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Cordón Caulle in southern Chile has produced three dacitic to rhyolitic fissure eruptions over the past century (in
1921–1922, 1960 and 2011–2012), and thereby provides an ideal opportunity to examine the architecture of its
underlying silicic system. While the 2011–2012 eruption has been extensively studied, comparatively little is
known about the 1921–1922 and 1960 events. Major-element matrix glass analyses from the 1960 products
(71.5 wt.% SiO2) are indistinguishable from the 2011–2012 data (72.2 wt.% SiO2), but the 1921–1922 analyses
form a discrete, slightly less evolved sub-population (69.0 wt.% SiO2). We utilise rhyolite-MELTS geobarometry
to estimate both the storage and extraction depths of all three magmas. For all three eruptions, magma was
stored in the shallow crust, between 80–150 MPa (3.5–6.6 km). The 2011–2012 magma body spanned this
whole depth range but the 1921–1922 and 1960 magma bodies were more confined in pressure, at 90–112
MPa (4.0–5.0 km) and 123–143MPa (5.4–6.3 km) respectively. Melt extraction from a parental crystal-mush oc-
curred in the range 70–200MPa (3.1–9.0 km) for all three eruptions, suggesting contiguousmelt segregation and
storage in the shallow crust. Finally, we discusswhether the deepermagma storage in 1960 reflects the influence
of a seismic trigger by events associated with the Mw9.5 Great Chilean earthquake.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Understanding magma generation, storage and eruption trigger
mechanisms at silicic volcanoes constitutes one of the great challenges
of modern volcanology (Acocella, 2014). Significant advances have oc-
curred since the early “big vat” models (Bowen, 1915) that envisioned
large pools of continuous and convecting crystal-poor melt residing in
the crust. We are now armed with models of silicic melt originating
from highly crystalline mushes extending throughout the crust (e.g.
Bachmann and Huber, 2016; Cashman et al., 2017). Nevertheless, very
few rhyolitic eruptions have been directly observed, with only three
such terrestrial eruptions occurring over the past 50 years, at Da’Ure,
Ethiopia in 2005 (Ayele et al., 2007), Chaitén, Chile in 2008–2010
. Seropian).
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(Lara, 2009) and Cordón Caulle, Chile in 2011–2012 (Castro et al.,
2013). Studying a system that has been observed erupting provides a
unique opportunity to relate the geological record to the eruption dy-
namics (e.g. Castro and Dingwell, 2009; Saunders et al., 2012;
Schipper et al., 2013; Pistolesi et al., 2015).

The 2011–2012 Cordón Caulle event was the largest of these three
recent historic eruptions (and to date, is the largest of the twenty-first
century). Despite its remote Andean location, it was well studied, with
satellite remote sensing data playing a significant role (e.g. Jay et al.,
2014; Castro et al., 2016; Coppola et al., 2017). Several field investiga-
tions were able to make direct observations of eruptive phenomena,
as well as collect proximal ejecta samples for analysis (e.g. Schipper
et al., 2013; Tuffen et al., 2013; Pistolesi et al., 2015; Paisley et al.,
2019). Ash collection (in time-series) was also undertaken in medial
to distal locations throughout the eruption (e.g. Daga et al., 2014;
Bertrand et al., 2014; Alloway et al., 2015; Bonadonna et al., 2015a).
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In addition to the 2011–2012 eruption, two silicic eruptions occurred at
Cordón Caulle in 1921–1922 and 1960 (Lara et al., 2004). The occur-
rence of closely spaced explosive activity centred at Cordón Caulle pro-
vides a unique opportunity to explore temporal and spatial changes
associated with this potentially long-lived and frequently erupting si-
licic system.

Constraining the pre-eruptive architecture of the magmatic reser-
voir and plumbing system that fuelled the 2011–2012 eruption has
been a key objective of the past decade, with a range of field, remote
sensing, experimental and numerical techniques (Castro et al., 2013,
2016; Schipper et al., 2013, 2021; Jay et al., 2014; Wendt et al., 2017;
Delgado et al., 2018). However, the 1921–1922 and 1960 events have
received much less attention. Based on the geochemical similarity of
the three events, it is generally assumed that they were derived from
the same magma reservoir (Jay et al., 2014), but a direct test of this as-
sumption is still lacking.

The structure and eruptive history of Cordón Caulle are also inti-
mately linked to the regional tectonics (Lara et al., 2004, 2006a;
Wendt et al., 2017). Both the 1960 and 2011–2012 eruptions occurred
after large tectonic earthquakes. The 1960 Mw9.5 Great Chilean earth-
quake is generally considered to have directly triggered the volcanic
eruption (e.g. Barrientos, 1994; Manga and Brodsky, 2006; Walter and
Amelung, 2007). Similarly, a possible association has been considered
between the 2010 Mw8.8 Maule earthquake and the 2011–2012 erup-
tion, though the link remains tenuous (Bonali et al., 2013; Jay et al.,
2014). Thus, Cordón Caulle constitutes an ideal field laboratory to exam-
ine earthquake-volcano interactions.

In this contribution, we report major element composition of the
matrix glass from the 1921–1922, 1960 and 2011–2012 products. We
then constrain both the storage and extraction depths for all three erup-
tions using rhyolite-MELTS geobarometry (Gualda and Ghiorso, 2014;
Harmon et al., 2018). Finally, we explore whether a deeper storage
depth in 1960 could be an indicator of a tectonic trigger for this event.

