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Abstract

The Southern Volcanic Zone (SVZ) of the Andes is an active volcanic chain generated by the
subduction of the Nazca Plate below the South American Plate. The SVZ has been
subdivided into four segments, based on tectonic setting. One of those four subdivisions is the
Central Southern Volcanic Zone (CSVZ), where the most active volcanoes of the SVZ are
located: Villarrica, Llaima, Calbuco, Puyehue-Cordon Caulle, Osorno, and Mocho-
Choshuenco. In recent years, some of these volcanoes have erupted (e.g. Villarrica in 2015,
Llaima in 2008, Puyehue-Cordon Caulle in 2011-2012) and those eruptions have been
captured by volcano monitoring. By contrast, other active volcanoes have erupted for the last
time before monitoring instruments were installed in the neighbouring areas (e.g. Osorno in
1835 and Mocho-Choshuenco in 1864). Petrological studies are useful to assess previous
eruptions and, as a consequence, can be used in volcano monitoring and forecasting. The

present study is focused on the most recent eruptions of Calbuco and Osorno stratovolcanoes.

In April 2015, an unpredicted rapid-onset eruption occurred at Calbuco Volcano in the
Southern Andes of Chile. This event consisted of two, sub-Plinian eruptions separated by a
few hours. | identify an upper-crustal reservoir using available geophysical data combined
with amphibole geobarometry. Based on textural features, | conclude the presence of a mush
zone within this reservoir. From the collected samples, whole-rock chemistry and an array of
geothermometers of silicate phases (amphibole, amphibole-plagioclase, two-pyroxenes) gave
similar conditions for all samples possessing ~40 crystal volume, with the exception of the
sample Cal-160 (~60 % crystal volume), which is slightly more evolved and yields lower
temperatures for all silicate-phase geothermometers. In addition, | performed Fe-Ti oxides
thermometry, which gave lower temperatures than those silicate-phase based. Comparing

temperatures calculated by pairs of ilmenite-titanomagnetite core compositions with those

vii



calculated using rim compositions, | observe a late-stage temperature increase of between
70°C and 200°C in sample Cal-160, which represents the bottom of the crystal mush and the
magma reservoir. | suggest this recognised heating triggered the eruption requiring the
involvement of a hot, presumably mafic magma injection at the base of a shallow, crystal-rich

reservoir, though the mafic magma was not itself erupted.

I determine timescales of pre-eruptive heating at the partially-solidified chamber base
(represented by sample Cal-160) and constrain the magma residence time for the bulk of the
carrier magma (represented by the rest of the collected samples). The ilmenite-
titanomagnetite pairs from sample Cal-160 yielded magmatic timescales of < 4 days,
interpreted as time between the triggering and the eruption. These short magmatic timescales
explain why the April 2015 Calbuco eruption showed precursors of only a few hours. By
contrast, the ilmenite-titanomagnetite pairs of other samples (distinct from Cal-160) yielded
magmatic timescales of > one year, which represent resident, eruptible magmas in the middle
of the reservoir at stable temperatures and oxygen fugacity. This portion of the magma
reservoir did not interact with any magma recharge immediately prior to or during the
eruption, indicating the eruption was triggered before the thermal homogenisation of the

magma reservoir beneath Calbuco volcano.

During 1835, two eruptive events occurred; the first during January-February and the second
during November-December. The erupted products of both events are lavas and tephra fall
deposits of basaltic-andesite composition (52.4-52.9 SiO, wt%) with of crystallinity ranging
from 23 to 45 vol% comprising: olivine, plagioclase, clinopyroxene, and Cr-spinel. Using the
erupted products, | calculated pre-eruptive conditions: temperature of ~1,140°C (via olivine-
augite and Ca-in-olivine thermometry), oxygen fugacity of AQFM +0.3 (via Cr-spinel-melt
oxybarometry and numerical modelling), dissolved water content up to ~1.5 wt% (via

numerical modelling), and depths of up to 4.5 km (numerical modelling). Based on textural
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features, | conclude the presence of a mush zone within this reservoir, which underwent
partial disaggregation prior both eruptive events. The studied eruption presents the same
eruptive features, mineral assemblage, and composition as the historical products from
Osorno volcano, in consequence, it can be used to assess other previous eruptive events and

future behaviour.

In addition, comparison of products from the neighbour stratovolcanoes Calbuco, Osorno and
La Picada was performed using trace elements (fluid mobile/immobile and rare earth
elements) and ®'Sr/*°Sr and **3Nd/***Nd isotope ratios. These analyses display higher both
slab-derived fluid input and partial melting degree in the mantle beneath stratovolcanoes
(Osorno, Calbuco, and La Picada) than in small eruptive centres (represented by La Vigueria
cones). Although the most significant signature comes from the mantle source, these results
suggest also the minor influence of crustal assimilation. Finally, implications of this study are
argued, comparing with other volcanic system from the CSVZ at 39°30°S latitude, which

exhibit some similarities.
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Chapter 1

1. Introduction

This work is focused on identifying pre-eruptive physical intensive conditions, timescales and
regional features of magmas erupted during the last eruptions of two of the most active
volcanoes from the Central Southern Volcanic Zone of the Andes: Calbuco (April 2015) and
Osorno (1835). The study is approached utilising detailed chemical composition, textural
features of the phenocrysts, whole-rock major and trace element chemistry, and isotope
chemistry. This thesis benefits from previous studies of volcanoes of the region, presented
from geophysical (e.g. Van Eaton et al., 2016; Delgado et al., 2017; Nikkhoo et al., 2017),
geochemical (e.g. Tagiri et al., 1993; LOpez-Escobar et al., 1995a; 1995b; Hickey-Vargas et

al., 1995), and structural (Cembrano and Lara, 2009) point of views.

This thesis gives information of pre-eruptive conditions to understand the last eruptions of
Calbuco and Osorno volcano, which can be used to take actions related to hazard mitigation
and public policies of the studied volcanoes as well as other neighbour volcanic centres (e.g.
La Picada volcano, La Vigueria small eruptive centre). The main objective of this thesis is to
answer the following questions:
1. What are the physical intensive conditions of the magmas from the last eruptions of
Calbuco and Osorno volcanoes?
2. s there any crystal mush within the magma chambers beneath those volcanoes? What
is the influence on eruptive features of that?
3. What are the pre-eruptive timescales of those volcanoes? How could be related to
geophysical observations?
4. What are the conditions of magma generation, fluid supply and crustal contamination

of the region?



Those main questions are addressed in the five chapters of this thesis. This chapter introduces
the context and outstanding problems in the Central Southern Volcanic Zone of the Andes.
Chapter 1 also provides an introduction to the techniques and methods used later in the thesis
to achieve the objectives. Chapter 2 (published as Morgado et al., 2019a) focuses on
determining the pre-eruptive physical intensive conditions of the April 2015 Calbuco
eruption products, recognising the presence of a crustal mush within a magma reservoir in the
upper crust, and and the involvement of a new, hotter magma input as the eruption trigger.
Chapter 3 (published as Morgado et al., 2019b) expands on the previous study, presenting Fe-
Ti diffusion chronometry in ilmenite-titanomagnetite contact pairs to calculate the timescales
from heating (triggered by the new, hotter magma input recognised in Chapter 2) to eruption
and also comparing and coupling the modelled pre-eruptive timescales with geophysical
published data. Chapter 4 (being prepared for submission to Journal of Petrology) focuses on
the pre-eruptive physical intensive conditions of the 1835 Osorno eruption products,
distinguishing the presence of a crustal mush within an upper crustal magma reservoir and
concludes by presenting a regional magmatic model considering fluid supply and crustal
contamination. Finally, Chapter 5 presents a summary and discussion of the key findings and
compares the findings with other volcanic systems of similar eruptive features, in both the

Andes and further afield.



1.1.  Why study Central Southern Volcanic Zone of the Andes?

The Andean volcanoes are classified in four distinct segments (Stern et al., 2007; Fig. 1.1):
Northern Volcanic Zone (NVZ, 2-5°N), Central Volcanic Zone (CVZ, 14-28°S), Southern
Volcanic Zone (SVZ, 33-46°S), and Austral VVolcanic Zone (AVZ, 49-55°S). These zones are
separated by areas where arc volcanism does not exist (Stern et al., 2007): Peruvian flat-slab
segment (between NVZ and CVZ), Pampean flat-slab segment (between CVZ and SVZ), and
Chile Rise (between SVZ and AVZ). This thesis focuses on volcanoes from the SVZ of the
Andes, which is an active volcanic chain generated as a consequence of the subduction of the

Nazca plate below the South American plate.
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Figure 1.1. Location of the different volcanic zones of the Andes with respect to South
America.

On the basis of tectonic setting, geochemical and petrologic considerations the SVZ itself has
been sub-divided into four segments (Tormey et al., 1991; Lopez-Escobar et al., 1995a; Stern,

2004; Stern et al., 2007): Northern (NSVZ, 33.3-34.4°S), Transitional (TSVZ, 34.4-37°S),
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Central (CSVZ, 37-42°S; Fig. 1.2), and Southern (SSVZ, 42-46°S). The largest crustal
structure of the SVZ is the ~1200 km long NS dextral strike-slip Liquifie-Ofqui Fault Zone
(LOFZ; Cembrano et al., 1996; 2000). Most of the large stratovolcanoes of the SVZ are not

built over the LOFZ, but most of them are located within 50 km of it.
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Figure 1.2. a) Location of the four subdivisions of the Southern Volcanic Zone with respect
to Central b) Central Southern Volcanic Zone and the location of both stratovolcanoes and
the Liquifie-Ofqui Fault Zone (LOFZ). The location of the LOFZ (solid and dashed lines) was
inferred from Cembrano et al. (1996) and Cembrano and Lara (2009).



In the CSVZ, south of 39° S, Cembrano and Lara (2009) proposed structural models beneath

volcanoes from the region depending on the volcano alignments:

NE-trending volcanic alignments (e.g., La Picada-Puntiagudo-Cordén Cenizos;
Moreno et al., 2010; Vander Auwera et al., 2019; Fig. 1.2) are proposed to be related
to tension cracks, which may reach the surface and then build either a stratovolcano or
an elongated cluster of minor eruptive centres, depending on the balance between
strain rate and magma input (cf. Takada, 1994).

NW-trending alignments (e.g., Villarrica, Morgado et al., 2015; Pizarro et al., 2019;
Puyehue-Corddn Caulle, Lara et al., 2004, 2006), in which volcanoes are built on top
of west-northest-striking, pre-Andean, oblique-slip faults.

Small eruptive centres built over the LOFZ master fault (e.g., Caburgua-Huelemolle
small eruptive centres; Hickey-Vargas et al., 1989, 2002; Morgado et al., 2015, 2017;
Mcgee et al., 2017; Cayutué-La Vigueria group; Lopez-Escobar et al., 1995b). The
melts erupted from small eruptive centres, are considered to ascend rapidly through
the crust and do not interact with it extensively (e.g. McGee and Smith, 2016; Hickey-
Vargas et al., 2016a; Smith and Németh, 2017), this volcanism is usually related to

extensional domains (e.g. Nakamura, 1977; Takada, 1994; Piochi et al., 2005).

In this model (see Fig. 1.3), Cembrano and Lara (2009) relate the trace element compositions

(Cr vs. Rb) of the magmas from CSVZ (and SVZ in general), to crustal residence times (see

Fig. 1.3), however, they do not calculate those timescales. The calculation of pre-eruptive

timescales beneath volcanoes of the CSVZ is still an ongoing task. Stratovolcanoes, which

are not related to any major structures (e.g. Calbuco volcano; Lopez-Escobar et al., 1995;

Sellés and Moreno, 2010) are not mentioned in the model of Cembrano and Lara (2009).
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Figure 1.3. Cr versus Rb from different volcanic systems from the SVZ. The authors suggest
the crustal magmatic residence increases while Cr content in the studied products is
decreasing. The shortest magmatic timescales would correspond to small eruptive centres
built over LOFZ master fault, longer magmatic timescales would correspond to volcanoes in
NW-striking alignments, and the longest would correspond to the products of volcanoes built
over NE-striking alignments. Modified from Cembrano and Lara (2009).

The CSVZ includes some of the most dangerous volcanoes among 90 active volcanic systems
of the Chilean Andes (Lara et al., 2011, Table 1.1). All these active volcanoes are monitored
by OVDAS-SERNAGEOMIN, but some of them do not have not yet been examined in detail
in terms of petrology, magmatic physical intensive conditions, and magmatic timescales. This
thesis proposes to study those aspects of the products from the last eruptions of Calbuco and

Osorno volcanoes.



Table 1.1. The most hazadous volcanoes from the Central Southern Volcanic Zone

Volcano Hazard ranking Last eruption Reference
Villarrica 1 2015 Romero et al., 2018; Pizarro et al., 2019
Llaima 2 2008 Bouvet de Maissoneuve et al., 2012
Calbuco 3 2015 Castruccio et al., 2016
Puyehue-Corddn Caulle 5 2011 Jay etal., 2014
Osorno 6 1835 Laraetal., 2012
Mocho-Choshuenco 7 1864 Moreno and Lara, 2007

1.2.  Volcanic hazards in the Central Southern VVolcanic Zone

Volcanoes are potentially dangerous depending on how explosive the eruptions are and how
close they are to population centres (e.g. Gudmundsson, 2010; Donovan et al., 2017). To
reduce the hazard and risk of potentially disastrous eruptive events, volcano monitoring uses
several approaches (seismology, ground deformation, gas chemistry, etc.) to assess the real-
time state of volcanoes and to monitor any changes in those states. Through the integration
and evaluation of information given by volcano monitoring tools, volcano observatories are

in charge of the indication of the state of volcanic alert (Fig. 1.4).

STATES OF VOLCANIC ALERT (SERNAGEOMIN, CHILE)
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Figure 1.4. States of volcanic alert in Chile, published by the Southern Andes Volcano
Observatory (OVDAS) from the National Geological Survey (SERNAGEOMIN) (available at
sernageomin.cl/abc).
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In some cases, volcano monitoring has not been able to give a timely forecast of rapid-onset
eruptions (e.g. El Reventador Volcano in 2002, Hall et al., 2004; Calbuco volcano in 2015;
Romero et al., 2016; Castruccio et al., 2016) and in other cases volcanoes have not been
monitored during an eruptive event (Chaitén in 2008, Lara, 2008; Osorno in 1835, Lara et al.,
2012), due to the monitoring instruments have been installed after the last eruptions. In both
cases, an understanding of the past eruptive behaviour is necessary as a guide for future
eruptive behaviour of a specific volcano. Materials produced during previous eruptions are
studied to constrain fundamental properties such as temperature, pressure, and oxygen

fugacity.

How disastrous an eruptive event can be is usually related to the magma composition and
volatile content of the erupted material: more siliceous and volatile-rich magmas are typically
more hazardous than those less siliceous and volatile-poor magmas. Beneath active
volcanoes, there are certain places where the magma is stored and differentiation processes
can occur: magma chambers. Moreover, studying zoning patterns in crystals from erupted
material, we can calculate the timescales of magmatic processes (differentiation, heating,
crustal residence, etc.). All this petrological information can be coupled with volcano

monitoring to reduce the volcanic hazard (e,g, Peccerillo et al., 2006).

The study of Calbuco and Osorno volcanoes, in CSVZ, is significant for volcanic hazard
mitigation because they are active volcanoes located close to population centres (Table 1.2;

Fig. 1.5).



Table 1.2. Population centres close to Calbuco and Osorno volcanoes.

Population centre  Population*  Distance to Calbuco volcano (km)  Distance to Osorno volcano (km)

Puerto Varas 44,578 30 45
Puerto Montt 245,902 32 52
Alerce 72,500 24 43
Las Cascadas 700 30 12
Cocham6 4,023 30 43
Ensenada 1,623 12 12
Correntoso ~250 12 40

* Data from Chilean Census 2017

Puerto Varas (pop. 44,578)
Puerto Montt (pop. 245,902)
Alerce (pop. 72,500)

Las Cascadas (pop, 700)
Cochamo (pop. 4,023)
Ensenada (pop. 1,623)
Correntoso (pop. ~250)
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Figure 1.5. Location of the main population centres (Puerto Varas, Puerto Montt, Alerce,
Las Cascadas, Cocham0, Ensenada, and Correntoso) close to Calbuco and Osorno
volcanoes. Population data from the Chilean Census 2017. The ASTER image was obtained
via the ArcGIS software ®.



1.3. Why study the April 2015 Calbuco eruption?

Calbuco volcano (41°19’S, 72°36°’W) is a Late Pleistocene to Holocene composite
stratovolcano, situated ~20 km west of the LOFZ, but not directly related to any major
regional structure (Fig. 1.6; Sellés and Moreno, 2011). Calbuco has been catalogued as the
third most hazardous Chilean volcanic system (Fig. 1.1; Lara et al., 2011; SERNAGEOMIN,
2017). The Calbuco products have been divided into four geological units, three of them pre-
historic (units Calbuco 1, 2, and 3) and one historical unit, Calbuco 4. The historically
erupted products comprise lava flows (basaltic to basaltic andesite with rare dacite), andesitic
to dacitic domes (Fig. 1.7) and layers of pyroclastic tephras, block and ash flows, and
deposits from hot and cold lahars (Lopez-Escobar et al. 1992, 1995a, b; Petit-Breuilh 1999;
Moreno et al. 2006; Stern et al. 2007; Castruccio et al. 2010; Sellés and Moreno 2011; Watt
et al. 2011; Daga et al. 2014). The last eruption occurred in April 2015. For the last Calbuco
eruption, OVDAS-SERNAGEOMIN, the volcano observatory in charge of Calbuco volcano
monitoring, only announced a red alert at the moment of the onset of the eruption, before
that, the volcano was in green alert (see Fig. 1.4). None of the published articles studying the
Calbuco 2015 eruption have given detailed petrological information or an explanation on how

the pre-eruptive timescales can be related to this rapid eruption.
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Figure 1.6. a) Location of the studied region regarding Chile. b) Position of Osorno, La
Picada, Puntiagudo, and Calbuco volcanoes and Cordén Cenizos volcanic chain, La
Vigueria cone, and the Liquifie-Ofqui Fault Zone (LOFZ, white dashed line). The alignment
Osorno, La Picada, Puntiagudo and Cordén Cenizos is represented by a yellow, dashed line.
The advanced Spaceborne thermal Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (GDEM) image was obtained via EarthExplorer, USGS

(http://earthexplorer.usgs.qov)
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Figure 1.7. Total alkali versus silica (Le Bas et al., 1986) plots of Calbuco products of all
volcanic units. Data taken from Lopez-Escobar et al. (1995a), Sellés and Moreno (2011), and
references therein.

During the 22-23 April 2015, two sub-Plinian eruptive events occurred at Calbuco volcano
(Fig. 1.8). The first eruptive pulse started on 22 April at 20:50 UTC, it lasted two hours and,
five hours after the end of the first eruptive pulse (Valderrama et al., 2015), the second pulse
started at 4:00 UTC and it lasted six hours (SERNAGEOMIN 2015a, b, c, d). Valderrama et
al. (2015) reported precursory activity occurring between 1 January and 21 April 2015. 142
volcano-tectonic events (VT, associated with fracturing of the wall rock) and five long-period
events (LP, associated with the collapse of gas bubbles in rising magma or fluid movement).
During 22 April, SERNAGEOMIN (2015e) reported a seismic swarm of 140 VT starting 3 h
before the eruption onset and also the first LP events of the day occurred at 19:34 UTC (1.5 h

before the eruption onset, SERNAGEOMIN 2015f).
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Figure 1.8. Schematic timeline of the sequence of seismic activity before the 22-23 April
2015 Calbuco eruption.

Although a lack of significant deformation was reported, Delgado et al. (2017) documented
syn-eruptive deflation via interferometric synthetic-aperture radar (INSAR) during the first
eruptive pulse, which agrees with the tiltmeter information (Valderrama et al., 2015). There
are articles suggesting the location (8—11 km depth) and shape (prolate spheroid) of the
reservoir beneath Calbuco (Delgado et al., 2017; Nikhoo et al., 2017) using InSAR to
constrain this geometry. In consequence, there is a lack of information related to physical
intensive conditions and triggering mechanisms of the April 2015 eruption from a

petrological point of view.

The April 2015 Calbuco (Fig. 1.9) eruption is an excellent opportunity to study magmatic
physical intensive conditions and magmatic timescales to be compared with the geophysical
studies (tiltmeter, seismometer, INSAR). In addition, as Calbuco is not considered to be
related to any alignments or LOFZ, it is not a member of any group described by theoretical
model of Cembrano and Lara (2009), which can be used to compare with other volcanoes
located in other geological settings (such as, Puyehue-Cordén Caulle, Lara et al., 2006;

Villarrica, Hickey-Vargas et al., 1989; Moreno and Clavero, 2006).



Figure 1.9. Picture of Calbuco volcano during the first eruptive pulse of the April 2015 sub-
Plinian eruption (picture courtesy of Marcela Vollmer).

1.4.  Why study the 1835 Osorno eruption?

Osorno (41°06°S, 72°20°W, CSVZ) is a Mid-Pleistocene composite stratovolcano (Moreno et
al., 2010) situated ~13 km west of the LOFZ and ~20 km NNE of Calbuco volcano. Osorno
volcano is the southernmost member of an NE volcano alignment including Osorno, La
Picada, Puntiagudo, and Corddn Cenizos volcanic chain (Fig. 1.6). In general, its postglacial
activity (~ 12,000 years BP; Clapperton, 1993) has been confined to summit crater eruptions,
but parasitic cones and dacitic domes are also significant modes of activity (Moreno et al.,
2010). The Osorno products have been classified (Moreno, 1974; Moreno et al., 1979) into

four geological units, three of them pre-historic (units Osorno 1, 2, and 3) and one historical
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unit, Osorno 4. Erupted material compositions can be seen as represented in the figure 1.10.

The last eruption of Osorno volcano occurred in 1835.
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Figure 1.10. Total alkali versus silica (Le Bas et al., 1986) plots of Osorno products of all

volcanic units. Data taken from Tagiri et al. (1993) and Moreno et al. (2010).

Charles Darwin (1839a; 1840) described two eruption stages of Osorno volcano during 1835

(Fig. 1.11). He described a “smoke” release in November 1834 (Darwin, 1839b), but the first

stage of the 1835 Osorno eruption started on 19 January and it was still erupting on 18

February, two days before the earthquake of Concepcion (M,, 8.0-8.3; Watt et al., 2009) that

affected much of Southern Chile (Darwin, 1840). According to Darwin (1840), a second

stage of eruptive activity occurred starting on 11 November 1835, resuming lava emission

from the same vents as the first stage (Lara et al., 2012). During 5 December a fissure

eruption occurred and for succeeding fortnight, ashes were erupted (Darwin, 1840). The 5

January 1836, the volcano was still erupting (Gillis, 1855).
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Figure 1.11. Schematic timeline of the sequence of the 1835 Osorno eruptive activity before
the 22-23 April 2015 eruption.

The 1835 Osorno eruption is an opportunity to study the typical volcanic products of the Unit
4, which have a SiO, wt% range of 51.3-56.9 (including the 1835 eruption) and the same
mineral assemblage: plagioclase, olivine, and clinopyroxene (Tagiri et al., 1993; Ldpez-
Escobar et al., 1995b; Moreno et al., 2010). Before the 1835 eruption, the eruptive frequency
was ~30 years, but Osorno volcano has not erupted since then. Since 2016, Osorno volcano
has shown seismic activity over the base level (including LP events) and, during 2018, a
period of seven months of yellow alert was announced by OVDAS-SERNAGEOMIN (Fig.
1.12). This recent activity highlights the need for having pre-eruptive information on the last
Osorno eruption, which occurred before the volcano monitoring was established around
Osorno. Although the reports of these volcano-tectonic events recognise a shallow seismic
source at 2.6-3.9 km depth, it is not clear it corresponds to a magma reservoir

(SERNAGEOMIN, 2017; 2018a, b; 2019).
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Figure 1.12. Summary of the seismic activity detected beneath Osorno volcano in the period
from April 2015 to February 2019. An increase of volcano-tectonic (VT) activity has been
recorded since 2016. LP represents long-period events. Background colour represents the
alert level of the region. A period of yellow alert of around seven months was announced
during 2018 (Image modified from the reports of OVDAS-SERNAGEOMIN, 2019).

1.5. Crystal mush paradigm

The crystal mush paradigm has transformed our understanding of how conventional models
of crustal magmatic reservoirs are understood (e.g. Cashman and Giordano, 2014; Jackson et
al., 2019; Lissenberg et al., 2019). The conventional model considered melt was the phase
dominating the modal proportion within magma chambers (cf. Bachmann and Bergantz,
2004; Hildreth, 2004). Textural features and geochemical evidence indicate that voluminous

silicic magma reservoirs are controlled by fractional crystallisation processes leading higher



crystal contents (e.g. Hildreth, 1981; 2004; Bacon and Druitt, 1988; Marsh, 1996; Bachmann

and Bergantz, 2003).

According to the mush paradigm (Fig. 1.13), within the continental crust, magma reservoirs
are considered to be represented by both magma chambers, these being defined as
continuous, melt-rich, lenticular regions where the magma is fluid and eruptible and within
which magma crystallinity is < 45 vol.%, and crystal mushes, i.e. a body with a rigid crystal
framework and crystallinity > 45% (Marsh 1989, 1996; Hildreth 2004; Bachmann and
Bergantz 2008). Crystallinities > 45 vol.% are associated with rheological properties which
impede convection processes (e.g. Bachmann and Bergantz 2004, 2008; Huber et al. 2010;
Burgisser and Bergantz 2011; Parmigiani et al. 2014). These reservoirs exist as shallow
magma reservoirs (< 10 km depth) and may evolve over long cooling periods to become
plutons (e.g. Koyaguchi and Kaneko 1999; Claiborne et al. 2010; Cooper and Kent 2014,

Molina et al. 2015; Szymanowski et al. 2017; Cooper et al. 2017).

Volatiles Fluid, eruptible melt

Rigid crystal mush

Figure 1.13. Schematic illustration of a theoretical magma reservoir, including rigid crystal
mush, fluid eruptible melt and exsolved volatiles.

Although the existence of crystal mushes within magma reservoirs is an established paradigm
for magmatic systems of felsic magmatic composition and calderas (e.g. La Picana caldera
system, Chile, Lindsay et al., 2001; Fish Canyon tuff, U.S., Bachmann and Bergantz, 2003,
2004; Bishop tuff, U.S., Hildreth, 2004; Hildreth and Wilson, 2007), crystal mushes have

also, in recent years, been documented in smaller and more mafic magma reservoirs (e.g.
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Laki volcano, Passmore et al., 2012; Kilauea volcano, Rae et al., 2016). In addition, beneath
volcanoes of the Southern Volcanic Zone (SVZ) of the Andes, crystal-mushes have been
recognised in volcanic products of widely varying compositions: Quizapu (andesitic and
dacitic compositions, Ruprecht et al., 2012); Quetrupillan (trachydacite composition, Brahm
et al., 2018); Llaima (basaltic andesite composition, Bouvet de Maisonneuve et al., 2012).
For other active volcanoes of the SVZ (e.g. Calbuco and Osorno volcanoes) the existence (or
not) of a crystal mush beneath them has to be determined, as well as the influence of that

crystal mush on fractionation, mobilisation, and eruption triggering processes.
1.6. Objectives

CSVZ is the most active sub-division of the SVZ of Andean volcanism. All the active
volcanoes of the CSVZ are monitored by OVDAS-SERNAGEOMIN, but some of them have
not petrological studies on the historical eruptions, such as Calbuco and Osorno volcanoes.
Studying the last eruptions of Calbuco (2015) and Osorno (1835) volcanoes gives an
opportunity to learn about the pre-eruptive processes occurring beneath the volcanic systems
from CSVZ of the Chilean Andes. The objectives of this thesis are:
1. Obtain pre-eruptive physical intensive conditions of magma (temperature, pressure,
oxygen fugacity, and water content dissolved).
2. Recognise the existence or absence of a crystal mush within magma reservoirs and
determine how it influences the magmatic systems.
3. Calculate magmatic timescales via diffusion modelling.
4. Generate a regional magmatic model, including slab-derived fluid supply and possible

crustal contamination, at the latitude of Calbuco and Osorno volcanoes.



Finally, this petrological and geochemical model will be combined with volcano monitoring
information to generate a holistic model of the studied volcanoes and pre-eruptive processes

at that latitude. To achieve these objectives, the following specific tasks were carried out:

1. Collect several samples in the field (Calbuco and Osorno deposits). From those
samples, thin sections were prepared, details in Chapters 2 and 4.

2. Recognise and describe magmatic textural features in Calbuco and Osorno samples in
optical microscope and Scanning Electron Microscope (SEM), details in Chapters 2
and 4.

3. Obtain the chemistry of the whole-rock and the solid phases found in the volcanic
products: crystals and melts. To obtain mineral chemistry we use Electron Probe
Micro Analysis (EPMA), details in Chapters 2, 3, and 4.

4. Determine the equilibrium (or disequilibrium) conditions between the solid phases,
details in Chapters 2, 3, and 4.

5. Calculate physical intensive conditions depending on the solid phases in equilibrium,
details in Chapters 2, and 4.

6. Calculate magmatic timescales via diffusion chronometry in those solid phases
exhibiting (partial or absolute) chemical disequilibrium. Study new perspectives of
diffusion chronometry, details in Chapters 3, and 4.

7. Compare the physical intensive conditions and magmatic timescales with the volcano
monitoring reports.

8. Assess fluid supply via major and trace elements coupled with Sr and Nd isotopic
ratios from whole-rock chemistry of several volcanic systems at similar latitude
(Calbuco volcano, Osorno volcano, La Picada volcano, and La Vigueria monogenetic

cone; Fig. 1.6).



1.7.  Magmatic physical intensive variables calculation

A key concept in being able to calculate physical intensive variables (P, T, etc.) is the concept
of thermodynamic equilibrium of the phases considered in a particular assemblage of crystals
and melt (e.g., Aranovich and Podlesskii, 1983; Kdhler and Brey, 1990; Powell and Holland,
1994; Putirka, 2008; Ghiorso and Evans, 2008). The concept of thermodynamic equilibrium
is based on the definition of chemical potential. If we consider a homogeneous system with

different species, where n1, n2, n3, etc. are the number of moles of those species.

Then, if we define a function G of these mole numbers in addition to entropy (S) and volume
(V), so the fundamental relation must be written as (Ganguly, 2007):
G = G(S,V,n1 , Ny, )

(Eq.1.1)

Then, the total derivative of G is then:

aG aG G
06= (%) as+ () a+ (25)  anee a2
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The partial derivative of G with respect to n; is called the chemical potential of the
component i and is represented by p;. Then, the bigger y;, the faster the energy changes with

the concentration of the component i (Fig. 1.14).

If we consider now two homogeneous systems, which are permeable to the transfer or
diffusion of one component i , when the chemical potentials of the two systems are the same,
that system is in thermodynamic equilibrium Gibbs (1876). It means, there must be no net
diffusion of component i through the boundary in between these two systems. Then, the
various p are uniform, and we can define partition coefficients as ratios of two values of p.

The methods developed to calculate physical intensive conditions in rock-forming mineral



assemblages and melts are calibrated under equilibrium conditions (Powell and Holland,

1994).
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Figure 1.14. Two systems sharing a boundary, which could allow transference of the element
i. That element transfer occurs from system 2 to system 1 if y; > p;. The standard
consideration in igneous petrology is that if chemical potentials are equal, then partitioning
is set up (Image modified from Ganguly, 2007).

For example, the olivine-augite thermometer calibrated by Loucks (1996) is based on the

equilibrium of olivine and augite regarding Fe and Mg, or pglvine= 249 o wh oy me=
uﬂ;‘ggite. In other assemblages (for example systems A and B, with elements a, b, c,...), in
which bulk equilibrium is considered as:

ug,b,c... = ug,b,c... (Eq.1.3)

In cases when the chemical potential of two (or more) systems are not equal, then there is
diffusive (and usually reactive) element transfer or exchange (Lasaga, 1979; 1983; Loomis,

1983).
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1.8.  Diffusion chronometry

Atomic diffusion is the motion of a particle relative to the position of others in a determined
region (Onsager, 1945; Watson and Baxter, 2007). An atom in a rational lattice can move to
an interstitial site, exchange location with other atom, or occupy a contiguous vacant site in
the lattice to move through diffusion (Borg and Dienes, 1988; Watson and Baxter, 2007).
Such vacant sites are called point defects and they are formed when an ion is removed from
its position in the crystal structure, then the crystal is locally charge-imbalanced, the charge is
compensated by other reaction (e.g. Grove et al., 1984; Costa and Chakraborty, 2008).
Intrinsic diffusion occurs when diffusion is controlled by vacancies stimulated thermally, is
related to a high activation energy of diffusion, in which diffusivity depends on physical
intensive variables and not on chemical potential (Borg and Dienes, 1988; Chakraborty,
2008). By contrast, extrinsic diffusion occurs at lower temperatures, when activation energies
are relatively low (compared to intrinsic diffusion in specific minerals and elements) and
diffusivity depends on physical intensive variables and chemical potential defines direction of
diffusion (see Fig. 1.14.; Borg and Dienes, 1988; Chakraborty, 2008). There are two
dominant types of intrinsic defects to keep the electroneutrality (e.g. Lasaga, 1998; Costa and

Morgan, 2011; Fig. 1.15):

- Schottky defect: in different lattice-sites, there are cation and anion vacancies, they
are charge-compensated, which may migrate maintaining the electric neutrality of the

crystal.

- Frenkel defect: there is the same number of interstitial atoms and vacancies of one ion
in the crystal. They are formed if a cation (or anion) is in an interstitial site leaving a

cationic (or anionic) vacancy behind.
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Figure 1.15. Example of point defects in crystals. a) Schottky defects correspond to charge-
compensated vacancies in different sites of the crystal and it maintains the electronic
neutrality. b) Frenkel defects correspond to locate an ion in a position different from the
original (usually an interstitial position), creating vacancy. Image modified from Costa and
Morgan (2011).

As a consequence of the third law of thermodynamics, it is not possible to find perfect
crystals at temperatures over 0 K. A crystal with defects reduces its free energy and it is
stabilised compared to a perfect, idealised crystal (Chakraborty, 2008). In addition to the
vacancies considered above, point defects can also include available lattice positions,
interstitial atoms (i.e., atoms which does not correspond to the lattice), and trace elements
(impurities) occupying lattice positions (Borg and Dienes, 1988). The existence of point
defects and the consequent existence of vacancies enabled via charge balance or structural
balancing allows diffusion to occur in all solid materials (even if they occur at low
temperature). Diffusion in the solid state is ubiquitous (though often almost infinitely slow at
room temperature), this allows us to use it to estimate timescales of magmatic processes
(Chakraborty, 2008; see Chapter 3). The existence of chemical zoning in minerals means
there are significant variations in the composition, and hence the chemical potential, of a
certain mineral phase. This zoning is due to substantial changes in physical intensive
variables (e.g. temperature, pressure, oxygen fugacity) of the magma during crystal growth

and the internal difference chemical potential homogenise the crystal composition after a



certain amount of time (e.g. Costa et al 2008; Costa and Morgan, 2011). The compositional
flux depends on the gradient of the potential as well as the material in which diffusion occurs
(Costa and Morgan, 2011) and is described by the Fick’s first law (Equation 1.4):

ac (Eq.1.4)

— _pa_—_
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where J is the flux (mol m=2 s~1), D is the diffusivity of the phase “a” and the element “i”, C

is the concentration of the studied element “i””, and x is distance.

