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Abstract

Villarrica or Rukapillan (35.9°S; 2,847 m a.s.l.) is one of the most active volcanoes in South America and is the highest-
risk volcano in Chile. It has an open conduit with a persistent lava lake. On the 3 March 2015, Strombolian activity rapidly
progressed into a 1.5-km-high lava fountain, erupting at least ~ 2.4 x 10° m? of tephra. Soon after, the activity returned to
mild Strombolian “background” explosions, which lasted until early 2017. Understanding the pre-eruptive conditions of
such paroxysmal events is fundamental for volcanic hazard assessment. We present major and trace element geochemistry
for glass and crystalline phases of basaltic andesite paroxysm pyroclasts (52-56 wt.% SiO,), and for the subsequent Strom-
bolian “background” activity through February 2017 (54-56 wt.% SiO,). The lava fountain source magma was initially
stored in a deeper and hotter region (9.4-16.3 km; ca. 1140 °C) and was then resident in a shallow (< 0.8 km) storage zone
pre-eruption. During storage, crystallising phases comprised plagioclase (Angg g4), olivine (Fo,s_-5) and augite (Enyg 47).
Equilibrium crystallisation occurred during upper-crustal magmatic ascent. During storage in the shallower region, magma
reached H,O saturation, promoting volatile exsolution and over-pressurization, which triggered the eruption. In contrast,
subsequent “background” explosions involving basaltic-andesite were sourced from a depth of <5.3 km (ca. 1110 °C). Pre-
eruptive conditions for the 2015 lava fountain contrast with historical twentieth-century eruptions at Villarrica, which were
likely driven by magma that underwent a longer period of mixing to feed both effusive and explosive activity. The rapid
transition to lava-fountaining activity in 2015 represents a challenging condition in terms of volcano monitoring and erup-
tion forecasting. However, our petrological study of the pyroclastic materials that erupted in 2015 offers significant insights
into eruptive processes involving this type of eruption. This aids in deciphering the mechanisms behind sudden eruptions
at open conduit systems.

Keywords Basaltic volcanism - Pyroclast - Magma ascent - Fragmentation - Open-vent - Lava lake

Introduction experienced by the magma during ascent prior to eruption.

These processes include both pre-eruptive storage, mixing,

The textural and compositional study of pyroclastic
products is a powerful tool for constraining plumbing
system architecture and the physicochemical processes
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crystallisation, assimilation and degassing (Corsaro and
Miraglia 2005; Blundy and Cashman 2008; Beckett et al.
2014; Morgavi et al. 2017; Cashman and Edmonds 2019;
Lerner et al. 2021; Re et al. 2021), as well as syn-eruptive
fragmentation styles and mechanisms (e.g., Heiken 1972;
Luhr and Carmichael 1990; Dellino et al. 2012; Cioni et al.
2008; Schmith et al. 2017; Ross et al. 2022). Open conduit
volcanoes are characterised by their persistent outgassing
and mildly explosive activity between major eruptions
(Edmonds et al. 2022 and references therein). At mafic
open conduit systems, eruptive activity is characterised by
periods of degassing or small eruptions intercalated with
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more energetic, sometimes sudden, paroxysmal events
(e.g., Lyons et al. 2010; Bertagnini et al. 2011; Rose et al.
2013; Pioli et al. 2014; Spina et al. 2019; Giordano and
De Astis 2021; Métrich et al. 2021; Viccaro et al. 2021).
These paroxysmal events pose an immediate treat for the
communities living in the proximal areas (Andronico et al.
2021; Giordano and De Astis 2021); exposed populations
may underestimate the scale of potential hazards these
volcanoes can generate, especially when low-level activ-
ity appears to be dominant (Rose et al. 2013). Addition-
ally, rapid changes in the magma column level or lateral
magma drainage may represent an additional threat for
communities living near these volcanoes (e.g., Witham
et al. 2006; Valade et al. 2016; Patrick et al. 2019; Shreve
et al. 2019; Romero et al. 2022). The pyroclastic products
related to paroxysmal events in open conduit systems may
provide important clues to understanding their behaviour
and related hazards (e.g., Pioli et al. 2014; Métrich et al.
2021; Viccaro et al. 2021; Zuccarello et al. 2021).

Villarrica (or Rukapillan in the Mapuche language)
is an active composite volcano in the Southern Andes of
Chile. It is classified as the highest-risk volcano in Chile
(SERNAGEOMIN 2020), with a death toll of ca. 100 dur-
ing the twentieth century, and > 100 eruptions documented
between AD 1384 and AD 1971 (Naranjo and Moreno
2004; Van Daele et al. 2014). Since its 1984 eruption,
Villarrica has exhibited open conduit behaviour with the
presence of magma at a high level within its conduit,
sometimes exposed as a lava lake, and producing continu-
ous outgassing, short-lived lava fountains and Strombolian
explosions (Palma et al. 2008). On the 3 March 2015,
Strombolian activity became increasingly vigorous and
within 30 min culminated in a short-lasting (ca. 16 min)
1.5 km-high lava fountain accompanied by an eruptive
column reaching 10.8 km above the main crater (Romero
et al. 2018). The crater perimeter was completely covered
by agglutinated products with a thickness of a few meters,
while the interaction of incandescent materials with the
ice-covered that flanks of the volcano triggered lahars
that flow down four radial rivers (Edwards et al. 2018).
Despite producing no fatalities, this eruption displayed a
distinct behaviour compared to other historical eruptions,
which mainly produced long-lasting Strombolian activity,
lava effusion and lava fountaining (e.g., Petit-Breuilh and
Lobato 1994; Moreno and Clavero 2006; Castruccio and
Contreras 2016; Pizarro et al. 2019). Thus, understanding
the pre-eruptive conditions of the 2015 eruption is key to
a better assessment of Villarrica’s volcanic hazards and
regime change at open vent systems.

In this paper, we present the first comprehensive pet-
rological and geochemical investigation of the pyroclastic
products of the 3 March 2015 eruption, as well as pyro-
clasts produced by mild Strombolian activity following the
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fountaining event in December 2015 and February 2017.
This work contains compositional analyses and thermobaro-
metric estimates for the March 2015 lava fountain of Vil-
larrica. These results are used to understand the processes
leading to the lava fountain, which are compared to similar
changes in eruptive regime at other open conduit systems.