2. Geological setting

Cordón Caulle (40.5oS, 72.2oW) is a 15 × 4Ckm fissure system,
aligned NW-SE, within the larger Puyehue-Cordón Caulle Volcanic
Complex (PCCVC) in the Southern Volcanic Zone of the Chilean Andes
(Fig. 1). The PCCVC intersects the NNE-trending Liquiñe-Ofqui fault
zone, a major intra-arc fault system of the southern Andes (Cembrano
et al., 1996; Cembrano and Lara, 2009). The last three significant (VEI
≥3) PCCVC eruptions occurred at Cordón Caulle, in 1921–1922, 1960
and 2011–2012 (Gerlach et al., 1988; Lara et al., 2006b; Singer et al.,
2008; Castro et al., 2013). All three eruptions produced lava flows
which erupted from separate vents (Fig. 1).

The 1921–1922 and 1960 eruptions are poorly documented, mostly
due to the volcano's remoteness and the lack of monitoring institutions
at that time. The two eruptions were similar in style, intensity and bulk
geochemistry (Lara et al., 2006b). Both eruptions started with an initial
sub-Plinian phase (with an estimated 6 and 9 km plume height respec-
tively, Hantke (1940), Katsui and Katz (1967)), followed by hybrid
venting of ash and lava extrusion (in the case of the 1960 event; Lara
et al., 2004) and then emplacement of lava. Bulk lava composition is
consistently rhyodacitic (68.5–70 wt.% SiO2, Gerlach et al. (1988)),
with an estimated ∼0.4 km3 dense rock equivalent (DRE) erupted
material produced in the 1921–1922 eruption, and an estimated ∼0.25
km3 in 1960 (Lara et al., 2006b). Both eruptions were fissure eruptions,
forming two distinct parallel series of aligned vents (Fig. 1). The 1960
eruption is notable as it started only 38 h after the Mw9.5 Great
Chilean earthquake, the largest earthquake ever recorded with instru-
mental seismological observations (Lara et al., 2004). It is thus often
considered a prime example of a seismically-triggered eruption (e.g.
Barrientos, 1994; Manga and Brodsky, 2006; Walter and Amelung,
2007). The 1921–1922 eruption is not known to be associated with
any major regional tectonic event.
2

The 2011–2012 eruption was extensively monitored and studied
(e.g. Castro et al., 2013; Jay et al., 2014; Pistolesi et al., 2015). The erup-
tive sequence is broadly similar to 1921–1922 and 1960 – initial Plinian
phase, followed by hybrid explosive-effusive activity and prolonged ef-
fusion of lava. Themagnitude of the eruption was however much larger
(plume height of 14 km, ∼2.7 km3 DRE total erupted volume; Castro
et al., 2013; Pistolesi et al., 2015; Bonadonna et al., 2015b; Delgado
et al., 2019). Bulk rock compositions are nearly identical to those of
the 1921–1922 and 1960 products (69.5 wt.% SiO2, Castro et al., 2013).
Though itmayhave begun as afissure eruption, the 2011–2012 eruptive
activity quickly focused to a single vent (Schipper et al., 2013).

3. Methods

3.1. Sample collection

We conducted two fieldwork campaigns at Cordón Caulle in 2016
and 2017. We first collected pumice lapilli from the distal fall deposits
of the 1921–1922, 1960 and 2011–2012 eruptions at a section located
close to Cardenal-Samoré Pass, on the border between Chile and
Argentina, 20–30 km ESE of the different vents (location PCC-DIST in
Fig. 1). We then collected pumice lapilli from proximal deposits at two
locations near the lava flows (1921–1922 samples at PCC-PROX1 and
both 1960 and 2011–2012 samples at PCC-PROX2, Fig. 1). A total of 17
pumice lapilli samples (nine from 1921–1922, six from 1960 and two
from 2011–2012)were prepared in polished thin sections for geochem-
ical analysis. Representative backscattered electron (BSE) images of our
thin sections are shown in Fig. 2. These were acquired on a JEOL IT-300
scanning electron microscope at the University of Canterbury, with a
15 kV accelerating voltage, a 40 nA beam current and a 15mmworking
distance.

3.2. Geochemical analysis

Major element compositions and volatile (S, F, Cl) contents ofmatrix
glasses were determined by electron probe microanalysis (EPMA) with
a JEOL JXA-8230 Superprobe at Victoria University of Wellington
(VUW). We followed the same procedure as that of Schipper et al.
(2019), which is summarized below.

For major elements, we used a 15 kV accelerating voltage, 8.0 nA
current, peak/background count times of 30 s/15 s, and a beam
defocused to 10 μm. Sodium was measured first, with shorter times
(10 s/5 s) and at a fixed peak position, to avoid a peak search procedure
and minimize volatilisation. Analyses were calibrated against a suite of
standards (Jarosewich et al., 1980): VG-A99 basaltic glass standard for
Ca, Mg and Fe; VG-568 rhyolitic glass standard for Si, Al, Na and K; syn-
thetic oxides for Ti, Mn and Cr.