There are three scenarios for elemental diffusion in minerals and their related timescales
(Chakraborty, 2008; Costa et al 2008): (1) the timescale is relatively short and there is no
distinguishable evolution of the system, (2) the degree of evolution of the system is time-
dependent and it could be used to determine timescales, and (3) the timescales is too long,
then the system has reached equilibrium and it is no longer time-dependent (Fig. 1.16). In the
second case, we can establish a link between diffusive processes and timescales via the
diffusion equations (Borg and Dienes, 1988). The approach which describes this connection
is the one dimension diffusion time-dependent equation, known as Fick’s second law
(Equation 1.5):

dC;(x,t) (Eq.1.5)
ot

d (D-“ dC(c, t))
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where C is concentration of the studied element “i”, t is time, x is distance, and D is the

diffusivity of the phase “a” and the element “i”.
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Figure 1.16. A diagram to illustrate the evolution of a system from a first state (reaction,
R=0%), which changes together with a reaction and depending on time, to an equilibrium
state (reaction, R=100%). Each curve represents different diffusivities (directly related to the
kinetics of the reaction), which is decreasing from the purple solid line (which reach the
equilibrium state in a shorter timescale) to the blue dashed-line (which reach the equilibrium
state in a longer timescale). The number represent the three scenarios for elemental
diffusion: 1) Short timescale, no distinguishable evolution. 2) The system could be used to
determine timescales. 3) The system reached the equilibrium or a largely-equilibrated state.
Image modified from Chakraborty (2008).

Diffusion chronometry can yield a wide range of timescales, from few days to years,
depending on the mineral phase and the elements studied (e.g. Devine et al. 2003; Morgan et

al. 2004; Turner and Costa, 2007; Costa and Morgan, 2011; Morgado et al. 2017).



1.9.  Electron microscopy and microprobe analysis

1.9.1. Scanning electron microscope (SEM)

Scanning electron microscopes (SEMs) are used for imaging (secondary backscatter
electrons) and determination of solid phase (minerals and glasses). The SEM (Fig. 1.17) is
based on electron bombardment of solid materials and is composed of a filament to provide
and stable beam of electron, condenser lenses and apertures to focus the beam, and detectors

for electrons emitted from the studied specimen (Fig.1.17).
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Figure 1.17. Schematic cross-section of a typical Electron MicroProbe column. The electron
gun is at the top of the instrument and the studied bombarded specimen is at the bottom
(Modified from Gill, 1997).
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1.9.2. Secondary and backscattered electrons

When an electron beam strikes solid materials, the electrons are slowed mainly by inelastic
interactions with atomic electrons. There is a probability of an incident electron being
deflected by an angle greater than 90° and emerge from the surface of the target. Electrons
can also emerge through multiple deflections of smaller angle (Fig. 1.18; Reed, 1975; 2005).
The fraction of incident electrons emerging from the surface in this way is known as
backscattering coefficient (n) and is strongly dependent on atomic number. With increasing Z
leading to an increase in the probability of high angle deflection (Fig. 1.19), but it is

independent from the incident electron energy.

Incident electrons

a) b)

Figure 1.18. Schematic image representing how secondary and backscattered electrons are
ejected from the solid material. Figure a) shows incident electrons producing secondary
electrons, figure b) represents how backscattered electrons are produced and how they can
produce secondary electrons (Image modified from Reed, 2005).
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Figure 1.19. Backscattering coefficient () versus atomic number (Image modified from
Reed, 1975).

The energy of the backscattered electrons are relatively high and it allows to create greyscales
images representing densities (Fig. 1.20), which are very useful as a proxy of composition

and to observe mineral textures (Reed, 2005).

20.00 kV|vCD 203 mm|14.0mm| 147x {50 |

Figure 1.20. Backscatter electron (BSE) image of a plagioclase crystal from a 2015 Calbuco
eruption product. Greyscale false-colours represent density variations within the grain:
brighter colours (at the core of the grain) represent higher density than outer parts of the
grain, represented darker tones. Black sections represent vesicles and cracks (minimum
density of the picture).



Other electrons, which are ejected at relatively lower energy are called secondary electrons,
they can be released due to both incident and backscattered electrons (Fig. 1.18). Because of
their low energy, the only electrons that can leave the solid material are those within a few
nanometres from the surface. The number of ejected secondary electrons produced per
incident electron is known as secondary electron coefficient (), which does not depend on
the atomic number (Reed, 1975). The emitted signals allow to create images representing
surface topography (Fig. 1.21). After electron bombardment, another consequence is the
emission of X-rays, which are produced via two different mechanisms: the continuous X-ray

spectrum and characteristic X-ray spectra.
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Figure 1.21. Secondary electron image showing morphology and microtextures of Opal A
from Puchuldiza geothermal field, Chile (Image courtesy of Camilo Sanchez-Yéfiez).
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1.9.3. X-ray spectra: continuous and characteristic

Continuous X-ray spectrum

Continuous X-ray spectrum. When an electron passes through an electric field and it is close
to an atomic nucleus, can be deflected from its original path and its energy decreases. As a
consequence, an X-ray photon is emitted with maximum energy equals to the initial electron
energy. The result is a continuous X-ray spectrum (Fig. 1.22), usually called Bremsstrahlung

curve, which limits the detectability of the characteristic lines of the elements existent.
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Figure 1.22. Example of X-ray spectra showing characteristic lines and the continuous X-ray
spectrum superimposed. The energy decreases when wavelength increases, then K lines are
related to higher energy than L lines (modified from Gill, 1997).

Characteristic X-ray spectra

In the case of characteristic X-rays, X-rays are generated by the release of energy when an
electron decays from an outer shell to an inner shell of an ion’s electron orbitals. These have
a defined set of energies, as a function of the charge, ionic radius and electronic configuration
of the ion (Fig. 1.22). This transition follows after an electron bombardment, which could
release an internal electron. Inner orbits are designated K (energy level = 1), L (energy level

= 2), M (energy level = 3), etc. increasing the distance from the nucleus (Fig. 1.23) and also



decreasing energy (e.g., Bertin, 1975, Goldstein et al., 1975; Reed, 1975; Reed, 2005). The

constituent elements and their concentrations maybe identified (see Fig. 1.22).

X-ray photon
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Figure 1.23. Schematic diagram of inner atomic electron energy levels. In a) is represented
an incident electron ejecting other from an inner orbit. Characteristic X-rays is shown in b),
generated by electron transitions between these energy levels (Image modified from Reed,
1975).

Energy dispersive X-ray spectrometers (EDS) are usually attached to SEMs. The X-ray
electromagnetic emission spectrum of energy emitted is characteristic for any single element
and it allows to get a qualitative analysis rapidly, producing a plot of intensity versus X-ray
photon energy (Fig. 1.22). In the charts given by the SEM, the X-ray continuous spectrum
(Bremsstrahlung curve) is subtracted, allowing to see only characteristic spectra (Fig. 1.24).
The objective of EDS is to find out the elements present in any mineral phases, very often it

allows mineral recognition.
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Figure 1.24. Typical energy dispersive X-ray spectrum for an olivine grain (forsterite 90).
The peaks of Mg, Fe, Si, and O correspond to the measured olivine grain, whereas the C
correspond to the carbon coating, which is usually covering the mineral surface enabling or
improving imaging of samples.

EPMA works similarly to SEM, based on electron bombardment, but the latter have several
crystals of wavelength dispersive spectrometers (WDS) fitted and together with EDS are
usually attached allowing full quantitative analyses. WDS uses Bragg reflection by crystals in
an attached spectrometer, which is calibrated with one wavelength (Fig. 1.25). The WDS and
secondary standards (solids of known composition) are normally attached to EPMA and used
for quantitative analyses (e.g., Wittry, 1962; Smith, 1965; Sweatman and Long, 1969). In a
focusing spectrometer the X-ray source, the diffracting crystal and the detector lie on the

hypothetical circumference called the Rowland circle (Fig. 1.25).
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Figure 1.25. Rowland circle geometry, a constant Bragg angle is obtained when the
specimen, diffracting crystal, and detector lie on a circumference. Image modified from Reed
(1975).

The X-rays emitted from the specimen (as a consequence of electron bombardment) go to a
diffracting crystal, composed of consecutive atomic layers separated by interplanar spacing.
The difference between X-ray path length before (ABC) and after reflection by the diffracting
crystal (A’B’C’) to determined wavelength works as a filter of wavelengths (Fig. 1.26)
depending on the distance between the interplanar spacing (atomic layers separated by a
distance “d”, Fig. 1.26) of the diffracting crystal in certain angle of incidence and reflection
(Bragg’s angle). This relation is given by Bragg’s law, according to the following equation

1.6:

nA = 2d sin(6) (Eq.1.6)
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Atomic layers

Figure 1.26. Representation of Bragg reflection. Diffracted rays are in phase if distance
A’B’C’ differs from ABC by an integer number of wavelengths (modified from Reed,
1975).

where n is the order of reflection (always an integer number), A is wavelength, d is the
interplanar spacing. Only the most intense reflections are used for WDS analysis, which
are related to n=1 (i.e. first order of reflection). If the reflection is equals to one, the
wavelength range is restricted, in consequence, diffracting crystals with different
interplanar spacing values in order to cover the whole range of wavelengths of interest

(Table 1.3; Fig. 1.27).

Table 1.3. Crystals used in WDS.*

Crystal name 2d (A)

LiF 4.026
PET 8.742
TAP 25.9

* Reed, 1975
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Figure 1.27. Intensities of Ka line for pure elements (represented by the atomic number,
Z) as recorded by an ED spectrometer and WD spectrometer with different crystals
(TAP, PET, and LiF) at accelerating voltage of 20kV (Image modified from Reed,
1975).
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2.1. Abstract

Calbuco volcano is a Late-Pleistocene composite stratovolcano and member of the
Southern Volcanic Zone of the Chilean Andes (41°19’S, 72°36°W). It lies ~20 km west
of the Liquifie-Ofqui Fault Zone, but is not located directly upon any major regional
structures. During April 2015, a sub-Plinian eruption occurred, with a bulk erupted
volume of ~0.3-0.6 km® (~0.1-0.2 km® DRE). The eruption was a rapid-onset event that
produced highly-crystalline products (from 40 to 60 volume %) including the mineral
phases: plagioclase, clinopyroxene, orthopyroxene, amphibole, olivine, apatite,
ilmenite, titanomagnetite, and chalcopyrite. An upper-crustal reservoir is inferred using
available geophysical data combined with amphibole geobarometry. Consideration of
textural features, including high crystallinity, complex mineral zonation, crystal clots,
and interstitial glass between crystals from clots suggests the presence of a mush zone

within this reservoir.

From the nine collected samples, whole-rock chemistry and an array of
geothermometers (amphibole, amphibole-plagioclase, two-pyroxenes, and Fe-Ti oxides)
gave similar results for all samples possessing ~40 volume % of crystals, with the
exception of the sample Cal-160 (~60 volume % crystallinity), which is slightly more
evolved and vyields lower temperatures for all geothermometers. By comparing
temperatures calculated in sample Cal-160 using pairs of ilmenite-titanomagnetite core
compositions with those calculated using rim compositions we observe a late-stage
temperature increase of between 70 °C and 200 °C. We suggest that this local-scale

heating event was at least partly responsible for triggering the eruption.

Our data suggest that the bulk of the erupted magma was derived from a relatively
uniform (970-1,000°C), crystal-rich magma mass. Sample Cal-160 was derived from a

cooler environment (910-970 °C), where it was subjected to pre-eruptive heating to



temperatures considerably higher than those observed in associated, erupted magmas
(up to 1,070 °C). This requires the involvement of a hot, presumably mafic magma
injection at the base of a shallow, crystal-rich reservoir, though the mafic magma was
not itself erupted. The localised nature of interaction and rapidity of eruption onset have

implications for potential future hazards at Calbuco volcano.

2.2. Introduction

Within the continental crust, magma reservoirs are considered to be represented by both
magma chambers, these being defined as continuous, melt-rich, lenticular regions where
the magma is fluid and eruptible and within which magma crystallinity is < 45 vol %,
and crystal mushes, i.e., a body with a rigid crystal framework and crystallinity > 45%
(Marsh 1989, 1996; Hildreth 2004; Bachmann and Bergantz 2008). Crystallinities > 45
vol % are associated with rheological properties which impede convection processes
(e.g., Bachmann and Bergantz 2004, 2008; Huber et al. 2010a; Burgisser and Bergantz
2011; Parmigiani et al. 2014). These reservoirs exist as shallow magma reservoirs (< 10
km depth) and may evolve over long cooling periods to become plutons (e.g.,
Koyaguchi and Kaneko 1999; Claiborne et al. 2010; Cooper and Kent, 2014; Molina et

al. 2015; Szymanowski et al. 2017; Cooper et al., 2017).

Sample mineralogy and whole-rock chemistry are usually studied together in order to
understand magma reservoirs. Mineral compositions, however, vyield diverse
information regarding crystallisation conditions, crystal re-equilibration and timescales;
which depend upon the diffusion kinetics of their constituent elements. For example,
major elements of Fe-Ti oxides show much higher interdiffusivity (Aragon et al. 1984;
Aggarwal and Dieckmann 2002a, b) than those of silicate phases (e.g., plagioclase,
Grove et al. 1984; clinopyroxene, Muller et al. 2013; orthopyroxene, Ganguly and

Tazzoli 1994; Dohmen et al. 2016; and olivine, Dohmen and Chakraborty 20073, b).



Therefore, Fe-Ti oxides equilibrate much faster than silicate phases, typically recording
magma eruption temperatures. By contrast, the silicates can provide information on
earlier stages of the magmatic history with little re-equilibration. This study reports
whole-rock chemistry, mineral chemistry, textural features and calculations of pre-
eruptive intensive conditions (geothermometry, geobarometry, and oxybarometry)
derived from fall deposits of the sub-Plinian eruption of Calbuco volcano (Southern
Chile), which occurred on 22-23 April 2015. In doing so we recognise and quantify a
local-scale heating event prior to the eruption, which we interpret to represent an input
of new, hot magma beneath an inferred shallow magma reservoir including a mush zone
with limited mixing or interaction between the overlying reservoir and the new magma

input.
2.3. Geological setting
2.3.1. Calbuco volcano

Calbuco volcano (41°19’S, 72°36°’W) is a Late Pleistocene-Holocene composite
stratovolcano (Lopez-Escobar et al. 1992) of the Central Southern Volcanic Zone of the
Andes. Its summit is 2003 meters above sea level and the basal area of the volcano is
150 km? (Sellés and Moreno 2011). Calbuco has been catalogued as the third most
dangerous Chilean volcanic system (Lara et al. 2011; SERNAGEOMIN, 2017). It is
located ~20 km west of the Liquifie-Ofqui Fault Zone (LOFZ; Fig. 2.1), a major dextral,
transpressive strike-slip structure of the Southern Volcanic Zone (Cembrano et al.,
1996; 2000). According to Sellés and Moreno (2011), however, Calbuco volcano is not
itself located directly upon any major regional structure. The basement of the area is
comprised of late Palaeozoic metamorphic rocks from the Sotomo-Chaiquenes (Thiele
et al. 1985) and Lenga (SERNAGEOMIN-BRGM 1995) metamorphic complexes and

later plutonic rocks, which are members of the Miocene plutonic belt of the Northern



Patagonian Batholith (Lépez-Escobar et al. 1992; Adriasola et al. 2006). The Calbuco
volcanic edifice immediately overlies Early Pleistocene volcanic sequences (the

Huefiuhuefiu and Reloncavi strata; Lopez-Escobar et al. 1995b).

The construction of the Calbuco edifice is ~300 ka old (Sellés and Moreno 2011) and is
characterised by alternations between lava flows (basaltic to basaltic andesitic with rare
dacite), andesitic to dacitic domes, and layers of pyroclastic tephras, block and ash
flows, and deposits from hot and cold lahars (LOpez-Escobar et al. 1992; 1995a, b;
Petit-Breuilh 1999; Moreno et al. 2006; Stern et al. 2007; Castruccio et al. 2010; Sellés
and Moreno 2011; Watt et al. 2011; Daga et al. 2014). The dominantly andesitic
composition of its products (with high Sr isotope ratios and low Nd isotope ratios;
Lopez-Escobar et al., 1995b), combined with the presence of crustal xenoliths and
magmatic amphibole phenocrysts, make this volcano notably more evolved by
comparison to other nearby volcanic complexes such as Osorno volcano (Parada 1990;
Lopez-Escobar et al. 1992; 1995a, b; Hickey-Vargas et al. 1995). The long-term
evolution of the products of Calbuco volcano has been divided into four units (Lahsen
et al. 1985; Lopez-Escobar et al. 1992, 1995b; Sellés and Moreno 2011); details of the
three prehistoric units (Calbuco 1, 2, and 3) are shown in the Table 2.1 and details of the

historical unit (Calbuco 4) are shown in Table 2.2.
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Figure 2.1. a) Location of Calbuco volcano with respect to Chile, and b) regional map
of Calbuco volcano on shaded relief/Digital Elevation Model. Calbuco is located
between Llanquihue and Chapo lakes, ~20 km west from the Liquifie-Ofqui Fault Zone
(LOFZ, dashed white line). The Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model (GDEM) image was obtained via
EarthExplorer, USGS (http://earthexplorer.usgs.gov).
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Table 2.1. Main features of the different prehistorical units of Calbuco volcano.

Unit

Description

Mineralogy**

Calbuco 1
(340-110ka)

Calbuco 2
(110-14.5ka)

Calbuco 3
(~14ka -1893 AD)

Unit composed mainly of andesite-basalt and
scarce basalt lavas (50-56.6 wt% SiO,)
interbedded with volcanoclastic deposits.
The deposits lie in disconformity over
plutonic and metamorphic basement as well
as volcanic and volcaniclastic deposits
(Estratos de Huefiuhuefiu, 1.4 Ma; Lahsen,
1985). Sellés and Moreno (2011) have
recognized gabbro and pyroxenite xenoliths.

Unit composed mainly of andesitic lavas
(56-61 wt% SiO;) interbedded with
pyroclastic flows, fall deposits, and laharic
breccias. Occasionally can be found
andesitic dome lavas, pyroclastic deposits,
and volcanic avalanches (Sellés and Moreno,
2011).

Unit composed of lavas (mainly of andesitic
composition), pyroclastic rocks, and laharic
breccias. Most of the samples have andesite-
basaltic and andesitic composition (55-60
wt% SiO,). Scarce dacites (64.5 wt% SiO,)
also have been recognized (Sellés and
Moreno, 2011).

Plagioclase,
clinopyroxene,
orthopyroxene,

olivine*, amphibole

Plagioclase,
clinopyroxene,
orthopyroxene,

olivine*

Plagioclase,
clinopyroxene,
orthopyroxene,

olivine*

* All the olivines were surrounded by a pyroxene crown.

** According to Sellés and Moreno (2011).



Table 2.2. Main features of the historical products of Calbuco volcano.

Year of the eruption Description Mineralogy

A violent eruption started on February 1893
and finished during the last months of 1895
(Petit-Breuilh, 1999). During October 1893,
1893 was the paroxysmal stage, when the eruptive -
column reached ~9 km height (VEI 3
estimated; Fischer, 1893; Petit-Breuilh,
1999)

1911 During 1911 and 1912 gas and ashes were i
erupted (Petit-Breuilh, 1999)

During April 1971 an eruption occurred with
a lava flow, dome-cone, and some lahars Plagioclase
1917 were asspt_:lated. The lava _row had andesmc orthopyroxen’e
composition (59.3 wt% SiO,) and gabbroic amohibole. opa ,ue
and troctolitic clots were found (Sellés and P » opaq
Moreno, 2011).

During January 1929, 2.5 km long (from the
crater to NE direction) and 0.5 km long
(from the crater to SE direction) andesitic

lavas (55.5 wt% SiO,). Some crystal mush Plagioclase,
1929 xenolith of amphibole gabbros have been pyroxenes, olivine*,
recognized (Sellés and Moreno, 2011). amphiboles

Lahars were generated during the eruption
flowing towards northwest (Petit-Breuilh,
1999).

During February 1961, 4.6 km long (NE
direction) and 1.7 km long (SE direction)
andesitic lavas were erupted. As
consequence, some lahars and hot lahars

were generated (Klohn, 1963; Moreno et al., cl?r:?)glori:i?:l’e
2006; Castruccio et al, 2010). According to Py '
1961 . orthopyroxene,
the morphological features of glassy S .
. . L ; olivine*, amphibole,
particles, this eruption is associated to Lartz
magma/water interactions (Daga et al., g

2014). Also granulitic, gabbroic and noritic
clots have been recognized (Hickey-Vargas
et al., 1995; Moreno and Sellés, 2011).

* All the olivines were surrounded by a pyroxene crown
- No information available



2.3.2. The April 2015 Calbuco eruption

During 22-23 April 2015, two sub-Plinian eruptive events occurred at Calbuco volcano.
The first eruptive pulse started on 22 April at 17:50 local time (20:50 UTC) and the
second started on 23 April at 01:00 local time (04:00 UTC) (SERNAGEOMIN, 2015a,
b, ¢, d). These pulses produced eruptive columns with heights exceeding 15 km
(SERNAGEOMIN 2015e; Romero et al. 2016, Van Eaton et al. 2016). Van Eaton et al.
(2016) reported pyroclastic density currents (PDCs) at the end of the first eruptive
pulse, with the largest PDCs occurring at the onset of the second eruptive pulse. During
the entire eruption sequence, primary and secondary lahars were generated on the S, N

and NE flanks and no lava flows were emitted (Castruccio et al. 2016).

Several authors have estimated the bulk erupted volume during the eruption: 0.27 km?®
(0.11-0.13 km?® dense rock equivalent, DRE; Romero et al., 2016), 0.56 + 0.28 km®
(0.18 + 0.09 km® DRE; Van Eaton et al. 2016), 0.38 + 0.1 km® (0.15 km® DRE;
Castruccio et al. 2016), and 0.37-0.6 km® (Delgado et al. 2017). The eruption had a
volcanic explosivity index (VEI) of four, based on the estimated bulk volumes (Romero
et al. 2016; Van Eaton et al. 2016). Most of the products were erupted during the first

pulse (Romero et al. 2016).

In terms of precursory activity, Valderrama et al. (2015) reported 147 seismic events
occurring from 1 January to 21 April 2015, of which 142 were volcano-tectonic (VT,
related to fracturing of the wall rock) and five were long-period (LP, related to collapse
of gas bubbles in rising magma or fluid movement events). From February 2015, there
was an increase in low-magnitude VT seismic activity and later, during 22 April, a
seismic swarm of 140 VT events was recognised starting just three hours before the
eruption onset (SERNAGEOMIN 2015f). The first LP events were registered at 16:34

local time (19:34 UTC, ~1.5 hours before the eruption) and during the second pulse



there was an increase in the number of VT seismic events (SERNAGEOMIN 2015g).
Although no deformation was recognised up to 1.5 days before the eruption, deflation
was documented during the eruption (Delgado et al. 2017), which agrees with the
contemporary tiltmeter information (Valderrama et al. 2015). According to Delgado et
al. (2017) the deformation source models are consistent with a deflation between 8 and
11 km depth. The consequences of the eruption were not only local, where chemical-
climate interaction modelling suggests that the 2015 Calbuco eruption led to an increase
in the areal extent of the Southern ozone hole by 4.5x10° km? (lvy et al. 2017).
Although on 30 April there was another eruptive pulse, this was a steam-driven eruption
with little participation of fresh magma. The plume reached < 5 km above the vent with
dispersion towards the SE (SERNAGEOMIN 2015g; Van Eaton et al. 2016). The

registered deformation during this eruptive event was negligible (Delgado et al. 2017).



2.4. Analytical Procedures
2.4.1. Geochemistry

Nine samples (four lapilli-sized pyroclasts from fall deposits and five bombs from
pyroclastic density current deposits) were collected from the products of the 2015
Calbuco eruption deposits from seven locations (Fig. 2.2). Whole-rock compositions of
three lapilli and four bomb samples were analysed via XRF (for major elements) at
Acme Analytical Labs (Vancouver, Canada) using OREAS-184 and SY-4 standards for
all the major elements, and CCU-1D, and OREAS-700 standards for FeO. Accuracy for
major elements in all standards is better than 3 % (relative) except for TiO, in SY-4
which is 4.5 % (relative) and P,Os in OREAS-184 and SY-4 which are 14 % and 17 %
(relative), respectively. Trace element compositions were analysed via ICP-MS at the
Open University (Milton Keynes, UK) using the BHVO-2, JB-2, and AGV-1 standards.
The reproducibility of analyses was better than 8 % (relative; 26) and accuracy in the
trace elements in JB-2 (n = 5), BHVO-2 (n = 2) and AGV-1 (n = 2) is better than 10 %,

except in Ni (21 % in AGV-1) and Pb (13 % in BHVO-2).
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Figure 2.2. Location of samples (lapilli and bombs) from the 2015 Calbuco eruption on
shaded relief/Digital Elevation Model. Location of pyroclastic density currents (white)
and lahars (blue) are based on Castruccio et al. (2016). The ASTER-GDEM Image
obtained via EarthExplorer, USGS (http://earthexplorer.usgs.gov).

The mineral chemistry analyses of amphibole, plagioclase, pyroxene, Fe-Ti oxide, and
olivine were measured using an electron microprobe (JEOL JXA8230) at Leeds
Electron Microscopy and Spectroscopy Centre at the University of Leeds (Leeds, UK).
Counting time is distributed equally between on-peak and background measurements,

using the following conditions:

Amphiboles. Major and minor element concentrations (Si, Ti, Al, Fe, Mn, Mg, Ca, Na,
K, Cr, Cl, and F) were measured in the cores amphibole grains. The analytical
conditions consisted of an accelerating potential of 20 keV and focused beam for all the

elements. An electron beam current of 15 nA was used for Si, Ti, Al, Fe, Mn, Mg, Ca,
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Na, K, and Cr, whereas a current of 100 nA was used for F and CI. Counting times were
30 s for Ti, Al, Cr, Fe, Mn, Mg, Ca, and Na; 40 s for Si, 100 s for F, and 80 s for CI.

Values of Fe** were obtained following the formulation of Leake et al. (1997).

Plagioclases. Compositional profiles (spacing ~4-8 um) of major (Si, Al, Ca, Na, and
K) and minor (Ti, Fe, Mg, Sr, and Ba) element concentrations were obtained in
plagioclase phenocrysts. The analytical conditions consisted of an accelerating potential
of 20 keV and electron beam current of 10 nA for major elements and 40 nA for minor
elements with a defocused beam (2 to 5 um) in order to reduce volatile alkali loss.
Counting times for major elements were 32 s, 240 s for Ti, Fe, and Ba, and 480 s for Mg

and Sr.

Clinopyroxenes and orthopyroxenes. Concentrations of major (Si, Mg, Fe, and Ca),
minor and trace (Ti, Al, Mn, Cr, Ni) elements were obtained in pyroxene phenocryst
cores and rims. The analytical conditions consisted of an accelerating potential of 20
keV and electron beam current of 30 nA with a focused beam. Counting times for major
elements were 60 s and 80 s for minor and trace elements. Values of Fe** were obtained

following the formulation of Putirka (2008).

Fe-Ti oxides. Compositional profiles (spacing ~2-3 um) of major (Ti, Fe, and O) and
minor and trace (Al, Mg, Ca, Mn, V, Cr, Zn, Ni, Co, and Si) elements were measured in
titanomagnetite and ilmenite. The analytical conditions consisted of an accelerating
potential of 15 keV and electron beam current of 30 nA with a focused beam. Counting
times for all the elements were 60 s except for O, in which counting times were 260 s.
Values of Fe** were obtained following the formulations of Droop (1987) for ilmenite

grains and Stormer (1983) for titanomagnetites.



Olivines. Concentrations of major (Si, Mg, and Fe), minor and trace (Al, Ni, Mn, Ca)
elements were obtained in the core of olivine phenocryst. Analyses were taken away
from grain boundaries in order to avoid secondary fluorescence issues during the
acquisition of Ca concentrations (cf. Dalton and Lane, 1996). The analytical conditions
consisted of an accelerating potential of 20 keV and electron beam current of 30 nA for
Si, Fe, Mg, and Mn and 100 nA for Al, Ni, and Ca, all with a focused beam. Counting

times for all the elements but Ca were 40 s and 400 s for Ca.
2.4.2. Geothermobarometry

Amphiboles. The methods of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) are
used to calculate intensive conditions (T, P, and f0,) independently in 109 amphibole

cores from both Cal-149Ta (light-brown lapilli) and Cal-160 (white bomb) samples.

Amphibole-plagioclases. The Holland and Blundy (1994) thermometry is applied using
core compositions of 16 plagioclase-amphibole pairs, where equilibrium is assumed

because the plagioclase crystals are found as inclusions in amphibole phenocrysts.

Clinopyroxene-orthopyroxenes: Two-pyroxene thermobarometry (Putirka 2008) is
used with 35 ortho- and clinopyroxene pairs that passed the test for equilibrium

according to the Putirka (2008) chemical filter across the nine samples.

Fe-Ti oxides: The Ghiorso and Evans (2008) thermoxybarometer is applied to
compositions of crystal cores and close (~2 pm to the interface) to ilmenite-

titanomagnetite grain boundaries.

Olivine: The Ca-in-olivine thermometer of Shejwalkar and Coogan (2013) is applied to
core composition data from 16 olivine phenocrysts in crystal clots, where equilibrium
with the surrounding crystal phases (plagioclase, clinopyroxene and orthopyroxene) is

assumed due to textural relation and chemical filters (cf. Grove et al., 1997). Nine



calculated temperatures were discarded, due to the low forsterite content (F0g;-65) Of the
crystals considering Fozo as the lower limit of the calibration of the thermometer

(Shejwalkar and Coogan 2013).

The error propagation of geothermo- and geobarometers is carried out considering both
internal uncertainties (associated with the experimental method) and external
uncertainties (associated with precision and accuracy electron microprobe analyses). In
later parts of this work, MELTS modelling uses the intensive physical variables derived

from the thermobarometry (see Intensive variable conditions section).
2.5. Descriptions and compositions of the samples

According to Castruccio et al. (2016) the fall deposits of the 22-23 April eruptions are
made up of four sub-units: the lower layer (unit 0) corresponds to the first event and is
composed mainly of light-brown, highly-vesicular basaltic andesite scoria and up to 10
vol% of lithics. Layers 1, 2 and 3 correspond to the second (largest) event and there is a
transition in the dominant clast type present in the deposits, from light-brown scoria in
layer 1 to dark-brown, dense juveniles with the same composition within layer 3.
Samples Cal-149Ta, Cal-155 and Cal-156 correspond to layer 1, the sample Cal-149Tb
corresponds to layer 3, samples Cal-157, Cal-158, and Cal-159 correspond to
scoriaceous bombs from PDCs, and sample Cal-160 corresponds to a distinctive, white

bomb with darker zones extracted from a PDC deposit.

All samples are porphyric, with ~35 to 65 vol% of phenocrysts. Dominant mineral
phases present in all the samples are plagioclase, orthopyroxene, and clinopyroxene.
Minor phases include amphibole (only in Cal-149Ta and Cal-160), olivine (in all
samples except Cal-160), titanomagnetite, ilmenite, apatite, and chalcopyrite. All the

mineral phases are present as clots of crystals and isolated crystals. The samples exhibit



crystallinities of ~40 vol% except for Cal-160, which shows a higher crystallinity of
~60 vol% (Table 2.3). The samples show a large range of vesicularities: from 15 to 60
vol% and the highest values correspond to light-brown lapilli (samples Cal-149Ta, Cal-
155, Cal-156) from 42 to 60 vol% (see details in Table 2.3). The crystallinity
percentages and quantification of the main petrographic of the collected products of the
April 2015 Calbuco eruption were obtained by image processing techniques via
“Background Extraction” of pseudo-coloured images through the freeware

JMicrovision.

All the samples correspond to calc-alkaline basaltic-andesites (55.6-56.9 SiO, wt%; Fig
2.33). The Mg# (Mg# = molar Mg/(Mg+Fe?")) values are from 0.56 to 0.59. The
maximum SiO, content (56.9 wt%) and the minimum Mg# (0.56) correspond to the
Sample Cal-160 (Table 2.4; Fig. 2.3). All samples show similar rare earth elements
(REE) patterns, with a narrow range of Lan/Yby (2-2.4); only the sample Cal-155 shows
a slight positive Eu anomaly (see Online Resource 1). The spider diagram of the studied
samples shows similar trends in all samples and display positive Rb, Pb, and Sr
anomalies and negative Nb, P, and Ti anomalies, which are typical of magmas from arc

settings (Fig. 2.3c).



Table 2.3. Main features of the samples analysed from Calbuco’s April 2015 eruption.

Section name (Cal-) 149Ta 149Tb 155 156 157a 157b 158 159 160
Description LL DL LL LL DB DB DB DB WB
Vesicles (total %) 59.8 154 423 514 329 497 411 372 254
Groundmass (total %) 22.3 52.9 38 31.5 37 289 358 396 27.1
Plagioclases (total %) 12 231 147 129 181 142 161 157 352
Pyroxenes (total %) 3.8 7.1 3.7 3.9 11.1 5.8 5.4 6.3 9.7
Amphiboles (total %) 1.2 - - - - - - >0.1 >01
Olivine (total %) - 0.1 0.1 >0.1 01 >01 01 >0.1 -

Oxides (total%) 0.9 1.4 1.2 0.3 0.9 1.4 1.5 1.2 25
Crystallinity (%)** 445 375 341 352 449 425 392 36.9 637

LL= Light-brown lapilli; DL= Dark lapilli; DB= Dark bomb; WB= White bomb

** Percentage not considering vesicles
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Table 2.4. Whole-rock analyses of samples from the 2015 Calbuco eruption.

