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ABSTRACT

Mocho-Choshuenco  volcano  (39.9°S,
72.0°W) produced ~75 explosive eruptions
following retreat of the >1.5-km-thick Pata-
gonian Ice Sheet associated with the local Last
Glacial Maximum (LGM, from 35 to 18 ka).
Here, we extend this record of volcanic evolu-
tion to include pre- and syn-LGM lavas that
erupted during the Pleistocene. We establish
a long-term chronology of magmatic and vol-
canic evolution and evaluate the relationship
between volcanism and loading/unloading
of the Patagonian Ice Sheet via twenty-four
YOAr/PAr and two 3He age determinations
integrated with stratigraphy and whole-rock
compositions of lava flows and glass compo-
sitions of tephra. Our findings reveal that
the edifice is much younger than previously
thought and preserves 106 km? of eruptive
products, of which 50% were emplaced im-
mediately following the end of the penultimate
glaciation and 20% after the end of the LGM.
A period of volcanic inactivity between 37 and
26 ka, when glaciers expanded, was followed
by the eruption of incompatible element-rich
basaltic andesites. Several of these syn-LGM
lavas dated between 26 and 16 ka, which crop
out at 1500-1700 m above sea level, show ice
contact features that are consistent with em-
placement against a 1400- to 1600-m-thick
Patagonian Ice Sheet. Small volume dacitic
eruptions and two explosive rhyolitic erup-
tions dominate the volcanic output from 18
to 8 ka, when the Patagonian Ice Sheet began
to retreat rapidly. We hypothesize that in-
creased lithostatic loading as the Patagonian
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Ice Sheet grew prohibited dike propagation,
thus stalling the ascent of magma, promot-
ing growth of at least three discrete magma
reservoirs, and enhancing minor crustal as-
similation to generate incompatible element-
rich basaltic andesitic to dacitic magmas that
erupted between 26 and 17 ka. From an ad-
jacent reservoir, incompatible element-poor
dacites erupted from 17 to 12 ka. These lava
flows were followed by the caldera-forming
eruption at 11.5 ka of 5.3 km? of rhyolite
from a deeper reservoir atop which a silicic
melt lens had formed and expanded. Subse-
quent eruptions of oxidized dacitic magmas
from the Choshuenco cone from 11.5 to 8 ka
were followed by andesitic to dacitic erup-
tions at the more southerly Mocho cone, as
well as small flank vent eruptions of basaltic
andesite at 2.5 and 0.5 ka. This complex his-
tory reflects a multi-reservoir plumbing sys-
tem beneath Mocho-Choshuenco, which is
characterized by depths of magma storage,
oxidation states, and trace element compo-
sitions that vary over short periods of time
(<2 k.y.).

INTRODUCTION

The processes by which transcrustal magma
plumbing systems are destabilized to promote
potentially dangerous volcanic eruptions may
be propelled by either internal or external forces
(Cashman et al., 2017). Examples of internal
forcing mechanisms include fractional crystalli-
zation to overcome neutral buoyancy, exsolution
of volatiles that expands and lowers the density
of magma, crustal assimilation, mingling and
mixing of magmas, and dissolution of crystals
(e.g., Pallister et al., 1992; Singer et al., 2016;
Huber et al., 2019; Townsend and Huber, 2020;
Caricchi et al., 2021; Townsend, 2022). Exter-
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nal forcing can reflect seismically induced stress
changes (Yokoyama, 1988; Hill et al., 2002;
Manga, 2007; Avouris et al., 2017; Sawi and
Manga, 2018; Caricchi et al., 2021), hydrother-
mal alteration (Cashman et al., 2017), sea-level
rise and fall (Satow et al., 2021; Jicha et al.,
2023), edifice failure via landslide or debris
avalanche (McGuire, 1996; Hora et al., 2007,
Goubhier and Paris, 2019; Belousov et al., 2020),
and surface loading and unloading via growth
and decay of ice sheets or glaciers (Edwards
et al., 2002; Jellinek et al., 2004; Huybers and
Langmuir, 2009; Watt et al., 2013; Rawson
et al., 2016a).

Owing to the slow growth of the Patagonian
Ice Sheet to >1.5 km in thickness (Davies et al.,
2020; Cuzzone et al., 2024) between ca. 35 and
18 ka during the local Last Glacial Maximum
(LGM; Denton et al., 1999) and its rapid retreat
between 18 and 15 ka (Moreno et al., 2015;
Alloway et al., 2022), it has been proposed that
volcanoes within the Andean Southern Volca-
nic Zone are ideal candidates for investigating
the role of ice sheet loading and unloading on
magma plumbing systems (Watt et al., 2013).
Particularly, the eruptive history of the Mocho-
Choshuenco Volcanic Complex (here Mocho-
Choshuenco) has been interpreted to reflect a
strong response following deglaciation. Based
on the post-LGM tephra record, Rawson et al.
(2016a) proposed a model of changes in the
eruptive rates and compositions of magmas
in the transcrustal magma plumbing system
beneath Mocho-Choshuenco volcano. Rawson
etal.’s (2016a) three-phase model includes: large
eruptions of long-stored, SiO,-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 (Phase 2), culminating in an uptick in
rate and andesitic activity during the past 2.4
k.y. (Phase 3). The ~5 k.y. lag after the LGM
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could imply a slow relaxation of stress within
the crust, reflecting a protracted viscoelastic
response (Jellinek et al., 2004) or an incomplete
post-LGM volcanic record owing to erosion or
lack of preservation of tephra during the initial
retreat of ice between 18 and 16 ka (Fontijn
et al., 2014; Rawson et al., 2016a). Notably, this
model is based solely on postglacial tephra and
does not account for the effusive eruptions of
lava flows that occurred throughout the history
of Mocho-Choshuenco including prior to, dur-
ing, and after the LGM.

Investigating the response of ice loading and
unloading at continental arc volcanoes is chal-
lenging due to the potential biased preservation
of the eruptive products and limited precision of
geochronometers (Conway et al., 2023). How-
ever, advances in “°Ar/*Ar dating of Pleistocene
to Holocene lava flows (e.g., Singer et al., 2008;
Wijbrans et al., 2011; Andersen et al., 2017;
Conway et al., 2018; Preece et al., 2018; Mar-
tinez et al., 2018; Mixon et al., 2021; Klug et al.,
2022) and 3He surface exposure dating of Holo-
cene lavas (e.g., Fenton and Niedermann, 2014;
Parmelee et al., 2015) offer powerful means for
extending beyond, and building upon, the radio-
carbon-dated post-LGM tephra record to address
the long-term evolution of large composite vol-
canoes. Establishing such longer term records
for the growth of Andean Southern Volcanic
Zone volcanoes is key to: (1) tracking changes,
if any, in processes operating internally within
the transcrustal plumbing system; (2) determin-
ing whether magma reservoirs of a particular
composition are more susceptible to destabi-
lization via glacial loading and unloading; (3)
estimating cumulative eruptive volumes and
changes in eruptive rate; (4) modeling erosion
rates; and (5) better assessing future volcanic
hazards. Moreover, dating lava-ice interactions
at higher elevations on composite volcanoes can
provide spatiotemporal constraints on the extent
and thickness of glaciers and the enveloping ice
sheet (e.g., Edwards et al., 2002; Conway et al.,
2015; Smellie and Edwards, 2016; Mixon et al.,
2021; Harris et al., 2023).

Here, we expand upon previous dating efforts
at Mocho-Choshuenco (Moreno and Lara,
2007; Rawson et al., 2015) via twenty-four new
4OAr/*Ar and two *He age determinations of pre-,
syn- and post-LGM lavas and proximal tephras.
Moreover, we correlate effusive products with
tephras previously defined using glass chemistry
and magnetite-ilmenite oxybarometry by Raw-
son et al. (2015). To constrain the evolution of
the magma plumbing system through time and
explore possible impacts of glacial loading and
unloading, we couple the chronology with 113
whole-rock major and trace element composi-
tions and more than 200 glass shard composi-
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tions. Ice contact features suggest that syn-LGM
lavas that erupted between 26 and 18 ka flowed
against a 1400- to 1600-m-thick Patagonian
Ice Sheet surrounding the edifice. Our results
show that Mocho-Choshuenco is much younger
than previously thought, with mafic eruptions
occurring since the beginning of cone growth
at ca. 300 ka into the recent (A.D. 1864), but
also that silicic magmas erupted voluminously
only between 18 and 8 ka, including an ~5 km?
rhyolitic tephra associated with the collapse of
a 3.5-km-wide summit caldera at 11.5 ka. Con-
trasts in the oxidation state and major and trace
element composition of magmas that erupted
over a short period time (<2 k.y.) suggest a com-
plex architecture within the magma plumbing
system with multiple reservoirs, some of which
were sensitive to ice loading and unloading, and
others less so.

GEOLOGIC SETTING

Mocho-Choshuenco is a composite volcano
covering 250 km?, comprising 106 km? at 39.9°S
in the Los Rios region of the Andean Southern
Volcanic Zone of Chile, ~730 km south of San-
tiago (Fig. 1; SERNAGEOMIN, 2020), with
potentially active vents <10 km from heavily
visited tourist towns (Fig. 2). The Andean South-
ern Volcanic Zone reflects subduction of the
Nazca plate beneath the South American plate at
7-9 cm/yr (Somoza, 1998; DeMets et al., 2010;
Fig. 1). The 1200-km-long Liquifie-Ofqui Fault
System and Andean Transverse Faults have been
interpreted to control the location and transport
of magma beneath some of the composite vol-
canoes and several minor monogenetic cones
in the Andean Southern Volcanic Zone (Lépez-
Escobar et al.,, 1995; Cembrano and Lara,
2009; Pérez-Flores et al., 2016; Hickey-Vargas
et al., 2016).