For volatile analysis, we used a 15 kV accelerating voltage, 60.0 nA
current and a beam defocused to 10 μm. Peak/background count times
were 60 s/30 s for sulphur and chlorine, and 120 s/60 s for fluorine.
The calibration standards used were Elba Pyrite for sulphur and VG-
568 for chlorine. For fluorine, we followed the method of Zhang et al.
(2016), with X-Rays counted on a synthetic bilayer refracting crystal
(LDE1), peak height analysis (PHA) settings chosen to remove interfer-
ence with the Mg-Kβ peak, and a calibration curve established to
accomodate interference between the F-Kα and Fe-Lα peaks. The suite
of F-free, Fe-bearing primary glass standards required for calibration,
and suite of F-bearing, Fe-bearing secondary glass standards required
for verification of analytical precision, were synthesized and generously
provided by C. Zhang, and are described in Zhang et al. (2016). Detec-
tion limits were 9 ppm, 19 ppm and between 100 and 120 ppm for S,
Cl and F respectively (Schipper et al., 2019).

Both major and volatile analyses were regularly checked against a
suite of natural and synthetic secondary standard reference glasses.
For each sample, we performed multiple spot analyses. We then



Fig. 1. (a) Satellite image (Google Satellite) of the Puyehue-Cordón Caulle Volcanic Complex. Lava flows are outlined for each of the three eruptions: 1921–1922 (blue), 1960 (orange) and
2011–2012 (green). Sample collection locations are shown as red dots. Fault locations are from Maldonado et al. (2021). Inset map shows location of the PCCVC in South America. (b, c,
d) Photographs of the sampling locations. Proximal samples from the 1921–1922 eruption (P21) were collected at location PCC-PROX2 (b). Proximal samples from the 1960 (P60) and
2011–2012 (P11) eruptions were collected at location PCC-PROX1 (c). Distal samples for all three eruptions (D21, D60 and D11) were collected at location PCC-DIST (d). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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averaged the analyses with totals >97 wt.% to obtain the sample's
composition.

3.3. Geobarometry

We used rhyolite-MELTS phase equilibria geobarometry with the
Microsoft Excel interface for rhyolite-MELTS (Gualda and Ghiorso,
2014, 2015) to estimate the storage and extraction pressures of
the magmas erupted at Cordón Caulle in 1921–1922, 1960 and
2011–2012. This geobarometry technique uses rhyolite-MELTS (v1.0.
x; Gualda et al., 2012) to simulate equilibrium crystallisation of a melt
3

with a given major element composition for a range of pressures and
temperatures. It returns the pressure at which the input melt composi-
tion can be in equilibrium with a given mineral assemblage.

To model storage pressures, the input compositions used are matrix
glass compositions. We assume that the glass represents the melt that
was stored in equilibriumwith the given phenocryst assemblage imme-
diately prior to eruption (Gualda and Ghiorso, 2014), which is sup-
ported by the absence of visible microlites our samples (Fig. 2). The
eruptive products from Cordón Caulle are crystal-poor (<5% pheno-
crysts), but the most abundant mineral phases are (see Gerlach et al.,
1988; Castro et al., 2013; Jay et al., 2014): plagioclase (plag),



Table 1
Matrix glass major element and volatile compositions as determined by EPMA, from pyroclasts of the 1921–1922, 1960 and 2011–2012 eruptions at Cordón Caulle. For each sample, the
first line represents the averages of n spot analyses and the second line (italics font) corresponds to the standard deviations. These data, alongwith analyses of standard glasses are avail-
able as Supplementary Material.

Sample name Eruption SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O Cr2O3 S (ppm) F (ppm) Cl (ppm) Total n

P21_10 1921–1922 68.38 0.82 14.98 4.07 0.12 0.93 2.86 4.59 2.40 0.00 – – – 99.15 40
0.29 0.04 0.08 0.15 0.02 0.03 0.05 0.13 0.17 0.01

P21_15 1921–1922 68.13 0.81 14.91 4.08 0.12 0.91 2.77 4.94 2.28 0.01 – – – 98.95 30
0.40 0.04 0.25 0.22 0.02 0.05 0.15 0.20 0.30 0.01

P21_43 1921–1922 67.92 0.73 14.69 3.77 0.12 0.82 2.64 4.62 2.39 0.01 40 1060 1959 98.02 9
0.58 0.02 0.18 0.22 0.02 0.02 0.04 0.14 0.27 0.01 19 144 836

P21_47 1921–1922 68.55 0.81 14.91 4.04 0.12 0.87 2.76 4.70 2.46 0.01 50 922 1594 99.50 20
0.32 0.03 0.11 0.15 0.02 0.03 0.06 0.12 0.17 0.01 14 53 61

P21_70 1921–1922 68.22 0.82 14.97 4.10 0.12 0.93 2.85 5.04 2.41 0.01 – – – 99.47 21
0.34 0.03 0.09 0.17 0.02 0.02 0.06 0.13 0.16 0.01

P21_78 1921–1922 69.49 0.73 14.83 3.74 0.12 0.76 2.52 4.57 2.56 0.01 – – – 99.33 42
0.30 0.03 0.10 0.13 0.02 0.03 0.08 0.12 0.13 0.01

P21_91 1921–1922 67.17 0.76 14.66 3.83 0.12 0.84 2.63 4.99 2.23 0.01 – – – 97.25 14
0.28 0.04 0.34 0.14 0.02 0.05 0.16 0.21 0.22 0.01

D21_14 1921–1922 68.73 0.82 15.05 4.01 0.12 0.89 2.84 4.56 2.42 0.01 – – – 99.46 42
0.27 0.04 0.13 0.12 0.02 0.04 0.07 0.11 0.19 0.01

D21_99 1921–1922 68.20 0.77 14.96 3.90 0.10 0.86 2.75 4.85 2.49 0.01 49 874 1569 99.14 11
0.41 0.03 0.09 0.31 0.02 0.04 0.08 0.14 0.08 0.02 10 163 227