Detection limit Cal-149A Cal-149B Cal-155 Cal-157 Cal-158 Cal-159 Cal-160

Lapilli Lapilli Lapilli Bomb Bomb Bomb Bomb
SiO, 0.01 (%) 56.2 56.2 55.6 55.7 55.8 55.7 56.9
Al,O4 0.01 (%) 18.8 18.7 18.9 18.8 18.9 18.7 18.6
TiO, 0.01 (%) 0.93 0.92 0.87 0.92 0.93 0.94 0.82
FeO 0.2 (%) 4,99 4,99 5.69 5.27 5.55 5.27 541
Fe,0; 0.01 (%) 2.87 2.77 2.22 2.6 241 2.71 2.17
MnO 0.01 (%) 0.16 0.16 0.17 0.17 0.17 0.15 0.16
MgO 0.01 (%) 3.93 3.9 4.27 4,14 4.2 4.25 3.81
CaO 0.01 (%) 8.04 7.96 8.21 8.16 8.14 8.12 7.63
Na,O 0.01 (%) 3.77 3.78 3.45 3.65 3.65 3.65 3.67
K,0 0.01 (%) 0.62 0.64 0.53 0.61 0.61 0.61 0.67
P,O5 0.01 (%) 0.17 0.16 0.15 0.16 0.16 0.16 0.16
LOI -0.3 -0.3 -0.2 -0.3 -0.3 -0.3 -0.1
TOTAL 100.48 100.18 100.06  100.18 100.52 100.26 99.99
Li 0.03 (ppm) 15.12 15.65 14.85 14.83 14.17 14.69 16.87
Sc 0.05 (ppm) 21.75 22.82 21.43 23.23 22.76 24.04 19.91
\Y 0.07 (ppm) 181.7 183.7 185.3 189.3 188.6 197.1 170.1
Co 0.01 (ppm) 40.9 38.86 43.27 38.36 38.29 34.86 34.81
Ni 0.32 (ppm) 10.01 10.81 11.73 12.92 15.72 12.88 11
Cu 0.66 (ppm) 44,19 45.37 24.05 50.56 475 45,99 36.92
Cr 0.01 (ppm) 12.9 14.92 15.08 18.19 17.41 16.98 15.84
Zn 2.207 (ppm) 79.84 75.96 79.41 76.31 78.27 81.24 81.82
Tl 0.04 (ppm) 0.115 0.111 0.117 0.094 0.091 0.088 0.135
Rb 0.01 (ppm) 16.48 16.37 14.27 15.92 15.17 15.83 18.35
Ba 0.5 (ppm) 152.1 151.6 131.4 146 139.7 145.3 164
Th 0.001 (ppm) 11 1.03 0.88 1.02 0.97 1.01 1.2
U 0.001 (ppm) 0.31 0.31 0.259 0.304 0.287 0.296 0.35
Nb 0.003 (ppm) 5 3 3 5 3 3 3
La 0.001 (ppm) 6.42 6.44 5.55 6.19 5.89 6.11 6.9
Ce 0.002 (ppm) 17 17 14 16 16 16 17
Pb 0.14 (ppm) 4,99 4.67 6.57 4,02 4,25 4.39 4,96
Pr 0.005 (ppm) 2.391 2411 1.95 2.301 2.194 2.287 2.45
Sr 0.02 (ppm) 347 355 375 350 335 352 353
Nd 0.001 (ppm) 11.79 11.82 9.44 11.35 10.8 11.27 11.81

Zr 0.06 (ppm) 88.5 87.26 68.32 83.8 79.55 83.97 89.78



Table 2.4. (continued)

Sm
Eu
Gd
Th
Dy
Ho
Er

Yb
Lu

Detection limit Cal-149A  Cal-149B  Cal-155 Cal-157 Cal-158 Cal-159 Cal-160

Lapilli Lapilli Lapilli Bomb Bomb Bomb Bomb
0.001 (ppm) 3.271 3.259 2.478 3.143 3.012 3.155 3.111
0.001 (ppm) 1.03 1.083 0.957 1.019 0.993 1.003 1.026
0.001 (ppm) 3.52 3.453 2.626 3.355 3.225 3.369 3.278
0.001 (ppm) 0.583 0.584 0.436 0.562 0.546 0.571 0.546
0.001 (ppm) 3.576 3.577 2.648 3.439 3.308 3.452 3.338
0.001 (ppm) 0.784 0.776 0.581 0.752 0.723 0.756 0.726
0.01 (ppm) 2.221 2.204 1.651 2.121 2.047 2.131 2.062
0.01 (ppm) 22.48 23.16 17.13 22.06 20.9 22.18 21.27
0.01 (ppm) 2.187 2.3 1.719 2.171 2.056 2.114 2.047
0.002 (ppm) 0.333 0.335 0.254 0.322 0.311 0.326 0.316
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Figure 2.3. a) Total alkali vs. silica (Le Bas et al. 1986) plots of the Calbuco 2015
volcanic products. Boundary dashed-line between alkaline and subalkaline rocks is
taken from Irvine and Baragar (1971); b) Variation diagram of SiO, (wt%) vs. Mg#
(details in Table 4), where sample Cal-160 shows the highest Mg# and the lowest SiO,
wt%; c) Primitive mantle-normalised (Sun and McDonough, 1989) spider diagram.
Details of major and trace element concentrations are available in Table 4.
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2.6. Mineral chemistry and petrography

Plagioclase. Plagioclase phenocrysts are 0.1-2.0 mm in size and can be found as
isolated crystals and as members of cumulocrysts and glomerocrysts (together with
pyroxene, olivine, titanomagnetite, apatite, amphibole, and scarce sulphides). Most of
the plagioclase phenocrysts display zonation patterns with distinct cores and rims, with

the exception of some crystals found as inclusions in amphibole and pyroxene crystals.

Two compositional types are identified in plagioclase phenocrysts: Zone 1 corresponds
to compositions of Angy.g, (Fig. 2.4; Fig. 2.5), which is restricted to phenocryst cores.
Zone 2 corresponds to compositions of Angg.79 (Fig. 2.4), mainly located on phenocryst
rims, where oscillatory zonation is ubiquitous (Fig. 2.6). According to the
presence/absence of these zones, plagioclase crystals have been classified into two
groups:
- Group 1: Crystal core shapes are euhedral to subhedral, resorption features and patchy
zonation are not recognised. Core compositions correspond to Zone 1 compositions.
The rims have variable thickness (from 20 to 280 pm) and their compositions
correspond to Zone 2 compositions.
- Group 2: These plagioclase crystals show oscillatory zoning within Zone 2

compositional range. Resorption and sieve texture as well as patchy zoning are very

common.

Plagioclase grains found as inclusions in amphibole have compositions in the range

Anso_go.
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Figure 2.4. Plagioclase compositions of the studied samples. Zone 1 represents core
compositions of the Group 1, whereas zone 2 represents rim compositions of the Group
1 and the whole-crystal composition of Group 2.
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Figure 2.5. a) Backscatter electron (BSE) image of a plagioclase crystal representative
of the Group 1. Brighter greyscale colours are correlated to higher density. b) The
arrow represents the profile measured by electron microprobe (EPMA) and its
direction. c) Anorthite profile composition (An = 100xCa/(Ca+Na+K); elements in
mols) by EPMA of the measured profile (circles) coupled with the n (BSE) profile based
on greyscale values calibrated with the composition measured by electron microprobe
(solid line). d) Relation and coefficient of determination (r?) between BSE profile and
the measured anorthite content (An). Group 1 plagioclases have compositions
corresponding to Zone 1 (Angp.g2) in the core and Zone 2 (Angs.79) in the rims. “An”
represents the composition of plagioclases, because in all crystals the K content is fairly
constant (see Fig. 2.4).
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Figure 2.6. a) Backscatter electron (BSE) image of a plagioclase crystal representative
of the Group 2. Brighter greyscale colours are correlated to higher density. b) The
arrow represents the profile measured by electron microprobe (EPMA) and its
direction. Anorthite profile composition (An = 100xCa/(Ca+Na+K); elements in mols)
by EPMA of the measured profile (circles) coupled with the backscatter electron (BSE)
profile based on greyscale values calibrated with the composition measured by electron
microprobe (solid line). d) Relation and coefficient of determination (r’) between BSE
profile and the measured anorthite content (An). Group 2 plagioclases have
compositions corresponding to Zone 2 (Angs-79). “An’ is representing the composition
of plagioclases, because in all crystals the K content is fairly constant (see Fig. 2.4).
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Amphibole. Amphibole phenocrysts are found only in Cal-149Ta (fall deposit, layer 1)
and Cal-160 (white bomb from PDC). All Cal-149Ta amphiboles of Cal-149Ta are
pargasites (after Leake et al., 1997; Mg#: 0.64-0.74; Si apfu: 6.3-6.5; Fig. 2.7) and can
be found as isolated crystals and glomerocrysts (together with plagioclase, pyroxene,
titanomagnetite, olivine, ilmenite, and apatite). All amphibole phenocrysts are euhedral
and usually contain plagioclase inclusions. In sample Cal-160, 70 % of the amphiboles
are edenite (NaCa;Mgs(AlSi7)O,2(OH),) (after Leake et al., 1997; Mg#: 0.65-0.77; Si
apfu: 6.5-6.6; Fig. 2.8), and 30 % are pargasites (NaCa,(Mg,Fe);Al(Al;Sig)O022(0OH),)
(after Leake et al., 1997; Mg#: 0.71-0.77; Si apfu: 6.2-6.5). In contrast to Cal-149Ta,
amphiboles in Cal-160 are anhedral and are found as members of glomerocrysts

(together with plagioclase, pyroxene, titanomagnetite, olivine, ilmenite, and apatite).
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Pargasite ® Cal-149Ta
(Fe"<"Al) ® Cal-160
e _ 9O
“k Edenite
Magnesiohastingsite
(Fe">"Al)
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Ferropargasite
(Fe"<"Al)

Mg/(Mg+Fe™)

Ferro-edenite

Hastingsite
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5.5 6 6.5 7 7.5
Si in formula

Figure 2.7. Amphibole compositions and classification (after Leake et al. 1997) of
samples Cal-149Ta (grey circles) and Cal-160 (dark circles). All amphiboles of the
sample Cal-149Ta correspond to pargasites; whereas amphiboles of sample Cal-160
correspond to 70% edenites and 30% pargasites.
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Fe-Ti oxides. IImenite grains are scarce and have composition of Xj, (i.e., the cation
atomic proportion of Ti) = 0.77-0.85 (i.e., Xnm:, the cationic proportion of Fe?* = 0.15-
0.23). They occur as both inclusions and in contact with titanomagnetites.
Titanomagnetites can be classified into two groups: high-Ti, with a relatively high
ulvospinel component (Xysp: 0.42-0.46; Xpngt: 0.54-0.58) and low-Ti (Xysp: 0.10-0.17;
Xmgt: 0.83-0.9). They appear as isolated crystals or in clots of crystals together with

amphibole, plagioclase, pyroxene, olivine, ilmenite, and apatite.

Pyroxenes. Pyroxenes are found both as isolated grains and as members of clots of
crystals together with amphibole, plagioclase, pyroxene, olivine, ilmenite,
titanomagnetite, apatite, and chalcopyrite (see Online Resource 2). All the pyroxene
crystals exhibit slight reverse and oscillatory zoning. Clinopyroxene crystals exhibit
reverse zoning, from Engsz.47Feg.15W040.44 (Fig. 2.8) composition in the cores to Engg-
46F€10-12WO043.45 cOmposition in the rims (Fig. 2.8; Fig. 2.9); oscillatory zoning with
compositions of Engs.seFe10-13W04245 (Fig. 2.8; Fig. 2.9) have also been observed.
Orthopyroxenes exhibit reverse zoning from Engr.soFez9-31\W02.3 composition in the
cores to Engg.71F€26.28WW02.3 composition in the rims (Fig. 2.9); oscillatory zoning with

compositions of Engg-72Fe24-27W0,.4 (Fig. 2.8; Fig. 2.9) have also been recognised.

Olivine. Olivine grains are found surrounded by pyroxene and titanomagnetite crystals
(see example images on Online Resource 2). Their composition of Fogo.75 (Fig. 2.8) is
fairly homogeneous for each crystal, thus no zonation patterns are recognised. Olivine

crystals are found in all the samples except Cal-160 (Table 2.3).
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Figure 2.8. Olivine (found in all samples except Cal-160) and pyroxene (clino- and
orthopyroxene, found in all samples, including Cal-160) compositions of the analysed
samples.
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Figure 2.9. a,b) Backscatter electron (BSE) images of clots of crystals where
representative pyroxenes with oscillatory and reverse zonation patterns are found.
Brighter greyscale colours are correlated to higher density. Arrows represent the
measured profiles by electron microprobe (EPMA) and their directions. The
orthopyroxene profile in a) is shown in c) and the clinopyroxene profile in a) is shown
in d). The orthopyroxene profile in b) is shown in e). c,de) Mg# (Mg# =
Mg/(Mg+Fe?*); elements in moles) of the measured profile (circles) coupled with the
backscatter electron (BSE) profile based on greyscale values calibrated with the
composition measured by EPMA (solid line). The relation and coefficient of
determination (r’) between BSE profile and the Mg# measured content. Greyscale
values represent Mg# because the content of Ca within pyroxene crystals is fairly
constant. Mg# represents the composition of pyroxenes, because in all crystals the Ca
content is fairly constant (see Fig. 2.8).
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2.7. Intensive variable conditions

2.7.1. Two-pyroxene thermobarometry

Mineral pairs measured in all samples except Cal-160 give temperatures of 958-1013 +
56 °C (Fig. 2.10; Table 2.5), with an average of 984 °C (o= 12 °C), and pressures of 1.5—
4.7 + 3.2 kbar (Table 2.5), with an average of 3.3 kbar (o= 0.8 kbar). The pairs
measured in the sample Cal-160 give temperatures of 944-981 + 56 °C (Fig. 2.10; Table
2.6), with an average of 968 °C (o = 13 °C), and pressures of 3.9-6.8 kbar + 3.2 kbar

(Table 2.6), with an average pressure of 5.7 kbar (6= 1.3 kbar).
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Figure 2.10. Diagram showing the results of several thermometers (Ca-in-olivine,
Shejwalkar and Coogan 2013; two-pyroxenes, Brey and Kéhler 1990; Putirka 2008;
amphibole-plagioclase, Holland and Blundy 1994; amphibole, Ridolfi and Renzulli
2012; Fe-Ti oxides (cores), Ghiorso and Evans 2008). Vertical bars represent values of
average temperature + one standard deviation of all the samples except Cal-160 (grey)
and Cal-160 (yellow). Sample Cal-160 gave temperatures systematically lower than the
others. Ca-in-olivine was not used in sample Cal-160 because olivine was not found.

2.7.2. Amphibole thermobarometry and oxybarometry

Sample Cal-149Ta (light-brown lapilli): The thermometer of Ridolfi et al. (2010) gives
temperatures of 894-922 + 24 °C (Fig. 2.10; Table 2.5), with an average temperature of

906 °C (o= 7 °C), a range and average which is slightly lower than those obtained by
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two-pyroxene thermometry. The pressure conditions obtained using the Ridolfi et al.
(2010) barometer are 2-2.6 £ 0.3 kbar (Fig. 2.11; Table 2.5), with an average pressure
of 2.3 kbar (o= 0.1). The relative oxygen fugacity values given by the Ridolfi et al.
(2010) oxygen-barometer are between 0.2 and 0.5 (= 0.4) ANNO units (Table 5), with
an average of 0.3 ANNO (o= 0.1). The Ridolfi and Renzulli (2012) thermometer yields
temperatures of 882-910 £ 16 °C (Fig. 2.10; Table 2.5), with an average temperature of
897 °C (o= 7 °C). For the same amphiboles, pressures of 1.9-2.3 + 0.4 kbar (Fig. 2.11;
Table 2.5), with an average of 2.1 kbar (o= 0.1 kbar) are obtained. The relative oxygen
fugacities given by the Ridolfi and Renzulli (2012) oxygen-barometer are between -0.9

and -0.2 ANNO (Table 2.5), with an average of -0.6 ANNO (o= 0.1).

Sample Cal-160 (white bomb): Temperatures obtained by the thermometer of Ridolfi et
al. (2010) are 862-886 + 23 °C (Fig. 2.10; Table 2.6), similar to Cal-149Ta amphibole
temperatures, with an average of 874 °C (o= 7 °C). The Ridolfi et al. (2010) barometer
gave pressures between 1.6 and 2 + 0.3 kbar (Fig. 2.11; Table 2.6) and an average
pressure of 1.8 kbar (o= 0.2 kbar). The relative oxygen fugacity values are between 0.2
and 0.5 = 0.4 ANNO (Ridolfi et al. 2010; Table 2.6), with an average of 0.3 ANNO (o=
0.1). The Ridolfi and Renzulli (2012) thermometer gives temperatures of 823-859 + 23
°C (Fig. 2.10; Table 2.6) with an average of 842 °C (o= 11 °C). The same amphiboles
gave pressures of 1.4-1.8 + 0.4 kbar (Fig. 2.11; Table 2.6), with an average pressure of
1.6 kbar (o= 0.1 kbar). According to the oxygen barometer of Ridolfi and Renzulli
(2012) oxygen fugacity is between 0.4 and 0.8 ANNO (Table 2.6), with an average of

0.7 ANNO (o= 0.1).



Table 2.5. Calculated intensive conditions, methods, and associated errors of the samples except Cal-160.

Method References T (°C) error ()  Average (°C)  Std. Dev. (o) P (kbar) error (x)  Average (kbar) Std. Dev. (0)  f0, ANNO  error (¢)
Two-pyroxenes Putirka (2008) 958-1013 56 984 12 1.5-47 3.2 3.3 0.8 - -
Amphibole Ridolfi et al. (2010) 894-922 24 906 7 2-2.6 0.3 2.3 0.1 0.2-0.5 0.4
Ridolfi and Renzulli (2012) 882-910 16 897 7 1.9-23 0.4 21 0.1 -0.9-0.2 -
Plagioclase-amphibole Holland and Blundy (1994) 945-1018 42 977 26 - - - - - -
Ca-in-olivine Shejwalkar and Coogan (2013)  987-1019 22 997 13 - - - - - -
Table 2.6. Calculated intensive conditions, methods, and associated errors of the sample Cal-160.
Method References T (°C) error ()  Average (°C) Std. Dev. (6) P (kbar) error ()  Average (kbar) Std. Dev. (6)  fO, ANNO error (£)
Two-pyroxenes Putirka (2008) 944-981 56 968 13 3.9-6.8 3.2 5.7 1.3 - -
Amphibole Ridolfi et al. (2010) 862-886 23 874 7 1.6-2.0 0.3 1.8 0.2 0.2-0.5 0.4
Ridolfi and Renzulli (2012)  823-859 23 842 11 1.4-18 0.4 1.6 0.1 0.4-0.8 -
Plagioclase-amphibole  Holland and Blundy (1994) 902-934 42 914 18 - - - - - -
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Figure 2.11. Comparison of different methods that allow the estimation of the reservoir
depth: amphibole barometry (yellow bar and including errors; this study), seismic
source (green bar; SERNAGEOMIN 2015h, i), and deformation source (red bar;
Delgado et al. 2017). The full barometry depth range is from 5.5 to 11 km (considering
different pressure condition approaches) and corresponds to upper-to-middle crust
conditions.

2.7.3. Plagioclase-amphibole thermometry

Twelve pairs of amphibole-plagioclase in sample Cal-149Ta give equilibrium
temperatures of 945-1,018 + 42 °C (Fig. 2.10; Table 2.5), with an average temperature
0f 977 °C (o= 26 °C). Sample Cal-160 gives lower equilibrium temperatures of 902-934
+ 42 °C (Fig. 2.10; Table 2.6) with an average temperature of 914 °C (o= 18 °C). All
these temperatures are higher than those obtained by the methods of Ridolfi et al. (2010)

and Ridolfi and Renzulli (2012) based on single amphibole compositions.



2.7.4. llmenite-titanomagnetite thermometry and oxygen barometry

IImenite-titanomagnetite pairs are found only in samples Cal-149Tb (very scarcely),
Cal-155 (very scarcely), and Cal-160 (common), and give temperature and oxygen
fugacity values which all fell within the calibrated temperature and oxygen fugacity
ranges of 800 to 1,300 °C, and -3 to +3 log units ANNO, respectively. The core
compositions gave large ranges of both temperature (841-966 + 22 °C; Fig. 2.10) and
oxygen fugacity (0.2-0.75 + 0.9 ANNO; Table 7); the rims give significantly different
intensive conditions only in the sample Cal-160, with calculated temperatures ranging
from 900 to 1,073 °C (Fig. 2.10) and oxygen fugacities from 0.2 to 0.75 ANNO = 0.1
ANNO (Table 2.7). Details of intensive conditions related to each ilmenite-

titanomagnetite pair and associated errors are given below and included in Table 2.7.

Samples Cal-149Tb and Cal-155: Temperatures are calculated from four core
compositions of ilmenites and associated titanomagnetites considering diverse
measurements (details in Online Resource 3). Individual pairs of grains show fairly
constant compositions and, consequently, similar temperatures and oxygen fugacities,
but different temperatures are obtained in different samples (see Table 2.7). For the
sample Cal-149Tb, the temperatures are 961-1,008 + 22 °C (average 982 °C, 6 = 23 °C)
and oxygen fugacities are 0.36-0.45 ANNO (average 0.41 ANNO, ¢ = 0.04); for sample
Cal-155 temperatures are 902-922 + 22 °C (average 907 °C, o = 10 °C) and oxygen

fugacities are 0.17-0.23 ANNO (average 0.2 ANNO, o = 0.13).

Sample Cal-160: In every crystal pair, compositions close to the boundary between
these two mineral phases give considerably higher temperatures and slightly lower
oxygen fugacity than core compositions (see Table 2.7). Cal-160 core temperatures are
841-894 + 17 °C (average 870 °C, o = 18 °C) with oxygen fugacities of 0.5-0.94 + 0.09

ANNO (average 0.64 ANNO, o = 0.18); whereas rim temperatures are 947-1,073 * 23



°C (average 1,018 °C, ¢ = 45 °C) and oxygen fugacities are 0.21-0.75 + 0.09 ANNO

(average 0.48 ANNO, ¢ =0.16).

2.7.5. Ca-in-olivine thermometry

Seven olivine cores give temperatures of 987-1,019 + 22 °C (Fig. 2.10; Table 2.5), with
an average temperature of 997 °C (o = 13 °C). These Ca-in-olivine temperatures are
therefore consistent with those obtained using the two-pyroxenes, Fe-Ti oxides, and

plagioclase-amphibole thermometers for the same samples.

2.7.6. MELTS modelling

The initial melt composition used in MELTS (Ghiorso and Sack, 1995) modelling
corresponds to the anhydrous groundmass composition of sample Cal-159 (Table 4)
because it shows the highest Mg# (0.59), possesses representative mineral assemblages
and textural features observed in all April 2015 Calbuco products. The initial
composition is calculated via an extraction of the modal composition of representative
mineral phases from the whole-rock composition of the sample (Table 2.3). Details of

the MELTS modelling results are available as Online Resource 4.

Zone 2 compositions of plagioclase phenocrysts (later rims and crystals) and the entire
range of observed clinopyroxene and orthopyroxene compositions are reproduced by
MELTS at conditions of 2—4% dissolved water, 2—6 kbar of pressure, temperatures from
900 to 1,060 °C and crystallinity of 16-35 wt%. Conversely, the Zone 1 composition of
older plagioclase phenocryst cores and the remaining phases (notably amphibole,
olivine and Fe-Ti oxides) are not reproduced. Crystallisation modelling of the products
gives a range of solid phases between 16 and 35 wt%. This range does not consider

other mineral phases that could not be reproduced by MELTS (amphibole, olivine,



ilmenite, titanomagnetite, and Zone 1 of plagioclase phenocrysts), which increases the

crystallinity considerably (see details in Online Resource 4).



Table 2.7. Fe-Ti oxide core (pre-heating) and rim (during heating) intensive conditions rank ordered by core temperature.

Sample Pair Place T (°C) Std.Dev. Error fO0, (ANNO) Std. Dev. Error Place T(C) Error f0, (ANNO) Error
160 Figl p2 core 841 6 12 0.94 0.05 0.04 rim 1041 14 0.55 0.04
160 Figl p1 core 841 7 12 0.91 0.03 0.04 rim 1067 17 0.5 0.05
160 Figl p3 core 846 4 12 0.9 0.02 0.04 rim 1005 15 0.56 0.05
160 Figh_p1 core 865 8 15 0.5 0.06 0.09 rim 1068 15 0.64 0.03
160 Figf p1 core 868 11 16 0.49 0.03 0.09 rim 1073 23 0.21 0.09
160 Figf _p2 core 870 1 17 0.45 0.01 0.09 rim 947 19 0.27 0.09
160 Figb_pl core 879 8 17 0.44 0.1 0.09 rim 952 18 0.32 0.09
160 Figex_pl core 879 13 15 0.55 0.06 0.07 rim 1015 18 0.43 0.06
160 Figl3 p2 core 879 7 15 0.61 0.03 0.08 rim 1013 15 0.61 0.05
160 Figl7_p4  core 883 8 16 0.55 0.03 0.07 rim 963 17 0.47 0.08
160 Figl7_p2  core 892 6 15 0.59 0.03 0.07 rim 1048 14 0.75 0.03
160 Figl7_pl  core 894 14 15 0.66 0.08 0.07 rim 1029 19 0.4 0.07
155 Fig3_pl core 903 17 20 0.21 0.11 0.12 rim 922 21 0.23 0.12
155 Fig24 p1 core 902 18 21 0.17 0.1 0.13 rim 900 22 0.2 0.13

149Tb Figld_p2  core 961 6 22 0.36 0.02 0.1 rim 1008 22 0.45 0.09

149Tb Figld_pl  core 966 6 22 0.39 0.03 0.1 rim 996 21 0.45 0.09



2.8. Discussion

All the April 2015 Calbuco samples studied here (including sample Cal-160) have
characteristics typical of Calbuco’s products documented previously for all the volcanic units
by Ldépez-Escobar et al., 1995b; Moreno et al., 2006; Sellés and Moreno, 2011; Daga et al.,
2014. These include whole-rock chemistry, mineral assemblage, and textural features (cf.
Tables 2.1 and 2.2). Additionally, the trace-element data (Fig. 2.3c) show no significant
differences in either elemental concentrations or distribution patterns across the whole sample
suite (including Cal-160). Of the whole-rock chemistry of the April 2015 Calbuco eruption
presented here (55.6-56.9 wt% SiO,), the compositions are very similar to those reported for
this eruption by Castruccio et al. (2016) for scoriaceous, pumiceous and dense juvenile
products (54.5-58.1 wt% SiO,). Further, the composition of the products analysed here are
chemically within the range of older units (Unit 1: 50.5-60.3 wt% SiO,, Unit 2: 57.1-61 wt%
Si0,, Unit 3: 54.3-64.5 wt% SiO,; Lopez-Escobar et al. 1995b; Sellés and Moreno 2011) and
other deposits of Unit 4 (54.8-58.6 wt% SiO,; Lopez-Escobar et al. 1995b). The mineral
assemblage has been fairly constant during the history of the volcano (Sellés and Moreno
2011), it being composed of plagioclase, clinopyroxene, orthopyroxene, amphibole, ilmenite,
titanomagnetite, and olivine, (see Table 1) the latter always being surrounded by pyroxenes,

plagioclase and Fe-Ti oxides.
2.8.1. Mush reservoir in the upper crust

The Calbuco volcanic products of 2015 possess several features that have been regarded as
consistent with mush-zone magma storage, in the manner proposed by, for example, Hildreth
(2004) and Bachmann and Bergantz (2006). These features include: high crystallinity (~40-
60 vol%) of the volcanic products (cf. Hildreth, 2004; Bachmann and Bergantz, 2006), the

presence of clots of crystals where interstitial glasses are locally well-preserved and



compositionally different from the outer glasses (e.g., Saunders et al., 2010; Passmore et al.,
2012; Spera and Bohrson, 2018), and the presence of complex textural features that suggest
episodes of re-equilibration (cf. Moore et al., 2014). Although only small compositional
ranges are recognised here for Calbuco in plagioclase, pyroxene, and amphibole, the complex
mineralogical textures commonly observed indicate a prolonged history of crystallisation and
with changes in either temperature, pressure, melt composition, oxygen fugacity, or other

intensive variables through a protracted period of time (see Fig. 2.5, 2.6, and 2.9).

Our assumption that at the Cal-159 groundmass is a reasonable proxy for the melt
composition in equilibrium with the crystal mush, is supported by the MELTS modelling
which can reproduce the compositions of the dominant crystal phases of plagioclase (Zone 2),
ortho- and clino-pyroxene. Pressure ranges obtained via amphibole barometry (considering
average and standard deviation pressures) suggest the location of the mush reservoir at
shallow depth. The barometer calibrated by Ridolfi et al. (2010) gives pressures equivalent to
5.8-9.5 km depths; while the barometer calibrated by Ridolfi and Renzulli (2012) gives
pressures equivalent to 5.1-8.4 km depths (each considering a crustal density of 2.8 g/cm®;
Fowler, 2005). These depth ranges have some degree of overlap with the source of co-
eruptive subsidence located between 8 and 11 km depth by Delgado et al. (2017). In addition,
the barometry results are consistent with the source related to the seismic swarm that
occurred a few hours before the eruption, this being a VT event of depth between 7.1 and 7.4
km (SERNAGEOMIN, 2015h; 2015i). A summary of inferred depths for the reservoir that
fed the eruption is given in Fig. 2.11. The shallow reservoir suggested in this figure would
belong to upper crustal magma storage (TaSarova 2007). This is distinct from the
crystallisation of crustal xenoliths at 6-8 kbar (equivalent to depths of 21 to 28 km) reported
by Hickey-Vargas et al. (1995) based on amphibole barometry on samples of the 1961

eruption. These results suggest middle to lower crustal storage of the 1961 magma. In several



volcanic complexes of the Southern Andes mush magma reservoirs have been recognised in
the upper crust (e.g., at Llaima, Bouvet de Maisonneuve et al., 2012 and Quetrupillan, Brahm
et al., 2018). Shallow reservoirs in the Southern Volcanic Zone of the Andes have also been
inferred via changes in rigidity of the upper crust (Morgado et al. 2017) and the compressive
intra-arc tectonic setting (Cembrano and Lara 2009; Chaussard and Amelung 2012). Together
these results suggest that a complex system of chambers extending from deep to shallow

levels may be commonplace at Andean volcanoes.
2.8.2. Shape and heterogeneity of the reservoir

Delgado et al. (2017) have suggested a prolate, pressurised spheroid shape for the reservoir
beneath Calbuco volcano via modelling of the co-eruptive subsidence signal. According to
the time-dependent numerical modelling of an evolving magma chamber by Gutiérrez and
Parada (2010), thermal heterogeneities are much more likely in stock-like than sill-shaped
chambers. Considering long-term thermometry (via two-pyroxenes, amphibole-plagioclase,
amphibole, and Ca-in-olivine geothermometers; see Tables 5 and 6), sample Cal-160 shows
systematically lower temperatures than all other samples (Fig. 2.10). Fe-Ti oxides
thermometry is commonly used to estimate immediately pre-eruptive temperatures (this being
“short-term thermometry”: Ruprecht and Bachmann 2010; Brahm et al. 2018), and here
sample Cal-160 shows systematically lower temperatures for core-core equilibria of in-

contact ilmenite-titanomagnetite pairs (see Table 7).

According to Gutiérrez and Parada (2010), in modelling of stock-like reservoirs, the highest
temperatures related to crystallinities of between 30 and 40 vol% are found in the middle of
the reservoir. This is a feature of all samples except Cal-160. Instead, lower temperatures
related to crystallinities of ~60 vol% are found at the bottom of the reservoir, as is consistent
with features of sample Cal-160. In addition, sample Cal-160 is slightly more evolved than all

other samples (lower Mg# and higher SiO, wt%, see Fig. 2.3). This according to the



Gutiérrez and Parada (2010) modelling, is also consistent with the location of Cal-160 in the

lower zone or at the borders of the magma chamber.
2.8.3. Local-scale heating

In-contact ilmenite-titanomagnetite pairs exchange elements (e.g., Fe”*+Ti*" « 2Fe";
Ghiorso and Sack 1991) across the interface, which can be used as thermometer and oxygen
barometer (Ghiorso and Evans 2008; Sauerzapf et al. 2008). As a consequence, such
boundaries respond rapidly to changes in the intensive physical properties of temperature
and/or oxygen fugacity within the reservoir (Lasaga 1983). Therefore, we can postulate that
crystal core compositions may represent older, relatively long-term temperatures, whereas
rim compositions give information of changes of temperature over a short timescale

immediately before eruption.

Rim compositions (close to the interface of the crystal pairs) yield considerably higher
temperatures than core compositions only in the sample Cal-160 (70 to 220 °C higher relative
to crystal cores; Table 7). The remaining samples show similar Fe-Ti oxides temperatures for
cores and rims, with no late heating stage. Additionally, the compositional zonations in
orthopyroxene, clinopyroxene, and plagioclase phenocrysts (see Figs. 2.5, 2.6, and 2.9) are
within the crystal clots as well as in contact with the groundmass, suggesting these zonings
were inherited from the crystal mush development stage. This development period would not
be associated with zoning due to an ionic exchange as response to the same heating as Fe-Ti
oxides recorded, because the silicate phases have much lower ionic diffusivities and record

older stages of the evolution of the system.

Sample Cal-160, is unique across the sampled deposits as being the only material that records
evidence of heating. Its composition and crystallinity make it representative of the bottom of

the mush reservoir. The heating that this sample records seems both localised and intense,



consistent with an input of hotter magma. Underlying recharge of hot magma has been
suggested as a trigger for many eruptions of Southern Andean shallow reservoirs (e.g.,
Quizapu, Ruprecht and Bachmann 2010; Villarrica, Lohmar et al. 2012; Morgado et al.,
2015). Some eruptions have also involved the presence of a mush zone (e.g., Llaima, Bouvet
de Maisonneuve et al. 2012; Quetrupillan, Brahm et al. 2018). The nature and extent of
magma mixing in such situations has been further proposed to influence eruptive style:
Ruprecht and Bachmann (2010) suggested that increasing degrees of magma mixing
(between felsic magma and a more mafic recharge) decreases the fragmentation efficiency
and magma viscosity, and thus favours effusive eruptions. Restricted compositional
interaction between the new magma influx and an overlying crystal mush could occur
because of the mush acting (at least initially) as a rheological barrier (Huber et al. 2009; Kent
et al. 2010) or because of the occurrence of a volatile layer between the hot magma and the
crystal mush (Bachmann and Bergantz 2006; Huber et al. 2010b; Parmigiani et al. 2014,
Schleicher and Bergantz 2017; Spera and Bohrson 2018). In this situation, only small magma
volumes could be reheated, favouring explosive eruptions (cf. Couch et al. 2001; Ruprecht
and Bachmann, 2010). Data presented here suggest that this was the case for the April 2015
Calbuco eruption. Our results are consistent with those from Castruccio et al. (2016) who,
based on stratigraphy and whole-rock geochemistry, suggested that the April 2015 Calbuco
eruption was triggered by either volatile exsolution or a moderate-sized magmatic intrusion

of a new magma into the base of the reservoir with almost no mixing effects.



2.9. Conclusions

The 2015 Calbuco eruption is an example of a shallow, crystal-rich magma reservoir feeding
a moderate-sized eruption (~0.3-0.6 km® erupted products, non-DRE). Based on textural and
compositional criteria of nine representative samples, we conclude the existence of a mush
reservoir, which amphibole barometry indicates to lie within the upper to middle crust (at
5.5-9.5 km depth), consistent with previous works (SERNAGEOMIN 2015h, i; Delgado et

al. 2017).

A prolate spheroid shape of the reservoir has been inferred from previous studies and, based
on detailed thermobarometry, crystallinity and the compositions of nine representative
samples, we infer that all samples of this study (except Cal-160) are derived from the middle
of a mush reservoir. Sample Cal-160 represents a portion of the rheologically rigid basal
envelope. In addition, based on Fe-Ti oxide (ilmenite and titanomagnetite) thermometry and
textural features of the crystal-clot-rich Cal-160 sample, we identify a localised heating event
of 70-220 °C, reaching potentially as high as 1070 °C. This mobilised magma represented by
Cal-160, an event which we infer to be linked to eruption triggering (Fig. 2.12) and that
would have affected only the magma reservoir at its highly crystalline (mush) base. The
absence of a heating record in the remaining samples suggests that all other magma remained
thermally and chemically unaffected by the trigger pulse during eruption. This emphasises

the need for rapid warning systems to communicate hazards rapidly to the local population.
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Eruptible zone

Crystal mush zone

No important perturbations in the Arrival of a new, hotter magma
magma reservoir

The eruption is triggered

Figure 2.12. Schematic representation of the shape, and evolution in time, of the magma
reservoir beneath Calbuco volcano; a) represents the reservoir, including a mush zone at the
bottom, before the input of new magma; b) represents the arrival of the new, hotter magma
generating a local-scale heating; c) represents the moment of eruption triggering.
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3.1. Abstract

In April 2015, an unpredicted rapid-onset eruption occurred at Calbuco Volcano, Southern
Andes of Chile. This event consisted of two, sub-Plinian eruptions separated by a few hours.
By analysis of Fe-Ti exchange between ilmenite and titanomagnetite crystals in samples of
erupted material, we determine timescales of pre-eruptive heating experienced at the
partially-solidified chamber base and constrain the magma residence time for the bulk of the

carrier magma.

Analysis of the Fe-Ti oxide pairs from a sample retrieved from a pyroclastic density current
(PDC) deposit (Cal-160), shows that it was affected by a significant heating event (recording
70 to 220 °C of heating), while other collected samples did not record this late heating. This
sample is interpreted to represent a piece of crystal mush located at the bottom of a prolate,
ellipsoidal mush reservoir, mobilised < 4 days before the eruption by a triggering pulse of

mafic magma considerably hotter than the typical magmatic temperature of the reservoir.

Another two fall deposit samples (lapillus, Cal-149Tb and Cal-155) of the eruption are
interpreted to represent resident, eruptible magmas that did not interact with any magma
recharge immediately prior to or during the eruption. We infer that these magmas had been at

eruption temperature for some years based on their extensively equilibrated Fe-Ti oxides.