Mocho-Choshuenco is located 10 km west
of the Liquifie-Ofqui Fault System and com-
prises the main NW-SE-aligned Mocho and
Choshuenco edifices, as well as 40 minor erup-
tive centers on its flanks (Fig. 2). The current
Mocho cone reaches an elevation of 2422 m
above sea level (masl) and is capped by the
Mocho glacier, both of which are primarily
within an ~3.5-km-diameter caldera (Fig. 3) that
is hypothesized to be younger than 60 ka in age
by Moreno and Lara (2007). The Choshuenco
edifice reaches 2415 masl. The volcanic com-
plex overlies Paleozoic granitoids and metamor-
phic rocks (Moreno and Lara, 2007), which are
locally intruded by Mesozoic granitoids that are,
in turn, intruded and overlain by Miocene plu-
tons and Oligocene-Miocene metasedimentary
rocks, respectively (Di Biase, 1976; McMillan
et al., 1989; Rodriguez et al., 1999; Moreno and
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Lara, 2007). The northern Patagonian region
has been impacted by at least two major gla-
cial-deglacial cycles during the past 150 k.y.
These include: (1) the transition from the penul-
timate glaciation of marine isotope stage (MIS)
6 between 191 and 130 ka into the interglacial
period of MIS 5 from 130 to 80 ka, and (2) the
local LGM between ca. 35 and 18 ka and the
post-LGM deglaciation that was nearly complete
by 15 ka (Moreno et al., 2015; Alloway et al.,
2022; Cuzzone et al., 2024). Although evidence
supporting an advance of the Patagonian Ice
Sheet during MIS 4 between ca. 71 and 57 ka
has been discovered farther south along the Strait
of Magellan (Peltier et al., 2021), it remains
unclear how significant this advance might have
been in northern Patagonia, including at Mocho-
Choshuenco volcano.

The eruptive history of Mocho-Choshuenco
has traditionally been subdivided into eight
units (Mocho 1, 2, 3, 4, and 5; Choshuenco 1
and 2; and the Secuencia Pirocléstica units;
Moreno and Lara, 2007). The eleven “°Ar/*Ar
ages reported by Moreno and Lara (2007) have
relatively large uncertainties, and the supporting
isotopic data and laboratory procedures are not
reported, which makes it difficult to evaluate the
accuracy of their chronostratigraphy. Moreno
and Lara (2007) suggest that cone growth began
with basaltic andesitic to andesitic lavas from
350 to 100 ka (Mocho 1 and 2 and Choshuenco
1 units), followed by andesitic to dacitic lavas
from 100 ka to the present (Mocho 3, 4, and 5,
and Choshuenco 2 units). The Secuencia Piro-
clastica (Pyroclastic Sequence) comprises ~75
post-LGM tephras that range in composition
from basaltic andesite to rhyolite (52-73 wt%
SiO,; Rawson et al., 2015; Table 1). The most
voluminous eruption is the 5.3 km? Neltume
rhyolite (11.5 ka), which accounts for 27% of
the total post-LGM eruptive volume. Alloway
et al. (2022) recently identified the MC2 tephra
(Rawson et al., 2015) 85 km south of Mocho-
Choshuenco, which suggests that this rhyolitic
eruption was larger than previously estimated.

Holocene eruptive products on the flanks of
Mocho-Choshuenco include the basaltic andes-
itic to andesitic (53.4-60.8 wt% SiO,) Alto Cau-
nahue and Ranquil cones (Fig. 2). The Grupo Fui
and Volcanes Chanchdn are a series of mono-
genetic cones located on the far northeastern
flank of Mocho-Choshuenco (Moreno and Lara,
2007; Gardeweg and Sellés, 2012; Rawson et al.,
2016b; Fig. 2). They have erupted magmas that
are compositionally distinct from calc-alkaline
Mocho-Choshuenco products (Rawson et al.,
2016b; Mallea-Lillo et al., 2022). These monoge-
netic eruptions likely exploit the Liquifie-Ofqui
Fault System as a conduit and thus are not associ-
ated with the magma plumbing system beneath
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Figure 1. (A) Location map of Andean Southern Volcanic Zone (SVZ) arc front volcanoes, and Mocho-Choshuenco, within Chile showing
margin of the Patagonian Ice Sheet at the Last Glacial Maximum (LGM, 18 ka). (B) Enlargement of red box in panel A. Yellow lines: mo-
raines deposited between 23 and 17.8 ka, which impound large proglacial lakes; those marked 18 ka are associated with many “C dates.
Black stars indicate locations of frontal arc volcanoes: Villarrica, Puyehue-Cordon Caulle (here we refer only to Puyehue stratocone),
Antillanca, Mocho-Choshuenco, Calbuco, and Osorno. White arrows indicate major outlet glacial lobes of the Patagonian Ice Sheet, which
followed throughgoing valleys (panel B is modified from Davies et al., 2020).
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Figure 2. Geologic map of Mocho-Choshuenco based on “°Ar/*Ar and 3He age determinations shown in red and blue stars, re-
spectively. Samples of Neltume tephra were collected more than 30 km north of the main cone, outside of the area shown in this
map. Liquine Ofqui Fault System (LOFS) denoted by dashed line to the east of Mocho-Choshuenco.
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Figure 3. Age determinations on eastern flank of Mocho-Choshuenco volcano using “°Ar/*Ar and 3He methods. Mocho glacier caps the
edifice. Upper panel photo was taken from helicopter, and lower panel is a Google Earth base map. Dashed yellow lines are lateral moraine
crests. Dashed white lines represent the Ranquil cone crater. Scoria represents Enco ignimbrite dated at 1.6 ka by Rawson et al. (2015).
Light blue box indicates granitoid erratics found in the area (Fig. 2).
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TABLE 1. SUMMARY OF “°Ar/3%Ar AGE DETERMINATIONS OF MOCHO-CHOSHUENCO LAVAS

Sample Map # SiO, Latitude Longitude  Altitude Isochron Plateau
unit - exp. (wt%)  (°S) w) (masl) Age MSWD  (“0Ar3°Ar) N  MSWD  %Ar Age
(ka) + 20 + 20 (%) (ka) + 20
MC-22-28 Adec 2 56.1 39.9027 72.0196 1579 20+28 0.45 299.1 £15 26/30 1.19 75 44 +34
MC-20-19 Adec 2 63.6  39.9420 72.0545 1846 6.1+24 0.49 298.4 £ 0.9 29/33 0.31 94 6.5+25
MC-20-34 Dep 3 66.6  39.8928 72.0566 1366 42421 0.41 300.1 + 1.1 44/50 0.58 99 80+25
MC-20-48 Dep 2 64.8  39.8601 72.0998 316 1.2+71 0.40 298.2 £ 3.7 18/27 1.10 87 9.4+29
MC-20-50 Dep 2 63.0 39.8833 72.1073 363 8.4+3.7 0.03 299.3+24 28/28 1.70 100 1.3+37
MC-22-09 Adec 2 52,5  39.9219 71.9844 1445 77+ 35 1.80 299.1 £13 29/29 0.57 100 124+ 4.7
MC-20-04B Drt 4 614  39.9139 71.9874 1282 16.7 + 4.4 0.76 298.4 +£ 0.7 54/59 0.94 99 162+ 2.6
MC-22-18 Drt 2 64.2  39.9409 72.0024 1907 19.8 + 4.6 0.75 2970+ 2.3 23/23 0.53 100 16.6 + 2.4
MC-20-61 Arb 2 52.5 39.9219 71.9844 1695 146 +4.7 122 299.4 +£16 25/27 0.49 98 18.0 + 3.1
MC-20-25 Arb 1 54.9  39.9585 72.0551 1563 214 £ 70 0.86 2979+ 2.0 14/14 0.77 100 18.6 +2.6
MC-20-28 Arb 3 53.9  39.9505 72.0638 1418 18.9+ 75 1.90 2977 £ 3.0 30/35 0.20 91 18.9 + 3.1
MC-22-15 Arb 2 54.0 39.9633 72.0195 1764 172 + 11.6 0.00 299.8 £ 4.9 14/14 1.30 100 192+ 44
MC-20-27 Drt 1 63.8  39.9550 72.0581 1494 25.9+94 0.91 2977 £ 15 10/13 0.74 93 19.7 £ 3.2
MC-20-40 Arb 1 52.6  39.9318 72.0018 1794 242+93 127 298.7 £ 1.3 14/14 1.03 100 25,5+ 4.3
MC-22-21 Arb 1 53.5 39.9604 72.0338 1735 36.2+ 11.2 1.31 298.6 +£ 0.6 10/13 0.97 95 371+76
MC-20-39 Arb 2 57.8 39.9312 72.0016 1796 52.3+15.8 0.38 2971 +3.2 24/30 0.40 92 449+75
MC-20-59 Arb 3 55.9 39.9617 72.0508 1617 40.0+ 11.8 2.30 299.2+23 36/42 1.70 97 45.4 £ 3.7
MC-20-38 Abp 2 66.6 39.9318 72.0018 1802 83.5+47 175 2979+ 18 31/33 1.28 99 81.1+£19
MC-20-62 Abp 2 53.0 39.9659 72.0512 1660 59.3 +23.3 1.60 299.7 £ 3.4 33/34 0.57 100 100.9 £ 11.5
MC-20-03 Abp 2 54.3 39.8738 71.9562 723 109.4 £ 6.2 0.67 299.5 £12 21/25 0.57 83 110.3+6.3
MC-20-01 Abp 2 52.5  40.0300 72.1545 439 68.7 + 35.2 0.06 3014+ 22 27/30 0.48 96 1142 +14.2
MC-20-54C Abp 3 52.6 39.9176 71.9322 909 163.4 £ 275 0.54 294.7 £1.3 45/49 0.57 95 128.5 £12.7
MC-20-60 Mca 2 55.0 39.9623 72.0468 1689 94.8 +22.1 0.74 300.8 £2.0 26/26 0.14 100 132.4 £19.6
MC-22-29 Mca 1 55.9  39.9663 72.0547 1672 298.9 + 23.4 1.00 299.3 £+ 1.1 27/27 1.00 100 293.8 £ 174

Note: Ages relative to 1.1864 Ma Alder Creek sanidine (Jicha et al., 2016) using a total “°K decay constant of 5.463 + 0.107 x 10-1° yr-' (Min et al., 2000). Atmospheric
4OAr/36Ar = 298.56 + 0.31 (Lee et al., 2006). masl—meters above sea level; MSWD—mean square weighted deviation; Adec—Andesitas y dacitas del Estero Chumpulli;
Dep—Dacitas del Estero Pirinel; Drt—Dacitas y andesitas del Rio Truful; Arb—Andesitas basalticas del Rio Blanco; Abp—Andesitas basalticas de Punahue; Mca—

Mocho-Choshuenco Ancestral.

the Mocho-Choshuenco edifice (Moreno and
Lara, 2007; Gardeweg and Sellés, 2012; Rawson
et al., 2016b; Mallea-Lillo et al., 2022).