Geological and Volcanological Background

Villarrica (2847 m. a.s.l.; 39°25'S, 71°56'W; Fig. 1a) has
been active since the Middle Pleistocene (Moreno and
Clavero 2006). Construction of an ancient Pleistocene
basaltic-to-dacitic edifice culminated in the formation of a
7 X 4-km-diameter caldera ca. 95 ka (Moreno and Clavero
2006). Subsequent activity was dominated by explosive
eruptions, such as the 10 km? (non-DRE) Licén mafic ign-
imbrite dated at ca. 13.9 ka (Moreno and Clavero 2006;
Lohmar et al. 2012). Amongst Villarrica’s Holocene effu-
sive and pyroclastic deposits, Villarrica also sourced the
basaltic-andesite Pucén Ignimbrite (~ 4.8 km?) ca. 3.7 ka
(e.g., Moreno and Clavero 2006; Silva Parejas et al. 2010;
Moreno and Toloza 2015). Late-Holocene explosive activ-
ity includes the Chaimilla tephra fallout deposit, which was
erupted at ca. 3.2 ka and with a total non-DRE volume of ~
0.6 km?® (Costantini et al. 2011; Pioli et al. 2015).
Villarrica’s eruptions of October 1948 and February 1949
(VEI ~ 3) were characterised by lava fountains of several
hundred meters in height, with eruption columns up to 8 km
high and simultaneous lava effusion to build lava flow fields
with a volume of 16 +4 x 10° m® (Moreno and Clavero 2006;
Pizarro et al. 2019). On the 2nd of March 1964, a 600-m-high
lava fountain triggered a series of lahars affecting the village
of Cofiaripe and killing ca. 22. Also, on 29 October 1971, a
2-km-long fissure fed lava fountains reaching 600 m in height
and two lava flows totalling ~ 50 x 10® m?, producing destruc-
tive lahars due to ice-melt (Castruccio and Contreras 2016).

Volcanic Activity Between March 2015 and February
2017

The 3 March 2015 lava fountain was preceded by volcanic
unrest starting in August 2014 (Romero et al. 2018). Signs of
this unrest included increased long-period (LP) seismicity,
higher SO, fluxes and CO,/SO, ratios, thermal anomalies
and a sharp increase in the radiated infrasound and Strom-
bolian activity (e.g., Johnson and Palma 2015; Aiuppa et al.
2017; Delgado et al. 2017; Johnson et al. 2018; Romero et al.
2018; Palma et al. 2008).

The paroxysmal phase began at 03:10 am (all times are
local, UTC — 04:00 in wintertime and UTC — 03:00 in sum-
mertime) and ended around 03:26 am, producing a fallout
deposit (Fig. 1a) found up to 100 km SE of Villarrica and
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Fig. 1 Volcanic products of the 2015-2017 eruptive activity. a Aerial
view of the 3 March 2015 deposits seen from the northwest (courtesy
of Daniel Basualto). Samples analysed in this study: b ballistic bomb,

comprising 1.4 10° kg of basaltic-andesite tephra (Romero
et al. 2018). Close to the vent (<3 km), radially distrib-
uted eruptive products consisted of spatter, ballistic bombs,
clastogenic lavas and mixed avalanche deposits (Fig. 1a;
SERNAGEOMIN 2015; Romero et al. 2018; Edwards et al.
2018). The avalanches were of pyroclasts mixed with snow
and/or ice, also called ice-slurries (Breard et al. 2020).
Subsequent activities in December 2015 and Febru-
ary 2017 were classified as within the background for the
typical activity of the volcano (SERNAGEOMIN 2015,
2017). During December 2015, the lava lake remained vis-
ible < 150 m below the crater rim, exhibiting incandescence
at night and mild Strombolian explosions, some of which
reached the crater rim. SERNAGEOMIN (2015) reported
5788 LP and six volcano-tectonic (VT) earthquakes dur-
ing this period, and on 15 December, Strombolian activity
produced a 200-m-high ash column. This was followed by a
146 MW thermal anomaly detected by MIROVA (Coppola
et al. 2020) on 16 December plus degassing of ~2800 + 1100
tons of SO, on the 22 December (SERNAGEOMIN 2015).
In January 2016, Moussallam et al. (2016) described a lava
lake at a depth of 140 m, with fresh spatter on the crater
walls a few 10 s of meters above the lava surface and SO,
emissions of 160 t/day on average. According to available
photographic evidence, during February 2017, the lava lake

AM0303,

V091215

‘\Q

V151215

¢ lapilli, d mixed avalanche blocks, e 9th of December 2015 lapilli,
f 15th of December 2015 lapilli and g 13th of February 2017 lapilli

was higher within the crater, likely < 100 m below the crater
rim, with a spatter roof concealing most of its surface and
explosions releasing pyroclasts through a narrow opening in
the roof, similar to the activity observed at the end of 2004
(Palma et al. 2008). Over the same period, SERNAGEOMIN
(2017) reported 2466 LP and 13 VT earthquakes; a thermal
anomaly was detected by MIROVA on the 10th of Febru-
ary reaching 9 MW (Coppola et al. 2020) and monthly SO,
degassing averaged 259 +45 t/day.

Methods
Sampling

We analysed six juvenile samples (Table 1). Three corre-
spond to the 3 March 2015 eruption products, including a
ca. 10 cm-diameter bomb found in the vicinity of the crater
(BMO030315; Fig. 1b), coarse lapilli (up to 4—6 cm in diam-
eter) from the tephra fallout deposit (S7030315; Fig. 1c), and
fragments of a dense block transported by mixed avalanches
(AMO030315; Fig. 1d). These samples were picked from bulk
pyroclastic deposits, and they are representative of the most
abundant juvenile particles of these deposits. Juvenile bombs
are homogeneous in texture, and they were found as either
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loose or agglutinated pyroclasts. We sampled the loose
bomb from the upper part of the bomb-and-spatter deposit
(Fig. 1b). Despite the external textural differences, lapilli
particles were texturally homogeneous with low crystal con-
tents and glassy groundmasses (e.g., Fig. 1c; Romero et al.
2018). In contrast, the mixed avalanche deposits exhibited a
large variety of particle shapes and crystallinities (Fig. 5d;
cf. Edwards et al. 2018), probably related to different cooling
histories resulting from variable degrees of interaction with
the snowpack (Edwards et al. 2018). We sampled fragments
from a low vesicularity (< 1% vol.) juvenile block lying in
the mixed avalanche. The final three samples correspond
to medium-to-coarse lapilli (2-5 cm diameter) deposited
on the snowpack surrounding the crater rim during subse-
quent activity. These pyroclasts were collected after mild-

not present
Vitrophyric and glomeroporphyritic. Small subrounded vesicles, low interconnection

Vitrophyric, glomeroporphyritic and seriate. Subrounded to irregular vesicles, low
Porphyritic, glomeroporphyritic and seriate. Disconnected small vesicles
Vitrophyric. Small subrounded to irregular vesicles, moderate interconnection
Vitrophyric and glomeroporphyritic. Small subrounded to irregular vesicles,

Porphyritic, seriate. Irregular vesicles, moderate interconnection
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mass-spectrometry (LA-ICP-MS) using a Teledyne Pho-
ton Machine G2 laser ablation system coupled to a Thermo
Fisher Scientific iCAP-Q ICP-MS housed at the Depart-
ment of Physics and Geology, University of Perugia. The
operative laser conditions were circular laser spots of 15
and 25 pm in diameter, a laser fluence of 3.5 Jem™2, and
a repetition rate of 10 Hz. The background was acquired
for 25 s, followed by 40 s of ablation, and 25 s of washout.
Helium was used as the carrier gas, with Ar and N, used as
makeup gases to avoid plasma destabilisation and to enhance
sensitivity, respectively. NIST SRM 610 and USGS BCR2G
standards were used as calibrators and quality control,
respectively, following the approach described in Viccaro
et al. (2021). The *Si, previously analysed by EPMA, was
the internal standard. Under the investigated operating con-
ditions, precision and accuracy are typically better than 10%.

