A., Masotta, M., Petrelli, M., Ágreda López, M., Rocchi, S., 2024.
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