METHODS

Whole-Rock Major and Trace Element
Composition

A total of 113 lava and tephra samples were
collected during field campaigns between 2020
and 2022 (Fig. 2). Major and trace element com-
positions were obtained by X-ray fluorescence
(XRF) and inductively coupled plasma—mass
spectrometry (ICP-MS), respectively, at Hamil-
ton Analytical Labs, Clinton, New York, USA.
Samples were powdered in an alumina ring mill
and weighed with Li-tetraborate in a proportion
of one part powder to two parts flux, blended
using a vortex mixer, and fused in graphite cru-
cibles at 1000 °C. The fused pellets were cleaned
of residual carbon, reground, refused at 1000 °C,
and lapped flat in four stages with gradually finer
diamond laps to a 15 pm finished surface. Loss
on ignition (LOI) was measured by heating sam-
ples overnight in silica crucibles at 900 °C. The
XRF measurements used a Thermo Scientific
ARL PERFORM’X spectrometer operating at
45 kV accelerating voltage and 45 mA current.
The system is recalibrated at 10-month intervals
using ~70 certified reference standards. Drift
was monitored with in-house standards AGV-1,

BHVO-1, and RGM-1 (Table S1'), with uncer-
tainties estimated to be better than +£0.2% (10).

ICP-MS measurements followed Conrey
et al. (2023). Samples and glass standards
were ablated using a Photon Machines Analyte
193 (G1) ablation station (193 nm wavelength
excimer laser with laminar flow cell) and car-
ried into a Varian 820 ICP-MS using He gas with
Ar gas in a mixing volume of 20 ml just before
the torch. Drift was corrected by measuring an
in-house monitor calibrated using 18 certified
reference materials. For the elements of greatest
interest, the relative uncertainty was +3%-5%.

Glass Shard Compositions

The major and minor element composition
of glass shards from seven post-LGM tephra
samples was measured using a Cameca SX-Five
field emission—electron probe microanalyzer at
the University of Wisconsin—-Madison Depart-
ment of Geoscience, Madison, Wisconsin, USA.
Grain mounts were polished to 1 pm surface fin-
ish and coated with 1 nm of Ir. Measurements
were performed at 15 kV with beam current of
6 nA and defocused beam size of 5 or 10 pm.

ISupplemental Material. Figures S1-S3 and
Tables S1-SS5. Please visit https://doi.org/10.1130
/GSAB.S.25800166 to access the supplemental
material; contact editing@geosociety.org with any
questions.
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Peaking and calibration were performed using
natural and synthetic standards (Table S2). Accu-
racy of calibrations was evaluated from analysis
of Smithsonian (Jarosewich et al., 1980) and
MPI-DING (Jochum et al., 2006) glass reference
materials (Table S3). Background subtraction
was performed using a mean atomic number cor-
rection (Donovan et al., 2016) for major elements
(Na, K, Al, Si, Mg, Ca, and Fe) and traditional
off-peak regression for low-abundance elements
(Mn, Ti, P, and Cl). A time-dependent intensity
correction with exponential fit was applied to
account for migration of Na, Si, and K.

YAr/¥Ar Geochronology

Groundmass from 50 lava flow samples was
packaged in aluminum foil, loaded into 2.5-cm-
diameter disks, and irradiated for two hours in
the Cadmium-Lined In-Core Irradiation Tube
reactor at the Oregon State University, Corvallis,
Oregon, USA. J values were interpolated across
each disk by using the measured “°Ar*/3Ary
ratio of the 1.1864 Ma Alder Creek sanidine
standard crystals (Jicha et al., 2016) that were
placed in four to five positions within each disk.

Incremental heating experiments were con-
ducted at the University of Wisconsin-Madison
WiscAr Laboratory by degassing ~30 mg sub-
samples in 8-28 steps using a 55 W CO, laser.
Measurements were conducted on a Noblesse
5-collector mass spectrometer (Jicha et al., 2016)
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and on an NGX 600 mass spectrometer following
procedures in Mixon et al. (2022). The samples
dated represent each map unit except Choshuenco
1 (350-200 ka), which consists of steep, inacces-
sible outcrops; Mocho 5 (post-1.6 ka; Moreno and
Lara, 2007); and the post-LGM tephras that were
14C dated by Rawson et al. (2015). For samples
that yielded initial 20 uncertainties of >25%,
replicate incremental heating experiments were
conducted to improve the precision.

3He Geochronology

Two pristine, uneroded bombs that display a
bread-crust surface texture were collected from
the highest elevations on the rims of scoria cones
from the Alto Caunahue and Ranquil units on
the northeastern and southern flanks of Mocho-
Choshuenco, respectively (Fig. 2). Topographic
shielding of the samples was <5%, and loca-
tions and elevations were determined by GPS
with uncertainties of £5 m. Olivine crystals of
250-710 pm in size were separated by hand
picking from the uppermost 5 cm of each bomb.
Helium measurements were performed at Woods
Hole Oceanographic Institution using a fully
automated noble gas mass spectrometer (MAP-
215-50) with cryogenic separation of helium,
neon, and argon. The mineral separates were first
measured by crushing extraction in vacuum; the
resulting olivine powder was then loaded into a
copper foil boat and melted in a double vacuum
resistance furnace using procedures described
in Kurz (1986) and Kurz et al. (2014). Proce-
dural furnace “He blanks were run before and
after each sample and were 8 &= 1 x 10712 cc
standard temperature and pressure, and required
small blank corrections (<11%).

Cone Growth and Erosion Rates

Volumes of map units were calculated by mea-
suring areas in GIS and estimating thicknesses
based on field observations and drone imagery.
Uncertainties in the rate of cone growth come
from both the precision of the age determinations
and the spatial ALOS PALSAR 12 m resolu-
tion (ASF DAAC, 2022) digital elevation model
(DEM). Volume estimates were based on eroded
products and hence minimal. We accounted for
erosion by reconstructing pre-incision topography
within extant incised valleys and applying strati-
graphic principles and observations to extrapolate
the timing of incision onset. First, we identified
incised valleys—those that form from advective
processes like fluvial and glacial erosion—on a
30-m-resolution DEM of Mocho-Choshuenco
(NASA Shuttle Radar Topography Mission,
2013). We focused our analysis on 10 of 12 radial
valleys that have incised through lava flows for

which “Ar/*Ar ages have been obtained or ages
can be inferred from stratigraphic relations (Fig.
S1). In doing so, we avoided assumptions about
changes in the extent of lava deposits that are not
justified from modern morphology (Fig. S1).
Following the methods of Ferrier et al. (2013),
and outlined here, we mapped minimally eroded
surfaces of the valley rim and fit a natural cubic
spline to the rim to represent the topography
within the valley pre-incision. We then subtracted
the modern land surface elevation (extracted from
the DEM) from the pre-incision surface elevations
and employed the eruption ages presented in this
work to constrain the time since the initiation of
incision of a valley by considering the last incised
lava unit (Fig. S2). Dividing the volume eroded
out of each valley by its incisional age yields the
average rate of erosion for that valley in volume/
time (V/t). By using this method, we quantified
the minimum volume of lava eroded from Mocho-
Choshuenco that is consistent with the modern
topography and lava distribution. It is possible
that some lava deposits have eroded along their
long-axis extent, that some valleys previously
incised have been completely infilled by more
recent lava deposits, and that the modern valley
rims used to reconstruct the pre-incision surfaces
may also represent an eroded state. All of these
scenarios would result in the erosion of larger vol-
umes of lava than is represented by the minimum
eroded volume estimates presented here.

RESULTS
YAr/*Ar and 3He Age Determinations

Twenty-four out of 50 samples (48%) yielded
YOAr/¥Ar plateau ages defined by 71%-100% of
the gas released in 8-28 steps (Table 1; Fig. 4).
The remaining samples gave discordant spectra
that do not meet plateau criteria (Schaen et al.,
2021), or they do not contain detectable radio-
genic Ar (“°Ar*) (Table S4, “°Ar/*Ar metadata).
Because no evidence of excess argon is observed
in the inverse isochron regressions, we used the
plateau ages to infer time since eruption (Table 1;
Fig. 4). Based on the new age determinations and
stratigraphic positions, we suggest that lava flows
with no detectable “°Ar* likely erupted during the
past 5 k.y. 3He surface exposure ages of the two
bombs indicate that eruptions from the Alto Cau-
nahue and Ranquil cones took place at ca. 2.5 and
0.5 ka, respectively (Table 2), in agreement with
their stratigraphic positions atop groups of lava
flows that yield much older ages (Figs. 2 and 3).

Volcanic Stratigraphy

Building from Moreno and Lara (2007;
Table S5), we revised map units for Mocho-

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37514.1/6502698/b37514.pdf

bv auest

Choshuenco based on new stratigraphic obser-
vations, rock compositions, and geochronology,
and followed the international stratigraphic
code by using geographic locations for unit
names (Murphy and Salvador, 1999). Our map
units (Table 3) include: (1) Mocho-Choshuenco
Ancestral (Mca, 300-130 ka; it comprises the
previous Mocho 1 and Choshuenco 1 units), (2)
Andesitas basélticas de Punahue (Abp, 13045
ka; flows terminate close to the town of Punahue
and comprise the previous Mocho 2 and 3 units),
(3) Andesitas basalticas del Rio Blanco (Arb,
45-18 ka; incised by the Blanco River, Arb com-
prises the previous Mocho 3 unit), (4) Dacitas y
Andesitas del Rio Truful (Drt, 18—12 ka; incised
by the Truful River, Drt comprises the previous
Mocho 4 unit), (5) Andesitas del Estero Pirinel
(Dep, 11.5-8 ka; incised by Pirinel Creek, Dep
comprises the previous Choshuenco 2 unit), (6)
Andesitas y Dacitas del Estero Chumpulli (Adec,
12-1.6 ka; incised by Chumpulli Creek, Adec
encompasses the previous Mocho 4 unit), and
(7) Andesitas y Dacitas del Mocho (Adm, 1.6
ka to recent; the youngest unit from the Mocho
cone, Adm comprises the previous Mocho 4 and
5 units). The Secuencia Pirocldstica comprises
tephra deposits from ~75 post-LGM explosive
eruptions (Rawson et al., 2015) and two units
comprising minor eruptive centers erupting in
the flanks of the edifice (Alto Caunahue and
Ranquil).

Most of the Mocho-Choshuenco edifice com-
prises lavas of varying thicknesses and a range
of jointing characteristics (Table 3). Lavas older
than 45 ka are characterized by typical columnar
jointing with diameters of 1-2 m and generally
with vertical orientations. Starting at 45 ka, lava
thicknesses are more distinctly varied, as are the
orientations and decimeter-scale sizes of colum-
nar joints. Moreover, these lavas locally exhibit
pervasive platy jointing and form finger-like
ridges on lower flanks.