P60_04 1960 70.22 0.54 14.33 3.18 0.10 0.52 1.99 4.85 2.81 0.01 – – – 98.55 23
0.37 0.02 0.11 0.22 0.02 0.02 0.06 0.16 0.07 0.02

P60_24 1960 70.70 0.55 14.40 3.16 0.10 0.50 1.94 4.88 2.81 0.01 48 960 1703 99.32 27
0.45 0.02 0.13 0.17 0.02 0.02 0.05 0.10 0.07 0.01 21 68 92

P60_39 1960 70.75 0.49 14.10 2.98 0.10 0.44 1.78 4.84 2.92 0.01 – – – 98.41 18
0.45 0.02 0.13 0.23 0.02 0.03 0.05 0.15 0.06 0.01

P60_74 1960 70.48 0.53 14.34 3.04 0.10 0.49 1.89 4.65 2.81 0.01 32 1042 1607 98.60 39
0.36 0.02 0.14 0.16 0.02 0.03 0.07 0.13 0.12 0.01 15 108 113

D60_17 1960 71.10 0.53 14.35 2.94 0.09 0.47 1.86 4.58 2.86 0.00 22 986 1699 99.05 18
0.34 0.02 0.09 0.17 0.02 0.02 0.03 0.34 0.05 0.01 10 54 77

D60_19 1960 70.03 0.48 14.17 2.73 0.10 0.44 1.76 4.59 2.73 0.00 42 951 1945 98.21 9
0.70 0.02 0.23 0.15 0.02 0.02 0.03 0.15 0.19 0.01 17 98 234

P11_61 2011–2012 69.98 0.51 14.29 2.92 0.09 0.47 1.83 4.79 2.76 0.01 28 1014 1610 97.92 14
0.41 0.03 0.11 0.20 0.02 0.03 0.08 0.09 0.19 0.01 15 139 247

P11_73 2011–2012 70.54 0.55 14.38 3.14 0.10 0.49 1.93 4.75 2.81 0.00 32 992 1548 98.95 28
0.35 0.03 0.10 0.15 0.02 0.02 0.09 0.11 0.04 0.01 17 59 98

Fig. 2. Representative BSE images of thin sections of Cordón Caulle pumice lapilli from (a) the 1921–1922 eruption (sample P21_78), (b) the 1960 eruption (sample P60_04), and (c) the
2011–2012 eruption (sample P11_61). Phenocrysts are either isolated or form glomerocrysts. The groundmass glass is devoid of microlites. Mineral symbols ap = apatite, cpx =
clinopyroxene, opx = orthopyroxene, ox = Fe-Ti oxide, pl = plagioclase.
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orthopyroxene (opx) and clinopyroxene (cpx).We considered themin-
eral assemblage plag + opx, following the method of Harmon et al.
(2018). While our samples do contain cpx, rhyolite-MELTS is not cali-
brated for cpx in melts with high SiO2 contents due to the absence of
cpx-liquid phase equilibria in rhyolitic melt in the calibration database
(Ghiorso, pers. comm.). The absence of cpx is expected tomakeminimal
difference to the results (Harmon et al., 2018), although the plag+ opx
pressure calculationswill have larger uncertainties than a plag+ opx+
cpx geobarometry calculation.We calculated storage pressure for a total
of 22 glass compositions: nine from the 1921–1922 eruption (this
study), six from the 1960 eruption (this study) and seven from the
2011–2012 eruption (two from this study and five measured by
Schipper et al., 2019).

Following the procedure of Harmon et al. (2018), we ran the compo-
sitions through rhyolite-MELTS from400 to 25MPa in 25MPa steps and
from 1100 to 700 °C in 1 °C steps. We assumed that themelt was water
saturated at all pressures. For consistency, we used 10wt.% H2O to force
water saturation at all pressures (following Harmon et al., 2018). Melt
inclusions from the 2011–2012 eruptions indicate that the melt also
contained dissolved CO2 in its pre-eruption storage (up to 220 ppm;
Castro et al., 2013; Jay et al., 2014). The effect of CO2 is not explicitly
Fig. 3.Harker diagrams showingmajor element compositions of matrix glass from pyroclasts of
Major elements are normalised to 100%, volatile-free. Each point represents the average of
interpretation of the references to color in this figure legend, the reader is referred to the web
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modelled in the rhyolite-MELTS geobarometer but is assumed to have
a minor impact on the pressure calculations (Gualda and Ghiorso,
2014; Ghiorso and Gualda, 2015). The resulting pressures are sensitive
to the choice of oxygen fugacity (fO2; Harmon et al., 2018). fO2 values
have previously been estimated for all three eruptions using
magnetite-ilmenite pairs. With respect to the Ni-Ni oxide (NNO) buffer
they are approximately NNO-0.3 for the 1921–1922 eruption (Gerlach
et al., 1988; Mingo, 2019), NNO-0.5 for the 1960 eruption (Gerlach
et al., 1988; Mingo, 2019) and NNO-0.8 for the 2011–2012 eruption
(Castro et al., 2013; Jay et al., 2014; Mingo, 2019). We thus considered
a range of five fO2 values fromNNO-1 to NNO in 0.25ΔNNO increments,
in order to fully explore the expected fO2 range.