The main petrographic features (proportions of phe-
nocrysts, glass, and vesicles) of all the collected products
were quantified by image processing techniques via the
“Background Extraction” of pseudo-coloured BSE images
using the freeware JMicrovision (Roduit 2008). For each
sample, we used between 3—4 images; the individual propor-
tions were averaged and the standard error on the estimates
was 4.5%.

Estimating Pre-eruptive Conditions

Successful mineral-liquid thermobarometry requires chemi-
cal equilibrium between pairs of mineral phases and liquid
(liq). We used plagioclase, olivine and clinopyroxene in the
same proportions as those obtained from our petrological
analysis (Table 1). The liquid composition was obtained
from the glass chemistry of each sample and a bulk-rock
composition reported by McGee et al. (2017). Cations per
formula unit (cfu) for all liquid components were calcu-
lated as anhydrous cation fractions, as in Putirka (2008).
The Fe3+/FeZ ratio of the liquid was calculated by assum-
ing an oxygen fugacity at the Quartz-Fayalite-Magnetite
(QFM) buffer, as in Lohmar et al. (2012), using the method
of Kress and Carmichael (1991). Pl-liq, and Ol-liq equilib-
ria were tested using KDA“'Ab (P1-liq)=0.27 +£0.11 (Putirka
2008) and K" ™¢ (0l-liq) =0.3 +0.03 (Roeder and Emslie
1970; Supplementary Material 1). Cpx-liq equilibrium was
tested using the four criteria of Neave and Putirka (2017)
with K,"™e (Cpx-liq) = 0.28 +0.03. Cpx-liquid pairs were
filtered to be within the 10% of Fe-Mg, DiHd component,
CaTs component and Ti-contents (Neave and Putirka 2017
and references therein; Supplementary Material 1). Clino-
pyroxene cfu was calculated on a 6-oxygen basis, those with
total cfu outside the range 4.0+ 0.02 were discarded and the
method of Droop (1987) was used to calculate the ratio of
Fe?* to Fe**. All glass compositions can be found in Sup-
plementary Material 2.

We used multiple thermobarometers and hygrometers to
calculate magmatic-intensive variables (7'=temperature,
P =pressure and H,0). The results of these can be found
in Table 2. Water contents were calculated using a Pl-liq
equilibrium hygrometer (Waters and Lange 2015). Chemical
compositions of the melt phase and the rims of plagioclase
crystals obtained from EPMA analyses were used as input
values, as well as the initial temperature and pressure of the
magma, determined using a pyroxene-liquid method (Eq. 33
for T and Eq. 30 for P in Putirka 2008). Ol-liq thermometers
from Beattie (1993), Eq. 22 of Putirka (2008), and Sisson
and Grove (1993) were compared. The thermometer of Beat-
tie (1993) is the best constrained of the three for anhydrous
melts, but not calibrated for hydrous melts (Putirka 2008), so
the Putirka (2008) and Sisson and Grove (1993) thermom-
eters were used for comparison. All three thermometers are
pressure-dependent; hence we selected a pressure of 1 kbar
to estimate the temperatures. This is based on the deforma-
tion source detected by Delgado et al. (2017) after the March
2015 eruption and is equivalent to a depth of 4.2 km (using
a crustal density of 2700 kg/m?). This depth is also consist-
ent with the location of a shallow reservoir reported in the
literature for Villarrica (Lohmar et al. 2012; Morgado et al.
2015; Pizarro et al. 2019; Boschetty et al. 2022).

Results
Textures

The 2015 juvenile samples show vitrophyric, porphy-
ritic and seriate textures (Fig. 2a; Table 1) with a min-
eral assemblage consisting of P1, Ol and very scarce Cpx
phenocrysts. Crystals were classified as phenocrysts
(>300 um), microphenocrysts (30-300 pum) and micro-
lites (<30 um) following Zellmer (2021). In contrast to
the 2015 samples, the 13th of February 2017 lapilli exclu-
sively contain P1 phenocrysts and microlites (Table 1). In
the 2015 lava fountain, mixed avalanche and bomb sam-
ples plagioclase crystals (whole size range) are predomi-
nantly rectangular prisms. While in the rest of the samples,
plagioclase displays an acicular habit. All plagioclase phe-
nocrysts are subhedral to euhedral, and in some cases, they
exhibit normal or oscillatory zoning. Subhedral to euhe-
dral sieve-textured P1 phenocrysts (800—1300 pm) are only
present in the 3 March 2015 products (Fig. 2b). Ol phe-
nocrysts are anhedral to euhedral, 100-800 pm in length,
and show normal concentric zoning. In the 2015 samples,
individuals or groups of anhedral Ol are frequently found
next to, or enclosed by, larger Pl phenocrysts. Cpx phe-
nocrysts have euhedral blocky shape and vary from 60 to
400 pm in size (Fig. 2a). Except for the mixed avalanche
sample, all other samples display a glassy groundmass,
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Table2 Magmatic intensive variables estimated using thermo-
barometry and hygrometry via multiple methods. For mineral-liquid
methods, the arithmetic mean of all equilibrium minerals per sample
is given and one standard deviation is shown in brackets. For two
reported values the upper corresponds to core and the lower to rims.

Sample AM030315* did provide minerals in equilibrium with bulk
rock composition reported in McGee et al. (2017), whereas all the
rest are compared to their corresponding average glass compositions
reported in Supporting Table 1