Major and Trace Element Compositions

The compositions of lava, tephra, and glass
shards range from basaltic andesitic to rhyo-
litic (52.0-69.3 wt% SiO, based on anhydrous
composition; Fig. 5; Tables S1-S3) and define
a calc-alkaline trend. Lavas from Mocho and
Choshuenco edifices show similar trends, with
increasing SiO,, K,O, and Na,O and decreas-
ing Al,O;, MgO, and CaO. K,O ranges from
0.6 to 2.1 wt%, and TiO, increases from 52 to
57 wt% SiO, and decreases from 57.0 and 67.5
wt% Si0O,. Some of the more SiO,-poor lavas
(<53 wt% SiO,) possess MgO contents that vary
by up to 2.3 wt% at a given SiO, content (Fig. 5).

Trace element compositions (Fig. 6) of the
products of both the Mocho and Choshuenco
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Figure 4. “°Ar/*Ar age spectrum and in-
verse isochrons from late Pleistocene and
Holocene basaltic andesites and dacites that
contain between 0.8 and 1.6 wt% K,O. Un-
certainties are reported as *2¢ analytical.
Each color reflects different experiments on
the same sample.

<«
<

edifices are broadly similar. However, distinct
trends include one with relatively low incom-
patible element abundances (e.g., Th from 1 to
4 ppm, Zr from 50 to 150 ppm, and Rb from 10
to 40 ppm) and another with higher abundances
(Th from 2 to 7 ppm, Zr from 100 to 300 ppm,
and Rb from 18 to 60 ppm). Moreover, incom-
patible elements such as Zr and La range from
50 to 125 ppm and 5 to 15 ppm, respectively,
in basaltic andesites with similar SiO, content
(Fig. 6).

DISCUSSION
Eruptive Chronology

Here we integrate “°Ar/*Ar and *He age
determinations with whole-rock compositions
to characterize each of the 10 mapped units in
Figure 2 and Table 1.

Mocho-Choshuenco Ancestral
(Mca; 300-130 ka)

Unit Mca comprises the oldest part of
Mocho-Choshuenco—upon which the modern
Mocho cone was built—and the highly eroded
Choshuenco edifice on the northern flank
(Fig. 2). Volcanic products are pyroxene- and
olivine-bearing lavas and tephras intruded by
a network of centimeter- to meter-thick feeder
dikes, and volcanoclastic rocks on the south-
ern flank. Magma compositions are basaltic
andesitic to andesitic (52.1-61.2 wt% SiO,),
with minor dacitic flows (64.4 wt% SiO,;
Fig. 5). On the southern flank, lavas directly
overlie the Oligo-Miocene basement (Lago
Ranco Formation; Rodriguez et al., 1999;
Fig. 2) at an elevation of 1500 masl and dip
5°~10°SW, whereas on the northern flank,
they dip ~30°NE (Choshuenco edifice). The
oldest dated lava flow on Mocho-Choshuenco
is 293.8 & 17.4 ka. Another flow dated at
132.4 + 19.6 ka (Fig. 2) overlies feeder dikes
exposed by repeated deep glacial erosion dur-
ing the penultimate glaciation and LGM.
Although we were unable to collect samples
from the oldest lavas of the Choshuenco edi-
fice, we consider these outcrops as part of Mca
based on deep U-shaped valleys that expose a
similar network of dikes on the northern flank
of the edifice (Fig. 7). Based on these relation-
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TABLE 2. SUMMARY OF 3He SURFACE EXPOSURE AGE DETERMINATIONS

Summary data MC-22-12 MC-22-25
Mapped unit Ranquil (Hr) Alto Caunahue (Hac)
Latitude (°S) 39.9081 39.9714
Longitude (°W) 72.0015 72.0533

Density (g/cm?3) 2.8 2.9

Altitude (masl) 1605 1530

Thickness (cm) 5 4

Shielding 0.980 0.960

Mass (9) 0.33446 0.42823
4Heysheq (CCSTP) 749 x 10" £ 5.41 x 1012 4.27 x 10-10+ 730 x 10-12
SHe/*Heushea (R/RA) 8.88 +0.37 8.08 + 0.58

“He,, (cc STP/g) 2.24 x 10710+ 1.62 x 10~ 9.97 x 10-1°+ 1.70 x 10-M
SHe/*He e (R/Ra) 258 £ 1.7 28.1 £ 1.2

3He ysmo (atoms/g) 1.41 x 10% +2.17 x 104 743 x 105 +5.29 x 10*
Age (years) St scaling 368 + 140 2087 + 546

Age (years) LSDn scaling 513 + 194 2507 + 656

Note: The “He procedural blank is 8 4+ 1 x 10-'2 cc standard temperature and pressure (STP). Exposure
ages calculated using Lifton-Sato-Dunai (LSDn) scaling method correspond to the flux-based version of

Lifton et al. (2014) scaling (bold, preferred ages), whereas St uses the Lal (1991)/Stone (2000) scaling model.

Uncertainties are +20 external. R/Ra is the 3He/*He ratio in the sample divided by that of the atmosphere

(Ra = 14 x 10-9).

ships, we concur with Moreno and Lara (2007)
that cone growth at Choshuenco and the oldest
portion of Mocho began simultaneously. Lavas
of Mca terminate at 400-600 masl, and lower
elevations are difficult to access owing to dense
vegetation. Glacially enhanced erosion exposes
lava packages 500-700 m thick on the south-
ern flank and 800-1000 m thick on the northern
flank of Choshuenco. From these relationships,
we conservatively estimate a minimum volume
of 50 km? that accounts for erosion. Projecting
lava flow dips on the SW flank to the center of
the Mocho edifice supports a volume estimate
of ~80 km?3.

Andesitas basdlticas de Punahue (Abp;
13045 ka)

Unit Abp includes crystal-rich (20%—-30%)
olivine- and pyroxene-bearing lavas and tephra
of basaltic andesitic to andesitic composition
(52.5-66.5 wt% SiO,; Fig. 5) and one dacitic
lava (66.6 wt% SiO,; Fig. 5). A 100-m-thick
escarpment located on the eastern flank com-
prises an intercalation of lavas and tephras from
which an age of 128.5 £ 12.7 ka was obtained
from a basaltic andesitic lava (Table 1). This

age agrees with the 130 + 30 ka “°Ar/*°Ar age
reported by Moreno and Lara (2007; Table
S5) and represents the older portion of this
unit. The most prominent outcrops are on the
northern flank of Mocho-Choshuenco, where
a 500-m-thick package of several lavas termi-
nates ~2 km north of the village of Punahue.
A basaltic andesitic lava here yields an age of
110.3 £ 6.3 ka. On the southern flank, another
package of lavas reaches even lower altitudes.
The toe of a basaltic andesitic lava flow 15 km
southwest of the Mocho cone at 430 masl yields
an age of 114.2 + 14.2 ka (Fig. 2). Based on
these relationships, the thickness of this pack-
age of lavas is estimated at 300-500 m. Cone
growth continued with the eruption of basaltic
andesitic lavas intercalated with one dacitic lava
(81.1 4 1.9 ka), which terminates ~3.5 km east
of the modern Mocho summit cone (Fig. 3). If
lava flows were emplaced between 80 and 45
ka, they are either no longer preserved owing
to glacial erosion, or we have failed to sample
them. Our interpretation of lava thickness sug-
gests a minimum volume of 40 km? that we use
with caution, given the probable extent of gla-
cial erosion.

Andesitas basdlticas del Rio Blanco (Arb;
45-18 ka)

On the western flank of the modern Mocho
cone are lavas that erupted between 45 and 18
ka. As with units Mca and Abp, these crystal-
rich (20%-30%), olivine- and pyroxene-bearing
basaltic andesitic and minor andesitic flows
(52.5-57.8 wt% SiO,; Fig. 5) share a wide com-
positional range in MgO (Fig. 4) and incompat-
ible elements (Fig. 6) with similar wt% SiO,.
A platy-jointed lava (55.9 wt% SiO,) at 1617
masl yields a plateau age of 45.4 +3.7 ka. A
lava flow (57.8 wt% SiO,) on the eastern flank
overlying dacite of the Abp unit yields a similar
age of 44.9 £ 7.5 ka and, on the southern flank,
a strongly glaciated basaltic andesitic (53.5 wt%
SiO,) outcrop is dated at 37.1 & 7.6 ka (Fig. 8).
Subangular to rounded cobbles of granitoid lithol-
ogies are glacial erratics that were deposited onto
these lava outcrops by melting ice (Figs. 2 and 3).
On the northeastern flank, the unit is directly over-
lain by basaltic andesitic lava flows that erupted
between 26 and 18 ka. Similar stratigraphic rela-
tionships are observed on the southwestern flank
in lava flows dated at 18.0 + 3.1 and 18.9 £ 3.1
ka that overlie unit Mca. The indistinguishable
ages (18.0 3.1, 18.6 = 2.6, and 18.9 3.1 ka;
weighted mean = 18.5 &= 1.7 ka; Table 1; Fig. 4)
and compositions (53.9-54.0 wt% SiO,) of lavas
on the western flank suggest that they are from the
same flow or erupted synchronously. We estimate
this unit to be 50 m thick with a minimum volume
of 0.7 km3. Based on stratigraphic relationships,
we suggest that the incompatible element-poor
basaltic andesites erupted between 45 and 37 ka,
followed by incompatible element-rich basaltic
andesites from 26 to 18 ka. We found no lavas
with ages of between 37 and 26 ka. This finding
may reflect either a minimal eruptive volume or
sampling bias, as discussed below.