3.2. Introduction

Forecasting eruptions and tracking the evolution of magmatic systems are fundamental goals
for volcanology. Before many eruptions, geochemical and geophysical time-series data are
consistent with changes in magmatic conditions over months to years (e.g., Carapezza and
Federico, 2000; Brenguier et al., 2008; Madonia et al., 2013; Delgado et al., 2014; Einarsson,
2018; Ebmeier et al., 2018). Some explosive eruptions, however, are preceded by unrest of

only hours to days (e.g., EI Reventador volcano in 2002, VEI 4, Hall et al., 2004; Rabaul



volcano in 1994, VEI 4, Roggensack et al., 1996; Chaitén volcano in 2008 (VEI ~5), Castro
and Dingwell, 2009), although the certainty with which we can identify such events is limited

by the availability and temporal resolution of monitoring data.

During April 2015, two sub-Plinian eruptive events (VEI 4, Romero et al., 2016; Van Eaton
et al., 2016) occurred at Calbuco Volcano, Southern Chile, after ~54 years of quiescence
(since the last major eruption, in 1961). Calbuco is a Late Pleistocene-Holocene composite
stratovolcano (Lopez-Escobar et al., 1992; Sellés and Moreno, 2011) located in the Central
Southern Volcanic Zone of the Chilean Andes and is currently rated the third most hazardous
of Chile’s 90 active volcanoes (SERNAGEOMIN, 2016; 2017). The 2015 Calbuco eruption
was notable for being preceded only by seismic unrest of very short duration. A two-hour
long swarm of ~140 volcano-tectonic (VT) earthquakes began about three hours before the
first eruptive event, while the first long-period (LP) seismicity began just 1.5 hours prior to
the beginning of the first eruptive event (SERNAGEOMIN, 2015a; 2015b). Interferometric
Synthetic Aperture Radar (INSAR) measurements demonstrate that no significant
deformation occurred in the months leading up to eruption at least up until 36 hours before
the eruption when the last pre-eruptive INSAR image was acquired (Delgado et al., 2017).
Both subsequent satellite radar (Delgado et al., 2017; Nikkhoo et al., 2017) and tiltmeter
measurements (Valderrama et al., 2015) captured co-eruptive subsidence during the first
eruption consistent with a contracting source at depths of 8 to 11 km below the summit.
Seven hours after the beginning of the first eruptive event (1.5 hours duration) a second
eruptive event started, following further LP and hybrid seismicity (Valderrama et al., 2015).
The eruption produced pyroclastic density current (PDC) and fall deposits with bulk
compositions of basaltic andesites (54-56 wt% SiO,) with scarce andesites (~58 wt% SiOy;
Castruccio et al., 2016). The mineral phases present are: plagioclase (two groups: Anges.79 and

Angg.g2), clinopyroxene (Engs-47FSg-15\W040.45), orthopyroxene (Eng;-71FS26-31WW02-3), amphibole



(edenite and pargasite), titanomagnetite (two groups: Xusp 0.10-0.17; XUSP 0.42-046), and ilmenite
(Xilm ¢.77-0.85) (Castruccio et al., 2016; Morgado et al., 2019). A recent study (Morgado et al.,
2019) identified a heating event that affected a mush reservoir as a potential trigger of this
rapid-onset eruption, based upon temperatures of up to 1070 °C recorded in the rims of Fe-Ti
oxide (ilmenite-titanomagnetite) crystal pairs (~120 °C above the ambient magma) using the

thermoxybarometer of Ghiorso and Evans (2008).

We collected nine samples from fall and PDC deposits; three of which contain scarce (< 0.1
vol%) titanomagnetite and ilmenite grains in contact with each other (Cal-149Th, Cal-155,
and Cal-160). Significant compositional zoning and exchange are only recorded at the
interface of Fe-Ti oxide pairs in the highly-crystalline sample Cal-160 (~60% crystallinity,
obtained via image processing of pseudo coloured images through the freeware
Jmicrovision), erupted during the second eruptive stage (Fig. 3.1). This sample has been
associated in earlier work with the base of the prolate spheroid shape (Delgado et al., 2017)
of the magma reservoir based on considerations of differences in whole-rock chemistry,
crystallinity, and recorded heating (Morgado et al., 2019). In the rest of the samples (~40%
crystallinity, obtained via the same method as Cal-160), erupted during the first and second
eruptive pulses, Fe-Ti oxide pairs exhibit relatively homogeneous compositional profiles and,
therefore, do not record the same late-stage heating (Morgado et al., 2019). These samples
were associated with middle levels of the mentioned reservoir, and represent a mobilised,
eruptible magma. In this work we investigate the detailed timescales of heating in Cal-160
just before the eruption using Fe-Ti interdiffusion chronometry in ilmenite-titanomagnetite
phenocryst pairs. In addition, we calculate minimum timescales of re-equilibration in
ilmenite-titanomagnetite phenocryst pairs from samples Cal-149Tb and Cal-155, to better

constrain the history of the erupted magma.
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Figure 3.1. a,c) Backscatter images of in-contact ilmenite-titanomagnetite pair from the
sample Cal-160 (Fig. 3.1a) and from the sample Cal-155 (Fig. 3.1c), the arrows represent
the direction of the profiles measured by Electron Probe Micro Analysis (EPMA); b,d) EPMA
profile across in-contact ilmenite-titanomagnetite pairs from Figure 3.1a (Fig. 3.1b) and
from Figure 3.1c (Fig. 3.1d). Core and rim (represented by the star) temperature and oxygen
fugacity conditions were reported by Morgado et al. (2019), the associated errors come from
measurement uncertainties.



Diffusion chronometry has often been used to calculate magmatic timescales associated with
mush reservoir processes (e.g., Nakamura, 1995; Martin et al., 2008; Hartley et al., 2016).
The rapid interdiffusivity of Fe-Ti in ilmenite and titanomagnetite, in comparison to ionic
diffusion in silicate mineral phases (Freer and Hauptman, 1978; Rutherford et al., 1993; Van
Orman and Crispin, 2010) at the same intensive magmatic conditions (P, T, and fO,), allows
us to use Fe-Ti oxides to understand processes occurring shortly before eruptions (Nakamura,
1995; Coombs et al., 2000; Devine et al., 2003; Chertkoff and Gardner, 2004; Tomiya et al.,

2013).
3.3.  Thermometry and oxygen-barometry

Ilmenite solid solution (hematite and ilmenite end members, Fe,O3 and FeTiO3 respectively)
and titanomagnetite solid solution (magnetite and ulvospinel end members, Fe;O, and
Fe,TiO,4 respectively) are suitable for Fe-Ti thermometry and oxygen barometry when grains
are in contact with each other. The thermometry models are based on the temperature-
dependent exchange Fe®*+Ti*" « 2Fe®*" (e.g., Ghiorso and Sack, 1991; Ghiorso and Evans,

2008; Sauerzapf et al., 2008) according to the equation
Fe,05 (hematite) + Fe,TiO, (ulvospinel)
& Fe;0, (magnetite) + FeTiO; (ilmenite) (D
The oxygen barometer reported by Ghiorso and Evans (2008) is based on the redox
equilibrium of hematite-magnetite with ulvospinel buffer according to the equation:
6Fe,0; (hematite) & 4Fe;0, (magnetite) + 0, (gas) (2)

and the oxygen barometer reported by Sauerzapf et al. (2008) is based on the redox

equilibrium of hematite-magnetite buffer according to the equation:



6FeTiO; (ilmenite) + 2Fe;0, (magnetite)

< 6Fe,TiO, (ulvospinel) + 0, (gas) (3)

All the methods used here to calculate intensive variables are based on the measured
compositions of ilmenite-titanomagnetite grains that are in contact with each other.
Equilibration is mediated via the kinetic process of diffusion, meaning that compositional
changes occur at the boundary between the two oxide grains as a response to changes in both
temperature and oxygen fugacity (f0,), which must then propagate by diffusion gradually
into crystal interiors (see details in Lasaga, 1983). Whilst compositional re-equilibration
between minerals upon heating is rapid at the interface, and represents the intensive
conditions immediately before the eruption, it can be possible to ascertain from the crystal
cores the intensive conditions present before any re-equilibration process took place (pre-

heating conditions, see details in Lasaga and Jiang, 1995), Fig. 3.1.

In Cal-160, temperatures and oxygen fugacity conditions prior to heating were calculated
using ilmenite and titanomagnetite core compositions and correspond to an average
temperature of 870 °C (o= 18 °C); and an average oxygen fugacity of + 0.6 ANNO (o= 0.18
ANNO; Morgado et al., 2019). The compositions of ilmenite-titanomagnetite pairs close to
the interface record the late-stage equilibrium in terms of the temperature and oxygen
fugacity conditions experienced during the heating of the system just prior to eruption
(average temperature: 1,018 °C, o= 45 °C; average oxygen fugacity: + 0.48 ANNO, o= 0.16
ANNO; Morgado et al., 2019). The composition of the traverses measured from ilmenite to
titanomagnetite represent only diffusion and are not significantly affected by measurement

convolution effects or secondary fluorescence (details in next section).

In Cal-149Tb and Cal-155, the temperatures and oxygen fugacity conditions were calculated

using ilmenite and titanomagnetite core compositions and correspond to an average



temperature of 933 °C (o= 35 °C); and an average oxygen fugacity of 0.3 ANNO (o= 0.14
ANNO) (Morgado et al., 2019). The compositions of ilmenite-titanomagnetite pairs close to

the interface yielded no significantly different magmatic intensive conditions.

The core compositions of ilmenite-titanomagnetite pairs show fairly constant compositional
profiles, the crystal pairs passed the Mg-Mn equilibrium chemical test (Fig. 3.2; Bacon and
Hirschmann, 1988), and there are not resorption textures. These features suggest that all the
Fe-Ti oxides in contact were in equilibrium before heating. For this study, we use all the in
contact ilmenite-titanomagnetite grains within the compositional and temperature range in

which the thermoxybarometers were calibrated (Ghiorso and Evans, 2008; Sauerzapf et al.,

2008).
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Figure 3.2. Illmenite-titanomagnetite Mg-Mn chemical equilibrium test (Bacon and
Hirschmann, 1988) of cores of the studied Fe-Ti oxide pairs. Red circles correspond to pairs
from samples Cal-149Tb and Cal-155, green circles correspond to pairs from sample Cal-
160 (details in Supplementary Material 1).



3.4. Diffusion modelling: a tool to obtain magmatic timescales
3.4.1. Modelling approach

The profile shapes observed in Figure 3.1 of ilmenite-titanomagnetites from the sample Cal-
160, suggest that the minerals are responding to the heating event, governed by equations 1,
2, and 3. In practice, this leads to Ti enrichment in the titanomagnetite bordering ilmenite
(Loomis, 1983). Fe-Ti interdiffusion within titanomagnetite can be described and modelled

using Fick’s second law and the composition-dependent form of the diffusion equation:

aC(x,t) B 0 , 0C(x,t)
ot _a(D” dx > )

where C is composition, t is time, x is distance, and Dy, is the diffusivity (m?s~1). This

diffusivity is calculated via Eq. 5 (Aragon et al., 1984):

E
D:; = D exp (—R—%) +(1-X)

8
EN[L+X173 2
% (D?’ eXp(_ﬁ) [I—X 10,75

8
EN[L=X]73 2
— Nno DL [
bi eXp( RT>1+X] 102 3) )

where DJ, DY, and D are internal diffusion coefficients (details in Supplementary Material
2); E,, Ey, and E; are internal activation energies (cal mol™1; details in Supplementary
Material 2); T is temperature (K); R is the universal gas constant (cal mol™t K1), 0, is
oxygen fugacity (atm), X is the factor (from 0 to 1) representing the composition of the
titanomagnetite solid solution ((Fe304),_x(Fe,Ti0,)x). An example of diffusion modelling

in ilmenite-titanomagnetite pairs from the sample Cal-160 is shown in Figure 3.3a.
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Figure 3.3. Examples of Fe-Ti interdiffusion, showing the evolution of molar composition
(X7i = Til(Ti+Feyy)): a) profile of titanomagnetite over time from the sample Cal-160,
representing the bottom of the magma reservoir (Table 3.1 and Supplementary Material 1)
and b) re-equilibration profile of titanomagnetite over time from the sample Cal-149Tbh,
representing the middle of the magma reservoir (Table 3.2 and Supplementary Material 1).

The ilmenite-titanomagnetite pairs in samples Cal-149Tb and Cal-155 display compositional
profiles with only weak zonation, and they are considered as largely-equilibrated pairs that
retain only weak disequilibrium. Although paired cores do consistently return temperatures
lower than paired rims, the values are well within the uncertainty of the thermometry
technique (see Supplementary Material 1). If we consider that previous heating has occurred,
and that these crystals have been largely re-equilibrated, then minimum timescales of re-
equilibration can be estimated in equilibrated pairs. Equally, the lack of any significant
deviations between interface and cores can be taken to signify that conditions have been
stable for a considerable length of time. We can use Fe-Ti interdiffusion chronometry to
constrain re-equilibration timescales in titanomagnetite grains following equations 4 and 5. In
performing these calculations the initial core composition has to be assumed, as no part of the
profile has escaped modification. Using a low value of Xtj, comparable to the lowest value
found in the system would in theory yield the longest answer; using the highest value of Xr;
for the core would theoretically yield the shortest answer as it would require less

modification. We have used the latter parameter, based upon the value X+i=0.14, from the
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Cal-160 crystals, to place a minimal constraint for the long re-equilibration time of crystals in
Cal-155 and Cal-149Th. We would note that the curvature of the profile is such that it is

actually relatively insensitive to the choice of initial condition.

3.4.2. Compositional equilibrium in grain boundaries

The propagation of a re-equilibrating boundary composition during ionic exchange between
ilmenite and titanomagnetite can be considered as similar to the Arrhenian kinetic formula for
thermally activated processes (cf. Lasaga, 1979; Loomis, 1983). Thus, we use Fick’s second
law for non-steady state diffusion (Eq. 4) and diffusivity following the Aragon et al. (1984)
equation (Eqg. 5) to determine the timescale in which the composition in equilibrium with the
new intensive physical condition is reached in the grain interface. Even ignoring the
significant diffusion enhancement in the grain interface inferred by Hammond and Taylor
(1982), we can calculate that compositions within 10 nm of the interface will attain a new
equilibrium in less than one second for all the ilmenite-titanomagnetite pairs. The results are
shown in Table 3.1 and form a basis for assuming instantaneous compositional equilibrium
on the interface in subsequent modelling. Such models, where equilibrium is reached
instantaneously at the boundary have been used successfully in previous studies (cf. Lasaga,
1979; Venezky and Rutherford, 1999). In addition, the asymmetric shape of the composition
profiles suggests that ionic exchange at the crystal boundary is the dominant process. We,
therefore, interpret that a buffered exchange between the two minerals dominates the profile
shapes, rather than infiltration of a third component (e.g., melt) along the grain boundary.
Videos representing the evolution of compositional re-equilibration in grain boundaries are

available in Supplementary Material 4.



Table 3.1. Time necessary to reach equilibrium conditions
in crystal boundaries of sample Cal-160.

Pair name Boundary eqg. time (s) Resolution (um)
fl_pl 0.3 0.01
fl_p2 0.2 0.01
fl_p3 0.5 0.01

f13_p2 0.2 0.01
f17_pl 0.1 0.01
f17_p2 0.1 0.01
f17_p4 0.4 0.01
fb_pl 0.5 0.01
fe_pl 0.3 0.01
ff_pl 0.3 0.01
ff_p2 0.6 0.01

fh_p1 0.1 0.01



Table 3.2. Fe-Ti oxide rim intensive conditions (during heating) and associated timescales of ilmenite-titanomagnetite pairs from sample Cal-

160.

Pair T(CC) Error  f0, (ANNO) Error Xusp Error Dz, Mint(h) Time(h) Maxt(h)
ff_pl 1073 23 0.21 0.09 0.55 0.011 2.29 x 10716 2 38 7

f17_p1 1029 19 0.4 0.07 0.47 0.009 1.09 x 10716 6.9 12.2 21.7
fe_pl 1015 18 0.43 0.06 0.46 0.009 851 x 10717 5.3 8.7 14.9
f13 pl 1013 16 0.61 0.05 0.42 0.009 8.54 x 107 6.5 10.9 18.4
f17_ p2 1048 14 0.75 0.03 0.42 0.009 1.66 x 10716 2.4 3.8 6.1
fh_pl 1068 15 0.64 0.03 0.45 0.009 2.25 x 1071¢ 10.1 16.2 26.2
ff_p2 947 19 0.27 0.09 0.42 0.009 2.2 x 107%7 10.5 19.7 36.2
fb_pl 952 18 0.32 0.09 0.42 0.009 2.44 x 107V 14.8 26.7 45.8
fl_pl 1067 17 0.5 0.05 0.47 0.009 2.12 x 10716 20.2 33.8 56.7
f1_p3 1005 15 0.56 0.05 0.42 0.009 7.3 x 107V 45.6 75.8 126.2
f1_p2 1041 14 0.55 0.04 0.45 0.008 1.4 x 10716 411 65.9 105.5

f17_p4 963 17 0.47 0.08 0.40 0.008 3.17 x 10717 31.7 58.3 91.2



3.4.3. Uncertainties

We obtain the uncertainties of diffusivity from the error propagation of temperature (T),
oxygen fugacity (f0,), and composition of titanomagnetite (X) following equation 6 (details
are available as Supplementary Material 1). Finally, we consider the intrinsic experimental

uncertainty in the calculation of Dz; (0.1 log units, reported by Aragon et al., 1984).

e(f(T,f0,, X))

2 2 2
_|(or of of\ ( of of
~ <ﬁgm) + <6f02 s(f02)> 42 (ﬁ) : (m) cov(e(T, £0,)) + (ﬁs(X)> 6)

We use the sum of the squares of the differences (SSD) to assess the best-fitting curve. We
consider the uncertainty of the curve-fitting on the diffusive length-scale (cf. Gualda et al.,
2012) as negligible because the measured profiles show high precision and low noise (details

in Supplementary Material 5).
3.4.4. Do the measured profiles represent diffusion?

We can be confident that the profiles measured from ilmenite to titanomagnetite from the

sample Cal-160 represent only diffusion and are not significantly affected by measurement
convolution effect for the following reasons:

M Modelling of electron-sample interactions with the software CASINO (Hovington

et al., 1997; Drouin et al., 2007) suggests that, at the analytical conditions of 15

keV accelerating potential and a 30 nA focused beam, the interaction volume in

the samples is ~2 micrometres width, which we use as the analytical point

spacing. In addition, the vertical interaction is < 1.5 um length (details in

Supplementary Material 6).



(i)  We can rule out secondary fluorescence effects from analysis of ilmenite-
titanomagnetite pairs from the sample Cal-160, because in Cal-149Tb and Cal-
155, where equilibrium appears to be reached, compositional profiles do not show
the characteristic enrichment/depletion effects that we see close to the interfaces
of those compositional profiles from Cal-160, which suggests that these data

represent true disequilibrium profiles.
3.5.  Timescales from heating to eruption

The calculated timescales obtained from the sample Cal-160 are associated with the recording
of a heating event up to 4 days before the eruption (Table 3.2, Fig. 3.4). On the other hand,
the results of minimum re-equilibration diffusion modelling in the crystal pairs from the
samples Cal-149Tb and Cal-155 yield timescales of the order of years. All the timescales are
consistent with those calculated using Aggarwal and Dieckmann (2002a, 2002b) equations

for Fe-Ti (inter)diffusivity in titanomagnetite.

Cal-160. Our modelled timescales between the heating event and the eruption (at the bottom
of the magma reservoir, represented by the sample Cal-160) are consistent with the seismic
signals detected just before this rapid-onset eruption (SERNAGEOMIN, 2015c; Valderrama
et al., 2015; Fig. 3.4). The absence of deformation until at most 1.5 days before the first
eruptive pulse (Valderrama et al., 2015; Delgado et al., 2017) suggests that there were no
major volumetric changes related to an ascent of volatiles or increased magma supply into the
reservoir prior to the eruption. In addition, 67% of the calculated timescales lie within a 36-
hour window prior to the eruption, suggesting that most of the heating of sample Cal-160 is
recorded during that period. Furthermore, the peak density of the modelled timescales
representing the heating of the reservoir coincides with the occurrence of the seismic swarm,

starting around three hours before the first eruptive event (Fig. 3.4).
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Figure 3.4. a) Plots of modelled timescales from heating to eruption of 12 in-contact
ilmenite-titanomagnetite pairs with associated errors based on temperature, oxygen fugacity
and intrinsic diffusivity uncertainties; b) Kernel density estimation of probability
distributions of all data, probabilities of several ranges of time are shown (details in
Supplementary Material 5); ¢) Summary of geophysical signals at Calbuco in the 140 hours
preceding the second phase of the eruption at 4:00 (UTC) on 23 April. Sentinel-1la
interferograms shown no deformation in the months before and at least up until 36 hours
before eruption onset (descending, track 83, 21/04/2015, 09:57 UTC). VT swarms began 3
hours before the first eruptive pulse (18:11 UTC; SERNAGEOMIN, 2015c; Valderrama et
al., 2015). A thermal anomaly was detected by NOAA’s Geostationary Operational
Environmental Satellite (GOES-13) 20 minutes prior to the first eruptive pulse (20:45 UTC;
Global Volcanism Program, 2015).
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Neither tilt nor interferograms that span the 36 hours prior to the eruption, nor the co-eruptive
period, show any evidence of major volume increases during the heating event (Valderrama
et al., 2015; Delgado et al., 2017). Our results are consistent with the triggering mechanism of
a small mafic injection proposed by Castruccio et al. (2016), and similar to short-timescale
processes suggested for large magmatic systems by Burgisser and Bergantz (2011), during
which magma recharge adds heat and volatiles with the latter stalling below the mush
reservoir causing crystal mush disaggregation, magma remobilisation (rheological unlock-up
point of crystal mushes, cf. Vigneresse et al., 1996; Petford, 2003; Huber et al., 2011,
Parmigiani et al., 2014) and eruption. Although bubbles can ascend via infiltration or volatile-
rich plumes with minor (or null) contents of attached new (presumably mafic) underlying
magma (Phillips and Woods, 2002; Bachmann and Bergantz, 2006), there is no direct
evidence of syn-eruptive magma mixing, liquid mingling or resorption features from the new,
hotter magma. This is consistent with the models that indicate crystal mush and volatiles
systems would act as a rheological barrier to the inputs of new, presumably more mafic
magma (Girard and Stix 2009; Huber et al 2009; 2010). In absolute terms, the rims of the Fe-
Ti oxide pairs from Cal-160 are much more oxidised, two to three orders of magnitude in
absolute fO, values, than the cores of the same sample. The bulk of this change in fO; is close
to the NNO buffer trend and represents the effect of heating that the crystals record. These
variations could be real, and could represent a degree of heterogeneity in the magma system,
potentially related to volatile distributions, or could be an artefact of the difficulty of
obtaining reliable measurements of fO,. The obtained values of fO, buffer from the Cal-160
Fe-Ti oxide pairs correspond to + 0.48 ANNO (o= 0.16 ANNO) and are comparable to
uncertainties published in other articles (e.g. Borisov and Shapkin, 1990; Ghiorso and Evans,
2008). Regarding volatile phases during the eruption, Pardini et al. (2018) proposed the

existence of exsolved volatiles (H,O, CO,, Cl, and SO,) before the onset of the first eruptive



event, thus the recognised triggering heating event could be associated with a terminal input
of volatiles. This could, in turn, be regarded as consistent with an increase of seismic activity

(Linde et al., 1994).

Cal-149Tb and Cal-155. The absence of significant variations in both temperature and
oxygen fugacity recorded in the ilmenite-titanomagnetite pairs of the lower crystallinity
samples (~ 40% crystallinity, i.e., all except Cal-160), suggest that the heating effect was at a
local scale, only occurring in a relatively small volume of the magma reservoir at the base of
the reservoir and not thermally affecting the rest of the reservoir (Morgado et al., 2019). Our
modelled re-equilibration timescales of > 1 year (Table 3.3) represents the minimum duration
over which temperature and fO, conditions for the bulk of the erupted magma reservoir

beneath Calbuco volcano were stable, prior to the 2015 eruption.

Our calculated timescales, considering all the samples, suggest that the heating event, which
triggered the April 2015 Calbuco eruption only affected significantly the bottom of the
system over a maximum period of 4 days, but did not affect the upper levels of the reservoir.
The middle of the reservoir was not affected by that heating or by any other event, and had
already been established for over a year prior to the eruption. All the compositional profiles
and videos of examples of diffusion are available as Supplementary Materials 1 and 7,

respectively.



Table 3.3. Fe-Ti oxide rim intensive conditions and associated timescales of re-equilibration of ilmenite-titanomagnetite pairs from samples
Cal-149Tb and Cal-155.

Pair T(CC) Error f0,(ANNO) Error Xy  Error Dz, Time(y) Mint(y) Maxt(y)
Cal-149Thb_figl4b_pl 966 22 0.45 0.09 044 0.01 3.6x107Y 8 5 13
Cal-149Thb_figl4_p2 961 22 0.36 0.1 046 0.01 32x107Y 1 0.5 15

Cal-155_fig3_p1 903 20 0.21 011 040 0.01 8.6 x 10718 6 35 8.5
Cal-155_fig24_p1l 902 21 0.17 0.1 039 0.01 8.2x 10718 4 2.5 7




3.6. Concluding remarks

As a consequence of the rapid rate of Fe-Ti interdiffusion in Fe-Ti oxides, these minerals can
be used for the determination of short-timescale magmatic processes. In this study, magmatic
timescales ranging from 2 hours up to 4 days are calculated via Fe-Ti interdiffusion profiles
observed between ilmenite-titanomagnetite crystal pairs of the sample Cal-160 (the sample
that represents the bottom of the reservoir), under known temperature and f0, conditions.
These timescales represent the time elapsed between local-scale heating at the base of the
magma reservoir and the beginning of the rapid-onset 2015 Calbuco eruption (Fig. 3.5). We
interpret these to represent the underplating of a high-temperature, mafic melt, considerably
hotter than the overlying magma body that would form the bulk of the erupted material
during the eruption. There is seemingly no evidence for the mafic magma input to have
directly erupted, and thus it would suggest that the eruption could have been triggered by a
critical, physical failure related to overpressure following intrusion, rather than magma
mixing or chemical interactions. Our results suggest that the peak of pre-eruptive activity
occurred just ~3 hours prior to the eruption, coincident with the timing of a seismic swarm

before the eruption onset.

By contrast, examination of Fe-Ti interdiffusion in the Fe-Ti oxides of the carrier magmas
suggest minimum re-equilibration timescales of > 1 year in the samples Cal-149Th and Cal-
155, interpreted to represent the middle of the reservoir (Morgado et al., 2019). This
minimum timescale suggests that the bulk of the erupted magma has resided in a stable
thermal and oxidation state for at least the year prior to the April 2015 Calbuco eruption and
that the bulk of the magma residing into the reservoir was not thermally affected by the

intrusion.
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Figure 3.5. a) Before the hotter magma arrival (before the heating transfer event), the
ilmenite-titanomagnetite profiles from the bottom of the crystal much are flat, they record
temperature and oxygen fugacity; b) at the moment of the heat transfer, Fe and Ti exchange
between ilmenite and titanomagnetite instantaneously modifies compositions in the boundary
between the two crystals from the base of the crystal mush. The internal diffusion within
crystals starts at the same moment of the elemental exchange; c) due to the heating,
remobilisation and stirring of the system starts, overpressure increases and the eruption is
triggered. At the moment of the eruption temperature decreases and net diffusion ceases to be
significant, so that the crystals from the bottom of the crystal mush recorded timescales from
heating to eruption. Modified from Morgado et al. (2019).
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In summary, the 2015 Calbuco eruption involved an established magma body persisting
under relatively stable conditions over the years-to-decades timescale, surrounded by a
crystal mush envelope of similar origins. That system was disrupted and invaded by a pulse
of mafic magma which did not produce any measurable surface deformation. This provided
additional heat to the base of the magma system, disrupting a mush horizon, fragments of
which would be incorporated into subsequent PDC deposits as materials like the sample Cal-
160. Within hours to days of the intrusion event, VT earthquakes and subsequent LP
seismicity were the heralds of the eruption commencing as the resident magmas ascended to
the surface. The existence of a robust monitoring system at Calbuco strongly shows us that
the run-up time to eruption at Calbuco was very short, giving us greater confidence in the
relative lack of precursory activity compared to other, historical eruptions of the region. We
hope that these results provide valuable insight into understanding the mechanism of rapid-
onset explosive eruptions and potential methods by which to explore other, similar events for

the purposes of eruption prediction and hazard mitigation.
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4.1. Abstract

Osorno volcano is a composite stratovolcano of the Central Southern Volcanic Zone of the
Chilean Andes (41°06°S, 72°20°W). It is the southernmost member of an NE alignment of
volcanic edifices including La Picada volcano and Puntiagudo and Cordén Cenizos. During
1835, two eruptive events occurred; the first during January-February and the second during
November-December. The erupted products of both events are lavas and tephra fall deposits
of basaltic-andesite composition (52.4-52.9 SiO, wt%) with degrees of crystallinity ranging
from 23 to 45 vol% comprising: olivine, plagioclase, clinopyroxene, and Cr-spinel. These
mineral phases allow us to constrain magmatic parameters including a temperature of
~1,140°C (calculated via olivine-augite and Ca-in-olivine thermometry); oxygen fugacity
patch of AQFM +0.3 (calculated via Cr-spinel-olivine-melt oxybarometry and numerical
modelling) and numerical modelling allow us to determine dissolved water content of the
melt of up to 1.5 wt% (calculated via numerical modelling) and depths up to 4.5 km
(calculated via numerical modelling). We also apply diffusion chronometry to large (> 50 um
radius) olivine-hosted melt inclusions to infer that their compositions were not significantly
altered due to syn-eruptive processes. The textures and mineral relationships observed in the
samples cause us to infer that a crystal mush (highly-crystalline products, crystals in clots,
and others), parts of which underwent disaggregation prior both eruptive events. In addition,
we compare trace elements (fluid mobile/immobile and rare earth elements) and 'Sr/*°Sr and
SNd/***Nd isotope ratios of Osorno eruptive products with those from neighbouring
volcanic systems in order to determine regional variations of slab-derived fluid input and
crustal contamination. These analyses display higher both slab-derived fluid input and partial
melting degree in the mantle beneath stratovolcanoes (Osorno, Calbuco, and La Picada).
Although the most significant signature comes from the mantle source, our results suggest

also the influence of crustal assimilation. These combined data allow us to determine part of



the nature of the Osorno volcanic system prior to the last eruptive events (during 1835), with
implications for hazard mitigation and behaviour of the Central Southern Volcanic Zone of

the Andes in general.

4.2. Introduction

In volcanically-active areas close to population centres, it is fundamental to establish
appropriate hazard mitigation policies (e.g. Small and Naumann, 2001; De la Cruz-Reyna and
Tilling, 2008). Volcanic activity is generally reported by aircraft pilot reports, satellite
observations, ground observers, and monitoring instruments (Miller and Casadevall, 2000).
Typically, volcano observatories and other transnational institutions evaluate these reports
and integrate them with the information from instrumental, volcano monitoring, which
assesses volcanic activity via different techniques: seismology, ground deformation, gas
chemistry, etc. Several authors (e.g. Tilling, 2008; Sparks et al., 2012) have highlighted the
need for complementary techniques to be used to reduce the risk related to volcanic
eruptions. In particular, volcano monitoring needs to distinguish magmatic crustal processes
during destabilisation to improve forecasting (Sparks and Cashman, 2017) and to recognise
magmatic reservoirs that may act as seismic source (e.g., Jolly, 2019; McNutt, 2000), cause

of deformation (e.g., Delgado et al., 2017), and origin of degassing (e.g., Witter et al., 2004).

Volcano monitoring is essential to assess the current activity of volcanoes, but it can be
complemented by petrological techniques, which permit to study previous eruptions. Study of
previous eruptions using petrological methods allows many of the key physical intensive
parameters to be determined, including temperature, pressure, oxygen fugacity, and water
dissolved in melt and constraint of derived parameters, such as magma Viscosity,
contamination, and residence times. Understanding of these parameters is fundamental to

understand both past magmatic behaviour, the nature of the volcanic eruption, and in to give



correct and quick interpretations to volcano monitoring signals (Jolly, 2019). Moreover, in
those cases when the last eruption of a volcano occurred before the volcano monitoring was
established, petrological and geochemical studies of volcanic material are imperative,
because they give information on the modus operandi of magma of previous pre-eruptive

periods, which works as a reference for the upcoming volcanic activity.

In this article, we study the last eruptions of Osorno volcano (in Central Southern Volcanic
Zone, of the Southern Andes of Chile) to assess the pre-eruptive physical magmatic
conditions and to assess crustal assimilation processes. Although the last eruptions occurred
in 1835, the volcano monitoring project in Chile, which started in 2008, has classified this
volcano as the ninth-most hazardous of Chile (SERNAGEOMIN 2017a). Despite the
relatively long quiescence, recently Osorno has in recent years, shown an elevation of
seismicity base level, interpreted as a sign of volcanic activity (SERNAGEOMIN 2017b;

2018a, b; 2019).

4.2.1. Southern Volcanic Zone: Geological setting

The Southern Volcanic Zone (SVZ) of the Chilean Andes is a volcanic chain produced by the
subduction of the oceanic Nazca plate below the South American continental plate. The SVZ
comprises over 70 Pleistocene and Holocene stratovolcanoes and several large volcanic fields
(Stern et al., 2007). The whole volcanic segment is ~1400 km long (33°—46°S) and across it
there is a major structure, the Liquifie-Ofqui Fault Zone (LOFZ), which controls the
compressional tectonics (between 33° and 34°30°S) and dextral-transpressional tectonics
(between 34°30° and 46°S) tectonics of the volcanic arc (Cembrano and Lara, 2009). The
SVZ has been subdivided into four segments on the basis of tectonic setting, geochemical and
petrologic considerations (Tormey et al., 1991; Ldpez-Escobar et al., 1995a; Stern, 2004;

Stern et al., 2007; Fig. 4.1.): Northern (NSVZ, 33.3-34.4°S), Transitional (TSVZ, 34.4-37°S),



Central (CSVZ, 37-42°S), and Southern (SSVZ, 42-46°S). The present study focuses on

volcanic centres from the CSVZ, the most active region of the SVZ, in which Cembrano and

Lara (2009) reported different tectonic features and proposed a model including a volcano-

tectonic association:

NE-trend volcanic alignments (e.g., La Picada-Puntiagudo-Cordon Cenizos; Moreno
et al., 2010; Vander Auwera et al., 2019; Fig. 4.2) related to tension cracks, which
may reach the surface and then build either a stratovolcano or an elongated cluster of
minor eruptive centres, depending on the balance between strain rate and magma
input (cf. Takada, 1994).

NW-trend alignments (e.g., Puyehue-Cordon Caulle, Lara et al., 2004, 2006), in
which volcanoes are built on top of west-nortwest-striking, pre-Andean, oblique-slip
faults.

Small eruptive centres built over the LOFZ master fault (e.g., Caburgua-Huelemolle
small eruptive centres; Hickey-Vargas et al., 1989, 2002; Morgado et al., 2015, 2017;
Mcgee et al., 2017; Cayutué-La Vigueria group; Lépez-Escobar et al., 1995b). Small
eruptive centres melts can be shown to have ascended rapidly, and without extensive
interaction with the crust (e.g. Morgado et al., 2017) and do not interact extensively
with the crust (e.g. McGee and Smith, 2016; Hickey-Vargas et al., 2016a; Smith and
Németh, 2017); this volcanism is usually related to extensional domains (e.g.