Technique Method S$7030315 AMO030315* BMO030315 V091215 V151215 V130217
(unit)
Ol-lig T (°C) Beattie (1993) 1146 1154 1154 1133 1138 n.p
Ol-lig T (°C) Sisson and Grove 1091 (4.3) 1089 1090 (3.0) 1090 1092 (2.3) 1096 1074 (1.0)- 1077.3 (1.1) n.p. n.p
(1993) 6.0) (1.5) (5.6) 1077 (0.7)
Ol-liq T (°C) Putirka (2008) 1135(5.3) 1135 1136 (3.6) 1135 1138 (2.8) 1144 1112 (1.0) 1117 (1.3) 1116 n.p
Eq. 22 (7.0) (1.9) (7.0) 0.8)
Ol-lig H (wt%  Gavrilenkoetal. 4.0 (0.4) 2.2 (2.0) 4.4 (0.5) - n.p
H,0) (2016)
Pl-liq T (°C) Putirka (2008) 1111 (3.4) 1114 1140 (5.3) 1136 1105 (2.4)- 1115@3.1) 1112 1114 (2.4) 1112 1111 (6.2) 1110
Eq. 24a 4.2) 2.4) 4.4 (1.0) 0.1)
Pl Saturation T~ Putirka (2008) 1118 (2.1) 1125 1143 (2.4) 1143 1115- 1122 1122 1122 1122 1118 1118
(°C) Eq. 26 2.5)
Pl-lig B (kbar)  Putirka (2008) 0.2(0.3)1.2 3.5(0.7)4.0 1.0 (0.3)- 0.3(0.3)0.5 0.3(0.3)0.6 0.4 (0.2)0.1
Eq. 25a (0.6) 0.2) 0.5) 0.1)
Pl-lig H (wt%  Putirka (2005) 1.5(0.1) 1.7 1.9(0.4) 2.1 1.6 (0.1)- 1.7(0.2) 0.8 1.6 (0.1) 1.7 1.6(0.1) 1.4
H,0) eqn. H 0.2) 0.1) 0.2) 0.1)
Pl-lig H (Wt%  Waters and Lange 1.3-1.4 0.7 0.9-1.0 1.0 0.9-1.1
H,0) (2015)
Cpx-liqT+B Putirka (2008) - n.p n.p 1150/3.8 n.p
(°C/kbar) Eq. 33+ Putirka
(2008) Eq. 30
Cpx-ligqT+B  Putirka (2008) 1143/2.8 n.p n.p n.p
(°C/kbar) Eq. 33+ Neave
and Putirka
(2017)

Ol olivine, Plg plagioclase, Cpx clinopyroxene, T thermometry, B barometry, H hygrometry, egn. equation,—no equilibrium pairs, n.p. mineral

not present in sample

made up of P1 (<22%), Ol (< 11%), Cpx (<5%) and Fe-Ti
oxides (< 1%), which are occasionally arranged in a hya-
lopilitic or intergranular fashion (Fig. 2c¢). Occasionally,
P1 microphenocrysts are arranged in glomeroporphyritic
clots (present in all the samples). Pl microlites (10-30 pm)
are acicular euhedral to subhedral, while Ol microlites are
euhedral (<20 pm), and generally arranged in glomeropor-
phyritic clusters. All Cpx microlites are anhedral and their
size is always < 10 pm.

The 3 March 2015 samples display a wide range of vesicle
fractions and crystallinities. The lapilli sample has ~ 59%
sub-spherical vesicles with incipient coalescence and con-
tains 16% P1, 2% Ol and < 1% Cpx phenocrysts, while glass
represents 23% (Fig. 2d). Pl microlites are scarce (< 1%). The
2015 bomb is also highly vesicular (48%), whereas vesicles
are irregular, developing increasing coalescence, and the
sample contains 8% P1, 1% Ol and 44% groundmass (Fig. 2e;
22% microlites of P1, 11% Ol, 5% Cpx and 6% glass). The
highest-crystallinity sample corresponds to the mixed ava-
lanche block, with 31% P1, 12% Ol,<15% Cpx and 15%
microlites (Fig. 2f; 13% PI1, 1% Ol and 1% Cpx). Despite its
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higher crystallinity, glass represents 40% in the mixed ava-
lanche and only 1% of vesicles with irregular shapes and lack
of coalescence are found.

All post-lava fountain samples also share a very low pro-
portion of microlites (0.1-0.9%), high vesicularity and glassy
groundmass. The December 2015 samples display variable
vesicularities (Fig. 2g, h; 26-53%) and contain 18-53% P,
2-6% Ol and 15-34% glass. Cpx phenocryst are always < 1%.
Finally, the February 2017 sample consists of only plagioclase
phenocrysts (38%), 27% low-coalescing sub-spherical vesicles
and groundmass glass (Fig. 21).

Major Elements
Melt Composition

The composition of the groundmass glass in all samples
is basaltic andesite (Fig. 3a; 52.1-56.2 wt.% SiO,). FeO/
MgO and Al,05/CaO ratios increase with increasing SiO,
content (Fig. 3b—c). Trends of increasing Al,O5 and CaO,
decreasing TiO, and FeO, with increasing MgO are also
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Fig.2 Backscattered secondary electron images (BSE) of the tex-
tural features seen in scoria samples of Villarrica 2015-2017 eruptive
activity. a Porphyritic and seriate texture and b sieve Pl phenocryst,
both in the AMO0303015 and S7030315 samples, respectively. ¢
Detail of the BM030315 sample groundmass, showing Pl, Ol, Px and

observed (Fig. 3d—g). Other oxides, such as MnO, do not
vary systematically with SiO, (Fig. 3h). The 3 March 2015
samples show the widest compositional range of all the sam-
ples. Amongst these, the mixed avalanche sample shows the
highest variability. However, most of the Harker plots show
silica enrichment (Fig. 3a) and a decrease in FeO/MgO vs.
SiO, (Fig. 3b). The least evolved composition is primarily
represented by the coarse lapilli and the bomb samples. Both
samples occupy similar compositional fields when compared
to the December 2015 and February 2017 medium-to-coarse
lapilli (Fig. 3a; 53.4-55.7 wt.% SiO,). Most of the 2015

Ox microlithes. d Sub-spherical vesicles and glassy groundmass in
S7030315. e Irregular vesicles in BM031515. f Low-vesicularity and
high-crystallinity in the AM030315 sample. g, h and i sub-spherical
and highly glassy groundmass in V091215, V151215, and V131215,
respectively

samples span a wider and slightly more evolved composi-
tional field than the past eruptive products (1971-2004), and
bulk-rock compositions of historical eruptions (1921-1971;
Fig. 1).

Mineral Compositions
We analysed 71 plagioclase, 44 olivine and 5 clinopyroxene
phenocrysts (Supplementary Material 2) using which their

compositions (Fig. 4a—c), textures (Fig. 4d—f) and zoning
(Fig. 4g) can be described. The anorthite (An) contents
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Fig.3 Normalised, volatile-free glass and bulk-rock geochemistry of
the 2015 (red symbols) and 2017 (green symbols) eruptive products
of Villarrica compared to products from historical eruptions and the
background mild-Strombolian activity between 1999 and 2004 (Wit-
ter et al. 2004; Gurioli et al. 2008). Filled symbols are glass com-
positions and open symbols are bulk rock compositions (Pizarro

(X5n=100x Ca/[Na+ Ca+K] in mols) of the mixed ava-
lanche and the coarse lapilli sample display a relatively wide
range of values (Angg_g). However, most of the crystals are
normally distributed around An.,,_;5, especially those of
the post-2015 paroxysm samples (Fig. 4a). The 3 March
2015 PI phenocrysts commonly present normal zoning, with

@ Springer

S BWVCA1971  @VCA1984  AVCA99-00  &VCA2004  EAMO30315
LLl ©57030315 @BMO030315 @V091215  AVI51215  &V130217
x %1921 X1948 01971 +2015

22

< 19 b

L o

316 o ¢ ¥ Mmo  x
3 13 - = omm EE .* e

S s or .