Dacitas y Andesitas del Rio Truful (Drt;
18-12 ka)

During the peak of the local LGM and sub-
sequent rapid deglaciation, siliceous andesite to

TABLE 3. CHARACTERISTICS OF LAVA-DOMINATED UNITS

Unit (abbreviation) Magma compositions Age Altitude terminus ~ Volume Characteristics (Fig. 8)
(ka) (masl) (km3)
Andesitas y Dacitas del Mocho (Adm) Andesite, dacite, and basaltic 1.6-recent 900-1400 0.3 Vertical columns (meters)
andesites (minor)
Andesitas y Dacitas del Estero Chumpulli Andesite, dacite, and basaltic 12-1.6 200-1500 0.3 Vertical columns (meters)
(Adec) andesites (minor)
Dacitas del Estero Pirinel (Dep) Dacite 11.5-8 350-450 5
Dacitas y Andesitas del Rio Truful (Drt) Dacite and andesite (minor) 18-12 680—-1800 6.2 Variable column orientations, platy
jointing (decimeters), radial jointing,
finger-like ridges, inverted topography,
autobrecciate carapace
Andesitas basalticas del Rio Blanco (Arb) Basaltic andesite 45-18 1400-1700 0.7 Variable column orientations, platy
jointing (decimeters), cliffs (~30 m)
Andesitas basalticas de Punahue (Abp) Basaltic andesite and andesite 130-45 200-1000 40 Vertical columns (meters)
Mocho-Choshuenco Ancestral (Mca) Basaltic andesite, andesite, and 300-130 400-600 80 Vertical columns (meters)

dacite (minor)

Note: masl—meters above sea level.
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crystal-poor dacite (59.5-64.3 wt% SiO,; Fig. 5)
erupted, whereas basaltic andesites did not. On
the western, eastern, and southeastern flanks,
this package of lavas overlies the Abp unit,
which comprises lavas as young at 18 ka. Out-
crops of Drt lavas show conspicuous and abun-
dant lava-ice interaction textures (see below;
Fig. 8), including morphological evidence of
ice-confinement (Figs. 8A and 8B) and highly
variable orientations and sizes of polygonal
jointing (Figs. 8D and 8F). They give “°Ar/*Ar
ages of between 19.7 £3.2 and 16.2 £ 2.6 ka
(Table 1). A compositionally similar dacitic lava
(64.2 wt% SiO,) near the top of this package,
which is truncated at the caldera rim, gives a
comparable age of 16.6 £ 2.4 ka. Thus, the lat-
ter finding gives a maximum age for collapse of
the caldera that is likely associated with eruption
of the MC2 or Neltume rhyolites (Fig. 3).

On the western flank, a dacitic lava (63.8 wt%
Si0,) flow, dated at 19.7 & 3.2 ka, is indistin-
guishable in age from the underlying 18.7 2.0
ka basaltic andesites of the Arb unit. Moreover,
Drt lavas are mantled by the 11.5 ka Neltume
tephra, which is consistent with our chro-
nostratigraphy (Figs. 7B and 8C). Because lava
flows of this unit are overlain by a basaltic andes-
itic lava dated at 12 ka, we infer that Drt erup-
tions had ceased by this time.

Lavas from these units follow both the incom-
patible element-rich and element-poor trends.
Based on stratigraphic relationships, we argue
that the incompatible element-rich magma
erupted between 17 and 16 ka, followed by
the incompatible element-poor dacitic magma
between 16 and 12 ka. The thickness of Drtlavas
ranges from 30 to 100 m, with an estimated vol-
ume of 1.0 km3.

Dacitas del Estero Pirinel (Dep; 11.5-8 ka)

Crystal-poor dacitic lavas (63.0-66.6 wt%
Si0,; Fig. 5) that immediately overlie the main
Choshuenco edifice at ~1750 masl are assigned
to unit Dep. These lava flows terminate only
3 km from the town of Choshuenco, 4 km from
Enco, and are incised by the Estero Pirinel
(Pirinel Creek, Fig. 2). Age determinations of
11.3 +3.7,9.4 £2.9,and 8.0 & 2.5 ka are from
outcrops at elevations of between 300 and 450
masl (Figs. 3 and 4) and are consistent with the
observation that lavas from the Dep unit over-
lie the 11.5 ka Neltume tephra. The thickness
estimated for this unit is ~50 m, which gives a
volume of ~1.3 km?.

Andesitas y Dacitas del Estero Chumpulli
(Adec; 12-1.6 ka)

A basaltic andesitic lava (52.5 wt% SiO,)
dated at 12.4 + 4.7 ka (Fig. 4) represents the
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Figure 6. Select trace element concentrations (ppm) and ratios versus SiO, (wt%) of whole-
rock Mocho-Choshuenco lavas and tephras. The Secuencia Piroclastica (triangles) data are
average glass shard compositions. Eu/Eu* was calculated following Rollinson and Pease
(2021) using normal mid-oceanic-ridge basalt compositions from Sun and McDonough
(1989). Crosses show data from McMillan et al. (1989) and Rawson et al. (2016b).

onset of effusive eruptions that formed the Adec
unit. This flow overlies dacites from unit Drt at
1470 masl. Near the caldera rim, a glassy dacitic
lava (63.6 wt% Si0O,) yields an age of 6.5 £ 2.5
ka and represents a post-caldera eruption. An
andesitic lava (56.1 wt% SiO,) at much lower
elevation (1580 masl) that overlies the 11.5 ka
Neltume tephra yields an age of 4.4 4+ 3.4 ka
(Fig. 7). Because this lava is also overlain by
the 1.6 ka Enco ignimbrite, we suggest this
is the minimum age of this unit. Other lavas
directly overlying unit Arb and covered by the
1.6 ka Enco ignimbrite did not yield detectable
40Ar*, which strongly suggests that they erupted
between 5 and 1.6 ka. Hence, we incorporate
them into this 0.3 km? unit. Based on our age
and stratigraphic constraints for this unit, it is

likely that both the Mocho and Choshuenco
cones were erupting synchronously between 12
and 8 ka.

Andesitas y Dacitas del Mocho (Adm; 1.6 ka
to Recent)

The youngest lavas on Mocho-Choshuenco
are andesites to crystal-poor dacites (56.7—
64.0 wt% SiO,; Fig. 5) that erupted from the
modern Mocho cone and are not covered by
the 1.6 ka Enco ignimbrite. The most promi-
nent lavas are on the western flank and partially
overlap the Adec unit. The vent from the 1
November 1864 eruption (Vidal Gormaz, 1869;
Petit-Breuilh, 2004; Echegaray, 2004) is on the
southernmost side of this unit (Figs. 2 and 7). The
4-km-long, 30-m-thick dacitic lava (Fig. 7) was
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accompanied by pyroclastic flows that reached
Lago Panguipulli (Fig. 2) and killed many of the
Indigenous people living in the vicinity (Vidal
Gormaz, 1869). The volume is estimated at
0.5 km?. Rawson et al. (2015) suggest that the
basaltic andesitic Rifiihue tephra is the explosive
component of the 1864 eruption. Based on the
silicic composition of lava flow (64 wt% SiO,),
we suggest that the Rifiihue tephra corresponds
to an older, likely historic eruption. Petit-Breuilh
(2004) describes two eruptions from Mocho-
Choshuenco in 1759 and 1777, and Goll (1904)
describes one in 1822. Descriptions of two later
eruptions in 1937 (Petit-Breuilh, 2004; Fontjin
et al., 2014; Edwards et al., 2020; Global Volca-
nism Program, 2023) and 1955 (Petit-Breuilh,
2004) are controversial. After thoroughly search-
ing local newspapers from 1936, 1937, 1954,
and 1955, we propose that the 1937 and 1955
eruptions are mistakenly attributed to Mocho-
Choshuenco and correspond instead to eruptions
from Sollipulli and Carrdn—Los Venados volca-
noes, respectively (“Una Erupcién del Volcdn
Mocho,” 1937; “Choshuenco,” 1955). Hence, we
concur with Moreno and Lara (2007) that the
last eruption of Mocho-Choshuenco occurred in
1864 (from a new cone named Chaiquemahuida;
Gonzalez-Ferran, 1995).

Secuencia Pirocldstica (Hp; 14 ka to Recent)

Twenty-seven tephras were identified by
Rawson et al. (2015) and comprise the Secuen-
cia Piroclastica unit (Moreno and Lara, 2007).
Due to the number of potential vents, no confi-
dent correlation with the Alto Caunahue (south)
or Ranquil (east) cones is possible (Rawson
et al., 2015). Here, we refine these units using
tephrostratigraphic correlations based on two
3He age determinations and glass shard com-
positions.

Alto Caunahue (Hac; 3.7-1.8 ka). Thirteen
Holocene pyroclastic cones of basaltic andes-
itic composition (53.4-56.6 wt% SiO,; Fig. 5)
are located on the southern flank of Mocho-
Choshuenco, and sit unconformably atop the
Mca and Abp units. The craters are 100- to
250-m-high and have diameters that range from
200 to 400 m. The lava flows (<10 m thick) are
clearly overlain by the 1.6 ka Enco ignimbrite
(Moreno and Lara, 2007). A 3He surface expo-
sure age of a bomb from Hac displaying bread-
crust texture (55.0 wt% SiO,) indicates an erup-
tion at 2.5 = 0.7 ka (Figs. 2 and 7C). Based on
the minimum age determination, prevailing
wind direction, and compositional similarity,
we correlate the Hac unit with MC10H tephra
(Fig. 5; Rawson et al., 2015). Given Rawson
et al.’s (2015) maximum modeled age of 3.7
ka for MC10H (within the Grupo Fui unit),
coupled with the *He age and its uncertainty,



we suggest that these lavas and tephras were
emplaced between ca. 3.7 and 1.8 ka. Following
field observations and dimensions reported in
Moreno and Lara (2007), we estimate a volume
of 0.5 km? for the cones and 0.1 km? for the
lavas, which totals 0.6 km? for the entire unit.
Rangquil (Hr; 0.7-0.3 ka). The Ranquil unit
comprises four Holocene pyroclastic basaltic
andesitic to andesitic cones (54.9-60.9 wt%
SiO,; Fig. 5) located in the northeastern flank
of Mocho-Choshuenco between 1100 masl and
1600 masl. The cones have diameters of 250—
600 m and are 100-200 m high. A 3He surface
exposure age on a bomb with bread-crust texture
(54.9 wt% SiO,) on the rim of the highest cone
(1600 masl) indicates an eruption at 0.5 £+ 0.2
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ka (Figs. 2 and 7). This cone is not covered by
the 1.6 ka Enco ignimbrite, which indicates that
it indeed erupted during the past 1.6 k.y. More-
over, this minimum age determination, along
with the composition of the bomb, suggests a
stratigraphic correlation with the MC22 tephra
(0.5-0.3 ka) of Rawson et al. (2015; Fig. 5). Tak-
ing uncertainties into account, we suggest that
unit Hr ranges from 0.7 to 0.3 ka. The volume
of the four cones is ~0.6 km?.