In addition to the storage pressure, rhyolite-MELTS geobarometry
can assess the extraction pressure. The extraction pressure is the pres-
sure at which the melt segregated from its parental mush (Gualda
et al., 2019). The procedure was identical to the storage pressure calcu-
lations described above, with the exception that we used bulk composi-
tion as the initial input (as opposed to matrix glass composition used
previously). The underlying hypothesis is that pure melt (0% crystal)
was first extracted from a parental mush at the extraction pressure,
and subsequently crystallised at the storage pressure to become the
the 1921–1922 (blue), 1960 (orange) and 2011–2012 (green) eruptions at Cordón Caulle.
multiple spots analyses (n = 9–42), error bars represent ±1 standard deviation. (For
version of this article.)



Fig. 4. Volatiles versus SiO2 for selected samples from the 1921–1922 (blue), 1960
(orange) and 2011–2012 (green) eruptions at Cordón Caulle. Each point represents the
average of multiple spots analyses (n = 9–42), error bars represent ±1 standard
deviation. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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final assemblage of melt and crystals that we observe at the surface. As-
suming perfect extraction and closed system crystallisation, the erupted
bulk composition should be identical to the extracted melt composition
(Gualda et al., 2019). We considered a plag + opx assemblage again.
Bulk compositions were collated from published literature, all were ac-
quired via X-ray fluorescence (XRF).We ran a total of 38 published bulk
compositions: six from the 1921–1922 eruption (Gerlach et al., 1988;
Singer et al., 2008; Naranjo et al., 2017), nine from the 1960 eruption
(Gerlach et al., 1988; Singer et al., 2008) and 23 from the 2011–2012
eruption (Castro et al., 2013; Jay et al., 2014; Naranjo et al., 2017;
Schipper et al., 2019).

4. Results

4.1. Geochemical analysis

Major element compositions of the matrix glass for the 1921–1922,
1960 and 2011–2012 eruptions are presented in Table 1 and Harker di-
agrams in Fig. 3. Each sample composition results from averaging be-
tween nine and 42 spot analyses, with a mean number of 24 spot
analyses per sample. Previously published matrix glass compositions
from pumice clasts from the 2011–2012 eruption (Castro et al., 2013;
Schipper et al., 2019) are also displayed in Fig. 3 for comparison. Abun-
dances of TiO2, Al2O3, FeOt, MgO, CaO and Na2O all decrease with
increasing SiO2 content, whereas K2O shows an increasing trend.
Matrix glasses from the 1960 and 2011–2012 eruptions are chemically
homogeneous and indistinguishable, with normalized average SiO2

values of 71.5 wt.% and 72.2 wt.%, respectively. Matrix glasses from
the 1921–1922 samples are chemically homogeneous but form a dis-
tinct sub-population in Fig. 3, with lower SiO2 content (normalized
average of 69.0 wt.%), lower K2O content, similar to higher Na2O
content, and higher CaO, Al2O3, FeOt, MgO and TiO2 contents than
their 1960 and 2011–2012 counterparts.

Volatile contents for pyroclasts from the 1921–1922, 1960 and
2011–2012 eruptions are presented in Fig. 4, along with published
data from Schipper et al. (2019) from the 2011–2012 eruption. Matrix
glasses from all three eruptions contained similar sulphur, fluorine
and chlorine contents, despite different SiO2 contents. Our data also
overlap published data, with low S values and high F and Cl. This is con-
sistent with observations from Schipper et al. (2019) that halogens re-
main dissolved in the melt for low groundmass microlite contents
(<75%).

4.2. Rhyolite-MELTS geobarometry

All 110 simulations for the glass compositions (five fO2 values for 22
compositions) returned a plag + opx solution. For each data point, the
1σ uncertainty associated with storage pressure calculations using
rhyolite-MELTS is on the order of 25 MPa (Harmon et al., 2018), mainly
deriving from analytical error in the input glass composition (Gualda
andGhiorso, 2014; Harmon et al., 2018). The storage pressure estimates
for each of the eruptions are displayed as histograms in Fig. 5. fO2 exerts
a significant control on estimated storage pressures, with higher fO2

values yielding higher (i.e. deeper) storage pressures. Reported fO2

values for each of the three eruptions show a decreasing trend from
NNO-0.3 in 1921–1922 to NNO-0.8 in 2011–2012 (Gerlach et al.,
1988; Castro et al., 2013; Jay et al., 2014; Mingo, 2019). We restrict
our attention to the rhyolite-MELTS runs with fO2 values most closely
matching these estimates, i.e. −0.25 for 1921–1922, −0.5 for 1960
and−0.75 for 2011–2012 (Fig. 6). The corresponding storage pressure
ranges are 90–112 MPa for the 1921–1922 eruption, 123–143 MPa for
the 1960 eruption and 79–146 MPa for the 2011–2012 eruption. Over-
all, storage pressures for all three eruptions lie in the range 80–150
MPa. The 1921–1922 storage pressures are ∼30 MPa lower than the
1960 ones and the 2011–2012 results encompass both the 1921–1922
and 1960 pressure ranges. We tested whether the 30 MPa difference
6

in storage pressures between the 1921–1922 and 1960 eruptions
could have occurred by chance due to our small sample sizes by
performing a Welch's unequal variances t-test. We obtained a t-score
of 7.5 and a p-value of 4 × 10−5, suggesting that there is <0.004% chance
that the 1921–1922 and 1960 data have the same mean.