< 104

7 T -
2 3 4 5 6 7 8
12

_ ®

X 10 )

< . o Jaguo o %

2 8 m

P I LA g

% gl mm

vle

4 -
2 3 4 5 6 7 8
3

= ]

2 = o gnm -

w2 = )

2 ) ) ¢
o~ L 24 * ) (]

9 1 oMot w

- f

0 - DAL
2 3 4 6 7 8
18

— 16 u

L., ] m ]

+ 1‘21 5 fam " e

E 10 4 *‘ [

0 3| o *¢ [e7iYe'e) e

(4 * + m0O

W 6 K

:'g x
2 - T
2 3 4 5 6 7 8
0.4

203 - ] .

Q 0.5

2\-0 ] [ 0 & [

302 ] u o °

Em @
9 -, p T =R
s 0.1 | ]
® o
0.0 - -
2 3 4 5 6 7 8
MgO (wt %)

et al. 2019; McGee et al. 2017). The 2015 bulk-rock composition of
McGee et al. 2017 is symbolised with a red cross. a Total alkali-silica
classification diagram. B basalt, BA basaltic andesite and BTA basal-
tic trachyandesite. SiO, versus b FeO/MgO and ¢ Al,0,/CaO; Plots
of MgO v/s d Al,O3, e CaO, f TiO,; g FeOt and h MnO

An4 44 cores and intermediate regions, and An;; 5, rims
(Fig. 4d, g). Sieve-textured PI in the mixed avalanche frag-
ments show normal zoning with cores up to An_g, and rims
nearly An_,(Fig. 4d, g).

Forsterite contents (Fo=100xMg/[Mg+ Fe*]in mols)
are broadly similar in most of the olivine phenocrysts.
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Fig.4 Plagioclase and olivine a b

phenocryst composition. Filled S N— AAM

symbols represent core compo- ,-\/\—O/\A V1302217 _

sitions, while open symbols are - V151215 .

used for either rim or core-rim /N~ V091215
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with the few selected clinopy- C

roxenes in this work. d, e and f
show BSE images of pla-

gioclase, olivine, and pyroxene
crystals, respectively. Electron

Wo

microprobe chemical transects
(g) across sieve plagioclase
crystal and olivine from rim to
rim, same shown in insets (d)

and (e), respectively
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The mixed avalanche sample displays the widest range
(Foys5_75), with a few cores of the largest Ol phenocrysts
reaching Fogs (Fig. 4g), while lower Fo contents are
observed in the bomb (Fo;,_;5) and the coarse lapilli
(Foq¢_75) from the 3 March lava fountain (Fig. 4b). The
December 2015 olivine displays a much narrower compo-
sitional range (Fo,,_55), and no Ol is present in the Feb-
ruary 2017 sample. Similarly, the largest Ol phenocrysts
(> 350 um) display normal zoning and their cores reach
Fo_gs, whereas the rims have Fo..,5 (Fig. 4e, g). We did not
identify any reverse zoning in these crystals.

Cpx is scarce in the samples analysed and only appar-
ent in the 2015 samples. Of the five analyses, only two
have Cfu totals of 4.00 +0.02; they have a similar augitic
composition with Enge 47, W037_3¢ and Fs, ;5 (Fig. 4c).

1000 200 400 600

Distance (pm)

800 1000 1200

The five Cpx phenocrysts do not appear to be zoned. The
scarcity of Cpx crystals (Fig. 4f) prevents detailed analy-
ses of zoning.

Trace Elements
Melt Composition

Trace-element patterns in glass normalised to primitive
mantle (McDonough et al. 1992) (Fig. 5a) show a depletion
in both Nb and Ta. Due to its glassy texture, the lava foun-
tain coarse lapilli sample was selected to analyse its trace
element pattern, which is similar compared to that of post-
lava fountain samples. However, it is slightly more depleted
in elements Nb, Ta, La, Ce and those from Pr to Lu (Fig. 5a).
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Trace elements from bulk basaltic to basaltic-andesite Hol-
ocene-to-historical Villarrica samples reported by Hickey-
Vargas et al. (1989) also display a very similar pattern to the
2015-2017 glass. These show overall depletion of all ele-
ments, except Sr (Fig. 5a). The same behaviour is observed
in REE elements (Fig. 5b). The post-lava fountain samples
are also slightly enriched in metals compared to the lava
fountain lapilli (Fig. 5¢). Despite similarities, the bulk rock

compositions of older products show some enrichment in Cr
and Ni compared to the 2015-2017 glasses (Fig. 5¢).

Mineral Compositions

Chemical rim-to-rim transects within olivine crystals show
enrichment of Li towards the rim, with core contents (Fo_gs)
around 1.3 ppm and rims reaching 6.3 ppm (Fig. 5d). We
also observed enrichment of Ni towards the core (from 650
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Fig.5 Trace elements plots for glass compositions of the 2015-2017
samples. a Primitive mantle-normalised (Sun and McDonough 1989)
spider diagram. b Normalised REE abundances. ¢ Normalised met-
als (Parental MORB from Jenner 2017). Bulk-rock compositions for
Vill-15 spatter (McGee et al. 2017) and for the historical lavas of Vil-
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larrica (Hickey-Vargas et al. 1989) are incorporated in a) to (c). Con-
centrations of (d) Li, (e) Cr and (f) Ni (ppm) in length (upper) and
width (lower) transects of an Ol phenocryst with normal zoning (rims
to Fo~75 and cores to Fo~85) in AM030315
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in the rim to 2400 ppm in the core; Fig. Se) and Cr (from
70 ppm in the rim to 270 ppm in the core; Fig. 5f). All
mineral composition data are available in Supplementary
Material 3.

Pre-eruptive Conditions

Mineral compositions in equilibrium with the melt were
used to obtain the pressure and temperature before eruption.
In the lack of melt inclusions, the average glass composition
of each sample together with that of cores and rims was used
(Supplementary Material 2). Only for the case of AM030315
was equilibrium reached with the bulk rock composition of
McGee et al. (2017). Plagioclase thermometry (Table 2;
Putirka 2008, Eq. 24) shows the highest mean temperatures
for the mixed avalanche sample (range 11361140 °C;
from sieved PI crystals), while the lava fountain lapilli and
bomb display lower T (from 1105-1114 °C). The Decem-
ber 2015 and February 2017 samples have similar 7 of ca.
1110-1115 °C. This method has a standard error of estimate
(SEE) of 36 °C. We identify two dominant pressures using
the plagioclase-melt barometer (Eq. 26 of Putirka 2008)
(Fig. 6a; Table 2), which has a SEE of 2.8 kbar in our sam-
ples. The first extends from 0.2 +0.3 to 1.2+ 0.6 kbar, with
a higher P for the 2015 lava fountain bomb; all the post-lava
fountain samples have P below 0.6 +0.1 kbar. The second
cluster is only constituted by sieve plagioclase from lava
fountain mixed avalanche blocks from 3.5+0.7 to 4.0 +0.2
kbar. Following the crustal density model for the southern
Andes of Tassara et al. (2006) (Fig. 6a), the first range of P
values is roughly equivalent to depths of O to ~ 5.3 km, and
the second from ~ 9.4 to ~ 16.3 km.