Lava-Ice Interactions
Features resulting from lava flow and ice

interaction include subtle changes in the size and
shape of individual flow lobes (Edwards et al.,
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Figure 7. Key field relations on
Mocho-Choshuenco. (A) View
from helicopter to the south-
west of the northern flank
showing deeply eroded Pleisto-
cene Choshuenco edifice (unit
Mocho-Choshuenco Ancestral,
Mca) including a dike complex
buried by a prominent lateral
moraine. (B) View west of Ran-
quil cone (unit Hr) overlying la-
vas of unit Dacitas y Andesitas
del Rio Truful (Drt). Lava-form-
ing cliffs of the unit Andesitas
basalticas del Rio Blanco (Arb),
from which Drt dacites flowed,
is also shown. Yellow Neltume
tephra is observed on the high-
est slopes overlying lavas of the
unit Andesitas basalticas de Pu-
nahue (Abp). Unit Andesitas y
Dacitas del Mocho (Adm) is also
observed on the current Mocho
cone. (C) View southwest of unit
Alto Caunahue (Hac) overlying
lavas of Mca, and a large *He
bomb dated at 2.5 ka. (D) View
west of truncated lava at the cal-
dera rim (Drt). Holocene lavas
from the current Mocho cone
are also shown (Adm). (E) View
west of Chaiquemahuida flow
from A.D. 1864 banked against
Lago Ranco Formation and
overlying lavas from units Adm
and Dacitas del Estero Chum-
pulli (Adec). (F) View toward
the east of 4.4 ka lava of unit
Adec overlying lavas from unit
Meca and a lateral moraine. Yel-
low Neltume tephra mantles the
slope of the Choshuenco edifice.

2015) and massive cliffs that are interpreted as
the impounding of lavas by walls of ice (Edwards
and Russell, 2002; Lescinsky and Fink, 1998;
Conway et al., 2015; Mixon et al., 2021). Per-
vasive, smaller diameter joints (<0.5 m) with
non-vertical orientations (Figs. 8D and 8F) are
also consistent with lava cooling owing to contact
with meltwater or ice. An eruption of interme-
diate composition in 2010 from Eyjafjallajokull
volcano, Iceland (Oddsson et al., 2016), shows
that lavas can exploit water drainage channels in
ice at the base of a glacier to advance subgla-
cially. Jointing can be ambiguous as an indica-
tion of ice contact (Smellie and Edwards, 2016).
Given that Mocho-Choshuenco presently has a
small glacier filling the caldera at its summit, it
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seems likely that the summit vents have been
proximal to ice for much of their eruptive history.

Lava-ice interactions are expressed in the Arb
and Drt units, including overthickening of flows
that now form cliffs of up to 30 m high (Figs. 8
and 9), small-diameter and radial columnar
joints, and ridge-like lava morphologies. Dis-
tinct platy jointing is also pervasive in several
lavas that are interpreted to have been emplaced
subglacially. While the connections between this
style of jointing and emplacement environments
are as yet ambiguous (Lescinsky and Fink,
1998), they are frequently found in glaciovolca-
nic environments (Smellie and Edwards, 2016).
Also, whereas many of these features likely indi-
cate the presence of ice during eruptions, it is
more difficult to confidently determine whether
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the ice was part of a local expansion of the
Mocho-Choshuenco ice cap into alpine glaciers,
or if it was the margin of massive, valley-filling
lobes of the Patagonian Ice Sheet. Whereas joint-
ing above 1800 masl is the most ambiguous, the
presence of jointed lava-formed cliffs at lower
elevations likely requires ice that is too thick to
have formed from the local Mocho-Choshuenco
ice cap. Moreover, the presence of basaltic
andesites of the same age (2618 ka, Arb unit)
that thicken downhill and form cliffs at similar
elevations (1550-1700 masl) around the flanks
of the volcano favor a role for >1500-m-thick
lobes of the Patagonian Ice Sheet that sur-
rounded the edifice between 35 and 18 ka.
Particularly on the eastern flank—close to Rio
Truful—lavas emplaced at 26 ka (Arb unit) were

Mocho cone

(300130 If:h g Ii'icenei

Figure 8. Lava-ice contact rela-
tionships and textures in lavas
dated between 26 and 16 ka at
Mocho-Choshuenco. (A) View
to the south of a 18.6 ka lava
that is inferred to have been im-
pounded by the Patagonian Ice
Sheet at 1600 m above sea level
(masl); the oldest preserved la-
vas of Mocho-Choshuenco are
on the horizon. (B) View to the
north of 19.2 ka lava inferred
to have been impounded by the
Patagonian Ice Sheet at 1700
masl on the southern flank
(Google Earth image). (C) East
view of lava-formed cliffs by
Patagonian Ice Sheet at ~1700
masl along the western flank.
(D) View to the east from an
aerial drone of lava-ice contact
features in lava-formed cliffs.
(E) View to the south of lava
dated at 16 ka on top of and in-
tercalated with till. (F) View to
the east from an aerial drone of
small (decimeter-scale) polygo-
nal fractures in lava-formed
cliffs. Arb—Andesitas basalti-
cas del Rio Blanco unit; Drt—
Dacitas y Andesitas del Rio
Truful unit.

Ice-rﬁarginal flow
19.2 4.4 ka
1700 niasl_.

confined by the Patagonian Ice Sheet at 1550
masl. Subsequently, at 18 ka, Drt dacites flowed
over these basaltic andesites. At that time, the
Patagonian Ice Sheet likely had begun to shrink
and retreat (Denton et al., 1999, 2021; Glasser
et al., 2008; Moreno et al., 2015; Davies et al.,
2020). The pervasive small-diameter radial and
platy jointing, along with brecciated surfaces
on the dacites (Fig. 8D), suggest a supraglacial
flow, and hence that the elevation of the local
cap was between the layers of basaltic andesites
and dacites (Fig. 9). The dacite becomes chan-
nelized as it melts through the underlying ice and
terminates in melting ice or supraglacial lake to
form a lava-fed delta (Fig. 9).

Lavas and erratic blocks on the flanks of
the edifice provide valuable information about



A
T ]
Arb Older lava confine
1700 masl by regional ice —
(~26 ka) —
ava js initia//
B Drt SUpragIaCial y
T
Arb Older lava confined
1700 masl by regional ice
C

=2

Arb Older lava confined
1700 masl by regional ice
D
Drt
Arb Older lava confined
1700 masl by regional ice
(~26 ka)

Moreno-Yaeger et al.

PIS between 26 and 18 ka

Retreating PIS (~16 ka)

Temporary p|g (16 ka)

supraglacial
lake forms
1

— |Lava-fed
delta

Drainage through crevasses
. toice base, starting of
enhanced N-channel flow

PIS (16 ka)

Lavas exploit
enhanced drain-
age to base of ice

Figure 9. Lava-fed delta model. (A) Basaltic andesites from the Andesitas basalticas del Rio
Blanco (Arb) unit were impounded by the Patagonian Ice Sheet (PIS) at ca. 26 ka, forming
cliffs that were then occupied by the Patagonian Ice Sheet at 1500-1700 m above sea level
(masl) between 26 and 20 ka (Figs. 8D and 8F). Ice on top of the edifice should have been
comparatively thinner than in the surrounding valleys (Cuzzone et al., 2024). (B) As the Pa-

tagonian Ice Sheet retreated between 18 and

16 ka, dacite from unit Drt flowed onto it. (C)

Lava is channelized as it melts the ice to form a lava-fed delta. (D) Dacite flows through the
ice and to its base. Lava-ice textures from these outcrops are evident in Figure 8E.

the thickness of the Patagonian Ice Sheet. We
discovered numerous subrounded to rounded
cobbles of a variety of granitoid lithologies in
glacial till that is otherwise comprised of vol-
canic materials on the eastern flank of the edi-
fice at 1800 masl (Figs. 2 and 3). Although it

is possible that these erratics could have been
remobilized in that area, the fact that they are
found only at particular elevations and overlying
syn-LGM units indicates that the upper surface
of the Patagonian Ice Sheet reached this altitude
(or higher) during the LGM. Coupled with the
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areas where the Arb unit forms cliffs and the Drt
unit has pervasive radial and platy jointing, we
infer that the upper surface of the Patagonian Ice
Sheet was at 1550-1650 masl on the western and
northern flanks, 1800 masl on the eastern flank,
and 1700-1800 masl along the southern flanks.
Current valley floors surrounding the volcano
are at 200-500 masl, and thus the Patagonian
Ice Sheet locally varied from ~1300 to 1700 m
in thickness during the LGM. Our interpretation
is consistent with the ~300-m-deep, U-shaped
glacial valleys on the southern and eastern flanks
of the edifice (Fig. 2). These estimates are also
consistent with the geologic and geochronologic
constraints on the areal extent and temporal evo-
lution of the Patagonian Ice Sheet (Moreno et al.,
2015; Davies et al., 2020; Alloway et al., 2022),
as well as with climate-driven numerical models
of Patagonian Ice Sheet thickness during the past
25 k.y. (Cuzzone et al., 2024). The lack of lava-
ice contact features in outcrops from the Dep
unit and their termination at lower elevations,
300—400 masl, indicates that the Patagonian Ice
Sheet had retreated substantially by 12 ka, leav-
ing behind only small mountain glaciers (Denton
et al., 1999; Moreno et al., 2015; Alloway et al.,
2022; Cuzzone et al., 2024).

Compositional Evolution

The long-term evolution of magmas beneath
Mocho-Choshuenco is recorded by incompat-
ible element-poor eruptions from both Mocho
and Choshuenco edifices. However, the late
Pleistocene to mid-Holocene is characterized
by incompatible element-rich basaltic andesites
(26-18 ka) and dacites (18-17 ka), and silicic
eruptions as young as 8 ka. In addition to these
compositional shifts, variation in oxygen fugac-
ity estimated from successive eruptive products
by Rawson et al. (2015; Fig. S3) suggests that
the magma was sourced from discrete reservoirs
separated in space and time.