All 190 simulations for the bulk compositions (five fO2 values for 38
compositions) yielded a successful plag + opx extraction pressure
estimate (Fig. 5). For every fO2 value, the extraction pressures overlap
with the storage pressures, and generally extend to higher pressures,
with a mode ∼50 MPa higher on average (Fig. 5). Oxygen fugacity
exerts a strong control on the estimated extraction pressures too, with
a change of 1 log unit in fO2 leading to variations up to 150 MPa in
pressures. If we consider the estimated fO2 values for each eruption,
we obtain extraction pressures of 111–192 MPa for 1921–1922,
113–203 MPa for 1960 and 70–163 MPa for 2011–2012 (Fig. 6). Thus
the extraction pressures are similar for all three eruptions, broadly fall-
ing in the range 70–200 MPa.

5. Discussion

5.1. Magma storage at Cordón Caulle

The rhyolite-MELTS geobarometer indicates that magmawas stored
at pressures between 80–150 MPa for all three eruptions (Fig. 6). Using
an average crustal density of 2300 kg ·m−3 (e.g. Castro et al., 2013), this



Fig. 5. Rhyolite-MELTS geobarometry results. Glass compositions (red) give storage pressures whereas bulk compositions (grey) yield extraction pressures. The red boxes indicate our
best-estimate of storage and extraction pressures using independent fO2 data, and are reproduced as boxplots in Fig. 6. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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corresponds to depths of 3.5–6.6 km, i.e. the shallow crust. Storage pres-
sure for the 2011–2012 has been independently estimated using petro-
logical experiments (50–115 MPa, Castro et al., 2013) and H2O-CO2

equilibria of melt inclusions (100–140 MPa, Jay et al., 2014).
Additionally, InSAR data reveal co-eruptive deflation sources at depths
4–6 km (i.e. 90–135 MPa, Jay et al., 2014; Wendt et al., 2017; Delgado
et al., 2019). All of these independent estimates (overall 50–140 MPa)
are in agreement with our rhyolite-MELTS results for 2011–2012
(79–146 MPa). The consistency between rhyolite-MELTS and other in-
dependent geobarometers for the 2011–2012 case bolsters the validity
of the results for 1921–1922 and 1960.

Magma storage for the 1921–1922 and 1960 eruptions was hitherto
assumed to be at similar depths to that of the 2011–2012 magma body
(i.e. 50–140 MPa), solely based on geochemical similarity (Jay et al.,
2014; Delgado et al., 2018). Our results constitute the first direct test
of this hypothesis and allow us to both validate and refine it. Indeed,
magma was stored at pressures within the range 50–140 MPa in
1921–1922 and 1960, but the storage regions for these two eruptions
were confined to narrower pressure ranges that are distinct and do
not overlap (Fig. 6). The 1921–1922 storage region was shallower, be-
tween 90–112 MPa (4.0–5.0 km) whereas the 1960 storage region
was slightly deeper, at 123–143 MPa (5.4–6.3 km). The tight clustering
of storage pressures gives us confidence in the significance of the rela-
tive difference between these two events. This is further supported by
a Welch's t-test with a t-score of 7.5 and a p-value <.001, allowing us
7

to reject the null hypothesis that the two datasets have the same
mean. Nonetheless, both ranges are within the larger range of storage
pressures estimated for the 2011–2012 eruption (79–146 MPa). The
larger pressure range for the 2011–2012 eruption may reflect a larger,
more vertically extensive magma reservoir, which is consistent with
the ∼10 times larger erupted volume. Additionally, it may reflect a
more complex reservoir structure, with two or three distinct high
melt-fraction pockets (Alloway et al., 2015; Coppola et al., 2017;
Wendt et al., 2017).

5.2. Magma factory at Cordón Caulle

Modern views of silicic magmatic systems envisage crystal-rich
mush zones from which eruptible melt segregates and accumulates
into shallower ephemeral magma chambers (e.g. Bachmann and
Huber, 2016; Cashmanet al., 2017; Sparks et al., 2019). A corollary ques-
tion is how far apart in space do extraction and storage occur? Melt ex-
traction and melt storage are generally thought to occur at similar
depths (e.g. Bachmann and Bergantz, 2008; Foley et al., 2020), but re-
cent evidence suggests that melt may be transported over great vertical
distances (>10 km) between extraction and storage (e.g. Gualda et al.,
2019; Pitcher et al., 2020). The rhyolite-MELTS geobarometer allows
the extraction and storage pressures to be estimated independently
with the same method (Gualda et al., 2019; Foley et al., 2020; Pitcher
et al., 2020; Pamukçu et al., 2020). Overall, extraction occurred at



Fig. 6.Boxplot of the rhyolite-MELTS geobarometry results for fO2 values closest to independentlymeasured values. Storage pressures are in red, extraction pressures are in grey. Boxes are
drawn from the first to the third quartile, with themedian shown as a black line and the average as a black star.Whiskers extend to the last point falling within 1.5 interquartile range (i.e.
whiskers do not represent uncertainty), all other points are plotted as crosses. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of
this article.)
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pressures in the range 70–203 MPa (3.1–9.0 km). This extraction range
overlaps with the ranges of storage pressures for all three eruptions and
extends deeper into the crust (Fig. 6). This suggests extraction and stor-
age occurred contiguously: melt is extracted throughout the mush and
stored in high melt-fraction pockets in the shallower part of the mush,
or just above it. Overall, our results indicate that, both extraction and
storage occurred in the shallow crust (<10 km depth) for the last
three eruptions at Cordón Caulle. These new data bring additional con-
straints to our understanding of the architecture of silicic systems, as
transcrustal and/or translateral systems (e.g. Kennedy et al., 2018;
Biggs and Annen, 2019; Sparks et al., 2019; Delgado, 2021).