Generally, olivine phenocrysts show higher mean 7 for
the 3 March 2015 lava fountain event compared to subse-
quent activity (Table 2; Fig. 6b). Equation 22 of Putirka
(2008) returns T in the range of ~ 1135 to ~ 1144 °C for the
paroxysm, and ~ 1112 to ~ 1117 °C for all other samples.
The SEE is 29 °C. Temperatures obtained with the Beat-
tie (1993) and Sisson and Grove (1993) thermometers are
slightly higher and lower, respectively, than those of Putirka
(2008) (Table 2). Rim and core temperatures usually overlap
with or vary within the SEE (Table 2).

We obtained T and P only for two clinopyroxene com-
positions following Eq. 33 of Putirka (2008) and Neave and
Putirka (2017) barometer; T are 1143 and 1150 °C for the
paroxysm and the 15th of December 2015 lapilli, respec-
tively (SEE of 42 °C). The P values are respectively 2.8 and
3.8 kbar (Fig. 6a), with a SEE of 1.6 kbar.

Water content estimates (Table 2) using the Waters and
Lange (2015) hygrometer result in similar average values of
c. 1 wt.% for the 2015-2017 samples. Paroxysmal samples
show a wider range of H,O from 0.7 to 1.4 wt.% compared
to the post-paroxysm samples (0.9-1.1 wt.% H,0).

Discussion
Thermodynamic Modelling

We performed thermodynamic modelling using the freeware
Rhyolite-MELTS (MELTS version 1.0.2, Ghiorso and Sack
1995; Gualda et al. 2012), to reproduce the compositions of
plagioclase phenocryst (Angg g¢) phases using two differ-
ent initial compositions (Supplementary Material 2). The
first melt composition was obtained by averaging the glass
composition from the lapilli erupted on the 9th of Decem-
ber 2015 (54.2 wt.%Si0,, Mg# 44), which would repre-
sent the final stage of evolution of the system and hence
the evolved melt from the background activity. The second
melt composition is the whole-rock composition of the 2015
lava fountain (sample Vill-15 of McGee et al. 2017; 52.7
wt.%Si0,, Mg# 53), which would be representative of the
system prior to the paroxysm (and likely before phenocryst
crystallization).

For our modelling, we used a range of magmatic condi-
tions for T (950—1200 °C), P (up to 10 kbar), fO, (from
QFM to AQFM + 1 buffer patches) and dissolved H,O (0—5
wt. %). These ranges are based on analyses obtained of erup-
tive products of Villarrica by Lohmar et al. (2012), Pioli
et al. (2015), Morgado et al. (2015), Pizarro et al. (2019),
as well as here. We considered only the modelling results
related to <30 wt.% of solid phases, which would represent
crystallisation in equilibrium.

For the December 2015 glass composition, we could
only reproduce the Angg ;7 plagioclase at temperatures
of 985-1120 °C and pressures up to 3 kbar (Fig. 7a), and
Fo,_7, olivine at temperatures of 1000-1100 °C and pres-
sures up to 2.6 kbar (Fig. 7b). We could not reproduce the
Anyg g6 plagioclase and ~ Fogs olivine as observed in the
mixed avalanche sample, by using the glass composition.
In contrast, using the more primitive whole-rock compo-
sition, we reproduced almost all compositions of plagio-
clase phenocrysts (Angg_g,) between 1000-1120 °C and
up to 5.3 kbar (Fig. 7a), as well as a large range of olivine
compositions (Fo,,_g,) between 1000-1170 °C and up to
4.2 kbar (Fig. 7b). However, the cores of olivine phe-
nocrysts (Fo.gs) were not reproduceable, so we interpret
them as antecrysts. Thus, we interpret the most evolved
plagioclase phenocryst compositions (Angg 47) as being
crystallised in the upper crust from the carrier melt, while
a melt of equivalent composition to that of the whole-rock
may have crystallised the primitive plagioclases and/or
their core compositions (An,g_g¢). Crystallisation near-
equilibrium (with restricted fractional crystallisation)
from a melt similar to that of the glass composition may
have acted in the upper crust (up to 3 kbar pressure).
We note that the presence of olivine antecrysts suggests
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Fig.6 Pre-eruptive conditions
of the 2015-2017 products of
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Villarrica volcano. a Crystal- 0 0
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fractional crystallisation in an early stage of magmatic
evolution, at pressures exceeding 3 kbar. Morgado et al.
(2015) also interpreted Fo.g5 olivine phenocrysts cores
as mid-to-lower crust antecrysts for the 1971 eruption
products. This evidence may also indicate deep magma
recharge or cryptic mixing. On the other hand, the high
variability of the mixed avalanche glasses may indicate
either a post-depositional quenching process resulting
from the instantaneous interaction of these products with
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the snow or cryptic magma mixing at depth. Hence, a
more detailed assessment of these antecrysts and glass
compositions of the samples showing disequilibrium is
needed to completely understand the mid-to-lower crust
processes before the eruption.

Successful iterations using MELTS yielded the viscos-
ity of the system for glass and melt compositions. In both
cases, the probability density functions indicate the most
likely range for viscosity is from 10* to 10° Pa-s (Fig. 8).
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Fig.7 a Calculated stability field of Pl phenocryst compositions
obtained via Rhyolite-MELTS considering initial composition melts
of glass (Angg ;7) and whole-rock chemistry (Angg g,). Water contents
were constrained with the hygrometer-thermometer of Waters and

This range of likely viscosities is consistent with that
obtained by combining the Giordano et al. (2008) model
and Roscoe’s (1952) equation for a basaltic bomb from
the nearby volcanic system of Caburgua, which yielded a
viscosity of ~ 400 Pa-s (Morgado et al. 2017).

Comparisons to “Background” and Past Eruptive
Products

The bulk rock compositions of historic lava flows (1971,
1984, 1999 and 2004) have similar SiO, contents between
52 and 54 wt.% (Fig. 3a—c). These show lower SiO, and
higher MgO contents than the majority of 2015-2017 prod-
ucts (52-56 wt.% SiO,; Fig. 3d-h). This suggests that the
2015-2017 products represent slightly more differentiated
liquids.