Long-Term Evolution of the Magma
Plumbing System

Mocho-Choshuenco volcanism began at ca.
300 ka, with mainly basaltic andesites to andes-
ites that erupted until 37 ka (52.1-61.2 wt% SiO,;
Fig. 10A, Mca, Abp, and Arb units), followed by
a reduced level of volcanism until 26 ka, when
basaltic andesitic (52.5-59.2 wt% SiO,) erup-
tions resumed (Fig. 10A). At 18 ka, eruptions
shifted to dacitic composition (61.4-64.3 wt%
Si0,; Fig. 10A, Drt unit), followed by the explo-
sive eruptions of Neltume rhyolite at 11.5 ka,
Pirehueico rhyodacite at 10.2 ka, MC6 dacite
(9.0 ka), and Huilo dacite at 8.2 ka (Fig. 10A,
Dep unit). We argue that these latter three erup-
tions may have come from Choshuenco, with
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Figure 10. Magmatic evolution of Mocho-Choshuenco from 130 ka to present. “C ages are
averages for tephra deposits from Rawson et al. (2015). Grupo Fui tephra (MC10) comprise
all subunits. Growth of ice is indicated at ca. 45 ka but is more extended during the local Last
Glacial Maximum and reaches a maximum at 18 ka. Dashed line represents edifice collapse
at 11.5 ka associated with the Neltume rhyolite eruption. Middle and bottom panel illustrate
evolution of Mocho-Choshuenco and other well-dated Andean Southern Volcanic Zone vol-
canoes during the past 50 k.y. (Singer et al., 2008; Martinez et al., 2018; Mixon et al., 2021).
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lavas from the Dep unit being their effusive
expression. The oxidation states of magmas
that erupted to generate these two groups of
tephras (NNO + 0.5 in Pirehueico, MC6 and
Huilo versus NNO in Neltume, Fig. S3; Raw-
son et al., 2015) suggest that the reservoir below
the Choshuenco cone, although compositionally
similar, was more oxidized relative to that sourc-
ing eruptions from the composite cone. Another
profound shift is observed following those erup-
tions when a wide spectrum of magmas ranging
from basaltic andesites to dacites (52.5-64 wt%
Si0,) erupted during the Holocene from the main
cone (Adec and Adm units) and minor eruptive
centers (Hac and Hr units).

Evolution of Incompatible Element-Rich and
Element-Poor Magma between 45 and 16 ka

Both basaltic andesites (Arb unit) and dacites
(Drt unit) at Mocho-Choshuenco show a wide
range of incompatible element contents at a con-
stant SiO, content, which indicates at least two
distinct differentiation pathways (Fig. 6). Frac-
tional crystallization of at least two, and possi-
bly more, parental magmas is the main process
by which intermediate and silicic compositions
originate. The spread in light rare earth element
contents (e.g., La) at a constant SiO, (Fig. 6)
supports an interpretation that basaltic andes-
itic magmas reflect a range of degrees of partial
melting of mantle source rocks (e.g., Hickey-
Vargas et al., 2016; Rawson et al., 2016b; Mor-
gado et al., 2019). Trace element ratios such as
Ew/Eu* and Dy/YDb indicate that plagioclase
and amphibole are prominent among fraction-
ated minerals (Fig. 6; Davidson et al., 2007).
The large range of MgO at a constant value of
52 wt% Si0O, suggests that olivine accumulation
was also important (Fig. 5; Sisson and Grove,
1993). The wide range of Rb concentration in
the basaltic andesites is also consistent with
the hypothesis that multiple parental magmas
may have fractionated to produce silicic mag-
mas (Fig. 6) and that mingling and mixing of
basaltic andesitic and dacitic magma also may
have played a lesser role in producing andesites.
Incompatible element variability in lavas from
37 to 16 ka could reflect the assimilation of
Paleozoic metamorphic and/or granitoid rocks,
as suggested by McMillan et al. (1989). In
contrast, lavas that erupted before and after the
local LGM contain 20-55 ppm Rb, respectively,
which likely reflects fractional crystallization
of basaltic andesitic parental magmas. Follow-
ing the eruption of incompatible element-poor
basaltic andesites between 45 and 37 ka, magma
may have stalled and assimilated Paleozoic wall
rocks in a deeper portion of the crust, causing
Th, Zr, and Rb concentrations to increase prior
to eruptions between 26 and 18 ka.
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Figure 11. Cumulative volume for Mocho-Choshuenco estimated as discussed in the main
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Compartmentalized Mid- to Upper-Crustal
Reservoirs and Their Evolution over Time

The parallel fractionation trends illustrated in
Figure 6 that show twofold variations in the con-
centrations of incompatible trace elements Th, La,
Zr, and Rb at a single SiO, content, coupled with
the order-of-magnitude contrasts in the buffering
of oxygen fugacity among successive post-LGM
silicic magmas (Fig. S3), are difficult to explain
via fractional crystallization, magma mixing, or
crustal assimilation operating to modify a single
reservoir of magma. Instead, we interpret this
evidence as favoring the establishment of spa-
tially and compositionally discrete reservoirs that
developed within the larger magma plumbing sys-
tem. Episodic tapping of the various reservoirs to
produce eruptions of compositionally distinctive
magma also point to a spatiotemporally complex
transcrustal magma plumbing system beneath
Mocho-Choshuenco. For example, the eruptions
between 45 and 37 ka of incompatible element-
poor basaltic andesite, followed by eruptions
between 26 and 17 ka of incompatible element-
rich basaltic andesites and dacites separated by
only 10 k.y. is unlikely to reflect the internal
evolution of a single magma reservoir. After the
latter incompatible element-rich reservoir emp-
tied, incompatible element-poor silicic magmas
erupted between 16 and 11.5 ka, culminating with
the explosive Neltume rhyolite that likely emptied
this reservoir and allowed deeper mafic magma to
transit through its remains to erupt immediately
following collapse of the caldera. At the same

time, a third reservoir, slightly more oxidized
(Fig. S3) and hence with higher water than the
previously erupted magmas, was likely building
up beneath what is now the Choshuenco cone and
erupted between 11.5 and 8 ka.

Hence, despite the petrographic similari-
ties among lavas and tephras from Mocho-
Choshuenco, contrasting major and trace ele-
ment differentiation pathways, oxidation states,
and compositions of products that erupted less
than 2 k.y. apart imply a set of spatially com-
partmentalized mid- to upper-crustal magma
reservoirs that evolved independently from
one another.

Time-Volume Relationships

We estimate a total volume of ~106 km?
for the entire edifice (Fig. 11). The minimum
average growth rate of Mocho-Choshuenco is
~0.37 km?/k.y. from 300 ka to recent and is
comparable to those of many other arc front
composite volcanoes (Singer et al., 2008;
Mixon et al., 2021). Cone growth increased from
0.18 km¥k.y. between 300 and 200 ka to 0.40
km3/k.y. between 200 and 130 ka. Following
the end of the penultimate glaciation at ca. 130
ka, the growth rate increased to 1.36 km3/k.y.,
which reflects the eruption of extensive basal-
tic andesitic lava flows that now comprise the
older portion of the Abp unit and ~80% of the
entire composite cone. The remaining 20% of
the edifice grew via spurts of relatively rapid
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growth, modulated by periods of high erosion.
From 100 to 45 ka, 45 to 37 ka, and 37 to 18 ka,
the growth rate was <0.02 km*/k.y. (part of the
Abp and Arb units) but was followed by order-
of-magnitude increases to 0.2 km?/k.y. between
18 and 12 ka, and to 1.7 km¥k.y. from 12 to 8 ka
(Drt and Dep units, and the eruptions of MC2,
Neltume, Pirehueico, and Huilo). The mid-
Holocene is marked by moderate growth at 0.38
km3/k.y. from 6 to 1.6 ka (Fig. 11, the Grupo
Fui, Adec, and Hac units) that ticked up to ~1
km?/k.y. during the past 1.6 k.y. (units Adm, Hr,
Enco, and Hua-Hum). Importantly, these volume
estimates do not account for erosion and removal
of material that at other nearby Andean Southern
Volcanic Zone volcanoes has been estimated to
comprise as much as 10%-25% of the current
volume of the edifice (details in Figs. S1 and
S2). Using the methods outlined above (and in
Figs. S1 and S2), we estimate that over the 300
k.y. history of Mocho-Choshuenco cone growth,
a minimum of ~13 km*—approximately 12%
of the current volume—has been eroded and
removed. In addition to the prominent Mocho
caldera, earlier collapses or edifice failures, for
which geological evidence is not preserved or
has been buried by subsequent lava flows, could
have occurred. Truncated lavas from the Mca
unit (Fig. 8A) suggest at least one edifice fail-
ure between 300 and 100 ka. Extrapolating the
dips and thicknesses of those lava packages led
us to estimate that ~10 km? of volume was lost
in collapses between 300 and 100 ka, ~15 km?
between 200 and 100 ka, and ~5 km? from 100
to 18 ka (Figs. 2 and 3). The growth curve of the
cone is steeper when the volume from caldera
collapses is considered (Fig. 11).

The very slow growth rate between 100 and
18 ka may reflect: (1) the limited number of
dates and a sampling bias between 80 and 26
ka; (2) elevated erosion rates during the LGM
between 45 and 18 ka, which is supported by
the ice-lava interaction features in the outcrops
of unit Arb (Fig. 8); or (3) suppression of volca-
nism under the increasing load of the Patagonian
Ice Sheet. We note that similarly slow rates of
cone growth during this same period of time are
observed at Puyehue (Singer et al., 2008) and
Calbuco volcanoes (Mixon et al., 2021). More-
over, Ruapehu volcano in New Zealand also dis-
plays a lacuna between 80 and 50 ka (Conway
etal., 2016; Pure et al., 2020), which may bolster
an interpretation that instead of sampling bias,
subdued eruptions due to ice loading during the
global MIS 4 between 71 and 57 ka best explain
these records (Fig. 11). Integration of the tephra
volume estimated by Rawson et al. (2015) with
estimated lava thicknesses indicates that the
cone grew rapidly by ~6 km?® between 18 and
12 ka and 4 km? between 12 and 8 ka. Notably,
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a “headless” dacitic lava truncated at the caldera
rim and previously interpreted to be younger
than 60 ka (Moreno and Lara, 2007; Table S5)
is dated at 16.6 £ 2.4 ka. Thus, the caldera col-
lapsed during the past 16 k.y. (Fig. 3). We pro-
pose that eruption of the ~5.3 km? of Neltume
rhyolitic tephra at 11.5 ka led to collapse of the
3.5-km-wide caldera, which was filled with lavas
from the Arb unit. The MC2 tephra that erupted
at ca. 13.5 ka—now thought to be more exten-
sive than previously reported (Alloway et al.,
2022)—could have also produced the collapse.
Between 6 and 2 ka, eruptions are marked by
the Adec, Hac, and Adm units, which together
comprise ~1.0 km? and build up the current
Mocho cone and minor eruptive centers in its
flanks. Finally, the 1.6 ka Enco ignimbrite (1.7
km?), 1.3 ka Hua-Hum tephra (0.4 km?; Rawson
etal., 2015), the Hr unit, and the recent eruptions
of the Adm unit (0.5 km?) led to a Late Holocene
growth rate of ~1.6 km3/k.y.