Current models for the magmatic system operating beneath Cordón
Caulle comprise a crystal-rich mush zone between 4 and 9 km depth,
with a considerable lateral extent from Cordillera-Nevada to the NW
to Puyehue cone to the SE (∼20 km, Jay et al., 2014; Delgado, 2021).
The magmas erupted in the three historical eruptions (1921–1922,
1960 and 2011–2012) would then all be sourced from this single
more crystalline region. Our extraction depths (3.1–9.0 km) reinforce
this model. The mush is likely to be composed primarily of mafic min-
erals (i.e. a dioritic assemblage). This assumption is based on the ab-
sence of quartz in Cordón Caulle products and the presence of mafic
glomerocrysts in the deposits (Fig. 2; Jay et al., 2014). Melt was pro-
duced in a unique, extensive crystal-mush region for all three eruptions,
but we suggest that the magma chambers were discrete, both in space
and time. Each chamber was located at slightly different depths
(Fig. 6), and perhaps at different lateral positions within the mush
(based upon vent locations, Fig. 1). We now describe the life cycle of si-
licic melt at Cordón Caulle, from production to eruption, and in light of
our geobarometry results (Fig. 7).

Melt first segregates from the mush at 4–9 km depth. The actual seg-
regationmechanism is beyond the scope of our study but currentmodels
on silicic melt extraction offer a range of possible processes (e.g. Sparks
et al., 2019; Edmonds et al., 2019): gravitationally-driven compaction,
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gas filter-pressing, rejuvenation bymagma recharge or external stresses.
The timescales associatedwith thesemechanisms vary froma fewweeks
to a few thousand years (Cooper, 2019). Extractedmelt is buoyant in the
mush region and will thus migrate upwards if possible. Resolving the
exact transport processes occurring at Cordón Caulle is beyond the
scope of this contribution, but we posit that it most likely includes up-
ward transport via porous flow, Rayleigh-Taylor instabilities or dykes
(Sparks et al., 2019). Segregated melt is thus transported to the top of
the mush where it accumulates to potentially form magma chambers,
that may or may not be interconnected. These magma chambers are lo-
cated at depths between 3.5 and 6.6 km, according to our storage pres-
sure estimates, and in agreement with the depths of source models
inverted from InSAR data (e.g. Delgado, 2021). The shallower the
depth, the more volatiles exsolve out of the melt (mainly H2O, CO2 and
S; Castro et al., 2013; Jay et al., 2014; Schipper et al., 2019).
Vesiculation increases both the buoyancy and pressurisation within the
magma chamber. Simultaneously, melt cools and crystallises in the
magma chamber. If the pressurisation is sufficient to rupture the
overlying country rock, dykes will form and magma is erupted at the
surface as fissure eruptions (e.g. Tramontano et al., 2017; Kavanagh,
2018), as observed with the three events considered here.

5.3. Seismic-triggering at Cordón Caulle

One of the key objectives of our study is to investigate possible
seismic-triggering mechanisms at Cordón Caulle. The 1921–1922 erup-
tion was not preceded by any significant tectonic earthquake, and as
such is considered to have occurred under “normal” stress conditions
(Lara et al., 2004). Hence, the 1921–1922 eruption can be considered
our control eruption. The 1960 eruption occurred 38 hours and <100
km from the May 22 1960 Great Chilean (Valdivia) earthquake
(Mw9.5), hence raising the question of whether the eruption was
triggered by the earthquake (Barrientos, 1994; Lara et al., 2004;



Fig. 7. Cartoon cross-section showing the time evolution of the magmatic system
operating beneath the Puyehue-Cordón Caulle Volcanic Complex, inspired by Jay et al.
(2014), Delgado et al. (2016) and Delgado et al. (2018). The dark red region with black
spots represents the dioritic crystal mush, whereas the bright red regions depict
eruptible magma. The amounts of bubbles are schematics and represent the amount
exsolved of volatiles in the magmas at the onset of eruption. The purple regions
represent periodic magma intrusions (Jay et al., 2014; Delgado et al., 2016, 2018). The
actual shape of the magma bodies and the crystal mush are hypothetical, as there are no
detailed geophysical data for this volcanic centre. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8.Dissolvedwater content in themelt (inwt.%) as a function ofmole fraction ofwater
in thefluid XH2O for the 1921–1922 and 1960magmas. Calculationswere performed using
VESIcal (v. 0.9.10; Iacovino et al., in press) with the “MagmaSat” model of Ghiorso and
Gualda (2015). For the 1921–1922 case (blue), we used a pressure of 90 MPa and
temperatures of 925 °C (top blue line) and 1025 °C (bottom blue line). For the 1960
case (orange), we used a pressure of 123 MPa and temperatures of 865 °C (top orange
line) and 965°C (bottom orange line). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Walter and Amelung, 2007; Watt et al., 2009; Bonali et al., 2013). The
Great Chilean earthquake itself was the culmination of a complex series
of large foreshocks (up toMw8.1 for theMay21Concepción earthquake;
e.g. Cifuentes, 1989; Ojeda et al., 2020). Whether Cordón Caulle
responded to the Mw9.5 Valdivia event only or to the entire sequence
of events lies beyond the scope of this study. A similar muchweaker as-
sociation has also been assessed for the 2011–2012 eruption and the
Mw8.8 Maule earthquake that occurred 16 months earlier (Bonali
et al., 2013; Jay et al., 2014).