Our plagioclase compositions are normally distributed
around An_,5, which is the dominant composition of pla-
gioclase in historic Villarrica products (i.e., 1921, 1948 and
1971; Pizarro et al. 2019; Boschetty et al. 2022). However,
plagioclase compositions show a larger range in An con-
tents for the lava fountain samples (Angg_g6), compared to
the post-lava fountain products (Any,_g,; Fig. 4a). In addi-
tion, the products of the 2015 fountain contain olivine with
a large range of Fo contents (Fo,5_;5) than the post eruptions

Temperature (°C)

Lange (2015) considering a pressure of 1 kbar (dashed line), based
on the deformation observed after the eruption (Delgado et al. 2017).
b Calculated stability field of olivine phenocrysts using Rhyolite-
MELTS (same conditions as for PI)

(Fo,4_55; Fig. 4b). Compared to the products of historic erup-
tions, Pizarro et al. (2019) report overlapping but slightly
higher Fo-contents (Fo;;_g3). Both the lava fountain and the
subsequent volcanic products contain scarce clinopyroxene,
which is a characteristic shared with other twenty-first cen-
tury eruptions of Villarrica (Witter et al. 2004). The compo-
sition of the few measured clinopyroxenes is similar to that
of historic eruptions (Eny;_s5,, Wo,g 43 and Fs;,_,5; Pizarro
et al. 2019). All these comparisons agree with composi-
tional trends identified by Boschetty et al. (2022) based on
products erupted throughout Villarrica’s entire post-glacial
history.

The work of Morgado et al. (2015) determined two stor-
age regions for the 1971 eruption using olivine-augite pairs:
a deep-seated reservoir at 6.3-8.1 kbar (equivalent to depths
from 35 to 19 km) and at ca. 1200 °C, and a second shal-
lower region to < 1.4 kbar (equivalent to depths <5.3 km)
and at ca. 1170 °C. Pizarro et al. (2019) used olivine-clino-
pyroxene clots to obtain P-T conditions for several twentieth
century eruptions, resulting in two clusters centred ~ 0.6
kbar and ~ 1170 °C, and ~3.4 and 1190 °C. Despite the large
uncertainty of Pl-liq barometry (Putirka 2008), our pressures
and minimum olivine temperatures fit well with both the
shallower and deeper storage zones of Pizarro et al. (2019).
In addition, their equilibrium temperatures of P1-Ol-Cpx at
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about 1090 °C, largely fit with our PI-liq constraints. Moreo-
ver, the post-2015 Villarrica edifice uplift was sourced at
4.2 +0.1 km deep (Delgado et al. 2017), consistent with
the refilling of a shallower storage zone. Our estimates
suggest that magmas are stored and crystallise throughout
the mid-upper crust, again in agreement with the results of
the thermodynamic modelling of Boschetty et al. (2022).
In addition, long-term fractional crystallisation may have
occurred in the mid-to-lower crust, and near-equilibrium
crystallisation dominated the late stage of magmatic evolu-
tion at P <3 kbar.

Our estimates of melt H,O-contents (ca. 1 wt.%) are
higher than those obtained for the scoria erupted at Villar-
rica between 1984 and 2004 (0.1 +0.6 wt%; Witter et al.
2004; Gurioli et al. 2008). Higher water contents have
been reported in melt inclusions from the Chaimilla fallout
deposit (1.7-3.1 wt.%; Pioli et al. 2015) and the Los Neva-
dos parasitic cones (0.3-3.0 wt.%; Robidoux et al. 2021),
and from modelling of the Lican ignimbrite (0.5-3.2 wt.%;
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Lohmar et al. 2012). Plagioclase may record the entire crys-
tallization and ascent history of the magma (Blundy and
Cashman 2008), thus providing variable values for P, T and
H,O as shown in Fig. 6a. In contrast, glass compositions
likely represent degassed erupted carrier liquids; thus, their
H,O contents can be considered as a minimum. As Vil-
larrica is characterised by open conduit degassing (Palma
et al. 2008; Aiuppa et al. 2017) the H,O reported by Witter
et al. (2004) and Gurioli et al. (2008) likely represents the
degassed magma near the top of the conduit, which is com-
mon at such systems, for example, Stromboli (Gurioli et al.
2014).

Triggering Mechanism

We observe normal zoning in crystal phases (i.e., plagioclase
and olivine phenocrysts), equilibrium between most of crys-
tal rims and the residual melt, as well as very slight varia-
tions in the chemical trends between bulk rock compositions
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and the residual melt. Slight incompatible trace element
depletion is observed in bulk rock compositions, with
respect to glass. On the other hand, thermodynamic model-
ling (MELTS) indicates mostly equilibrium conditions for
plagioclase and olivine at P < 3 kbar. Hence, fractional crys-
tallisation, if present, should have occurred at greater depths
(ca.<11 km).

There is no amphibole in the 2015-2017 mineral assem-
blages. This can be indicative of slow decompression, as
amphibole is unstable under these conditions (Rutherford
and Hill 1993; Shea and Hammer 2013). A slow buoyant
ascent of the magma from the shallow crust via the open
conduit system of Villarrica would also explain LP seismic-
ity and magmatic degassing 1 month before the eruption, as
well as the lack of deformation (e.g., Delgado et al. 2017;
Delgado et al. 2022). This is also consistent with the lack of
volcano-tectonic seismicity, usually interpreted to be due to
overpressure and rock fracturing along magmatic pathways
associated with a magma ascent intrusion in a closed system.