Nakamura, 1977; Takada, 1994; Piochi et al., 2005).
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Volcanic products from the CSVZ exhibit a compositional range from basalts to rhyolites
(e.g. Hickey-Vargas et al., 2016b) and factors such as both contamination from sediments of
the trench and interaction with major regional structures (Cembrano and Lara, 2009; Hickey-
Vargas et al., 2016b; Lopez-Escobar et al., 1995b) would affect those compositions. The
highest sedimentation rate of the SVZ occurs in the trench of the CSVZ (Volker et al., 2013),
where ~2.2 km thick of sedimentary material covers the trench offshore (Contreras-Reyes et
al., 2008). These sediments from the trench are significant contaminants of the mantle wedge
and, in consequence, of the volcanic products (e.g., Hickey-Vargas et al., 1989; 2002; Kilian
and Behrmann, 2003; Lucassen et al., 2004; Jacques et al., 2014). In addition, continental
magmas may also receive contributions from the metamorphic Palaeozoic basement (e.g.,

Stern, 1991; Kilian and Behrmann, 2003; Lucassen et al., 2004; 2010; Kay et al., 2005).

4.2.2. Osorno volcano: general features

Osorno is an active stratovolcano of the Central Southern Volcanic Zone of the Chilean
Andes, its maximum height is 2661 meters above sea level (m.a.s.l.) with an estimated
volume of 160 km?3, covering an area of 250 km? (Moreno et al., 2010). It is located at
41°06°S, 72°20°W, and lies west of the LOFZ by ~13 km (Fig. 4.2). Osorno volcano is the
southernmost member of an NE alignment including La Picada volcano and Puntiagudo—

Corddn Cenizos volcanic chain (Fig. 4.2).
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Figure 4.2. a) Location of the Osorno volcano regarding Chile. b) Position of Osorno, La
Picada, Puntiagudo, and Calbuco volcanoes and Cordon Cenizos volcanic chain, La
Vigueria cone, and the Liquifie-Ofqui Fault Zone (LOFZ, white dashed line). The alignment
Osorno, La Picada, Puntiagudo and Cordén Cenizos is represented by a yellow, dashed line.
The advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (GDEM) image was obtained via EarthExplorer, USGS

(http://earthexplorer.usgs.gov)

According to Moreno et al. (2010) Osorno volcano has been active since the Middle
Pleistocene (ca. 200 ka). Its postglacial activity has been related mainly to main crater
eruptions, but also parasitic cones and dacitic domes in the flanks (Moreno et al., 2010). The
basement beneath Osorno volcano comprises Cretaceous granitoids (ca. 70 Ma; Moreno et
al., 2010) and Miocene plutonic rocks from the Northern Patagonian Batholith (Lépez-
Escobar et al., 1992; Adriasola et al., 2006). Vander Auwera et al (2019) found Miocene-age
(ca. 9.6 Ma) gabbroic xenolith blocks within the volcanic products of La Picada volcano,

which they interpreted as basement, and Hickey-Vargas et al. (1995) described gabbroic and
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granulitic xenoliths recovered from volcanic material of the 1961 eruption of Calbuco

Volcano.

The products of Osorno volcano have been classified into four units depending on the age of
the deposits, which are shown in Table 4.1. In the unit Osorno 4, several historical eruptions
during the years 1575, 1640, 1644(?), 1719, 1737, 1765, 1778-1779, 1790, and 1834 have
been recognised and briefly described, whereas activity since 1834 has been confined to
fumarolic episodes in 1852, 1882-1883, 1911-1915, 1963, 1969, 1985, 1993 (details in Table

4.2).

Table 4.1. Main features of the different units of Osorno volcano

Unit Description Mineralogy

Unit composed of lavas from basaltic to
andesite composition (49-58 wt% SiO,)
interbedded with lahars and morraine

Osorno 1 deposits, emplaced mainly during Santa
(200-110 ka) Maria Glaciation (200-132 ky; Porter, 1981;
Clapperton, 1993), conglomerates of basaltic

composition (~52 wt% SiO,) and volcanic
breccias.

Plagioclase,
olivine, and
clinopyroxene

Unit composed mainly of lavas from basaltic
to andesitic composition (50 — 58 wt% SiO,)
and scarce dacites (62 wt% SiO,),
Osorno 2 interbedded with pyroclastic deposits and
(90-30? ka) conglomerates of laharic origin emplaced
during Llanquihue Glaciation (90-14 ky;
Mercer, 1976; Porter, 1981; Clapperton,
1993; Denton et al., 1999).

Plagioclase,
olivine, and
clinopyroxene

Unit composed of lavas of basaltic and
basaltic andesite composition (50-56 wt%

Osorno 3 Si0,), also lahars have been associated to the E:i/gilr?ed:i%
(12-4? ka) eruptions of this unit. Over the deposits of clinopyr’oxene
this unit there is a 14C dated laharic deposit
of ~4 ky age.
Unit composed of lavas of composition from
Osorno 4 basalt to basaltic andesite (52 — 56 wt% Plagioclase,
(4 ka - 1835 Si0,), associated lahars, and pyroclastic olivine, and
AD) flows with scoriaceous bombs of basaltic clinopyroxene
composition.

Description of different units available in Lopez-Escobar et al. (1992) and Tagiri et al. (1993).



Table 4.2. Main features of the historical eruptions of Osorno volcano*

Year of the eruption

Description

1575, 1640, 1644(?)

1719

1737

1765

1778-1779

1790

1834

Eruptions are noted or suspected (?) in the
referenced years (O'Compley, 1936)

Eruption of Osorno volcano (Martin, 1901).

Eruption of Osorno volcano (Almanaque, 1969)
coinciding with an earthquake in Valdivia city (~
150 km distance)

Weak explosions are described in the main crater
(Moraleda and Montero, 1888).

Eruptive period with eruptions in the main crater
(Moraleda y Montero, 1888).

Eruptive event including a parasitic cone in the
east flank of the volcano. According to Moraleda
y Montero (1888) the emited products are maily

piroclasts, which formed eruptive columns and

lava flows. It was suggested to be strombolian.

The volcano had explosive activity including
columns of gas and ashes (Darwin, 1939b).

* Based on Petit-Breuilh (1999) and references therein



4.2.3. The 1835 Osorno eruption: History

Charles Darwin (1839a; 1840) described two eruption stages of Osorno volcano during 1835.
Although he recognised release of “smoke” in November 1834 (Darwin, 1839b), the first
stage of the 1835 Osorno eruption started on 19 January with moderate to vigorous
strombolian activity (VEI 2; Lara et al., 2012). The volcano was still erupting in this manner
on 18 February, two days before the historically-significant, large-magnitude earthquake (M,,
8.0-8.3; Watt et al., 2009) of Concepcion, Southern Chile (Darwin, 1840). During the shock
period, Darwin (1839a) described the emission of a dark blue “smoke” column from the
summit, following the eruption cessation, ending the first period of eruption. Basaltic lavas
are associated with this first period (Moreno et al., 2010), produced from an array of eruptive
fissures and small pyroclastic cones (see Fig. 4.3). According to Darwin (1840), the second
eruptive stage resumed activity from the vents of the first stage (Lara et al., 2012). The
second eruptive period started on 11 November, when the emission of products reached a
considerable height (Darwin, 1840). During 5 December, a fissure eruption occurred and for
the period of the succeeding fortnight steam and ashes were released. The 5 January 1836, the

volcano was still erupting (Gillis, 1855).

4.3. Descriptions and compositions of the samples

The collected samples (Fig. 4.3) correspond to lava flows (reaching lengths from 10 to 14 km
long) and lapilli fall deposits from the main crater and parasitic cones. The lava flow samples
have a vesicularity of 4 to 17 vol% and the lapilli samples have a higher vesicularity of 31 to
61 vol% (Table 4.3). We obtain the quantification of the main petrographic features from the
collected samples of Osorno volcano by image processing techniques of pseudo-coloured
images via the freeware JMicrovision. The main phenocryst phases are plagioclase, olivine,

and clinopyroxene, as described for other Osorno materials in previous studies (Tagiri et al.,



1993). The nature of the groundmass depends on the sample; those collected from lava flows
(Table 4.3) possess a glass-free microcrystalline groundmass, and those corresponding to
lapilli samples contain microlites and interstitial glass. The microlite phases correspond to
plagioclase, olivine, clinopyroxene, and titanomagnetite and are recognised via Scanning

Electron Microscope.

We recognise several cognate xenoliths in the lapilli deposits at location Os-164 and their
mineralogy comprises plagioclase, orthopyroxene, olivine, ilmenite, titanomagnetite, as
phenocrysts and plagioclase, clinopyroxene and titanomagnetite as microlites. Also we
recognise healed microfractures (cf. Dungan and Davidson, 2004) in olivine and
orthopyroxene phenocrysts from the cognate xenoliths. Olivine phenocrysts also exhibit
surrounding iddingsite, which suggests weathering in oxidising conditions (Smith et al.,
1987). Pyroxene microphenocrysts and phenocrysts show exsolution textures as result of
slow cooling in a crystal-rich zone or assimilation beneath the Osorno reservoir (details in

Supplementary Material).
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Figure 4.3. Osorno volcano and the deposits of the 1835 first and second eruptive stages.
Yellow stars represent locations where samples are collected from a lava flow, whereas
lapilli sample locations are presented by red stars. Locations and dates of the lava flows and
fall deposits are based on Moreno et al. (2010) and Lara et al. (2012). The ASTER-GDEM
image was obtained via EarthExplorer, USGS (http://earthexplorer.usgs.gov)
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Table 4.3. Main features of the collected samples from the 1835 eruption of Osorno Volcano.

Section name (Os-) Os-144a Os-144b Os-147a Os-147b  Os-154a  Os-154b  Os-155a Os-155b Os-156a Os-156b Os-164a  Os-164b

Description LF LF LF LF LF LF LF LF LF LF FD FD

Vesicles (total %) 15.29 15.73 14.66 16.91 7.7 7.76 4.35 7.38 13.23 9.74 31.17 61.22
Groundmass (total %) 49.12 47.33 65.26 60.83 60.5 58.34 69.46 64.75 52.27 55.37 43.83 28.93
Plagioclases (total %) 33.11 34.69 19.75 21.72 30.9 32.6 25.91 27.51 33.05 32.79 23.38 9.26
Olivine (total %) 2.48 2.25 0.33 0.54 0.9 1.3 0.28 0.36 1.45 2.1 1.62 0.59

Pyroxenes (total %) 0.62 0.83 0.08 0.01 0.03 0.17 0.01 0.01 0.35 0.07 0 0
Crystallinity (%)* 42.44 44.38 23.60 26.80 34.47 36.87 27.39 30.10 40.00 38.70 36.32 25.40

Eruptive stage 2 2 1 1 1 1 2 2 1 1 2 2

LF: Sample collected from a lava flow; FD: Fall deposit (lapilli)
* Percentage not considering vesicles



4.4. Analytical procedures

4.4.1. Major elements

Whole-rock compositions of lapilli deposits of one location (Os-164), 3 lava samples from
three locations from the 1835 Osorno eruption (Os-147, Os-154, and Os-164), and two
samples (one lava and one bomb) from La Vigueria cone were analysed via XRF (major
elements) at ACME labs using OREAS-184 and SY-4 standards for all the major elements,
and CCU-1D, and OREAS-700 standards for FeO. Accuracy for major elements in all
standards is better than 3% (relative) except for TiO; in SY-4 which is 4.5% (relative) and
P,Os in OREAS-184 and SY-4 which were 14% and 17% (relative), respectively. The

uncertainties (20) of measurements are reported in Table 4.4.
4.4.2. Trace element abundances

All trace element measurements were performed on an Agilent 7500a at The Open University
(Milton Keynes, UK). Samples from this study were dissolved for trace element analysis by
ICP MS. 0.1 g of finely powdered sample was weighed out and 1 mL of Romil UpA HNO;3
and 3 mL of Romil UpA HF were added. The samples were heated in sealed vials to 130 °C
and agitated in an ultrasonic bath for 20 minutes every 12 hours until they had completely
dissolved. The samples were then dried down to incipient dryness and the resulting gel
brought up in 4 mL of 18 MQ ecm™ H,0 and 2 mL of Romil UpA HNO; and agitated in an
ultrasonic bath for 20 minutes then returned to the hotplate for at least 4 hours. After drying
down for a second time a further 4 mL of 18 MQ c¢cm™ H,0 and 3 mL of Romil UpA HNO;
were added to produce a final solution containing ¢ 2 % HNOs. After a further 4 hours of
heating the samples were made up to a mass of 100g with 18 MQ cm™ H,0 to give a final
solution with a 1000:1 dilution ratio ready for mass spectrometry. Spike was not added

during the dissolution as Be, In, Rh, Tm, Re and Bi were all added online during analysis.



Samples were stored in polypropylene beakers in an Agilent integrated auto sampler and an
Agilent microflow PTFE nebuliser with an uptake rate of 100-150 pL min™ was used for the
analysis. Integration times for each mass ranged between 0.3 and 0.9 seconds according to
the expected concentration within the sample. A total of 66 masses were analysed on each run
but 31 were used for the purposes of this study, the others being masses of added spikes,
multiple isotopes of individual elements and elements that were subsequently discarded.
After each sample had been analysed a washout period of not less than 100 seconds was
allowed, using a 2% solution of Romil UpA HNQO3, to minimise cross contamination between
samples. All samples were corrected for blank effects and subsequently corrected offline for
instrumental drift. Where more than one analysis of a sample was undertaken during the same
run the mean value was taken prior to offline corrections were performed. All data points
with concentrations lower than the detection limits were discarded. The precision was better
than 8% (relative, 20) and accuracy in the trace elements in JB-2 (n = 5), BHVO-2 (n = 2)
and AGV-1 (n = 2) is better than 10% relative except in Ni (21% relative, in AGV-1) and Pb
(13% relative, in BHVO-2). The uncertainties (26) of measurements are reported in Table

4.4,
4.4.3. Strontium and neodymium isotope measurements

All #Sr/*®Sr and 3Nd/**“Nd analyses in this study were conducted on a Thermo/Finnigan
Triton Thermal lonization Mass Spectrometer (TIMS) fitted with 1011 Ohm amplifiers at the
University of Leeds. Analyses were performed on ca. 100 mg of bulk rock powders digested
using a combination of Romil-UpA HF, HNOj3 and HCI, using the same method as described
for the trace element deteminations. Once in solution, samples were centrifuged prior to
loading onto Eichrom Sr Spec™ columns with a bed volume of approximately 100 pL. The
REE fraction was collected before elution of the Sr fractions into different vials. Prior to

loading onto W filaments with a TaCls activator, the Sr fraction was passed through the Sr



spec column a second time and dried with two drops of dilute HCIO, to remove any organic
contaminants derived from the resin. The REE fraction was passed first through a TRU
Spec™ column (ca. 100 pL bed volume) and finally a LN Spec™ column (bed volume ca. 2
mL) before loading onto Re filaments. The USGS reference material BHVO-2 were
processed alongside the samples, together with two total procedural blanks spiked with
highly enriched ®Sr, and **Nd solutions. Mean total procedural blanks for Sr and Nd were
326 pg and 153 pg, respectively. Accuracy of the radiogenic isotope analyses was assessed by
analysing standard solutions of known composition alongside the unknowns — NBS987 for
Sr, and La Jolla for Nd, which yielded ®Sr/**Sr = 0.710241+0.000006 for NBS987,
3N d/ANd = 0.511842+0.000002 for La Jolla, all in a good agreement with published results

(e.g., GeoReM and GEOROC databases).

A static multicollection routine with standard cup configurations was used for all of the
isotopic analyses. All measured 'Sr/*®Sr ratios were corrected for mass bias relative to
883r/%°Sr of 8.375209, using an exponential law. Data acquisition comprised the integration of
two hundred 8 second measurements of masses 84, 85, 86, 87 and 88 for Sr isotope analyses.
Mass 85 was measured to correct for any Rb interference on mass 87 assuming a natural
87Rb/85Rb of 0.386. For Nd isotope measurements, masses 143, 144, 146, 147, 148 and 150
were acquired in the same way as Sr isotopes. Mass 147 was measured to correct for Sm
interferences on mass 144, 148 and 150. Natural ***Sm/*’Sm, ***Sm/***Sm, and ***Sm/***Sm

of 0.2048, 0.7498 and 0.4923, respectively were assumed for this correction.
4.4.4. Crystallographic orientation

Crystallographic orientations were determined using electron back-scatter diffraction in
olivine crystals (EBSD; Prior et al. 1999) on an FEI Quanta 650 FEGSEM equipped with a
Nordlys EBSD camera at the School of Earth and Environment, University of Leeds (Leeds,

UK).



Table 4.4. Whole-rock analyses of samples from the 1835 Osorno eruption and La Vigueria cone.

Detection
limit Os-144a  0Os-147a  0Os-154a  Os-164a LV-152a LV-153a
Lava Lava Lava Lapilli Lava Bomb
Sio2 0.01 (%) 52.4 52.9 52.7 52.9 51.3 52.3
Al203 0.01 (%) 20.1 19.7 20.7 19.6 17.8 17.9
TiO2 0.01 (%) 0.89 0.93 0.86 0.91 0.86 0.86
FeO 0.2 (%) 6.29 5.46 5.59 5.64 5.49 5.94
Fe203 0.01 (%) 1.47 2.66 2.04 2.62 3.17 2.29
MnO 0.01 (%) 0.14 0.14 0.15 0.16 0.16 0.16
MgO 0.01 (%) 4.47 4.21 4.09 4.55 7.97 7.05
CaO 0.01 (%) 10.6 10.2 10.9 10.2 9.81 10.1
Na20 0.01 (%) 3.01 3.14 3.06 3.05 2.75 291
K20 0.01 (%) 0.49 0.51 0.48 0.48 0.63 0.69
P205 0.01 (%) 0.13 0.13 0.13 0.13 0.2 0.2
LOI -0.5 -0.4 -0.4 -0.4 -0.1 -0.3
TOTAL 99.99 99.98 100.7 100.24 100.14 100.4
Li 0.2 (ppm) 9.9 10.5 10.6 9.7 7.2 6.4
Sc 0.3 (ppm) 31 30 30 31 32 32
\% 0.7 (ppm) 256 252 249 248 237 242
Co 0.1 (ppm) 39.8 38 36.3 49.9 55.6 43.4
Ni 0.3 (ppm) 34 26 28 24 101 65
Cu 0.7 (ppm) 93.5 87.9 92.7 74.3 84.5 80.4
Cr 0.1 (ppm) 79.7 60.1 7.7 67.6 218 167
Zn 2 (ppm) 77 81 73 75 72 71
TI 0.04 (ppm) 0.07 0.06 0.05 0.06 0.07 0.07
Rb 0.1 (ppm) 13.8 13.8 12.9 12.5 8.8 10.2
Ba 0.5 (ppm) 141 141 135 129 162 181
Th 0.1 (ppm) 1 1 0.9 0.9 1.3 1.4
U 0.01 (ppm) 0.3 0.3 0.3 0.3 0.4 0.4
Nb 0.3 (ppm) 2 1.9 1.9 3 7.9 2.9
La 0.1 (ppm) 5.7 55 54 5.3 9.7 9.7
Ce 0.2 (ppm) 14.6 14 13.7 13.7 23.6 23.9
Pb 0.1 (ppm) 5.6 55 5.2 5.9 6.3 5.8
Pr 0.1 (ppm) 2 2 1.9 1.9 3.1 3.1
Sr 0.1 (ppm) 412 386 410 376 575 614
Nd 0.1 (ppm) 9.9 9.6 9.4 9.3 145 144
Zr 0.1 (ppm) 65.3 64.4 61.7 59.5 81.9 82.6
Sm 0.1 (ppm) 2.7 2.7 2.6 2.6 3.5 3.5
Eu 0.1 (ppm) 0.9 0.9 0.9 0.9 1.1 1.1
Gd 0.1 (ppm) 3 2.9 2.8 2.8 3.4 3.4
Th 0.1 (ppm) 0.5 0.5 0.5 0.5 0.5 0.5
Dy 0.1 (ppm) 3.1 3 2.9 29 3.2 3.2
Ho 0.1 (ppm) 0.7 0.7 0.6 0.6 0.7 0.7
Er 0.1 (ppm) 1.9 1.9 1.8 1.8 1.9 1.9
Y 0.1 (ppm) 19.3 19.2 18.5 18.5 194 20.3
Yb 0.1 (ppm) 1.9 1.8 1.8 1.9 1.8 1.9

Lu 0.1 (ppm) 0.3 0.3 0.3 0.3 0.3 0.3




Table 4.5. Isotopic data of the 1835 Osorno and 2015 Calbuco volcanic material.

Sample 87gr/2ogr e(ri())r SNd/MNd error (+)
1835 Osorno products (this study)
Os-144 0.704333 5 0.512741 12
Os-147 0.704309 4 0.512784
Os-154 0.704324 6 0.512766 7
Os-164 0.704310 5 0.512774
Other Osorno products (Jacques et al., 2014)
CL-098 0.704300 2 0.512806
CL-102 0.704335 3 0.512796
Other Osorno products (Tagiri et al., 1993)
0S-04 0.704410 50 - -
0s-18 0.704470 50 - -
0s-17 0.704450 50 - -
0s-14 0.704460 50 - -
0s-15 0.704330 50 - -
0sS-16 0.704340 50 - -
0S-02 0.704350 50 - -
0s-01 0.704410 50 - -
0s-07 0.704370 50 - -
0s-03 0.704330 50 - -
0S-06 0.704440 50 - -
0sS-05 0.704450 50 - -
0sS-09 0.704510 50 - -
2015 Calbuco products (this study)
Cal-149a 0.704413 4 0.512685 5
Cal-149b 0.704406 8 0.512680
Cal-157 0.704398 5 0.512803 15
Cal-158 0.704384 8 0.512835 25
Cal-159 0.704413 5 0.512770 5
Cal-160 0.704438 8 0.512796
Other Calbuco products (L6pez-Escobar et al., 1995)
3282-2 (Unit 3) 0.704369 30 0.512774 18
3282-4 (Unit 3) 0.704644 30 0.512727 18
3282-5 (Unit 4) 0.704551 30 0.512744 18
La Vigueria products (this study)
LV-152 0.703705 6 0.512829

LV-153 0.703753 6 0.512763 6



Table 4.5. (continued)

Sample 87Sr/%sr e(rJrr())r 3Nd/MNd error ()
Cayutué-LaVigueria volcanic field products (Lopez-Escobar et al., 1995)
21282-1 (Cayutué) 0.703720 30 0.512840 18
PC-132 (Cayutue) 0.703686 30 0.512828 18
4476- Ib (La Vigueria) 0.703700 30 0.512852 18
AC-86-2 (La Vigueria) 0.703689 30 0.512747 18
VC-42-2 (Pocoihuen) 0.703912 30 0.512796 18
PC-127-2 (Cabeza de Vaca) 0.703763 30 0.512788 18
North Patagonian Batholith, gabbro (Aragon et al., 2011)
ANG2010-3 0.703550 - 0.512920 -
North Patagonian Batholith, granodiorite (Aragon et al., 2011)
ANG2010-4 0.703770 - 0.512870 -
Granulite xenoliths (Hickey-Vargas et al., 1995)
3282-2f 0.704010 30 0.513170 18
21-4 0.704210 30 0.513149 18
Gabbro xenolith (Hickey-Vargas et al., 1995)
19-18 0.704580 30 0.512707 18
Altered oceanic crust (Jacques et al., 2014)
AOC 0.704769 - 0.513153 -
Trench sediments from CSVZ (Kilian and Behrmann, 2003)
859 0.708170 15 0.512450 6
860B 0.711950 15 0.512320 6
861C 0.706050 15 0.512610 6
863A 0.706140 15 0.512630 6
863B 0.706190 15 0.512640 6
Chapo Granitoids (Munizaga et al., 1988)
CHAPO-2A 0.705010 70 - -
CHAPO-3A 0.705580 70 - -
CHAPO-3B 0.708890 70 - -
CHAPO-3C 0.706800 70 - -
CHAPO-3D 0.706210 70 - -
CHAPO-4A 0.704830 70 - -
CHAPO-4B 0.704770 70 - -

CHAPO-4C 0.705040 70 - -



4.4.5. Mineral chemistry

The mineral chemical analyses of olivine, pyroxene, plagioclase, spinel, ilmenite,
titanomagnetite, and glass are measured using an electron microprobe (JEOL JXA8230) at
Leeds Electron Microscopy and Spectroscopy Centre at the University of Leeds (Leeds, UK).
Counting time is distributed equally between on-peak and background measurements, using

the following conditions:

Olivine. Compositional profiles (spacing ~2 pm) and single-point concentrations
measurements of major (Si, Mg, and Fe), minor and trace (Ni, Ca, Cr, Mn, Ti, and Al)
elements are obtained in olivine phenocrysts. The analytical conditions consisted of an
accelerating potential of 15 keV and electron beam current of 30 nA for major elements and
100 nA for minor and trace elements with a focused beam. Counting times for all the

elements were 40 s.

Pyroxenes. Concentrations of major (Si, Mg, Fe, and Ca), minor and trace (Ni, Cr, Mn, Ti,
Al, and Na) elements are obtained in clinopyroxene and orthopyroxene phenocrysts. The
analytical conditions consisted of an accelerating potential of 20 keV and electron beam of 30
nA for Si, Mg, and Ca and 80 nA for Fe, Ni, Cr, Mn, Ti, Al, and Na with a focused beam.
Counting times for all the elements were 40 s. For all pyroxenes the values of Fe*" are

obtained following the formulations of Putirka (2008).

Plagioclase. Concentrations of major (Si, Al, Ca, Na, and K) and minor (Ti, Fe, Mg, Sr, and
Ba) elements are obtained in plagioclase phenocrysts. The analytical conditions consisted of
an accelerating potential of 20 keV and electron beam current of 10 nA for major elements
and 40 nA for minor elements with a defocused beam (2 to 5 pum) in order to avoid alkali
loss. Counting times for major elements are 32 s, 240 s for Ti, Fe, and Ba, and 480 s for Mg

and Sr.



Cr-Spinel. Concentrations of major (Al, Fe, Mg, Cr, and O), minor, and trace (Ti, Mn, Ca,
Ni, Co, V, Zn, and Si) elements are obtained in spinels found as inclusions in olivine
phenocrysts. The analytical conditions consist of an accelerating potential of 15 keV and
electron current beam of 50 nA for all the elements with a focused beam. Counting times for
Al, Fe, Mg, Cr, Ti, and O are 240 s and counting times for except for Ca, Ni, Co, Mn, Si, and
V are 120 s. For all spinels the values of Fe** are obtained following the formulations of

Droop (1987).

Fe-Ti oxides. Compositional profiles (spacing ~2 pum) measurements of major (Ti, Fe, and
0), minor and trace (Mg, Al, Mn, Ca, V, Cr, Zn, Ni, Co, and Si) elements are obtained in in-
contact ilmenite and titanomagnetite grains. The analytical conditions consist of an
accelerating potential of 15 keV and electron beam current of 30 nA for all elements with a
focused beam. Counting times for all the elements are 60 s except for O, in which counting
times are 260 s. For all the ilmenites and titanomagnetites the values of Fe*" are obtained

following the formulations of Droop (1987) and Stormer (1983) respectively.

Glass. Concentrations of major (Si, Al, Ti, Fe, Mn, Mg, Na, K, Ca, and P) and minor (S and
Cr) elements are obtained in glasses from the groundmass, interstitial glass between crystals
of clots, and olivine-hosted and plagioclase-hosted melt inclusions. The analytical conditions
consisted of an accelerating potential of 15 keV and electron beam current of 10 nA for all
elements with a defocused beam (5 to 10 um) to avoid alkali loss. Counting times are 20 s for
K, 30 s for Si, Al and Na, 40 s for Fe and Ca, 60 s for Cr, 80 s for Ti, Mn, Mg and P, and 120

s for S.



4.5. Results

4.5.1. Geochemistry

The Osorno products are chemically similar in major elements, all of them are basaltic-
andesites (52.4-52.9 SiO, wt%; Fig. 4.4a) with high Al,O3 contents (19.6-20.7 wt%) and
Mg# (Mg#= molar Mg/(Mg+Fe®*)) between 0.56 and 0.59. Also similar in trace elements:
rare earth elements (REE) patterns, with a narrow range of Lan/Yby (2.1-2.2; Fig. 4.5). The
normalised values of Osorno products show similar compositions and patterns as the erupted
materials from the nearby Calbuco and La Picada volcanoes and La Vigueria cone (Fig. 4.5).
In addition, the spider diagram of Osorno products shows similar trends in all samples and
exhibit positive Rb, Pb and Sr anomalies and negative Nb, P, and Ti anomalies, which are

typical of magmas from arc settings (Fig 4.4b).
4.5.2. Isotopic data

Osorno (samples Os-144a, Os-147a, Os-154a, and Os-164a; see locations in Fig. 4.3) and
Calbuco (samples Cal-149Ta, Cal-149Tb, Cal-157a, Cal-158a, Cal-159a, and Cal-160; see
location in Fig. 2.2) volcanic products show a narrow ranges of ®’Sr/*°Sr (0.704309—
0.704333, Osorno; 0.704384—0.704438, Calbuco). ***Nd/***Nd Osorno and Calbuco volcanic
products show ranges of 0.512741-0.512784 (Osorno) and 0.512680-0.512835 (Calbuco).
Products (samples LV-152a and LV-153a) from La Vigueria cone (built over the LOFZ)
exhibit contents of ®'Sr/*°Sr lower (0.703705-0.703753), but **Nd/***Nd contents
(0.512763—-0.512829) in the range of those obtained in Osorno and Calbuco samples. Non-
volcanic crustal rocks of the region are potential contaminants of Osorno and Calbuco
products (granulites, gabbros, and granitoids, Hickey-Vargas et al., 1995; Aragon et al.,
2011) and most of their isotopic values are not within the ranges of isotopic data of Osorno

and Calbuco products (see Table 4.3).
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Figure 4.4. a) Total alkali versus silica (Le Bas et al., 1986) plots of the Osorno 1835
volcanic products (grey squares), the modified composition of Os-144 (Os-144*, yellow star),
melt inclusions (Group 1 of glass, red field), and glass from groundmass (Group 2 glass,
green field). b) Primitive mantle-normalised (Sun and McDonough, 1989) spider diagram,
the trace element contents from Calbuco products are taken from Ldpez-Escobar et al.
(1995b) Morgado et al. (2019). Details of major and trace element concentrations of Osorno
are available in Table 4.4,
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Figure 4.5. REE patterns of samples from volcanic systems of the region (La Vigueria,
Osorno, Calbuco, and La Picada volcanoes).
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Figure 4.6. “**Nd/***Nd versus ®”Sr/®*Sr of products of Osorno, Calbuco, sediments from the
CSVZ trench, granulite xenoliths, gabbro xenoliths and from the basement, and granitoids
from basement. a) ***Nd/***Nd versus ¥Sr/2®Sr plot of the samples from the studied region b)
YNd/A3Nd versus ®7Sr/%°Sr compared to other volcanic zones from the SVZ (from Hickey-
Vargas et al., 2016 and references therein).
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4.5.2. Mineral chemistry

Plagioclase. Plagioclase phenocrysts are 0.2-2.0 mm in size, some of them exhibit euhedral
textures and others show disequilibrium features: sieve, patchy zoning and partial resorption
textures (Fig. 4.7). Plagioclase crystals are found as isolated crystals and also as inclusions in
olivine and clinopyroxene and crystal clots, together with olivine and clinopyroxene.
Regardless the crystal features, three different compositional zones are recognised in all
plagioclase phenocrysts: Zone 1 corresponds to cores of phenocrysts and its composition is
Angp-gg, ZONe 2 corresponds to plagioclase surrounding Zone 1 and core composition (the
latter when Zone 1 is absent) in the compositional range of Anz.79, and Zone 3 corresponds
to plagioclase rims, mainly observed in plagioclase phenocrysts from lava samples and its
composition is Ango-gs (Fig. 4.7). Plagioclase microphenocrysts (up to 200 um in size) exhibit
a composition equivalent to Zone 3 of plagioclase phenocrysts and display no zoning
patterns. The plagioclase microlites (< 90 pum in size) show trachytic (flow) texture and their

compositions correspond to Ans;.sg.
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Figure 4.7. a) Backscatter electron (BSE) images of an isolated plagioclase phenocryst
where different compositional zones are found. Brighter greyscale colours are correlated to
higher density. b) The arrow represents the profile measured by electron microprobe
(EPMA) and its direction. c) Relation and coefficient of determination (r?) between BSE
profile and the measured anorthite content (An). “An” is representing the composition of
plagioclase because in all crystals the K content is fairly constant (details in Supplementary
Material). d) Anorthite profile composition (An = 100xCa/(Ca+Na+K); elements in mols) by
EPMA of the measured profile (circles) coupled with the backscattered electron (BSE) profile
based on greyscale values calibrated with the composition measured by electron microprobe
(solid line).

Several plagioclase phenocrysts exhibit resorption textures in both the core and intermediate
zones of plagioclase phenocrysts, where the compositions are equivalent to Zone 1 and Zone
2. Additionally, the composition observed in plagioclase phenocryst rims and that filling the

spaces created because of resorption are the same and correspond to Zone 3 (Fig. 4.7).
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Olivine. Olivine phenocrysts are 0.2-0.7 mm in size and are present as both isolated crystals
and clots of crystals (together with plagioclase, and clinopyroxene). Some clots of olivine
crystals possess interstitial glass of different composition from that surrounding olivine
crystal clots (Fig. 4.8). Most crystals are euhedral to subhedral, but we observe embayments
in some crystals. There are two groups of olivine phenocrysts regarding core compositions:
Group 1 corresponds to crystals in the compositional range of Fozg.79, Group 2 are crystals in
the compositional range of Fogg_72. All the olivine phenocrysts have normal zoning consisting
of thin rims (< 15 pum) of composition Fog7.75. EBSD maps (cf. Prior et al., 1999) show no
deformation in olivine phenocrysts (Fig. 4.9). Olivine microphenocrysts (up to 70 um in size)
exhibit the same compositions as Group 1 and Group 2 of olivine phenocrysts (including ~3
pm length normal zonation rims). The olivine microlites (~10 pum in size) have a composition

of Fos,—g0. Plagioclase and Cr-spinel inclusions are present in several olivine phenocrysts.

Olivine

s

Melt inclusion

det mag = [spot WD HV HFW det mag o spot WD HV HFW 400 pm
vCD 399 x | 5.0 11.5 mm 20.00 KV 747 ym vCD 302 x 5.0 10.5 mm 20.00 kV 987

Figure 4.8. a) Olivine-hosted melt inclusion of ~110 um diameter, b) resorption feature
(embayment) in olivine phenocryst.



Glass

det mag = spot WD HV HFW -
vCD 459 x 5.0 10.5 mm 20.00 kV 650 ym

Figure 4.9. a) Backscatter electron (BSE) image of a crystal clot of olivines. b) Zoom of the
BSE image, which shows interstitial glass between the crystals constituting the clot. c)
Electron backscatter diffraction (EBSD) map represents the diversity of olivine crystal
orientations, which reinforces that the glasses are interstitial and are not melt inclusions.
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Pyroxene. Clinopyroxene phenocrysts correspond to isolated crystals (150-400 pm in size),
inclusions (30-150 pum in size) in olivine and members of crystal clots (150-200 pum in size;
together with olivine and plagioclase). The clinopyroxene compositional range corresponds

to augite: ENny3.5:W033.43FS10-18.

Cr-Spinel. Spinel crystals are found as octahedral crystals typically preserved as inclusions in
olivine phenocrysts (12—44 pum length) and rarely (< 5% of the Cr-spinel crystals) as isolated
crystals (10-35 pm length). The Mg# (Mgh= Mg/(Fe*'+Mg), in mols) and Cr#
(Cr#=Cr/(Fe**+Al+Cr)) values yield a narrow ranges: from 32 to 36 and from 36 to 44,
respectively. Low measured contents of SiO, (< 0.2 wt%) reflects that secondary
fluorescence of the silicate host phases is not a significant problem and that all the measured

spinel contents are reliable.