In 1960, the stress field changes resulting from the earthquake
sequence on the magmatic systemwere extreme due to the magnitude
9

and proximity to the rupture zone (Barrientos, 1994; Walter and
Amelung, 2007; Moreno et al., 2009; Bonali et al., 2013). In particular,
the magmatic system experienced “unclamping” (i.e. extension)
which reduces confining pressure and can facilitate dyke propagation
to the surface (e.g. Bonali et al., 2013; Seropian et al., 2021). Unclamping
has been reported to “advance the clock” to an already impending erup-
tion (e.g.Walter and Amelung, 2006;Walter, 2007; Chesley et al., 2012;
Caricchi et al., 2021) or to initiate eruption of high-crystallinity, low-
volatiles, underpressurised magmas that would otherwise be
uneruptible (La Femina et al., 2004). The 1960 pyroclasts contain few
crystals (Fig. 2) and our new data indicate that they are geochemically
very similar to the other eruptions (Figs. 3 and 4), suggesting that the
magma was eruptible prior to the earthquake. This is consistent with
an advance-clock mechanism: an eruption might have occurred at Cor-
dón Caulle regardless, but the earthquake brought it forward in time.
Furthermore, the presence of an active hydrothermal system at Cordón
Caulle (Sepúlveda et al., 2004) increases the potential of this volcanic
centre to be seismically-triggered, especially if it was already in a
heightened state of unrest (Seropian et al., 2021). Unfortunately, no
monitoring data exist that could indicate the state of Cordón Caulle be-
fore the 1960 earthquake, to assess whether it was already in a height-
ened state of unrest.

Our geobarometry data indicate that the 1960 magma body was
stored ∼1.3 km(30MPa) deeper than the 1921–1922 one (Fig. 6). A direct
implication of this result concerns the amount of dissolved volatiles in the
melt, and thereby the amount of exsolved volatiles in the magma cham-
ber. Assuming saturation, the amount of dissolved volatiles (mainly H2O
and CO2) scales with pressure (e.g. Baker and Alletti, 2012). We
computed the concentration of dissolved water at the top of the
1921–1922 and 1960 magma storage regions (i.e. at pressures of 90 and
123 MPa respectively, Fig. 8) using VESIcal (v. 0.9.10; Iacovino et al., in
press) with the model of Ghiorso and Gualda (2015). In addition to pres-
sure, the calculations require prior knowledge of the temperature and the
mole fraction of H2O in the H2O-CO2 fluid XH2O. Storage temperatures for
the 1921–1922 and 1960 eruptions were estimated by Gerlach et al.
(1988) as 975 °C and915 °C, respectively, bothwith a±50 °Cuncertainty.
The initial volatile content, and thus XH2O, is unknown for the 1921–1922
and 1960 magmas. In general, for a silicic melt at pressures <200 MPa,
XH2O>0:5 (Baker and Alletti, 2012) thus we performed the calculations
for a range of XH2O from 0.5 to 1. The 1960 melt contained between
0.42 and 0.93 wt.% more dissolved water than the 1921–1922 melt (for
XH2O of 0.5 and 1, respectively, Fig. 8). Consequently, the 1960 magma
likely contained less exsolved volatiles than the 1921–1922 magma.
With less exsolved volatiles, the 1960 magma may have been less likely
to develop the necessary overpressures to erupt without the aid of the
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earthquake. Hence, by reducing the necessary stresses to open a conduit,
the 1960 Great Chilean earthquake allowed the ascent and extrusion of a
magma that was rheologically eruptible, but perhaps not sufficiently
overpressurized yet.

Concerning the 2011–2012 eruption, the resulting stress changes
from the 2010 Maule earthquake were much weaker than in 1960
(Bonali et al., 2013). The deformation rate of the volcano did not signif-
icantly vary following the earthquake (Jay et al., 2014; Delgado, 2021)
and testing for a trigger via an unclampingmechanismwas inconclusive
(Bonali et al., 2013). However, the earthquake did trigger local hydro-
thermal activity (Jay et al., 2014). It is also possible that the shear
stresses from the earthquake facilitated melt segregation and/or accu-
mulation (e.g. Holtzman et al., 2003; Davis et al., 2007; Sumita and
Manga, 2008), though it remains impossible to test rigorously with
the currently available data.
6. Conclusion

Cordón Caulle in southern Chile produced three moderate dacitic to
rhyolitic eruptions in the past century, in 1921–1922, 1960 and
2011–2012. Using new glass geochemical data and thermodynamic
modelling we add new constraints to the architecture of the magmatic
system that fed these three eruptions. The main results of our study
are summarized as follows:

1. Matrix glass in the pyroclasts from the 1960 eruption is chemically
indistinguishable from the glass in products erupted in 2011–2012.
The glass from the products of the 1921–1922 eruption is noticeably
less evolved.

2. Magmawas stored in the shallow crust, at pressures between 80 and
150MPa (3.5–6.6 kmdepth) for all three eruptions. The 1960magma
reservoir was slightly deeper (5.4–6.3 km) than the 1921–1922 one
(4.0–5.0 km).

3. Melt extraction pressures are in the range 70–200 MPa (3.1–9.0 km
depth) suggesting that melt segregated from a crystalline mush
and was then stored either near the top within it or just above it.
The same mush zone likely fed all three eruptions, indicating that
the mush system is most likely longer lived than the individual
eruptible magma bodies.

4. The 1960 magma was stored in a deeper reservoir than the
1921–1922 and 2011–2012 magmas. The stress changes resulting
from Mw9.5 Great Chilean earthquake potentially promoted the be-
ginning of an already approaching eruption.
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