Buoyant magma ascent could occur coupled with over-
pressure of a deeper storage region (i.e., 4—6 km depth).
Then, volatile exsolution may have triggered accelerated
magma ascent, overpressure and fragmentation at shal-
lower levels (< 0.8 km depth) following a “first boiling”-like
behaviour. Also, according to our MELTS modelling, the
density of the magma (considering melt and phenocrysts) is
lower than the value of 2700 kg/m® reported for the upper
crust by Tassara et al. (2006) (Fig. 9). Therefore, we favour
the buoyant ascent as the main process controlling magma
ascent. Aiuppa et al. (2017) observed anomalously high
CO,/S0O, starting 1 month before the eruption. They propose
that separate ascent of over-pressured gas bubbles, originat-
ing from at least 20-35 MPa, was the driver for activity
escalation toward the 3 March 2015 climax. These pressures
are consistent with depths of 0.9 to 1.3 km, which repre-
sent the H,O-saturation depth for the 2015 magma (con-
sidering 1 wt.% H,0). To confirm this, we used the glass
chemistry of the 2015 lava fountain lapilli and bomb, their
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Fig.9 System density (g:cm™) vs pressure (kbar) plot according to
MELTS modelling considering glass and whole-rock compositions
and assuming a water-saturated magma for temperatures from 950 to
1150 °C. The solid lines represent the modellings at different mag-
matic temperatures and the dashed lines represent the density of the
upper crust (2.7 g-cm™>; Tassara et al. 2006). a shows glass compo-
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sition modelling considering QFM oxygen fugacity buffer, b shows
whole-rock composition modelling considering QFM oxygen fugac-
ity buffer, ¢ shows glass modellings considering AQFM+1 oxygen
fugacity buffer, and d shows glass modelling considering AQFM +1
oxygen fugacity buffer
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respective temperatures and H,O contents (Table 2) to run
MagmaSat (Ghiorso and Gualda 2015), as implemented in
VESIcal (v.1.2.0; Iacovino et al. 2021). Using this model,
we obtained saturation pressures of ca. 0.21 and 0.06 kbar
(i.e., depths of 0.8 and 0.2 km), respectively. Witter et al.
(2004) also calculated saturation at < 0.3 kbar from sam-
ples of the 1999-2004 eruptions, while Pioli et al. (2015)
obtained higher depths (0.7-0.3 kbar) for the Chaimilla
eruption, where both studies used melt inclusions. As pre-
viously observed by Witter et al. (2004) using MELTS,
Rhyolite-MELTS modelling yields <2% olivine crystalli-
zation at lower depths, as well as stable crystallisation of
An_;5 Pl rims with degassed magma conditions, as in our
samples (Table 1). Evidence supporting rapid pressuriza-
tion of the upper part of the conduit (<1 km depth) is also
given by trace elements in olivine crystals. As Ni and Cr are
compatible elements, they are preferentially incorporated
into early-forming minerals, in contrast to Li which is mod-
erately incompatible in olivine (Grant and Wood 2010). We
observed increasing Li but decreasing Ni and Cr in the rims
of olivine. Parkinson et al. (2007) interpreted increased Li
in olivine and pyroxene rims, 4-8 times higher than in the
core, to result from fractionation. We measured five-times
higher Li concentrations in low Fo olivine rims, with respect
to the cores. As Villarrica’s magma contains primitive melt
inclusions in plagioclase with high levels of chlorine (up to
2090 ppm; Zajacz and Halter 2009), its rapid extraction into
vapour phase may affect Li diffusion as Li forms hydroxides
in the absence of chlorine (Yamaguchi et al. 2010). Hence,
a fast migration of Li between melt, crystals and vapour
phases may explain these trends. These phenomena have
been previously observed at Stromboli volcano (Italy) by
Viccaro et al. (2021). The phenomenon suggests gas accu-
mulation and re-incorporation of Li at very low pressure just
prior the onset of a paroxysm Viccaro et al. (2021).
Together, all these lines of evidence suggest that the
source magma for the 2015 lava fountain mostly evolved
in equilibrium during buoyant ascent, before saturation and
acceleration near the surface through a “first boiling”-like
event. At analogous open conduit systems, such as Strom-
boli, paroxysms have been also explained by the ascent of a
CO,/H,0O-rich slug enveloped by melt from depth (6-9 km),
in a quasi—closed system, triggering magma fragmentation
(Métrich et al. 2021). These deep, bubbly magmas are able
to ascend at fast rates (1-2 m/s) to interact with more crys-
talised shallow magma, producing mixing and eruption
(Pichavant et al. 2022). Recent research shows that magma
fragmentation within lava fountains may occur once the
magma is ejected from the vent, as triggered by further vola-
tile expansion to generate fine ash. This is mostly the case
of “higher” viscosity basaltic magmas such as those of arc
settings (La Spina et al. 2021). A similar trigger has been

@ Springer

suggested for Etna (Italy; Zuccarello et al. 2021). Most of
the twentieth century eruptions of Villarrica have been inter-
preted as being produced by cryptic mixing between compo-
sitionally similar mafic magmas (Pizarro et al. 2019). These
historic eruptions have ranged from effusive to moderately
explosive (VEI 0 to 3), producing small pyroclastic flows,
extensive lava flows (extending up to 20 km downslope) and
tephra fallout (Moreno and Clavero 2006). Conversely, the
March 2015 lava fountain was dominantly explosive and
short-lasting. Given the high compositional variability of
the AM030315 glasses, in addition to the disequilibrium
textures observed in the same sample, we should not discard
these kinds of processes also occurring at depth to trigger
rarer, but more highly explosive, activity. This, like at Strom-
boli (Pichavant et al. 2022), Yasur (Kremers et al. 2012),
Pacaya (Mari 2015), for example, punctuates the “normal”
activity. For example, Pacaya went through cycles of build-
ing Strombolian activity to culminate in a short but highly
explosive, paroxysmal event in 2010 (Wardman et al 2012).

Volcanic Hazard Considerations

Villarrica is not only the most active volcano in Chile (Petit-
Breuilh and Lobato 1994; Moreno and Clavero 2006) but is
also the highest-risk volcano in the country (SERNAGE-
OMIN 2020) due to the exposure of a large population and
critical infrastructure (e.g., the cities of Villarrica, Pucén,
Lican Ray and Cofiaripe). The 3 of March lava fountaining
event was characterised by a rapid evolution from Strom-
bolian activity to intense lava fountaining. Despite the pre-
eruptive unrest signals, these rapid eruptive style transitions
may pose a challenge for eruption forecasting. Moreover,
similar open conduit volcanoes with tholeiitic mafic com-
positions and low H,O contents at pre-eruptive conditions,
such as Masaya in Nicaragua, have demonstrated to produce
Plinian eruptions as magma crystallises and saturates near
the surface (Bamber et al. 2020).

Our study provides critical insight to enable improved
understanding of this type of activity, previously unstudied at
Villarrica volcano. This is especially valuable considering the
increasing unrest of Villarrica in late 2022. More studies are
required to better understand the timings, depth scales and spe-
cific processes related to magma crystallisation, volatile exso-
lution and overpressure in this open conduit system before,
during and after such explosive events. In this respect, experi-
mental petrology may provide further clues as to the drivers
of such paroxysmal events, as well as textural studies focused
on ascent rates and diffusion chronometry. Moreover, moni-
toring of gas emissions might provide key precursory signals
for future paroxysmal events (Aiuppa et al. 2007; Burton et al.
2007; Allard 2010; Aiuppa et al. 2017; Edmonds et al. 2022).
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Conclusions

Our study highlights the importance of studying pyroclastic
rocks produced by paroxysmal events at open conduit sys-
tems to further the understanding of pre-eruptive conditions
and magma evolution processes. The 2015 Villarrica lava
fountain was fed from a deeper and hotter basaltic andesite
magma (~ 9.4-16.3 km, ca. 1140 °C), which experienced
long-term magmatic evolution in near-equilibrium condi-
tions and buoyant ascent in the upper crust (<3 kbar). Ulti-
mately, the main drivers of the 2015 lava fountain were H,O
saturation and over-pressure at shallow depths (< 0.8 km),
triggering magma acceleration and fragmentation. Magma
erupted during subsequent small Strombolian explosions fol-
lowing the lava fountain (later in 2015 and early in 2017) was
likely sourced from a shallower and colder storage region
(£5.3 km; ca. 1110 °C). This contrasts with most of the
previously studied twentieth-century eruptions of Villarrica
which were likely fed by magma mixing to produce longer-
lived eruptions with effusive and milder explosive activity.
On the other hand, the triggering mechanisms observed for
the 2015 Villarrica lava fountain are like those reported in
other open conduit systems, suggesting deeper controls and
shallow volatile overpressure during paroxysmal events.
Given the rapid escalation from Strombolian explosions to
lava fountaining activity, the 2015 Villarrica lava fountain
represents challenging conditions for volcano monitoring and
eruption forecasting in the future, requiring further research
useful for risk assessment and contingency planning.
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