Glass. Glasses are found in groundmass, interstitial between crystals of crystal clots, and as
olivine- and plagioclase-hosted melt inclusions. Olivine-hosted melt inclusions are generally
circular-shape with radii from 15 to 150 um, whereas plagioclase-hosted melt inclusions have
elliptical outlines with lengths from 40 to 160 pum and widths from 20 to 50 pm. Two
different groups are recognised in glasses: Group 1 corresponds to glass from groundmass,
with SiO; contents of 53.9-57.1 wt%. Group 2 corresponds to glass from interstitial glasses,
and plagioclase- and olivine-hosted melt inclusions, which exhibit SiO; contents of 51.9-54.7

wit% (see Table 4.6, details in Supplementary Material).



Table 4.6. Representative values (wt%) of the interstitial melt, glass, and olivine- and plagioclase-hosted melt
inclusions, measured by EPMA.

Sample Os-164

Melt
SiO,
TiO,
Al,O3
Cr,03
FeOtot
MnO
MgO
CaO
Na,O
K20
P05
SO;
TOTAL

f F4_la

Interstitial
clots Ml

52.3
1.0
16.6
0.0
9.5
0.2
5.0
8.9
29
0.5
0.1
0.1
97.2

f F4_1b

Interstitial
clots Ml

52.4
1.0
16.5
0.0
9.4
0.1
5.0
8.7
2.8
0.5
0.1
0.2
96.8

F1_1b

Interstitial
clots Ml

53.9
1.2
16.0
0.0
10.4
0.2
4.2
9.0
3.5
0.7
0.2
0.1
99.4

F1_1c

Interstitial
olivine Ml

54.3
1.2
15.8
0.0
10.6
0.2
4.1
8.8
3.3
0.7
0.2
0.1
99.3

F17_1b F17 la
Plagioclase-  Plagioclase-
hosted hosted
53.3 54.1
11 1.0
14.9 15.3
0.0 0.0
9.8 10.0
0.2 0.1
5.7 59
8.2 8.3
3.6 3.9
0.6 05
0.1 0.2
0.2 0.2
97.7 99.5

F12.2 1

Olivine-
hosted

53.2
1.0
16.7
0.0
9.2
0.2
4.8
8.5
3.6
0.6
0.2
0.2
98.1

F20 1 6

Olivine-
hosted

53.1
11
16.9
0.0
9.7
0.2
4.5
9.2
3.2
0.7
0.2
0.1
99.3

F10_gl

Glass
54.5
11
15.8
0.0
9.3
0.2
5.6
8.2
3.2
0.6
0.2
0.2
98.7

F1_g2

Glass
55.7
13
15.8
0.0
10.2
0.2
4.2
8.7
3.2
0.6
0.2
0.0
100.3

F13 gla

Glass
56.3
15
13.8
0.0
111
0.2
4.0
79
34
0.9
0.2
0.2
99.4

MI: melt inclusions



4.6. Magmatic intensive conditions

To perform numerical modelling based on melt composition, we choose the anhydrous
groundmass composition of sample Os-144 (Table 4.6) because it is collected from the lower
level of the second (it appears to be any difference whatsoever between first and second
phases) eruptive phase lava flow (see Fig 4.3), which has had minor interaction with the
atmosphere and would show oxygen fugacity conditions similar to those pre-eruptive (cf.
Mollo et al., 2013). In addition, this sample possesses representative whole-rock chemistry,
typical mineral assemblages and displays textural features observed in all products (see Table
4.3). The fall deposits corresponding to the second eruptive phase (Os-164) are ruled out
because they are more prone to be rapid oxidation during the eruption than those from lava
flows (cf. Mollo et al., 2013). The melt composition is calculated considering the Os-144
sample whole-rock composition (Table 4.4) via extraction of the modal composition of
representative mineral phases (Table 4.3). From now on that composition is named as Os-
144*, which is similar to several Osorno aphyric products from Unit 3 reported by Tagiri et
al. (1993) and Group 2 of measured glasses. In addition, oxygen fugacity modelling is
performed in olivine hosted melt inclusions from Group 2 of measured glasses (see section

Cr-spinel-melt oxybarometry).

4.6.1. Thermodynamic equilibrium

The equilibrium conditions between olivine, clinopyroxene, and orthopyroxene are tested

using Grove et al. (1997) equations to determine mineral-melt equilibrium. If the considered
phases are in equilibrium with the same hypothetical melt composition in terms of ng_Mg

(Kpo M9 = [Xpg neTatPhase s xMelt] j[ X,y reratPhase 5 xMelt]), then the system as a whole

which is composed of those phases, can be considered in equilibrium too (details in

Supplementary Material).
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Figure 4.10. Olivine core compositions (Xo(Fe**/Mg) vs Xmer(Fe**/Mg)) for products of the
1835 Osorno eruption. Most of the olivine compositions from group 1 (Fo07.79) are in
equilibrium with the related melt inclusions, whereas the two compositions from group 2
(Fogo_72) are in equilibrium with the related melt inclusions. The Fe?" in the melt is
calculated using the olivine-hosted spinel inclusions Fe?*/Fe**. We calculate the equilibrium
lines as Xq(Fe>*/Mg) = KpxXmer(Fe**/Mg), where Kp is calculated via the Toplis (2005)
procedure.

4.6.2. Olivine-melt equilibrium.

The equilibrium conditions between melt inclusions and the olivine-host (Fig. 4.10) are tested

using the Toplis (2005) equation for ng_Mg, considering Fe?* and Fe** values in melt
following the methods of Maurel and Maurel (1982). We only consider glassy melt inclusions
in olivine to ensure their compositions lie on the liquid line of descent (Kent, 2008).
Although inclusions with visible daughter and/or co-trapped minerals exist, they are
discarded from our analysis to get reliable host melt contents (Sinton et al., 1993;
Danyushevsky et al., 2002a; Kent, 2008). We also discarded melt inclusions linked to the
exterior of the host mineral. All the melt inclusions exhibit very thin (< 1 um) crystallisation
rims of the host mineral. The host mineral (in this case, olivine) crystallises in melt inclusions

from the mineral boundary, which has lower nucleation energy (cf. Roedder, 1979).
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According to Kent (2008), this growth on the inclusion wall may be apparent in
compositional profiles and also backscatter images. Following that method we recognise a
very thin (< 1 um) growth. This growth is related to changes of element contents of the melt
inclusion, forcing diffusive re-equilibration within it (Danyushevksy et al., 2000; 2002a).
Danyushevsky et al. (2000) reported different degrees of melt inclusion re-equilibration in a
single sample with the same Fo content. Larger melt inclusion diameters are associated with
longer re-equilibration timescales (Danyushevsky et al. 2000; 2002b). To study pre-eruptive
conditions via melt inclusions, we examine the core compositions of the largest melt
inclusions (diameter > 50 um), which we interpret would represent pre-eruptive composition

before re-equilibration (cf. Danyushevsky et al., 2002b).

We can be confident that the compositional profiles of olivine-hosted melt inclusions
represent diffusion and are not affected by convolution effects because the host olivine
phenocrysts have higher MgO wt% contents than the melt inclusions, thus if secondary
fluorescence is affecting the measurements, then the compositional profiles within melt
inclusions would show an apparent increase in MgO wt% towards the rims, however we
recognise a decrease in MgO content. In small melt inclusions (diameter < 50 pum) the
compositional profiles do not show MgO wt% depletion rimwards we observe in big melt
inclusions (diameter > 50 pum). This suggest the profiles measured represents diffusion

effects, then they can be used to calculate timescales of re-equilibration (Fig. 4.11).
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Figure 4.11. a) BSE image of an olivine phenocryst and melt inclusions. b) Zoom of the BSE
image, which shows the EPMA profiles in olivine and large melt inclusion. c) Mg# (Mg#=
molar Mg/(Mg+Fe®*)) composition of olivine phenocryst, which are flat (not showing
disequilibrium), d) Mg# composition profiles of the melt inclusion, which show depletion
towards the rim. That depletion represents diffusion and the related timescales are few
minutes.

4.6.3. Physical intensive variables

The error propagation of the calculation of all the intensive conditions (temperature, pressure,
oxygen fugacity, and water dissolved) are carried out considering both internal (uncertainties
associated with the experimental method) and external (uncertainties associated with

precision and accuracy of electron microprobe analyses) errors.

Olivine-augite thermometry. We use the olivine-augite Fe-Mg exchange geothermometer of
Loucks (1996) in the cores of olivine-augite largely-equilibrated pairs, which give

temperatures from 1,121 to 1,168 = 15 °C, with an average of 1,139 °C (o = 15 °C). We
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determine the thermodynamic equilibrium state between olivine and augite via the method

above (see section Thermodynamic equilibrium).

Ca-in olivine thermometry. We use the Ca-in-olivine thermometer of Shejwalkar and
Coogan (2013) in olivine cores (Fo7o-76), which give temperatures from 1,121 to 1,173 £ 22
°C, with an average of 1,144 °C (¢ = 23 °C). We assume contemporary growth in clots of

olivine together with (ortho- or clino-) pyroxene and plagioclase.

Pressure and water content modelling. We calculate the solubility of water in silicate melt
and pressure conditions considering a melt composition and assuming water saturation (based
on high temperature and low pressure magma conditions) via the iterative combination of the

expressions of Moore et al. (1998, equation 4.1) and Putirka (2005, 2008; equation 4.2):

2In™eltx, o = £+ b X - P +c' - logMid(fy o) +d  equation 4.1
H,0 = i\ g H;0 q )

AnP!
Calia (Alliq)z (Sl'liq)z

H,0(wt%) = 24.757 —2.26 - 1073 - T - log< ) — 3.847 - (AnPY)

equation 4.2

AnP'(Catl 4+ Na'7)
+1.927 —

where m‘”tXHZO is the mole fraction of water dissolved in the melt, T is temperature (Kelvin),

P is pressure (bar), X; is the anhydrous mole fraction of melt components, X is a variable state
dependent on several factors (enthalpy, entropy, volume, pressure, temperature, melt, and
crystallising plagioclase), cation fractions (An®', Ca", AI"% Si"@ and Na"% and a’, b’, ¢’, and

d’ are regression coefficients.

We consider a melt composition equivalent to Oso-144*. In addition, the values of
temperature (1,120 °C = 1,393 K) and anorthite (Angs) are chosen to maximise the ranges of

pressure and water content. The obtained results are pressure up to 1.2 kbar and water content



in magmatic melt up to 1.5 wt% (Fig. 4.12a). These results are similar to those obtained via
the plagioclase-hygrometer of Lange et al. (2009) (up to 2.2 wt%) and the method of Kelley

and Cottrell (2009) (~1 wt%).

Oxygen fugacity modelling. We also calculate pre-eruptive oxygen fugacity and pressure
conditions of Osorno samples using iteratively the expression of Kress and Carmichael

(1991) following the equation:

log(w) =a-log(f02)+?+c+2di-Xi+e[1—(%)—log(Tlo)]+f(§)+

XFeO

— 2
g % + h (P?) equation 4.3

where XFe,03 and XFeO are the molar fraction of Fe,O3 and FeO, T is temperature (1,393
K), To is a fixed temperature value (1673 K), P is pressure (pascals), X; is the anhydrous mole
fraction of melt components, and a, b, c, d;, e, f, g, and h are regression coefficients (details

in Supplementary Material).

We use the temperature as 1,393 K and a range of pressure from 1 bar to 1.2 kbar (equivalent
to 10° and 1.2x10° Pa, respectively). The calculations give an oxygen fugacity patch from -
0.1 to 0 ANNO (AQFM +0.6 to +0.7) (Fig. 4.12b). The oxygen fugacity buffer results we
obtain considering Os-144* composition are the lowest compared to those obtained
considering other compositions of groundmass. Similar values of oxygen fugacity patch are

calculated with temperature up to 1,433 K (equivalent to 1,160 °C).
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Figure 4.12. Iterative numerical solution of: a) equations 4.1 (Putirka et al., 2005) and 4.2
(Moore et al., 1998), which gives a maximum pressure of 1.2 kbar and up to 1.6 wt.% of
dissolved H,O (the grey field corresponds to the intersection of equations 4.1 and 4.2, which
represents pressure and dissolved water wt.% content); and b) equation 4.3 (Kress and
Carmichael, 1991) calculations considering the whole pressure ranges calculated in a) (from
0 to 1.2 kbar).

Cr-spinel-melt oxybarometry. The olivine-Cr-spinel coexistence in equilibrium is determined
following the procedure of Kamenetsky et al. (2001) (details in Supplementary Material) and
the melt inclusion-olivine host equilibrium is determined as explained in section 4.6.1. When
the olivine host phenocryst is in equilibrium with both the hosted melt inclusion (details in
section 4.6.1) and the hosted Cr-spinel inclusion, we use the Maurel and Maurel (1982)
method to determine Fe*/Fe** ratio of olivine-hosted melt inclusions considering the
Fe?*/Fe** of olivine-hosted Cr-spinel composition (see section 4.4.2), which we assume
equilibrated by transitivity. Finally, we apply the Borisov and Shapkin (1990) method to
calculate oxygen fugacity values recorded in olivine-hosted melt inclusions. The calculations
yield an oxygen fugacity patch range of AQFM +0.3 (+ 0.55), considering temperature of
1,140 °C (+ 20 °C), the Fe*/Fe** ratio of olivine-hosted Cr-spinel inclusions, and

uncertainties in both EPMA measurements and the method of Borisov and Shapkin (1990).



4.6.4. MELTS modelling

The initial melt composition used in MELTS (Ghiorso and Sack, 1995) modelling
corresponds to Os-144* (see Intensive conditions section). Our objective is to reproduce
compositions of phenocryst phases which would represent the final stage of evolution of the
system before the eruption, represented by rims of phenocrysts as well as microphenocrysts:
olivine (Fo71-7), clinopyroxene (Engs.52FS10-18VWW033.43), and plagioclase (Ango-s6). We perform
modellings following magmatic intensive physical conditions in ranges consistent with the
temperature (1,000—1,200 °C), pressure (0.1-5.0 kbar), oxygen fugacity (ANNO buffer patch)
and dissolved water content (0-3 wt% H,O) obtained previously. We consider only the
modelling results related to < 20 wt% of solid phases, which would represent crystallisation
in equilibrium with a melt of similar composition to the groundmass (which, in turn,

represents the melt composition before the microlites crystallisation).

We reproduce in MELTS the assemblage of olivine, clinopyroxene and plagioclase
phenocryst and microphenocryst compositions at a temperature range of 1,060-1,130 °C,
pressure range of 0.5-2.5 kbar, oxygen fugacity range of AQFM =+ 1, and dissolved water
content of 0.5-3 wt% (Fig. 4.13). Similar results are modelled with whole-rock compositions
(Os-144, Os-147, Os-154, and Os-164), melt inclusions, and interstitial glass. Details of the

MELTS modelling results are available as Supplementary Material.
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Figure 4.13. Stability fields (obtained via MELTS modelling) of the three most abundant
magmatic phases in Osorno samples: plagioclase (Angi-66; red), clinopyroxene (EnWoFs;
blue), and olivine (Fo7o.72 and Fozs.7s; green) at different oxygen fugacities patches: AQFM-2
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dissolved in the melt varies from 0.5 to 3 wt%.
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4.7. Discussion

4.7.1. Shallow reservoir

The pressure conditions calculated iteratively (Egs. 1 and 2) indicate a maximum pressure of
1.2 kbar (equivalent to a 4.5 km depth), which corresponds to the presence of a magmatic
shallow reservoir, where the magma stalled just before the 1835 Osorno eruption. These
results are consistent with the reproduced overlapped PT diagram (the intersection of the
crystallisation conditions of plagioclase, clinopyroxene, and olivine) obtained via MELTS
modelling (see Figure 4.14). According to that diagrams, the range of pressure conditions is
0.5-2.5 kbar (equivalent to 1.8-9.1 km depth). In addition, SERNAGEOMIN-OVDAS
(2017; 2018a, b; 2019) reported recent volcano-tectonic seismic activity, in which the
associated sources correspond to 2.6-3.9 km depth. In conclusion, all approaches to estimate
magmatic pressure conditions point out the existence of a magmatic reservoir in the upper
crust, which seems a common feature in the plumbing systems of the SVZ of the Chilean
Andes (e.g., Calbuco volcano, Delgado et al., 2017; Nikkhoo et al., 2017; Morgado et al.,
2019b; Llaima volcano, Bouvet de Maisonneuve et al., 2012; Villarrica volcano, Lohmar et

al., 2012, Morgado et al., 2015; Quetrupillan, Brahm et al., 2018).

4.7.2. Crystal-mush within the magma reservoir and crystallisation events

We infer the existence of a crystal mush in the magmatic reservoir based on the textural
features considered as evidences of crystal mushes: glomerocrysts, interstitial glass between
grains of crystal clots with different composition from the outer glass (Fig. 4.9, Table 4.6),
disequilibrium (zoning and resorption) textures in isolated crystals as well as crystals from
clots, and high crystallinity (25-45 vol%, Table 4.3). The zoning patterns of plagioclase
suggest a complex crystallisation history. According to MELTS modelling, we cannot

reproduce Zone 1 (Angygg) and Zone 2 (Anzo.79) plagioclase compositions, in consequence,



we infer the first crystallisation events (when plagioclase core and intermediate zones grew),
are either related to a melt composition different from Os-144*, likely during the upper-
crustal crystal-mush formation process, or associated with a deep-crustal crystallisation. The
resorption observed in several plagioclase phenocrysts, affecting plagioclase Zone 1 and
Zone 2 compositions, suggests the occurrence of plagioclase destabilisation after the first
crystallisation events. We interpret this destabilisation is related to the process which causes
mush disaggregation. Several authors have given different interpretations to disequilibrium
(resorption and sieve) textures in plagioclase such as fluid-absent rapid decompression
(Nelson and Montana, 1992; Annen et al., 2006) or magma mixing usually related to heating
(Johannes et al., 1994; Ginibre and Waorner, 2007; Pietranik et al., 2006). Additionally, the
existence of patchy zoning with the same composition as plagioclase phenocryst rims and
microphenocrysts, equivalent to Zone 3 composition, suggest a late pre-eruptive
crystallisation episode, after mush disaggregation (Fig. 4.14). In addition, Tagiri et al. (1993)
inferred that the porphyritic materials from Osorno volcano (similar to the volcanic products
studied in the present article) resulted from the addition of calcic plagioclase (likely due to
melting of ~ 20 wt% of XAnzq.go, Similar to Zone 2 plagioclase compositions) to the aphyric
materials (similar in composition to Os-144*). Embayments in some olivine phenocrysts and
suggest a disequilibrium event (volatile input or heating event), which could be a

consequence of the same process that caused resorption in plagioclase phenocrysts.
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Figure 4.14. Evolution of plagioclase zonings phenocrysts over time: first event (1) is
nucleation and growth of plagioclase phenocryst cores (zone 1 composition); after that (1),
growth plagioclase phenocryst rims and nucleation and growth of new plagioclase
phenocrysts occurred (zone 2 composition). These two first crystallization events occurred
during the crystal mush formation. After the crystal mush building, another process
generating plagioclase-melt disequilibrium and resorption (we suggest volatile additions or
heating) occurred (111), and finally (IV), a last growth event occurred. We infer that last
growing event occurred before or during the eruption triggering.
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4.7.3. Crustal assimilation

Calbuco and Osorno, and La Picada products show higher fluid mobile/immobile (e.g. Ba/La
vs Rb/Nd, Fig. 4.15) ratios than La Vigueria (small eruptive centre) products. These higher
fluid mobile/immobile ratios are associated with a higher slab-derived fluid component in
Calbuco, Osorno and La Picada volcanic material than La Vigueria products. Calbuco,
Osorno, and La Vigueria products also exhibit lower La/Yb ratios than La Vigueria volcanic
material, those lower La/Yb ratios are associated with the higher partial melting degree. The
REE diagram comparing the Calbuco, Osorno, La Picada, and La Vigueria sample
compositions (Fig. 4.5), suggests all the volcanic systems have similar source processes (e.g.

ruling out garnet as a residual phase in the mantle source).
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Figure 4.15. a) Plots of fluid mobile/immobile elements of volcanic samples of the region:
Ba/La vs. Rb/La,; b) plots of Ba/Nd vs. Rb/Nd. In a) and b) the arrows represent the direction
in which the fluid component in the source is increasing c) La/Yb vs. SiO, (wt%) of volcanic
samples of the region, the arrow represents the direction in which partial melting degree of
the source is increasing.

To model the Sr and Nd ratios from Calbuco and Osorno products, we use the compositions
of several end-members representing rocks, which chemistry could influence the Calbuco and
Osorno whole-rock chemistry: La Vigueria small eruptive centres (LV, representing
relatively low crustal interaction compared to Calbuco and Osorno stratovolcanoes), the

highest ®'Sr/*®Sr sediments from the CSVZ trench (representing fluid input; Kilian and
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Behrmann, 2003), altered oceanic crust (AOC, representing fluid input; Jacques et al., 2014),
granulite (representing lower crust assimilation; Hickey-Vargas et al., 1995), granodiorite
(representing upper crust assimilation; Aragon et al., 2011), and gabbro (Hickey-Vargas et
al., 1995). Although Sr is a fluid-mobile element and their isotopic variations are related to
fluid inputs from AOC and sediments, the Chapo Lake granitoid in the upper crust of the
zone would also represent sedimentary contribution, due to their source containing pelitic

rocks (Parada et al., 1987).

Fluid input: according to our modelling the only way to reproduce the fluid input is
considering the coupled supply of the AOC and the sediments. Sediments solely representing
the fluid supply would need unrealistic (over 50%) assimilation of crustal rocks (Fig. 4.16).
Using LV composition as an end-member to reach the composition of Calbuco and Osorno
products, the concentrations giving the best results are from 20% to 40% of sediments vs.
from 60% to 80% of AOC supply. The best-fitting is around 70% of AOC and 30% of
sediments, consistent with the modelling of Jacques et al. (2014) for the CSVZ. This
modelling suggests the most important factors controlling the Sr-Nd isotopic ratios are mantle
composition and fluid input. The results are consistent with the suggestion of minor crustal
assimilation in volcanic systems of CSVZ (e.g., Gerlach et al. 1988; Hickey-Vargas et al.,

1989; Jacques et al., 2014).
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Figure 4.16. a) ***Nd/***Nd versus ®'Sr/®*Sr of whole-rock compositions of the samples from
the regional crustal rocks (granulite, gabbro, and granitoids; Hickey-Vargas et al., 1995;
Aragon et al., 2011), Calbuco and Osorno stratovolcanoes, and La Vigueria small eruptive
centre and mixing lines showing possible fluid supplies. The mixing lines are built according
to the isotopic values presented in the Table 4.5.

Crustal assimilation: the presence of both granulite and gabbro xenoliths (Hickey-Vargas et
al., 1995) in 1961 Calbuco products, indicate an interaction between those crustal rocks and
the ascending magma. Following the mixing line described for fluid input (70% AOC, 30%
sediments, LV as end-member), we simulate granodiorite, granulite, and gabbro assimilation
to assess the “**Nd/***Nd trends observed in the Calbuco and Osorno products. According to
granodiorite assimilation modelling, a ~25% of assimilation is necessary to simulate the trend
of Calbuco products and ~10% to simulate the trend of Osorno products (Fig. 17a). The Nd
isotope values of Calbuco samples only could be reached at ~30% of granulite assimilation
and the Nd isotopes of Osorno products, at ~20% (Fig. 4.17b). By contrast, gabbroes
(reported by Aragon et al., 2011 and Hickey-Vargas et al., 1995) assimilation solely could not
explain Osorno nor Calbuco Nd isotopic ratio (Fig. 4.17c). The evolution of La Vigueria
products could be modelled at 40% of gabbro assimilation, which is very high, in

consequence, is ruled out as explanation (Fig. 4.17¢). Considering all the potential crustal
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contamination sources, for Calbuco products the best-fit mixture is ~25% of granulite and
~5% of granodiorite and for Osorno products, the most plausible mixture is ~10% of

granulite and ~5% of granodiorite assimilation.
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Figure 4.17. a) ***Nd/***Nd versus ®'Sr/®Sr of whole-rock compositions of the samples from
the regional crustal rocks (granulite, gabbro, and granitoids; Hickey-Vargas et al., 1995;
Aragon et al., 2011), Calbuco and Osorno stratovolcanoes, and La Vigueria small eruptive
centre and mixing lines showing possible fluid supplies of several mixing lines showing
possible crustal source of Nd isotopic ratio supplies (granodiorite, granulite and gabbro)
according to the isotopic values presented in the Table 4.5; b) shows mixing lines for
granodiorite assimilation; ¢) shows mixing lines for granulite assimilation; d) shows best
mixing line fits considering all the potential assimilation sources.

Partial melting and assimilation can be caused by decompression (Zeitler and Chamberlain,
1991; Lbpez-Escobar et al., 1995b), which was recognised by Barrientos et al. (1992) at the
latitude of the studied volcanoes as a minimum post-seismic uplift of 75 cm. In addition, the
calculated pre-eruptive temperatures for Osorno (~1,140 °C) and Calbuco (~980 °C; Morgado
et al., 2019b; Arzilli et al., 2019) magmas are consistent with granitoid and granulite partial
melting (e.g., Vielzeuf et al., 1990; Knesel and Davidson, 1996; Palin et al., 2016; Masotta et
al., 2018). Moreover, the minimum residence times calculated for Calbuco magmas in the
order of years (Morgado et al., 2019a) in the upper crust at relatively high temperature, would
favour granodiorite assimilation during the ascent through continental crustal thickness at the
CSVZ latitudes of 40-45 km thick (TaSarova, 2007; Dzierma et al., 2012). Finally, the
volcanic material interpreted as xenoliths in 1835 Osorno products would not modify
considerably the isotopic ratios of Sr even if they are assimilated because the volcanic units 1,
3 and 4 of Osorno exhibit the values similar to those we present in this study (Tagiri et al.,

1993; Fig. 4.6).



Considering regional granulite, granodiorite, and gabbro compositions as potential
assimilation sources, the isotopic trends of the 2015 Calbuco products and the 1835 Osorno
products can be explained by granulite and granodiorite assimilation. Differences of 'Sr/%°Sr
between Calbuco and Osorno products might be related to mantle heterogeneity (as shown
between products of volcanoes from the Caburgua-Huelemolle volcanic field in the CSVZ;
Morgado et al., 2015; McGee et al., 2017) and variations of slab-derived fluid input (as
suggested for the CSVZ, at ~39°30°’S latitude by Hickey-Vargas et al., 1989). This approach
could be useful to understand other Andean volcanic systems with fairly constant ®’Sr/%°Sr

and relatively large ranges of “*Nd/***Nd (e.g., Quetrupillan volcano, Brahm et al., 2018).



Osorno volcano . a)
. Parasitic cone
main crater
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A perturbation triggers crystal mush
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rims (zone 3 composition) and
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Figure 4.18. Schematic representation of the evolution of the reservoir beneath Osorno
volcano before the 1835 eruption. Figure a) shows the initial crystal mush, which is
perturbed (by heating, or volatile addition), as represented in Figure b) and, as a
consequence, disaggregated. Figure c) shows that the crystals are released from the crystal
mush and incorporated to the eruptible magma. Finally, Figure d) shows when the eruption
is triggered and it occurs in the main crater as well as the parasitic cones (image not at
scale).
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4.8. Conclusions

The 1835 Osorno is an example of a monitored stratovolcano, which has not erupted during a
relatively long period (including the time when the monitoring started). Beneath Osorno
volcano we recognise at least one shallow magmatic reservoir at depths up to ~4.5 km, which
is consistent with the recently obtained seismic source (SERNAGEOMIN, 2017; 2018a, b;
2019) of 2.6-3.9 km depth. The calculated pre-eruptive temperatures are ~1,140 + 20 °C, the
oxygen fugacity conditions correspond to a buffer patch of AQFM +0.3 £+ 0.55, and water
contents dissolved in melt of up to 1.5 wt%. In the CSVZ, that water content is considered as
low (by contrast, sub-Plinian eruptions in Calbuco 2015 and Corddén Caulle in 2011-2012
were associated with dissolved water contents up to 6% in Calbuco and 4.5% in Corddn
Caulle; Arzilli et al.,, 2019; Jay et al., 2014), which is usually associated with both
strombolian events and low risk, but the lahars generated historically during Osorno
eruptions, remind us that even effusive eruptions can be devastating. For example, the
strombolian 1971 Villarrica eruption (dissolved water content up to 2 wt%; Morgado et al.,
2015) caused damages of infrastructure and at least a 17 death toll (Moreno and Clavero,
2006). The eruptive materials exhibit several features to infer the shallow reservoir includes a
crystal mush, which underwent disaggregation (due to an increase of volatile contents in the

system or a heating event) before the eruption.

The eruptive materials exhibit several features to infer the shallow reservoir includes a crystal
mush, which underwent disaggregation (due to an increase of volatile contents in the system
or a heating event) before the eruption. During the whole magma history, from mantle
melting to the eruptions, the products of Calbuco and Osorno were likely contaminated by
slab-derived fluids from sediments and altered oceanic crust and possibly by granulite and

minor granodiorite contents at different depths during the ascent path. Trace elements of the



volcanic products of the at Osorno volcano latitude suggest that the mantle source beneath the
stratovolcanoes (Calbuco, Osorno, and La Picada) had higher both slab-derived fluid supply
and partial melting degree than the mantle beneath small eruptive centres built over the LOFZ
at the same latitude (represented by La Vigueria cone). Our results highlight the importance
of the study of active volcanoes, of which the historical eruptive behaviour is poorly known.
This behaviour is particularly significant in those volcanoes which have not erupted since
they are monitored and allows us to consider it to mitigate future hazards and understand

processes of neighbouring volcanic systems.
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Chapter 5

5. Discussion

This section of the thesis will focus on showing the main results, and using these to propose
models for the studied eruptions from Calbuco and Osorno volcanoes. For the April 2015
rapid onset Calbuco eruption, this will be compared with other similar eruptions worldwide
and for the 1835 Osorno eruption, the contribution of the study of that eruption to volcano
monitoring and hazard mitigation will be presented. Special emphasis will be given to the
implications of this study for other works and how complementary techniques can improve
our understanding of magmatic systems. By comparing Calbuco and Osorno plumbing
systems and linking them to the regional setting and the implications of the study for the
volcanism of the Southern Volcanic Zone of the Andes will be discussed. Finally, the role of
petrology in volcano monitoring and hazard mitigation worldwide will be highlighted. In
particular, 1 will appraise the results from chapters 2, 3 and 4 against the aims of the thesis,

which were:

1. Determine the physical intensive conditions of the magmas from the last eruptions of Calbuco
and Osorno volcanoes.
2. Determine if there is any crystal mush within the magma chambers beneath those volcanoes

and the influence of that in the eruptive features.

3. Calculate pre-eruptive timescales of the products of those volcanoes. Relate them (if
possible) to geophysical observations.
4. Determine the conditions of magma generation, fluid supply and crustal contamination

of the region.



5.1. Calbuco volcano

In chapter 2 of this thesis, which studied the 2015 Calbuco volcano eruption, the deposits

gave the following insights:

A magma reservoir was recognised in the upper crust (5.1-9.1 km depth), based on
amphibole barometry (Ridolfi et al., 2010; Ridolfi and Renzulli, 2012).

Beneath Calbuco volcano there is a crystal mush within the magma reservoir, inferred
from textural features of samples: highly crystalline (37-60% crystallinity) samples,
clots of crystals, interstitial glass with distinct composition from the outer glass,
complex zoning patterns in phenocrysts.

Thermometry for the silicate phase thermometer systems yielded ~985 °C (Ca-in-
olivine, Shejwalkar and Coogan 2013; two-pyroxenes, Brey and Kéhler 1990; Putirka
2008; amphibole-plagioclase, Holland and Blundy 1994; amphibole, Ridolfi and
Renzulli 2012).

Fe-Ti oxides thermometry of samples inferred to be from the middle of the reservoir
yielded temperatures of ~930°C, based on thermometry of core compositions of
ilmenite-titanomagnetite contact pairs (Ghiorso and Evans, 2008, thermometry).

A heating event occurred before the eruption and it was recorded by in-contact Fe-Ti
oxide contact pairs of ilmenite and titanomagnetite (via Ghiorso and Evans, 2008,
thermometry), inferred to be from the bottom of the magma reservoir reaching
temperatures up to ~1,070 °C.

No evidence of magma mixing was found.



In addition, diffusion chronometry constraints applied to these samples in chapter 3 gave the

following information:

e Compositional profiles across ilmenite-titanomagnetite junctions from a sample
inferred to be representing the bottom of the magma reservoir, gave (via diffusion
chronometry) timescales from heating to eruption < 4 days. The peak of density of the
calculated timescales is 3 hours before the eruption, which coincides with the seismic
swarm before the eruption.

e By contrast, there was a timescale of at least one year (via diffusion chronometry) of
stable physical intensive conditions (temperature, pressure, and oxygen fugacity) at
middle levels of the reservoir, where Fe-Ti oxides show relatively constant
composition.

Together, these studies give sufficient insight to propose a model for Calbuco volcano,
constrained by these analyses. Beneath Calbuco volcano the magma system is considered to
be a prolate spheroid (Delgado et al., 2017). Within the magma reservoir, a rigid crystal mush
is recognised including mineral phases such as plagioclase, orthopyroxene, clinopyroxene,
olivine, ilmenite and titanomagnetite (Chapter 2). The thermometry based on silicate minerals
yielded higher temperature (~985 °C) than the Fe-Ti oxide thermometry (~930 °C). The
thermometry based on silicate minerals represent a relatively long magmatic timescale
temperature condition, probably associated with the crystal mush formation, whereas the Fe-
Ti oxides represent relatively shorter timescale, probably associated with an evolved and (in
this case) cooler stage of the crystal mush within the magma reservoir. This difference of
temperature even could be related to the calculated errors of the thermometry methods
applied (details in Chapter 2): from 16 to 56 °C for thermometers based on silicate phases and

from 12 to 22 °C for thermometers based on Fe-Ti oxides.



At least one year before the April 2015 Calbuco eruption, the middle of the reservoir was at
stable temperature of ~930 °C, which kept until the eruption. The base of the reservoir in a
long-term, was at slightly lower temperature of ~870 °C, but < 4 days before the eruption
there was a heating of up to 170 °C recorded in Fe-Ti oxides only at the base of the reservoir.
That heating triggered remobilisation and stirring of the system, finally leading a rapid onset
eruption. This late heating could be related to a thermal triggered mush disaggregation at the

bottom of the system and mechanical disaggregation in middle levels of it.



5.2. Rapid onset eruptions

The short-term precursor activity (up to few days), is characterised by swarm of small
earthquakes, indicating when a magma body migrates upwards, propagating through the crust
(Einarsson et al., 2018). Magmatic reservoirs are considered as closed systems from the top
of the shallow magma reservoir to the surface (Stix, 2018). Usually, mafic magma input has
been identified as triggering component of many rapid onset eruptions (e.g. Popocatépetl,
Armienta et al., 1998; Soufriere Hills, Devine et al., 1998; Pinatubo, Pallister et al., 1992).
Therefore, identifying the input of new, mafic magma, could be a main goal in forecasting

rapid onset eruptions (Stix, 2018).

Rapid onset eruptions are not just seen at Calbuco. Some examples elsewhere are shown in
Table 5.1, of which the following three are presented as a comparison:

e Case 1: Cordon Caulle volcanic complex (Chile), in 2011-2012, VEI ~4.

e Case 2: El Reventador volcano (Ecuador), in 2002, VEI 4.

e Case 3: Eyjafjallajokull volcano (Iceland), in April-May 2010, VEI 4.