IMPLICATIONS AND CONCLUSIONS

An apparent uptick in the volume of tephra that
erupted immediately following deglaciations has
led to the hypothesis that glacial retreat played a
role (Huybers and Langmuir, 2009; Watt et al.,
2013; Kutterolf et al., 2019). Moreover, based on
the post-LGM tephra record, it has been inferred
that, with respect to both magma composition
and eruptive rates, Mocho-Choshuenco exhib-
its a strong response to rapid unloading of the
Patagonian Ice Sheet (Rawson et al., 2016a).
Our high-resolution chronostratigraphy span-
ning the past 50 k.y. (Fig. 10B), and time-volume
constraints (Fig. 11), which are linked to rock
compositions, now permit a more thorough com-
parison of Mocho-Choshuenco with neighboring
volcanoes to evaluate impacts of glacial loading
and unloading on the underlying magma plumb-
ing systems during a full cycle of growth and
retreat of the Patagonian Ice Sheet.

The pre-LGM lava record proves invaluable
in revealing a compartmentalized plumbing
system that operates during a complete cycle
of glacial growth and decay. We highlight four
key findings from the behavior of the Mocho-
Choshuenco magma plumbing system: (1)
the generation of both incompatible element-
rich and element-poor reservoirs of eruptive
magma; (2) a strong shift from basaltic andesitic
to silicic magmas erupting beginning at 18 ka,
when the Patagonian Ice Sheet began to retreat
rapidly; (3) a notable increase in the eruptive
rate immediately after ice retreat; and (4) the
return to basaltic andesitic to dacitic eruptions
during the Holocene as the volcano became ice-
free. We suggest that the increase in surface load
due to the growth of the Patagonian Ice Sheet

beginning at 45 ka increased lithostatic stress in
the mid-crust that impeded the ascent and erup-
tion of magma from an incompatible element-
poor magma reservoir after 45 ka (Figs. 12A
and 12B). The paucity of lavas on Calbuco
volcano (Fig. 1) between 55 ka and 30 ka par-
allels our findings on Mocho-Choshuenco and
supports regional ice loading as a mechanism
for reducing volcanism (Fig. 11; Mixon et al.,
2021). Coevally, a reservoir of incompatible
element-rich magma grew, as magma ponded
and heated deep to middle crustal rocks, thereby
enhancing assimilation (Fig. 12B). Small quan-
tities of basaltic andesitic magma stored within
this reservoir began to erupt at ca. 26 ka and
continued until 18 ka (Fig. 12C). The rapid
decrease in surface loading as the Patagonian
Ice Sheet began to retreat at 18 ka reduced the
vertical stress on this magma reservoir and
enabled dike propagation (Fig. 12D; Jellinek
et al., 2004) that fueled the explosive erup-
tion of Neltume rhyolite, and caldera collapse
at 11.5 ka (Fig. 12E). Basaltic andesitic lavas
emplaced at 12 ka bypassed the emptied silicic
magma reservoir to erupt, which indicates that
some mafic magmas may pond, whereas others
ascend unimpeded, likely due to differences in
density, viscosity, and H,O content (Fig. 12E).
Once the long-stored silicic magma erupted
from the upper portion of this magma reservoir,
mafic magmas from deeper parts of the trans-
crustal plumbing system ascended and began
to dominate the eruptive volumes (Fig. 12F,
Grupo Fui and Hac). After 2.9 ka, eruptions are
of mainly intermediate to silicic compositions
(60.1-65.0 wt% Si0O,), with some minor basal-
tic andesites (52.7-55.6 wt% SiO,) and minor
eruptive centers (Hr unit), which suggests that
by this time, the upper portion of the magma
plumbing system had cooled, crystallized, and
produced intermediate melts and magmas simi-
lar to those that erupted prior to the local LGM
glaciation.

Our findings from the pre-Holocene effusive
eruptions of Mocho Choshuenco expand upon
those of Rawson et al. (2016a) and allow us to
consider the behavior of the magma plumbing
system before, during, and after the LGM. For
instance, an increase of an order of magnitude
in growth rate is observed immediately follow-
ing the penultimate glaciation (Fig. 11; MIS 6 at
190-135 ka). Rawson et al. (2016a) suggest that
an ~5 k.y. lag between deglaciation and erup-
tion of the Neltume rhyolite at 11.5 ka reflects
a slow viscoelastic response to unloading of the
Patagonian Ice Sheet. Our observations indicate
that voluminous dacitic lavas erupted at 18 ka
during or immediately following Patagonian Ice
Sheet retreat. Thus, there may be little, if any,
time gap between ice retreat and silicic eruption
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(Fig. 10B). Moreover, the magma plumbing
system is compartmentalized into discrete res-
ervoirs that allow some mafic magmas to erupt
at 12 ka synchronously with or in close tempo-
ral proximity to the Neltume rhyolite. Moreover,
eruption rates increased from <0.02 km3/k.y.
during the LGM to 0.2 km*/k.y. when deglacia-
tion began (18-12 ka) to a high of 1.7 km?/k.y.
as the volcano became free of ice between 12
and 8 ka (Fig. 11). Other nearby volcanoes in the
Andean Southern Volcanic Zone that were likely
impacted by the growth and retreat of the Pata-
gonian Ice Sheet (Antuco-Sierra Velluda, Puye-
hue, and Calbuco) show similar cone growth but
with a sharp increase in eruptive rates immedi-
ately following deglaciation at 18 ka (Fig. 11).
This difference occurs because, despite dacites
erupting when ice retreats, the first large post-
LGM eruption at Mocho-Choshuenco was at
11.5 ka. If a significant volume of the 13.5 ka
MC2 tephra is confirmed with further mapping
of its thickness and distribution (Alloway et al.,
2022), the post-16 ka growth rate may require
upward revision.

Puyehue and Mocho-Choshuenco volcanoes
share the rapid increase in growth rate after the
penultimate glaciation and LGM (Fig. 11), and
also the abrupt shifts in compositions during and
following glaciation. For instance, Puyehue vol-
cano (Fig. 1) is predominantly basaltic andesitic
to andesitic from 350 to 20 ka but abruptly shifts
to erupt both basalts and rhyolite after 20 ka
(Fig. 10C; Singer et al., 2008). Although Mocho-
Choshuenco volcano is not bimodal, both volca-
noes show an increase in silicic eruptions and
cone growth rate coeval with ice retreat (Figs. 10
and 11). We suggest that the intracrustal stress
drop associated with rapid deglaciation desta-
bilizes arc front magma plumbing systems to
facilitate highly explosive silicic eruptions as at
Mocho-Choshuenco and Puyehue. Osorno is a
dominantly basaltic andesitic volcano that lies
65 km south of Puyehue (Fig. 1), and it also has
only erupted dacites in post-LGM time between
ca. 11 and 8 ka (Moreno et al., 2010; Bechon
et al., 2022).

Other Andean Southern Volcanic Zone
volcanoes have responded differently to the
growth and retreat of the Patagonian Ice Sheet.
For example, the Antuco—Sierra Velluda Vol-
canic Complex shifts from erupting a spec-
trum of basaltic to andesitic magma between
ca. 100 and 20 ka to erupting mainly MgO-
rich basalt after the LGM (Fig. 10C; Mar-
tinez et al., 2018). Villarrica, ~50 km north of
Mocho-Choshuenco and Calbuco volcanoes
(Fig. 1), experienced large explosive erup-
tions following glaciation, the Licdn ignim-
brite, and dome collapse at 16 ka, respectively.
However, Calbuco volcano is monotonously
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Figure 12. Schematic evolution of the upper portion of the magma plumbing system beneath Mocho-Choshuenco (not to scale). (A) Erup-
tion of incompatible element-poor magmas from a common reservoir with different mantle sources that generated the old portion of the
Mocho and Choshuenco composite cones: the Mocho-Choshuenco Ancestral (Mca) unit, Andesitas basalticas de Punahue (Abp) unit, and
part of the Andesitas basalticas del Rio Blanco (Arb) unit. (B) Growth of the Patagonian Ice Sheet at ca. 40 ka inhibited eruptions due to
increasing lithostatic stress, limiting dike ascent and instead promoting enhanced crustal assimilation by basalt in the lower crust. (C)
Incompatible element-rich basaltic andesites (Arb unit, in red), followed by incompatible element-rich dacites (Dacitas y Andesitas del Rio
Truful unit, Drt, in red) erupted from the reservoir; a separate incompatible element-poor reservoir builds up, from which eruptions are
mainly (D) dacites with lava-ice contact features and (E) caldera-forming rhyolites (MC2 and Neltume between 13.5 and 11.5 ka). Eruptions
forming the modern Choshuenco cone are from an oxidized, water-rich magma reservoir. (F) Basaltic magma ascends throughout the roots
of now emptied and crystallized reservoirs to generate minor eruptive centers on the flanks of two Mocho-Choshuenco units, Alto Caunahue
(Hac) and Ranquil (Hr), and Grupo Fui. Schematic depths of the reservoirs are based on thermobarometric estimates for magmas erupted
at Mocho-Choshuenco (Moreno-Yaeger et al., 2022) that are consistent with other volcanoes in the Andean Southern Volcanic Zone (e.g.,
Lohmar et al., 2012; Castro et al., 2013; Brahm et al., 2018; Morgado et al., 2019; Arzilli et al., 2019; Vander Auwera et al., 2021; Boschetty
et al., 2022; Morgan et al., 2024), which suggests magma storage depths of between 4 and 12 km. Dep—Andesitas del Estero Pirinel unit.

andesitic throughout its entire volcanic history
(Fig. 10C; Mixon et al., 2021), and Villarrica
has erupted only basaltic andesitic to andes-
itic magma following the local LGM (Moreno
and Clavero, 2006; Lohmar et al., 2012). Some
have suggested that mantle melt production
and flux into the lower crust modulates how

transcrustal magma plumbing systems operate
in the Cascade arc (Till et al., 2019). Higher
mantle melt flux into the base of a plumbing
system—as at Calbuco and Villarrica volca-
noes—could prevent cooling, stalling, and dif-
ferentiation to produce significant amounts of
silicic melt (Mixon et al., 2021).
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A more nuanced examination of the impact
of ice loading and unloading on the plumbing
systems beneath these volcanoes awaits appli-
cation of phase equilibria constraints, using
both natural mineral and melt compositions, in
tandem with thermodynamic modeling (e.g.,
Bechon et al., 2022; DeSilva et al., 2023). Ther-
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mobarometry coupled with numerical modeling
of surface loading and unloading of the Patago-
nian Ice Sheet (e.g., Cuzzone et al., 2024) may
provide further insights into how magma storage
conditions and eruptive activity might have been
influenced by ice sheet growth and retreat during
the past 50 k.y.
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