5.2.1. Case 1: The 2011-2012 Cordon Caulle eruption

Puyehue-Corddén Caulle (40.5° S, 72.2° W) is an active volcanic complex of the Central
Southern Volcanic Zone of the Andes (CSVZ), a sub-section of the Southern Volcanic Zone
(SVZ) (Lara and Moreno, 2006; Fig. 1.1; Fig. 1.2). The last eruption of this complex
occurred during 2011-2012 from Cordén Caulle (Silva-Parejas et al., 2012; Fig. 5.1). The
eruption of Cordon Caulle started on 4 June 2011 after two months of elevated, but
distributed seismicity across the ~25 km NW Puyehue-Corddén Caulle alignment. Only two
days before the eruption, shallow seismicity increased (2—6 km, SERNAGEOMIN, 2011)
beneath the SE sector of Corddn Caulle (Silva-Parejas et al, 2012). The eruption was

moderate-sized (VEI ~4) involving both explosive and effusive phases (Silva-Parejas et al.,



2012). The erupted products have rhyolitic composition (Castro et al., 2013; Jay et al., 2014)
and are crystal poor, with < 5% crystallinity (plagioclase, clinopyroxene, orthopyroxene,
magnetite, ilmenite, apatite, and pyrrhotite). The calculated pre-eruptive temperatures of 870—
920 °C were obtained via in contact Fe-Ti oxides (Castro et al, 2013; Jay et al, 2014) and
pressures indicating the existence of an upper crustal reservoir, via petrological experiments

(Castro et al, 2013) and deformation source modelling (Jay et al, 2014).

Table 5.1. Examples of documented rapid onset eruptions.

Precursor time

Volcano Country Year (from detection to Reference
eruption onset)
Krafla Iceland 1977 135 mins Einarsson, 2018*
Krafla Iceland 1980 65 mins Einarsson, 2018*
Krafla Iceland 1980 5 hours Einarsson, 2018*
Hekla Iceland 1980 23 mins Einarsson, 2018*
Krafla Iceland 1980 82 mins Einarsson, 2018*
Krafla Iceland 1981 7 hours Einarsson, 2018*
Krafla Iceland 1981 76 mins Einarsson, 2018*
Grimsvotn Iceland 1983 9 hours Einarsson, 2018*
Krafla Iceland 1984 4 hours 24 mins Einarsson, 2018*
Hekla Iceland 1991 30 mins Einarsson, 2018*
Rabaul caldera  Papua New Guinea 1994 27 hours Blong and McKee, 1995
Gjalp Iceland 1996 34 hours Einarsson, 2018*
Grimsvotn Iceland 1998 6 hours Einarsson, 2018*
Hekla Iceland 2000 79 mins Einarsson, 2018*
El Reventador Ecuador 2002 7 hours Hall et al., 2004
Chaitén Chile 2008 36 hours Lara, 2008
Eyjafjallajokull Iceland 14 April, 2010 2 hours 15 min Einarsson, 2018*
Grimsvotn Iceland 2011 90 mins Einarsson, 2018*
Cordén Caulle Chile 2011 2 days Castro et al., 2013
Tolbachik Russia 2012 few hours Senyukov et al., 2015
Calbuco Chile 2015 3 hours This study

* And references therein



Figure 5.1. Shaded-relief image of the Puyehue-Corddn Caulle region (with respect to South
America) showing vents and lava flows of the 1921-1922, 1960, and 2011-2012 eruptions
(Image taken from Jay et al., 2014).

Based on clinopyroxene exsolution lamellae, Jay et al. (2014) suggested the magma reservoir
beneath Corddn Caulle includes a crystal mush. Previous studies (e.g. Jay et al., 2014;
Euillades et al., 2017) recognised ground inflations beneath Cordon Caulle and suggested that

were result of new magma intrusions.
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5.2.2. Case 2: The 2002 El Reventador Volcano eruption

El Reventador Volcano (0°5° N, 77°40" W) is a stratovolcano located at the Northern
Volcanic Zone of the Andes (Aguilera et al., 1988; Fig. 1.1; Fig. 5.2). The last eruption of
this volcano started in November 2002 and it is still erupting (IG-EPN Ecuador, 2019). The
first precursor activity was 10 VT seismic events that occurred on October 6, interpreted as
related to fault systems of the region. No other seismic activity was detected before 3
November (Hall et al., 2004). The VEI 4 eruption started on 3 November (Hall et al., 2004;
Naranjo et al., 2016): between 2:00 and 3:00 local time (LT) with a seismic swarm of > 100
events. At 6:00 LT a steam column was reported (SERNAGEOMIN, 2015a, b). The NOAA
(National Oceanic and Atmospheric Administration) GOES (Geostationary Operational
Environmental Satellite) detected the first eruption cloud at 07:45 LT (Hall et al., 2004).
According Hall et al. (2004) the chronology of the eruption (Fig. 5.3) is: 3 November sub-
Plinian phase (Main eruption) and lavas erupted since 6 November (Lava 1) and 21
November (Lava 2). The pyroclastic fall and flow deposits from the Main eruption phase
show dacitic composition (66.3—67.3 SiO, wt%; Ridolfi et al., 2008), Lava 1 phase products
have andesite composition (56.4-58.8 SiO, wt%; Ridolfi et al., 2008), and Lava 2 products
have basaltic andesite composition (53.4-54.9 SiO, wt%; Ridolfi et al., 2008). According to
Sauerzapf et al. (2008), the mineralogy found in the products consists of plagioclase,
clinopyroxene, olivine, amphibole, titanomagnetite and orthopyroxene. According to Ridolfi
et al. (2008) and Samaniego et al. (2008) the seismic events of 6 October are related to a

mafic intrusion, which triggered the eruption around one month later.
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Figure 5.2. a) Location of El Reventador Volcano (red solid triangle) with respect to
Ecuador, other active volcanoes are also shown; b) Tectonic plates around Ecuador
(Modified from Molina et al., 2005).
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Figure 5.3. Number of seismic events (mainly VT and hybrid) registered between 1 and 28
November, 2002 at CAYA station, 40 km NW from El Reventador Volcano (Modified from
Hall et al., 2004).
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5.2.3. Case 3: The April-May 2010 Eyjafjallajokull eruption

Eyjafjallajokull volcano (63°38” N, 19°36°W) is southern Iceland ice-covered stratovolcano.
It is located at the Eastern Volcanic Zone (Viccaro et al., 2016; Fig. 5.4). The last eruption of
this volcano occurred in 2010, the initial eruptive phase (Phase 1) started 20 March in
Fimmvorduhals Pass (Fig. 5.4), after 3 months of precursory activity, and it finished 12 April.
The second eruptive phase (Phase 2) started two days later beneath Eyjafjallajokull summit
crater (Fig. 5.4), after few hours of precursors (see Table 5.1). The eruption started as

phreatomagmatic, few days later became purely magmatic and finished 22 May.
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Figure 5.4. a) Schematic map showing the location of Eyjafjallajokull volcano with respect
to Iceland; b) Digital elevation model of Eyjafjallajokull and Katla volcanoes and
Fimmvorduhals Pass (Modified from Viccaro et al., 2016).
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The compositions of Phase 1 products are alkali rich basalts (Fig. 5.5), and those from Phase
2 products are from basalts to rhyolites (Sigmarsson et al., 2011; Keiding and Sigmarsson,
2012). Fall deposits from Phase 2 record rapid magma mingling of basalt and silicic melts
without homogenisation (Sigmarsson et al., 2011). Geothermometry yielded temperatures of
~1,170 °C for Phase 1 products and lower temperatures of ~1,030 °C for Phase 2 products
(Keiding and Sigmarsson, 2012). According to Keiding and Sigmarsson (2012) and Pankurst
et al (2018), the Phase 1 magmas crystallised in the deeper crust (~17 km), whereas Phase 2
products crystallised at shallow levels (~4 km), which is consistent with seismic sources

(Tarasewicz et al., 2011).
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Figure 5.5. Total alkali vs. silica (Le Maitre et al., 2005) plots of the Eyjafjallajokull 2010
volcanic products. The samples FH-3 correspond to Phase 1 (March-April), and the samples
EJ-2, EJ-3, and EJ-5 correspond to Phase 2 (April-May). Image modified from Keiding and
Sigmarsson (2012).
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Although diffusion chronometry (Fe-Mg in olivine) has been used integrated with seismic
data to determine magma storage and migration timescales, suggesting an intrusion arrival
triggering (Sigmundsson et al., 2010) ~15 days before the Phase 1 onset (Viccaro et al.,

2016). Phase 2 products have olivine, plagioclase, and clinopyroxene phenocrysts and Cr-

spinel, magnetite, apatite, pyrite, and orthopyroxene as minor and accessory minerals.
5.3. Comparison of rapid onset events with the April 2015 Calbuco eruption

5.3.1. Crystal mush within a magma reservoir

Cordon Caulle volcanic complex. The presence of a crystal mush in the magma reservoir at
the upper crust was suggested by Jay et al. (2014) beneath Puyehue-Cordon Caulle volcanic
complex based on exsolution lamellae in clinopyroxene crystals. From a petrological
perspective, the 2011-2012 Cordon Caulle products have the some textural features in
common with the 2015 Calbuco products: crystals in clots and complex zoning patterns.
Contrary to the 2015 Calbuco products, Cordén Caulle products are crystal-poor (~5 %).
Equally as crystal rich products, crystal poor products showing the rest of the mentioned
textural features for the Cordon Caulle products (the same as high crystalline Calbuco
products) are also associated with crystal mushes (e.g. Bachmann and Bergantz, 2004, 2008;
Brahm et al., 2018). Additionally, Dufek and Bachmann (2010) and Streck (2014) presented
a numerical model in which melt extraction from a crystal mush within a magma reservoir
takes place most efficiently in a crystallinity window of ~50-70%. Moreover, Aravena et al.
(2017) presented a time-dependent numerical modelling of late-stage interstitial,
leucogranitic melt extraction by dikes from a crystalline mush (Fig. 5.6), towards the margin

of the La Gloria Pluton (LGP).



Figure 5.6. a) Leucogranite sills and dikes at the La Gloria Pluton (LGP contact with the
roof rocks); b) Leucogranite sill hosted in volcanic rocks; c) Leucogranite sills hosted in
volcanic strata; d) Syn-plutonic dikes emplaced at the core of the LGP (Modified from
Aravena et al., 2017).

El Reventador Volcano. The products of the El Reventador Volcano eruption in 2002,
presented some similar features (Ridolfi et al., 2008) to those shown in the 2015 Calbuco
products (Chapter 2) related to a crystal mush: high crystalline products (30-38 %
crystallinity), crystals in clots, and complex zoning patterns. In addition, the olivines from the
erupted material from El Reventador 2002 show resorption features, the same as olivines
from the 1835 Osorno products interpreted as a consequence of mush disaggregation
(Chapter 4), likely related to an intrusive input. All the features indicate there is a crystal
mush within the upper crustal reservoir beneath ElI Reventador Volcano, which has not been

reported by any other article before.
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Eyjafjallajokull volcano. The material of the 2010 Eyjafjallajokull eruption show some of the
textural features (Keiding and Sigmarsson, 2012) also found in the 2015 Calbuco products
(Chapter 2) and interpreted as evidences of crystal mushes in two sill-shaped magma
reservoirs (Sigmundsson et al., 2010; Pankhurst et al., 2018). As the sill crystallises and loses
heat, this promotes changes in melt and the generation of population peaks of olivine

phenocrysts (Pankhurst et al., 2018; see Fig. 5.7).
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Figure 5.7. Core compositions of olivine crystals from four samples spanning the eruption
are presented using a kernel density estimation (Image modified from Pankhurst et al., 2018).

Pankhurst et al. (2018) proposed crystal rain (crystals falling due to density higher than
surrounding melt) creating crystal mushes and, at the bottom of the sills, are surrounded by a
more primitive and warmer melt (creating reverse zoning; Fig. 5.8). As such, crystals formed
at the bottom of the magma reservoir do not migrate and, in consequence, do not exhibit
reverse zoning (Pankhurst et al., 2018). Crystal mushes within magma reservoirs have been

interpreted in other Icelandic volcanoes, for example, in AD 1783-1784 Laki eruption
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(Hartley et al., 2016), in which magmatic timescales reflecting the time of residence of

olivine crystals in the carrier melt before the eruption.
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Figure 5.8. Crystal Rain model, a shorthand description of the process by which differential
nucleation and growth inside a magma body, caused by crystal settling and asymmetric
thermal and compositional gradient, incorporating crystals into an insulating mush horizon
and chemical stratification of crystals and melts (Image taken from Pankhurst et al., 2018).
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5.3.2. Other regional comparison

In addition, the presence of the crystal mush within the magma reservoir is important because
it can work as a rheological barrier, hindering mixing and leading explosive and rapid onset
eruption, as seen with the sub-Plinian 2015 Calbuco eruption (Chapter 2). For Quizapu
volcano, in the Transitional Southern Volcanic Zone of the Andes (Fig. 1.2), Ruprecht and
Bachmann (2010) studied a mingled dacite-andesite lava flow erupted during 1846—1847 and
products of the plinian eruption of 1932. The pre-eruptive thermometry, calculated using Fe-
Ti oxides in equilibrium with each other, yielded temperatures ~130 °C higher for the 1846—
1847 eruption than the 1932 eruptive event. According to the numerical model of Ruprecht
and Bachmann (2010), whether the eruption is explosive or effusive depends on the
magnitude of magma mixing and heat exchange: the crystal mushes hinder mixing processes,
and then impede reheating of significant volumes of magma, which can lead to more

explosive eruptions.



5.3.3. Heating events and diffusion chronometry

Cordon Caulle. In the products of the 2011-2012 Cordon Caulle eruption ilmenite-
titanomagnetite pairs have been found (Castro et al., 2013; Jay et al., 2014). Castro et al.
(2013) only performed single measurements in the cores of the grains to determine
temperature and oxygen fugacity conditions, whereas Jay et al. (2014) affirm that ilmenite
and titanomagnetite do not show zoning patterns. Jay et al. (2014) suggested a mafic magma
input as trigger of the eruption (Fig. 5.9). Among the 2015 Calbuco products, the ilmenite-
titanomagnetite grains in contact from most of the samples do not record the heating before
the eruption (Chapters 2 and 3). Only those products from the bottom of the reservoir allow
to determine timescales from heating to eruption (Chapter 2). Regarding long-term
timescales, they can be compared with Mg profiles in plagioclase from the 2011-2012
Corddn Caulle products (Jay et al., 2014), which indicate large re-equilibration, then long

residence magmatic timescales for the crystal mush within the magma reservoir.
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Figure 5.9. Schematic cross-section of NW-SE Puyehue-Cordon Caulle section. The uplift
before the eruption is related to magma input to the base of the crystal mush zone (image
taken from Jay et al., 2014).
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El Reventador Volcano. Several studies (e.g. Ridolfi et al., 2008; Samaniego et al., 2008)
suggested a mafic intrusion as the eruption triggering related to the earthquake of 6 October
(Fig. 5.10). The mineral assemblage of the 2002 El Reventador Volcano products include
plagioclase, clinopyroxene, olivine, amphibole, titanomagnetite and orthopyroxene (Ridolfi et
al., 2008). The published studies do not include diffusion chronometry, which could be used
in olivine (they show normal zoning) to determine short magmatic timescales, to understand
the rapid onset ElI Reventador Volcano 2002 eruption as in other previous studies (e.g.

Hartley et al., 2016; Morgado et al., 2017).
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Figure 5.10. Schematic cross-section of El Reventador Volcano plumbing system before the
November 2002 eruptive event (image taken from Ridolfi et al., 2008).
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Eyjafjallajokull volcano. The first and second eruptive phases of the 2010 eruption of
Eyjafjallajokull volcano have been associated with a magmatic input as the trigger (Fig. 5.11,
Sigmundsson et al., 2010). Magmatic timescales were calculated via Fe-Mg interdiffusion in
olivine phenocrysts from the Phase 1 (Fimmvdérduhals Pass) of the 2010 Eyjafjallajokull
products (Pankhurst et al., 2018). The diffusion timescales in olivine phenocrysts of few
months (Pankhurst et al., 2018), approximate to the time of sedimentation into the crystal
mushes of the two sills (see Fig. 5.11), consistent with the observations of InSAR
(Sigmundsson et al., 2010) before the first eruptive phase. In addition, Borisova et al. (2012)
and Keiding and Sigmarsson (2012) suggested mixing and mingling processes as the eruption
triggering for the second 2010 Eyjafjallajokull eruptive phase (Phase 2), which initially for

rapid onset eruption would not be consistent with a crystal mush.
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Figure 5.11. Schematic EW cross-section across the summit area, including magmatic inputs
triggering the eruption, grey zones represent uncertainties (image modified from
Sigmundsson et al., 2010).
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5.4. Osorno volcano

In chapter 4 of this thesis, which studied the 1835 Osorno volcano eruption, the deposits gave

the following insights:

Pre-eruptive temperature of ~1,140 °C (via Ca-in-olivine, Shejwalkar and Coogan
2013; olivine-augite; Loucks, 1996).

A magma reservoir was recognised in the upper crust (up to 4.5 km depth), based on
numerical modelling (Moore et al., 1998; Putirka, 2005) and the temperatures
previously calculated. From the same modelling a water content dissolved of up to 1.5
wit% was calculated.

Beneath Osorno volcano there is a crystal mush within the magma reservoir, inferred
from textural features: highly crystalline (25-45% crystallinity) samples, clots of
crystals, interstitial glass with distinct composition from the outer glass, complex
zoning patterns in phenocrysts.

Oxygen fugacity of AQFM + 0.3 was modelled from spinel-melt (Maurel and Maurel,
1982; Borisov and Shapkin, 1990).

Mineral textures indicating mush disaggregation before the eruption.

Beneath Osorno volcano there is a magma reservoir at the upper crust (up to 4.5 km depth),

where the magma stalled just before the 1835 eruption (Chapter 4). From the 1835 Osorno

products, a crystal mush within the reservoir is inferred in Chapter 4, at a temperature of

~1,140 + 20°C and oxygen fugacity patch of AQFM +0.3 +0.5. Embayments in some olivine

phenocrysts and suggest a disequilibrium event (see Fig. 4.18; volatile input or heating

event), which could be a consequence of the same process that caused resorption in

plagioclase phenocrysts. Other similar eruptions have occurred in the CSVZ, for example, the

1971 Villarrica eruption.



5.4.1. The 1971 Villarrica volcano eruption

Villarrica volcano (39°25°S, 71°56’W; Moreno and Clavero, 2006) is an active stratovolcano
located at the CSVZ (Fig. 1.2). Villarrica volcano is located at the westernmost member of an
NW-alignment including also Quetrupillan and Lanin volcanoes (L6pez-Escobar et al., 1995;
Stern et al., 2007; Fig. 5.12). One of the most destructive eruptions of Villarrica volcano
occurred during 1971-1972 (Moreno, 1993). The eruption started on 29 October of 1971 with
strombolian explosions and lava effusions from the main crater (Moreno and Clavero, 2006).
The night of 30 December, the eruption reached its paroxysmal phase, a fissure eruption
occurred. At the same time, lahars from different flanks (NE, N, W and SW) descending at
speeds ~60 km/h (Marangunic, 1974) causing damages of infrastructure and at least a 17
death toll (Moreno and Clavero, 2006). Two Aa-type lavas, which reached lengths of 6 km
and 18 km long in less than 48 h, were erupted during that phase. Moreno (1993) classified
this eruption as strombolian (VEI 2). As introduced in the section 1.1, Villarrica is the most

hazardous volcano of Chile (see Table 1.1).
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Figure 5.12. a) Location of Villarrica volcano and surrounding areas including the location
of Quetrupillan and Lanin volcanoes. Yellow dashed line indicate the NW-alignment; b)
Villarrica volcano and the lava erupted during the 1971 eruption (Image modified from
Lohmar et al., 2012 and Morgado et al., 2015).

208



According to Morgado et al. (2015) the composition of the erupted products are basaltic
andesitic (51.8-52.9 SiO, wt%) with mineral assemblage of plagioclase, olivine, and
clinopyroxene as phenocrysts and Cr-spinel as inclusions in olivine phenocrysts. In addition,
Morgado et al. (2015) presented pre-eruptive temperature of ~1,170 + 10°C obtained via in
contact olivine-clinopyroxene phenocrysts (Loucks, 1996) and upper crustal pressure of up to
1.4 kbar (equivalent to a depth of up to ~5.3 km; Fig. 5.13) was calculated via iteration of
Moore et al. (1998) and Lange et al. (2009) equations. Volatile exsolution due to a heating
event was inferred as the eruption triggering (Morgado et al., 2015). Additionally, Morgado

et al. (2015) reported a magma reservoir at the base of the crust (Fig. 5.13).
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Figure 5.13. a) Schematic representation of the main characteristics of the reservoirs
beneath Villarrica and Caburgua-Huelemolle small eruptive centres (CHSEC, ~20 km from
Villarrica volcano). b) The shallow reservoir beneath Villarrica volcano during the arrival of
hotter magma. ¢) Ascending plumes heating the upper crustal magma reservoir prior to
eruption of 1971 (Image modified from Morgado et al., 2015).
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5.4.2. Comparison with the 1835 Osorno eruption products

This study shows the existence of similarities between the 1835 Osorno eruption and the
1971 Villarrica eruption: both are fissure eruptions, strombolian (VEI 2), erupting large lavas
(lengths of 14 km long for Osorno and 18 km long for Villarrica). Also, the erupted products
are similar: basaltic andesite composition, the same mineral assemblages, and similar textural
features to those observed in the Osorno products (crystals in clots and complex zoning
patterns, and olivine and plagioclase phenocrysts exhibiting resorption textures); the main
difference is crystallinity (~30% of Osorno products and ~20% of Villarrica products). Other
products of similar eruptions of Villarrica volcano during the 20" century (e.g. 1921, 1948,
and 1984) have crystallinity of up to ~35% (Pizarro et al., 2019). | interpret the textural
features of the 1971 Villarrica products as representing a crystal mush within the magma

reservoir at the upper crust, which has not been reported by any other article before.
5.5. Implications for further work on Calbuco and Osorno volcanoes

The results and discussions of this study can be used in other studies as an input to apply
different techniques as well as to improve volcano monitoring of Calbuco and Osorno

volcanoes. Some examples of these likely implications for further work are:

Seismic tomography studies. The pre-eruptive temperature and composition of magmas
influence in the results of seismic tomography studies (Lees, 2007) beneath volcanoes, so
then can be used as a reference to study the crust beneath Calbuco and Osorno volcanoes (e.g.

Mount Etna, Patane et al., 2006; Soufriére Hills VVolcano; Paulatto et al., 2012).

Lava flow dynamics. The pre-eruptive temperatures, whole-rock composition, and
crystallinity can be used as parameters to model past eruptions and assess likely scenarios
during an eruption in the future (e.g. Guilbaud et al., 2005; Del Negro et al., 2008). For

example, the mentioned magmatic features were used by Castruccio and Contreras (2016) to



model the 1971 Villarrica lava flow dynamics. As the 1835 Osorno eruption represents
typical composition and mineralogy of the historical products (see section 4.2), the results

presented in this study (Chapter 4) can be used as an input.

Interferometry synthetic-aperture radar (InSAR). For INSAR studies of surface deformation
in a volcanic area, magma reservoirs can act as deformation source (e.g. Ebmeier et al., 2016;
Pritchard et al., 2018). Often, distinction of signals from magmatic and hydrothermal
processes is not clear (Pritchard et al., 2018), then if the location of the magma reservoir
beneath a volcano is known (as in the case of Osorno volcano), magmatic and hydrothermal
signals can be distinguished. For example, Delgado et al. (2017) considered the location of
the upper-crustal reservoir beneath Villarrica volcano (determined using the 1971 Villarrica
products by Morgado et al, 2015; section 5.4.1) as a reference to model the deformation

source during the 2015 Villarrica eruption.
5.6. Implications for further monitoring of Calbuco and Osorno volcanoes

The ascent of magma through the crust is usually together with many small earthquakes,
surface deformation and release of magmatic gases (e.g. Sparks, 2003; Sparks et al., 2012).
All these precursors are supervised by the Chilean Volcano Observatory (Observatorio
Volcanologico de los Andes del Sur, OVDAS-SERNAGEOMIN) and their reports were very

useful to achieve the aims of this thesis.

Calbuco volcano. The barometry results show an upper crustal magma reservoir (5.5-9 km
depth, Chapter 2) at pressures consistent with the source of VT activity reported from months
to hours before the eruption (SERNAGEOMIN, 2015a, b). The diffusion chronometry
modelling results suggest that a magma input triggered the eruption in less than four days

(Chapter 3) after the arrival of this hotter, presumably more mafic magma. This rapid onset



behaviour has to be considered by OVDAS-SERNAGEOMIN during future seismic and

other precursory activity beneath Calbuco volcano.

Osorno volcano. The locations of seismic signals related to the last seismic activity
recognised beneath Osorno volcano (2.6-3.9 km depth; SERNAGEOMIN, 2017a, b; see
Chapter 1) are consistent with the pre-eruptive pressure yielded by the 1835 Osorno products
(Chapter 4) of up to 1.2 kbar (equivalent to up to ~4.5 km depth). In addition, it is useful as a
constraint for deformation sources in interferometry studies of Andean volcanoes (e.g. the
2011-2012 Cordon Caulle eruption, Jay et al., 2014; the 2015 Villarrica volcano eruption,
Delgado et al., 2017). Finally, the presence and physical intensive conditions of an upper
crustal crystal mush within the reservoir beneath Osorno volcano suggest there is
significantly less volume of liquid (melt) than the total volume of the magma reservoir. This
has to be considered in the interpretation of seismic tomography (e.g. Artemieva et al., 2009)

and magnetotelluric studies (e.g. Hill et al., 2015) beneath Osorno volcano.



5.7. Comparison of Calbuco and Osorno: similarities
As introduced in section 1.3, Calbuco and Osorno volcanoes are members of the CSVZ of the
Chilean Andes and they located close to each other, in a similar latitude (~41°15’S 72°35’

W), but Osorno is located ~20 km NNE from Calbuco (Fig. 1.6).

In terms of whole-rock chemistry, although the 2015 Calbuco and the 1835 Osorno and
products both have basaltic andesite composition, Osorno products are slightly more
primitive (55.7-56.9 SiO, wt% for Calbuco and 52.4-52.9 SiO, wt% for Osorno products). In
addition, rare earth element and spider diagrams of the two eruptions exhibit overlapping,
similar patterns (see Fig. 4.5), suggesting that the 2015 Calbuco and the 1835 Osorno

products underwent similar processes from mantle to surface.

Beneath Calbuco and Osorno volcanoes crystal mushes were recognised within the magma
reservoirs, with the same textural evidence: high crystallinity, complex textural zoning,
crystals in clots, and interstitial glasses different from carrier melts. In addition, the products
of both eruptions show evidence of processes usually interpreted to be mush disaggregation:
resorption textural features and (re)heating (e.g. Bachmann and Bergantz, 2004; 2006; Huber

et al., 2009; 2011, Spera and Bohrson, 2018).



5.8. Comparison of Calbuco with Osorno: differences

Although Calbuco and Osorno products come from an upper crustal magma reservoir
including crystal mush with basaltic andesite composition, the eruption dynamics of the
eruptions are different. The 2015 Calbuco eruption was described as sub-Plinian (VEI 4;
Romero et al., 2016; Castruccio et al., 2016) and the 1835 Osorno eruption as strombolian
(VEI 2; Lara et al., 2012). This difference in eruptive explosivity could be due to the higher
content of water dissolved in the 2015 Calbuco products (up to 4 wt%, Chapter 2) than in the
1835 Osorno products (up to 1.5 wt%, Chapter 4). The higher water content dissolved of the
2015 Calbuco products is consistent with its slightly more evolved composition (55.7-56.9
SiO,; wt% for Calbuco and 52.4-52.9 SiO, wt% for Osorno products), lower temperature
(~970 °C for Calbuco and ~1,140 °C for Osorno products), and slightly higher pressure
related to higher depth of the magma reservoir (from 5.5 to 11 km for Calbuco and up to 4
km for Osorno products). In addition, degassing processes before the eruption are also
significant for the explosivity (e.g. Eichelberger et al., 1986; Burgisser and Gardner, 2004;
Moretti et al., 2013). Finally, the 2015 Calbuco and the 1835 Osorno products have some
mineral phases in common (plagioclase, olivine, clino-, and orthopyroxene; Chapters 2 and
4), but the 1835 Osorno samples do not have Fe-Ti oxides, such that the same techniques

used on the Calbuco eruption cannot be deployed at Osorno.



5.9. Link to the regional setting

I compared the whole-rock chemistry of products from the studied region: Calbuco, Osorno
and La Picada stratovolcanoes and La Vigueria cones (representing small eruptive centres
built over the LOFZ). Trace element mobile/immobile ratios of suggested higher subducting
slab fluid input in the mantle wedge beneath the stratovolcanoes (Chapter 4). This is
consistent with the prevalence of decompression melting of small eruptive centres built over
LOFZ at the 39°15°S latitude in the CSVZ (McGee et al., 2017). Sr mixing modelling
suggests there is a fluid input from altered oceanic crust (AOC) and sediments in a ratio of

7:3 (AOC:sediments).

In addition, modelling of trends of Nd isotope ratios recognised in the products of one single
eruption were performed following mixing patterns considering granulite (Hickey-Vargas et
al., 1995), gabbro (Aragon et al., 2011), and granodiorite (Aragon et al., 2011) from the
region as potential contaminants end-members. For Calbuco products the best-fit mixture is
~25% of granulite and ~5% of granodiorite and for Osorno products, the most plausible
mixture is ~10% of granulite and ~5% of granodiorite assimilation. Gabbro assimilation is
ruled out to be significant (< 1% assimilation). This model was proposed for a region at
latitude of ~41°15" S including a NE-striking volcano alignment (Osorno-La Picada-
Puntiagudo-Corddn Cenizos). By contrast, Hickey-Vargas et al. (1989) proposed a theoretical
model for the region at latitude ~39°30” S suggesting variations from west to east decreasing
slab-derived fluid input and melting degree for another region of the CSVZ, including NW-

striking volcano alignment (Villarrica-Quetrupillan-Lanin).



5.10. Volcanism in the CSVZ: The prevalence of crystal mush

According to Cembrano and Lara (2009), there are different tectonic settings within the
Andes, which influence the crustal processing of volcanic material. South of 37°S
stratovolcanoes are built over NE-striking tension cracks (e.g. Osorno—La Picada—Cordon
Cenizos), NW-striking basement structures (e.g. Villarrica—Quetrupillan—Lanin) or not
related to any major structures (e.g. Calbuco) (Cembrano and Lara, 2009). In addition, small
eruptive centres (monogenetic cones) lie over the LOFZ master faults (e.g. Caburgua—

Huelemolle, Morgado et al., 2015, 2017; Carran—Los Venados; Bucchi et al., 2015).

This study shows key features that the magmatic reservoirs beneath Calbuco and Osorno
volcanoes have in common: they both are located in the upper crust, possess a crystal mush
within (where most of the erupted crystals come from), and before the eruptions, perturbating
events occurred that trigger crystal mush disaggregation and, likely, the eruptive events
themselves. The presence of an upper-crustal crystal mush seems to be typical of the
magmatic reservoirs beneath volcanoes of the Southern Volcanic Zone of the Andes (e.g.
Llaima, Bouvet de Maisonneuve et al., 2012) and not be related to any particular regional
structural configuration. Previous studies and this thesis have shown evidence of the
existence of an upper-crustal crystal mush reservoirs beneath volcanoes not related to major
structures (e.g. Calbuco, Chapter 2), NW-striking volcano alignments (e.g. Villarrica,
Morgado et al., 2015; Quetrupillan, Brahm et al., 2018), NE-striking volcano alignments
(Osorno-La Picada-Puntiagudo-Cordon Cenizos, Chapter 2; Vander Auwera et al., 2019), and
small eruptive centres over the master fault of Liquifie-Ofqui Fault Zone (e.g. Caburgua

cones, Morgado et al., 2017).



5.10.1. The mush model paradigm for understanding volcanism

Textural features and geochemical evidence indicate that voluminous silicic magma
reservoirs are controlled by fractional crystallisation processes leading to higher crystal
contents (e.g. Hildreth, 1981; 2004; Bacon and Druitt, 1988; Marsh, 1996; Bachmann and
Bergantz, 2003). According to the mush paradigm (Fig. 1.13), within the continental crust,
magma reservoirs are represented by both magma chambers, continuous, melt-rich, lenticular
regions where the magma is fluid and eruptible and within which magma crystallinity is < 45
vol.%, and crystal mushes, a rigid crystal framework of crystallinity >45% (Marsh 1989,
1996; Hildreth 2004; Bachmann and Bergantz 2008). Also, crystallinities of >45 vol.% are
associated with rheological properties which impede convection (e.g. Bachmann and
Bergantz 2004, 2008; Huber et al. 2010; Burgisser and Bergantz 2011; Parmigiani et al.
2014). Such reservoirs exist within the shallow crust (< 10 km depth) and may evolve over
long cooling periods to become plutons (e.g. Koyaguchi and Kaneko 1999; Claiborne et al.
2010; Cooper and Kent 2014; Molina et al. 2015; Szymanowski et al. 2017; Cooper et al.

2017).



Although the existence of crystal mushes within magma reservoirs is an established paradigm
for magmatic systems of felsic magmatic composition and calderas (e.g. La Picana caldera
system, Chile, Lindsay et al., 2001; Fish Canyon tuff, U.S., Bachmann and Bergantz, 2003,
2004; Bishop tuff, U.S., Hildreth, 2004; Hildreth and Wilson, 2007), crystal mushes have
been documented in smaller and more mafic magma reservoirs (e.g. Laki volcano, Passmore
et al., 2012; Kilauea volcano, Rae et al., 2016). Crystal mushes have also been recognised (or
evidence of their existence) beneath volcanoes of distinctly different magma compositions
and at a regional scale, across all of the structural settings of the SVZ of the Andes,
particularly in the CSVZ. For example, in Quetrupillan volcano (trachydacite composition,
Brahm et al., 2018) part of a NW-striking volcano alignment; in Caburgua-Huelemolle small
eruptive field (basaltic composition, Morgado et al., 2015) over the Liquifie-Ofqui Fault
Zone; at Calbuco volcano (basaltic andesite composition, Chapter 2), which is not related to
any major structure; and at Osorno volcano (basaltic andesite composition, Chapter 4) part of

a NE-striking volcano alignment.

In addition, crystal mushes can act as rheological barriers, which has been proposed by (e.g.
Bachmann and Bergantz, 2006; Costa et al., 2013) to inhibit compositional mixing of the
magma from the chamber and new magma inputs (Bachmann and Bergantz, 2006) and which
according to Ruprecht and Bergantz, (2010) has the potential to influence volcano explosivity.
If the conclusions of Ruprecht and Bergantz, (2010) are correct, therefore the presence of a
crystal mush within magma reservoirs enhance both explosive potential and rapid onset of

eruptions.



5.11. Implications for Andean volcanism

Upper crustal crystal mush within magma reservoir. This study shows key features that the
magmatic reservoirs beneath Calbuco and Osorno volcanoes have in common: they both are
located in the upper crust, possess a crystal mush within (where most of the erupted crystals
come from), and before the eruptions, perturbating events occurred that trigger crystal mush
disaggregation and, likely, the eruptive events. As the number of studies increases, the
presence of an upper-crustal crystal mush seems to be typical of the magmatic reservoirs
beneath volcanoes of the Southern Volcanic Zone of the Andes (e.g. Llaima, Bouvet de
Maisonneuve et al., 2012) and not be related to any particular regional structural
configuration (see section 5.11). The presence of ubiquitous upper-crustal mush has the

following consequences for our study of Andean volcanism and hazard prediction:

- In the shallow crust, long-period earthquakes, associated with rapid decompression,
can be large enough to deform the crust (Sparks and Cashman, 2017). This presence
allows to relate earthquakes to a likely location of a magma reservoir and to use
INSAR methods reliably considering an upper-crustal magma reservoir.

- Products of Andean volcanoes coming from a crystal mush record multiple processes:
mush formation (e.g. Bachmann et al., 2002), disaggregation (e.g. Chapter 4),
eruptive triggering (e.g. Chapter 3) and syn-eruptive (e.g. Blundy et al., 2006). The
textural features have to be considered in the context of a crystal mush to interpret

them properly.



Diffusion chronometry. Results from this study confirm the utility of oxide diffusion
chronometry and demonstrate that such petrologic methods are consistent with volcanic and
geophysical observations. This thesis also demonstrates that relatively short- and long-term
timescales can be yielded from the same mineral phases recording different pre-eruptive
processes. Therefore, the methodology presented in this thesis could be reproduced in other
systems to recognise eruption triggering and the timescales of those pre-eruptive processes in
the Southern Volcanic Zone of the Andes and worldwide, in which erupted products have Fe-
Ti oxide grains (e.g. Quizapl, Ruprecht and Bachmann, 2010; Quetrupillan, Brahm et al.,
2018; Chaitén, Castro and Dingwell, 2009) as well as other mineral phases presenting zoning
patterns. This study has implications for diffusion chronometry in the context of crystals and

melts derived from an upper-crustal crystal mush:

- After the arrival of a new, hotter mafic, the eruption could start before the thermal
homogenisation of the magma reservoir is reached, then a portion of the erupted
products do not record the triggering event (e.g. Chapter 3). In consequence, a
complete sampling, representing different locations of the magma reservoir is strongly
recommended for studies of rapid-onset eruptions, which are relatively common in the
SVZ (e.g. Chaitén in 2008, Lara, 2008; Cordon Caulle in 2011-2012, Castro et al.,

2013; Calbuco in 2015, Castruccio et al., 2016).



Geochemical variations of CSVZ volcanoes. Jacques et al. (2014) proposed the crustal
contamination was negligible in CSVZ volcanoes, but they did not study any volcanic centres
in detail. This thesis shows a difference in the mantle source between stratovolcanoes and
small eruptive centres built over the LOFZ. In comparison to stratovolcanoes, small eruptive
centre products have lower both slab-derived fluid supply and partial melting degree of the
mantle wedge. According to the results of this thesis, the variations of composition of the
products is controlled by fluid input from the subducting slab (Chapter 4) and presumably
mantle heterogeneity (e.g. Morgado et al., 2015; McGee et al., 2017) rather than crustal
assimilation. These variations in a particular region should be considered in future studies of
Andean volcanoes located in alignments and located close from volcanic fields (with several

cinder cones such as Cayutué-La Vigueria small eruptive centres).



5.12. The role of petrology in volcano monitoring and hazard mitigation

There are several methods used in volcano monitoring giving real-time information on
perturbations of the volcanic base activity. The most common are:

- Seismology: Seismic signals are a key aspect and a robust network of seismometers
near the volcanic edifice because the signals are typically weak (Sparks et al., 2012).
Seismology allows to recognise and quantify fluid or magma movements, stress
changes in the volcanic edifice, and failure of host rocks.

- Ground deformation: Most volcanic eruptions are preceded by ground deformation.
The methods to assess these surface movements include ground tiltmeters and
electronic distance measurement with lasers, among others (Gambino et al., 2014).

- Satellite-based methods: give the opportunity to detect unrest even in unmonitored
volcanoes. Interferometric synthetic aperture radar (INSAR) uses images from
different radars to generate digital elevation maps. It allows measuring deformation:
inflation or deflation (Hu et al., 2014).

Although these methods are essential in volcano monitoring, the only discipline that allows
the study of magmatic processes directly is igneous petrology. Nevertheless, it only can
describe magmatic features of volcanic products after an eruption occurs. Considering that,
combining continuous volcano monitoring and petrological constraints of previous eruptions
is a strong tool for volcano observatories to understand pre-eruptive processes and to plan
hazard mitigation policies. First, petrology allows us to obtain different intensive physical
conditions, which can be compared and used coupled with geophysical studies (see section
5.7). It allows us to place timescale constraints on magmatic processes; these can then be
compared against geophysics if we think the controlling processes are the same, which can be
coupled with surficial-measured geophysical signals (seismology, INSAR, tiltmeters, etc.) and

can be considered as a reference. This thesis, studying the last eruptions of Calbuco and



Osorno volcanoes, shows how these different approaches can work together to generate a
complete eruptive model (in the case of April 2015 Calbuco eruption) and give new
perspectives for future eruptions (determining magmatic features via the 1835 Osorno
erupted products). In consequence, multidisciplinary studies are strongly suggested to have a
deeper understanding of volcanic processes, which are not common in the studies of

volcanoes from CSVZ.

By comparison, the products of the 1835 Osorno eruption are typical of recent eruptions from
this volcano, showing very similar whole-rock chemistry, mineral assemblage, and textural
features observed in other Osorno products (Lépez-Escobar et al., 1992; Tagiri et al., 1993;
Moreno et al., 2010; see Table 4.1.), suggesting the features expected for next eruptions. In
addition, the upper crustal location of the reservoir constrained by petrology (Chapter 4) is
consistent with the seismic source recorded since 2016 and in 2018 was related to the
announced yellow alert. This seismic activity together with the relatively long time gap since
the last eruption (> 180 years), and the length of up to 14 km long imply Osorno volcano
should be priority for OVDAS-SERNAGEOMIN, the institution in charge volcano

monitoring and hazard mitigation policies in Chile.



5.13. Future work

The results of this thesis show how a multidisciplinary study gives different approaches,
which allow a better understanding of volcano-magmatic processes. The suggestions of future
work are divided into the local scale (Calbuco and Osorno volcanoes separately) and regional

scale (studies along the volcanic zone at Osorno and Calbuco volcanoes latitude).

5.13.1. Calbuco volcano

Numerical modelling of magma chamber dynamics. Several authors have performed
numerical modelling of magma chambers to understand the long-term evolution of an upper
crustal magmatic reservoir (e.g. Gutiérrez and Parada, 2010; Huber et al., 2011; Lohmar et
al., 2012). | suggest similar models could be performed in the timescales calculated in
Chapter 3 for the April 2015 products. Also, other features should be considered to have a
better understanding the rapid magma disaggregation such as: magma chamber shape (e.g.
Pietruszka and Garcia, 1999; Delgado et al., 2017), magmatic textural features in crystals
from clots (including zoning patterns, e.g. Chapter 2, Allan et al., 2013; Chamberlain et al.,
2014), and the location of the magma reservoir (e.g. Chapter 2; Tait et al., 1989; Cooper et

al., 2017).
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Timescales of crystal mush formation. In the products of April 2015 Calbuco eruption, some
clino- orthopyroxene phenocrysts from crystal clots show internally-buffered diffusion
profiles (see Fig. 2.9e). Those profiles could be used to determine timescales from the
development of crystal-mush within the magma reservoir to the eruption. In such an
investigation, the samples from the middle levels of the reservoir would be adequate targets,
in which the timescales show established conditions in timescales of > one year. To perform
those modelling, the temperature conditions were reliably calculated via several methods

(two-pyroxenes, Ca-in-olivine, and amphibole-plagioclase, see Chapter 2).
5.13.2. Osorno volcano

Direct measurement of volatiles. Measurement of volatiles in glass is strongly suggested
using techniques such as Raman spectroscopy and lon Microprobe in glass (melt inclusions,
interstitial glass between crystals from clots, and glass from groundmass). Accurately
determining this volatile content is relevant to hazard mitigation because volatile exsolution
is a main factor controlling the eruptive style (Roggensack et al., 1996; 1997; Del Carlo and
Pompilio, 2004; Cassidy et al., 2018) and also can give new perspectives on crystallisation,
and eruptive triggering processes providing complementary information to the presented in

this study (Chapter 4).

Determining deformation source. | suggest to study surface deformation of Osorno volcano
before and after the increase of seismic activity in 2016 (see Fig. 1.12). If deformation is
recognised via interferometric synthetic-aperture radar, it could give deformation source and
geometry of that source (e.g. Delgado et al., 2017; Ebmeier et al., 2016), which could be
related to magmatic reservoir if the depth of the deformation source and the reservoir (up to

4.5 km, see Chapter 4) are consistent.
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Magma ascent rates. Ferguson et al (2016) studied magma decompression rates recorded by
melt embayments during explosive eruptions of Kilauea volcano. It may be possible to use
the olivine phenocrysts from the fall deposits from the Osorno 1835 eruption, which exhibit

similar embayments in the groundmass.
5.13.3. CSVz

Time-dependent seismic tomography. Koulakov et al (2013), via time-dependent local
earthquake tomography, reported the existence of intermediate crustal magmatic reservoirs
beneath Kluchevskoy and Bezymianny volcanoes (Fig. 5.14), which were feeding them
before the eruptions of 2005. | suggest, therefore, the same procedure could be applied
beneath the latitude of Calbuco and Osorno volcanoes to assess the evolution of the magmatic

reservoirs in time, including the crystal-mush vs. eruptible magma relation.
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Figure 5.14. Eruption cycle in the Kluchevskoy group of volcanoes based on 4D tomography.
a) During the pre-eruptive stage, the mantle channel causes stresses and crack formation in
the crust. b) Positive feedback between fluid migration, melting and crack formation result in
the eruption of at the beginning of 2005. At this stage a short-lived opening of a channel
feeding Bezymianny eruption. c) After the eruptions, the stresses are released and the cracks
are closed. A decrease in fluid content triggers solidification of magma (Modified from
Koulakov et al., 2013)
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Magnetotelluric studies. Perform the method of three-dimensional electrical resistivity at the
Calbuco volcano and Osorno—La Picada—Puntiagudo—Cordén Cenizos volcano alignment and
La Vigueria-Cayutué volcanic field (~41°20’S latitude). The magnetotelluric method can be
applied together with petrology (e.g. Harangi et al., 2015) to obtain the magma distribution,
the shape of the magma reservoirs and to find out if there are other magma chambers,
different from the reported in this thesis, presumably in the lower crust. A similar study was
published by Kapinos et al. (2016) along the Chilean subduction zone at the latitudes of
Llaima volcano (~38°42’S) and Villarrica—Quetrupillan—Lanin volcanoes alignment

(~39925°S; Fig. 5.15).
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Figure 5.15. Vertical cross sections of the 3D model along profiles. LOFZ and LF
correspond to Liquifie-Ofqui and Lanalhue faults, respectively. The anomalies are: A: below

the central Valley, B: beneath volcanic front, D: beneath continental shelf, L: related to
Lanalhue fault (Figure modified from Kapinos et al., 2016).
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Increase the density of the monitoring network. Currently, the monitoring instruments
tracking Calbuco and Osorno volcanoes are relatively low (3 seismometers in Calbuco, 4
seismometers and 1 accelerometer in Osorno), considering these are two of the most
hazardous volcanoes of the Chilean Andes (SERNAGEOMIN, 2017a, b). To improve the
monitoring network | suggest the installation of: seismometers (give more details into
measuring seismic signals and locating seismic sources with higher accuracy), more
tiltmeters in different locations (to determine pre-, syn-, and post-eruptive deformation
processes), and infrasound sensors (to improve the assessment of eruption dynamics and

determine when the vents are open or closed).
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Chapter 6

6. Conclusions

In this thesis, | have investigated the last eruptions of two active stratovolcanoes from the
Central Southern Volcanic Zone of the Andes: the April 2015 Calbuco and the 1835 Osorno
eruptions. These are the main conclusions for the studied volcanoes and the region:

e Magma reservoirs were recognised beneath Calbuco and Osorno in the upper crust,
based on amphibole barometry (Calbuco, Chapter 2) and numerical modelling
(Osorno, Chapter 4). Those magma reservoirs have crystal mushes within, inferred
from textural features, this feature could work as rheological barrier to new magma
inputs, preventing magma mixing and enhancing explosive eruptions (Chapter 5).

e Thermometry of silicate mineral phases yielded temperatures of ~985 °C for Calbuco
products (Chapter 2) and ~1,140 °C for Osorno products (Chapter 4).

e Fe-Ti oxides thermometry in Calbuco samples inferred to be from the middle of the
reservoir yielded temperatures of ~930°C (Chapter 2). Whereas Fe-Ti oxides
thermometry in Calbuco one sample inferred to be from the bottom of the magma
reservoir recorded a heating event of temperatures up to ~1,070 °C. No evidence of
magma mixing was found (Chapter 2).

e In those samples from Calbuco, which are inferred to be from the middle of the
reservoir, compositional profiles across ilmenite-titanomagnetite junctions gave, via
diffusion chronometry, a timescale of stable temperature and oxygen fugacity
conditions at > one year (Chapter 3). By contrast, in the sample recording the heating,
compositional profiles across ilmenite-titanomagnetite junctions, which gave (via

diffusion chronometry) timescales from heating to eruption < 4 days. The peak of



density of the calculated timescales coincides with the seismic swarm before the
eruption (Chapter 3).

In Osorno samples, mineral textures indicate mush disaggregation before the eruption
(presumably due to heating or volatile addition; Chapter 4).

In the region (including Calbuco, Osorno, and La Picada stratovolcanoes and La
Vigueria small eruptive centre), stratovolcano products exhibit both higher fluid input
from slab to the mantle wedge (represented as a mixture between sediments from the
trench and the altered oceanic crust) and partial melting degree (Chapter 4). Sr and Nd
isotopic ratios suggest the fluid input comes from altered oceanic crust (AOC) and
sediments in a ratio of 7:3 (AOC:sediments). The variations of composition of the
products of the region are controlled by fluid input from the subducting slab (Chapter
4) and presumably mantle heterogeneity rather than crustal assimilation.

Considering that fluid input, the potential of crustal contamination was investigated:
for Calbuco products the most plausible mixture is ~25% of granulite and ~5% of
granodiorite and for Osorno products the most plausible mixture is ~10% of granulite
and ~5% of granodiorite assimilation. The pre-eruptive temperatures calculated for
Calbuco and Osorno magmas (Chapters 2 and 4, respectively) are consistent with the
assimilation of granulite at the lower crust (> 15 km; Vielzeuf et al., 1990) and
granodiorite at upper crust (< 10 km; Munizaga et al., 1988; Knesel and Davidson,

1996; Adriasola et al., 2006; Aragon et al., 2011).
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Supplementary Material for Chapter 2

The material presented in the Appendix A was included as online Supplementary Material in
the following article:

Morgado, E., Morgan, D.J., Harvey, J., Parada, M.A., Castruccio, A., Brahm, R., Gutiérrez,
F., Georgiev, B., Hammond, S.J., 2019. Localised heating and intensive magmatic conditions
prior to the 22-23 April 2015 Calbuco volcano eruption (Southern Chile). Bulletin of
Volcanology, v. 81:24. DOI: 10.1007/s00445-019-1280-2



https://doi.org/10.1007/s00445-019-1280-2

A.l. Rare earth elements
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Figure Al. Rare earth elements (REE) diagram showing a narrow range of Lan/Yby from 2
to 2.4. Only the sample Cal-155 (black solid line) shows a slight Eu positive anomaly. Values
normalised to chondrite composition (Sun and McDonough, 1989).
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A.2. Mineral chemistry

Table Al. Compositions of amphibole from the April 2015 Calbuco eruption (wt%).

SAMPLE SiO, TiO, Al,O4 FeO MnO MgO CaO Na,O K, O  Cr03 F Cl TOTAL
149TA_amph_Fig42a_cx1_1  42.603 3.089 9.869 14.186 0.011 12573 10824 2,609 0.217 0.000 0.056 0.072 96.109
149TA_amph_Fig42a cx1_2  42.669 3.086 9.769 14.031 0.000 12.659  10.942 2533 0.218 0.000 0.066 0.108 96.081
149TA_amph_Figd4la cx1_1  42.666 3.188 10.297 13.983 0.000 12.378  10.963 2.680 0.219 0.002 0.054 0.115 96.545

149TA_amph_Fig4la_cx3 42.992 3.019 9.923 14.549 0.000 12.634  10.928 2.608 0.231 0.006 0.057 0.089 97.037
149TA_amph_Fig40a_cx1 42.440 3.105 9.951 14.433 0.000 12.487  10.926 2592  0.215 0.004 0.061 0.072 96.285
149TA_amph_Fig40a_cx2 42,910 2.999 10.077 14.457 0.007 12.495 10.881 2.611 0238 0.017 0.063 0.087 96.840
149TA_amph_Fig39a_cx1 42.807 2.998 9.865 14.110 0.000 12.653  11.048 2494  0.222 0.026 0.059 0.067 96.351
149TA_amph_Fig38a_cx2_1  42.955 3.041 10.016 14.275 0.011 12.440  11.059 2.626  0.234 0.000 0.055 0.096 96.807
149TA_amph_Fig38a_cx2_2  42.890 3.042 10.080 14471 0.021 12,522  10.950 2.670  0.226  0.009 0.058 0.102 97.041
149TA_amph_Fig38a_cx1 43.086 3.067 9.870 14.159 0.000 12.940  10.866 2589 0.236 0.000 0.062 0.079 96.954
149TA_amph_Fig37a_cx1_1  43.187 2.897 9.723 14.014  0.000 12.764  10.830 2.632  0.245 0.004 0.054 0.157 96.507
149TA_amph_Fig37a_cx1_2  42.851 2.964 9.899 14.222 0.000 12.374  10.783 2.635 0.242 0.032 0.055 0.148 96.204
149TA_amph_Fig36a_cx2 42.757 3.037 9.976 14.161 0.007 12.597 10.768 2.618 0.226 0.000 0.023 0.172 96.341
149TA_amph_Fig36a_cx1 43.022 3.064 9.601 13.882 0.006 12544 10.844 2.664 0.242 0.000 0.021 0.146 96.035
149TA_amph_Fig34a_cx1_1  42.201 3.132 10.127 13.944  0.000 12598 10.861 2.703  0.227 0.014 0.055 0.123 95.986
149TA_amph_Fig34a_cx1_2  43.028 3.047 10.083 14.257 0.026 12591  10.735 2.638  0.230 0.002 0.054 0.100 96.791
149TA_amph_Fig33a_cx1 43.121 3.096 9.871 13.948 0.000 12.839 10.878 2.569  0.235 0.009 0.056 0.110 96.731
149TA_amph_Fig33a_cx3 43.061 3.069 10.040 14.350 0.000 12.457  11.051 2579 0229 0.000 0.054 0.126 97.015
149TA_amph_Fig33a_cx2 42.930 3.113 10.054 14.018 0.010 12.604 10.837 2.598  0.238 0.002 0.055 0.041 96.499
149TA_amph_Fig32a_cx1 43.098 2.997 9.966 14.252 0.006 12.577  10.779 2552 0.218 0.000 0.063 0.086 96.593



Table Al. (Continued)

SAMPLE Sio, TiO, AlLO; FeO  MnO  MgO CaO NaO KO Cr,0, F cl TOTAL
149TA_am Fig32a cx2_1 42715 3061 9950  14.150 0.000 12601  10.883 2734 0227 0000 0.055  0.117 96.492
149TA am Fig32a cx2_2 42974  2.958 9816 14058 0000 12524 10930 2543 0230 0005 0.057  0.118 96.214

149TA_am Fig3la cx2 42603  3.124 9931 14145 0021 12594 10912 2591 0233 0000 0.054  0.055 96.263
149TA_am Fig3la cxl 1 42669  3.068 9909 14133 0000 12496 10937 2611 0241 0000 0.059  0.076 96.201
149TA am Fig3la cxl 2 42789  2.958 9954 14294 0000 12462 10902 2533 0237 0000 0.055  0.070 96.254

149TA_am Fig3la cx3 42732  3.078 10193 14033 0000 12595 10.825 2671 0225 0014 0059  0.071 96.497

149TA am Fig3la cx5 43152  2.943 10047 14363 0011 12478 10930 2567 0228 0001 0.025  0.157 96.903

149TA_am Fig30a_2 43147 3010  9.864 14253 0000 12585  10.908  2.623 0.240 0011 0053  0.146 96.840

149TA_am Fig29a cx2 42809  3.129 10132 14195 0003 12420 10.864 2642 0236 0001 0.061  0.033 96.526

149TA_am Fig29a cx3 42893  3.112 9927 14114 0000 12529 10856 2.655 0.248 0020 0.000  -0.098 96.256

149TA_am Fig29a cx1 42813 2968 9702 14347 0000 12455  10.827 2569 0220 0000 0.058  0.122 96.082
149TA am Fig28a cx7_1 42661  3.146 10048 13954 0.000 12814 10884 2652 0241 0000 0.095  0.277 96.771
149TA_am Fig28a cx7_2 42755  3.097 10002 13906 0000 12715 10953 2699 0220 0008 0.131  0.039 96.525
149TA am Fig28a cx3 1 42911  3.045 10047 14195 0000 12626 10767 2519 0246 0000 0.000  0.041 96.396
149TA_am Fig28a cx3 2 43256  2.984 10017 13911 0000 12780 10903 2606 0215 0015 0.041  0.054 96.781
149TA_am Fig27a cx3_1 43453  2.849 9647 14109 0000 12750 10.838 2493 0247 0020 0.143  0.046 96.595
149TA_am Fig27a cx3 2 42629  3.126  10.144 13896 0.035 12531 10802 2598 0.244 0008 0.000  0.047 96.058
149TA_am Fig27a cx3_3 42819  3.065 9930 13980 0000 12852 10768 2630 0224 0000 0.082  0.047 96.398
149TA am Fig26a cx4 1 42970  3.061  10.002 13.835 0.001 12792 10807 2615 0225 0025 0.000  0.041 96.375
149TA_am Fig26a cx4 2 42911  3.017 9695 14056 0000 12747 10717 2611 0244 0000 0.000  0.046 96.045



Table Al. (Continued)

SAMPLE Si0, Tio, Al,O; FeO MnO  MgO CaO Na,O K,0 Cr,0; F cl TOTAL
149TA_amph_Fig25a cx3 1 42958  3.091 9.838 13831 0.022 12878 10856 2515 0.220 0.016 0.000  0.043 96.267
149TA amph_Fig25a cx3 2 42983  3.064 9919 13973 0009 12993 10976 2698 0.243 0.025 0.318 0.058 97.258
149TA amph_Fig2da cx2 1 42729 2954  10.024  13.942 0000 12598  10.816  2.601 0.226 0.026 0.000 0.062 95.978
149TA amph_Fig24a cx2_2 42758 2998  10.020  14.280 0005 12568  10.861 2574 0.220 0.003 0.108  0.043 96.437

149TA amph_Fig24a cx3 42782  3.049  10.062 14298 0000 12679  10.784  2.673 0241 0.000 0.000 0.063 96.630

149TA amph_Fig23a cx2 42749 3136 10002  14.152 0149 12789  10.880 2551 0.245 0.005 0.208  0.052 96.918

149TA amph_Fig23a cx3  42.696  2.992 9.834 14298 0012 12661 11.041 2635 0238 0.006 0.033  0.057 96.502
149TA amph_Fig22a cx2_1 43.082  3.089 9.982 14197 0001 12718 10813 2651 0221 0.002 0.000  0.056 96.813
149TA_amph_Fig22a cx2 2 42943  3.109 9.964 13960 0.000 12773 10900  2.600 0.255 0.000 0.004  0.045 96.553
149TA amph_Fig2la cx2_1 42670  3.018  10.017 13742 0000 12859  10.850 2587 0.236 0.032 0.000 0.035 96.047
149TA_amph_Fig2la cx2 2 43.158  2.905 9546 13634 0000 12913 10827 2608 0.225 0011 0.243 0.048 96.117
149TA amph_Fig2la cx2 3 42815  3.042 9.985 13962 0005 12571 10907 2616 0222 0.002 0.000  0.042 96.170
149TA amph_Fig20a cx2 1 42946  3.117  10.098  14.283 0006 12643 10933  2.628 0.246 0.009 0.000  0.039 96.947
149TA amph_Fig20a cx2 2 42535 3158 10105 14315 0000 12671 10917 2675 0.243 0.007 0.000 0.047 96.672
149TA_amph_Figl9a cx2 1 43.072  2.945 9.789 13854 0028 12.858 10852 2606 0.218 0.020 0.000  0.039 96.283
149TA amph_Figl9a cx2 2 42750  3.017  10.033 14247 0003 12369 10928  2.650 0.234 0011 0072 0.050 96.362
149TA_amph_Figl9a cx2 3 42931  2.960 9.663 13765 0.032 12.858 10801 2559 0.227 0.000 0.071  0.045 95.909

149TA amph_Figl9a cx3 42738  3.171 9.976 14030 0000 12.699 10942 2638 0233 0010 0.010 0.053 96.498
149TA_amph_Figl8a cx2 1 43.108  2.956 9917 14332 0000 12779 10808 2558 0.240 0.080 0.142  0.059 96.977
149TA amph_Figl8a cx2 2 42932 2990 10106  14.109 0003 12667 10932 2614 0234 0000 0203 0.028 96.817



Table Al. (Continued)

SAMPLE sio,  TiO, ALO;  FeO MnO  MgO  CaO Na,O  K,0 Cr,0, F cl TOTAL

149TA amph_Figl8a cx3  43.046 3.152  9.990 13.878 0000 12.836 10.780 2590 0213 0.000 0.156 0.031 96.672
149TA amph_Figl7 cx3 1 42570 3.018 10067 14.337 0011 12.616 10956  2.631  0.242 0.000 0.023  0.052 96.524
149TA amph_Figl7 cx3 2 43311 2.676 9580 13.864  0.000 12.651 11812 2501 0221 0.003 0.071  0.042 96.732
149TA amph_Figléa 1 43127 2966  9.935 14099 0001 12.813 10.805 2543 0226 0.000 0.000  0.040 96.554
149TA amph_Figléa 2 42.698  3.039  9.948  14.029  0.000 12.850 10.986 2558  0.242 0.008 0.034  0.052 96.443
149TA amph_Figl5a cx2_1 42786  3.027  9.845 13900  0.000 12.709 10.871  2.534  0.236 0.000 0.000  0.054 95.960
149TA amph_Figl5a cx2 2 42781  3.122 10021 13.967  0.000 12.833 10.848 2593 0238 0.010 0.035 0.052 96.499
149TA amph_Figl5a cx2 3 42738  3.092  9.811 14199 0000 12588 10.889 2563  0.227 0.013 0.116 0.048 96.285
149TA amph_Figlda cx2 42717  3.127 10006 13.930  0.009 12.696 10.901 2535 0213 0.012 0.282  0.047 96.476
149TA amph_Figlda cx3 1 42571 3.258 9919  14.055 0007 12599 10.895 2528  0.235 0.017 0.000  0.049 96.133
149TA amph_Figlda cx4 1 42262  3.353 10224 14.041  0.006 12425 10969 2549 0239 0.000 0.169 0.053 96.289
149TA amph_Figlda cx4 2 42734 3143 9761  14.258  0.021 12587 10.842 2564 0245 0.018 0.057 0.054 96.284
149TA amph_Figlla cx1 42672 3.232 10022 14100 0027 12.667 10.888 2548 0225 0.001 0.000  0.042 96.423
149TA amph_Figlla cx2 42713  3.150 10171 14460 0028 12.614 10.858 2567  0.241 0.020 0.046 0.053 96.922
149TA amph_Figloa cx2 1 42789  3.083  10.093 14.339  0.000 12.653 10.790  2.620  0.219 0.027 0.119  0.042 96.774
149TA amph_FiglOa cx2 2 42627 3.206 10341 14100  0.000 12458 10741  2.661 0239 0.002 0.168 0.057 96.601
149TA amph_Figloa cx4  42.408  3.163  10.013 14242 0009 12.337 10.847 2595 0250 0.000 0.000  0.061 95.924
149TA amph_Fig9a cx1 43345 3102 9614 14356 0000 12557 10.752  2.625  0.240 0.000 0.167 0.058 96.817
149TA amph_Fig9a cx3_1 42.808 3.215 10.001 13.778 0000 12.636 10.813  2.637 0234 0.000 0.209 0.041 96.371
149TA amph_Fig9a cx3_2 42652 3.208  9.891  13.992 0030 12404 10.757 2491 0223 0.000 0.035 0.043 95.727



Table Al. Continued.

SAMPLE sio, TiO, ALO;  FeO MnO MgO CaO NaO  K,O0  Cr,0s F cl TOTAL
149TA_amph_Fig8a cx2  42.972 3.011  9.795 14.063 0000 12614 10.782 2570 0223  0.011  0.020 0.049 96.108
149TA amph_Fig8a cx3  43.064 3.111  9.853 14157 0003 12518 10.857 2580 0251  0.009  0.246 0.060 96.711

149TA amph_Fig7a cx1_ 1 43336  3.036  9.447 13811 0002  13.115 10.786 2589 0220  0.006  0.047 0.044 96.438
149TA amph_Fig7a cx1 2 42650 3.071  9.680  13.903 0.025  12.836 10.897 2501  0.226  0.000 0.144 0.059 95.993
149TA amph_Figéa cx1 1 42719  3.267  9.917  13.894 0.000  12.620 10.838 2569  0.225  0.000 0.000 0.056 96.106
149TA amph_Figba cx1 2 42779  3.263  10.033 14.192 0014  12.604 10785 2.603 0232  0.000 0.132 0.043 96.681
149TA amph_Figsa cx1 1  42.884  3.158  9.942 14205 0.000 12494 10.814 2548 0236  0.005 0.000 0.055 96.342
149TA amph_Figsa cxl1 2 42980 3.146  9.859  14.005 0.000  12.730 10.873 2597 0218  0.000 0.000 0.047 96.456
149TA amph_Figda cx1 1  42.847 3119 9969  14.128 0.000  12.666 10.816 2596  0.244  0.022  0.107 0.062 96.576
149TA amph_Figda cx2_1 42492  3.204  9.877 14152 0016 12534 10950 -0.301 0231  0.018  0.020 0.050 93.242
149TA amph_Fig3a cx4 1 42833  3.150 10.061 14.229  0.008  12.737 10727 2538 0245  0.004 0.208 0.047 96.786
149TA amph_Fig3a cx3_1 43165 3.133  9.904  13.837 0.010 12801 10.781 2555  0.246  0.000  0.000 0.052 96.485
149TA amph_Fig3a cx2_1  42.881  3.192  9.856  14.289  0.000 12590 10.847 2611 0236  0.000 0.057 0.048 96.607
149TA amph_Fig2a cx1 1 42738  3.007  9.883  14.092 0.000  12.600 10.847 2587  0.244  0.007 0.317 0.047 96.370
149TA amph_Fig2a cx1 2 42665 3.138  10.068 14.065 0.000  12.747 10.863 2551 0233  0.000 0.097 0.054 96.482
149TA amph_Figla cx1 1 42900 3.065 9.872 14273 0000 12535 10953 2.602 0217  0.000 0.195 0.056 96.668
149TA amph_Figla cx1 2 42907 3.105  9.824  14.100 0.004  12.760 10.853 2.652 0230  0.029 0.315 0.051 96.832

160_amph_Figla_cx1 43700 2608 9289 14135 0.000 12910 10849 2285 0295 0.013 0.099 0.254 96.438

160_amph_Figla_cx2 44002 2526 9147 14423 0000  13.022 10728 2273 0294  0.003 0.091 0.238 96.747

160_amph_Figla_cx3 43573 2644 9226 14718 0009 12512 10873 2364 0283  0.014 0.100 0.257 96.574



Table Al. (Continued)

SAMPLE sio, TiO, AlLO; FeO  MnO  MgO cCaO NaO K, 0 Cr0; F cl TOTAL
160_amph_Fig2a cx1 1  43.664 2.626 9.030 14427 0000 12.605 10773 2238 0313 0018 0.117 0.287 96.098
160_amph_Fig2a cx1 2 43.817 2656 9.020 14301  0.000 12.835 10782 2341 0334 0003 0.118 0.219 96.426
160_amph_Fig3a cx1 1 43445 2660 9.035 14532 0005 12446 10987 2420 0321  0.000 0.108 0.326 96.285
160_amph_Figda cx2_ 1 43.608 2596 9.247 14490 0.000 12776  11.091 2324 0321  0.008 0.106 0.286 96.854
160_amph_Figsa cx4_1 44111 2443 8766 14141 0007 13.066  11.087 2170 0295  0.019 0094 0.304 96.503
160_amph_Figsa cx4 2 44.031 2535 8919 14155 0005 13.071  11.006 2175 0304 0012 0027 0.161 96.400
160_amph_Figéa cx1 1 44147 2462 8878 14151 0000 12.857 10827 2129 0323  0.009 0.024 0.139 95.947
160_amph_Figéa cx1 2 44116 2431 9.022 14524 0006 12777 10927 2224 0298  0.034 0.008 0.093 96.461
160_amph_Fig7a_cx1 1 44.061 2471 8866 14308 0.000 12975 10819 2224 0326  0.000 0.106 0.094 96.251
160_amph_Fig7a cx1 3 43.875 2511 8820 14182 0000 12797 10957 2275 0337  0.000 0.156  0.096 96.006

160_amph_Fig8a_cx1 44442 2338 8500 13.806 0.023 13253  11.062 2161 0323  0.027 0.180 0.106 96.311
160_amph_Fig9a cx1 1  44.485 2252 8493 14511 0000 13.182  11.070 2215 0334 0018 0.172 0.102 96.835
160_amph_Fig3a cx1 2 43.660 2.655 9.168  14.337  0.000 13.045  11.095 2231 0326 0036 0.628 0.103 97.283
160_amph_Figda cx1 1  43.616 2619 9239 14239  0.022 12937 11.056 2.324 0340 0015 0500 0.099 97.008

160_amph_Fig5a_cx1 41990 2664 10994 13638 0.000 12.833 11269 2654 0356  0.000 0.316 0.083 96.798
160_amph_Fig7a cx1 2 44.011 2544 8848 13904 0.003 12964  11.051 2243 0326 0000 0479 0.106 96.479

160_amph_Fig8a_cx3 43963 2416 8764 14416 0000 12972  11.002 2136 0322  0.004 0.000 0.108 96.102



Table A2. Compositions of ortho- and clino- pyroxenes from the April 2015 Calbuco eruption (wt%).

SAMPLE Sio, Tio, ALO;  FeO MnO  MgO CaO Cr0; K, 0 NaO  NiO TOTAL
Cal-149TA Fig2 cx13 52835 0198  0.836 19.238 0562 24.357 1394  0.000  0.002  0.000  0.000 99.421
Cal-149TA Fig2 cx12 2 51.888 0562 2386  9.720  0.339 14459 21167 0.000 0.000  0.358  0.000 100.879
Cal-149TA Fig2 cx14 53435 0124  0.668 19.682 0541 23842 1370 0016  0.000  0.027  0.005 99.710
Cal-149TA Fig2 cx12.1 51777 0466 2036  9.619 0375 14526 21192 0.003  0.000 0321  0.000 100.313
Cal-149TA Fig2 cx16 1 51593 0467  1.860  9.345  0.334 15161 20.965 0.08  0.003  0.308  0.001 100.045
Cal-149TA Fig2 cx16 2 51376 0493 2003 9595 0335 14.824 20928 0.000 0.002 0332  0.000 99.887
Cal-149TA Fig2 cx15 52502 0473 1892 9358  0.327 15006 21.168 0.010  0.000  0.323  0.005 101.063
Cal-149TA Figlo_cx2 53535 0150 0594  19.267 0.601 24472 1358 0011  0.000  0.007  0.001 99.996
Cal-149TA Figlo_cx3 52326  0.261 1585 20148 0627 23.328 1406  0.004  0.002  0.015  0.000 99.703
Cal-149TA Figlo_cx5  52.893  0.163 0691 19.718 0634 24136 1428 0000 0.000  0.003  0.000 99.665
Cal-149TA Figlo_cx6 52906  0.167  0.724  19.688  0.649 23.843 1412  0.007 0.001  0.010  0.000 99.407
Cal-149TA Figld cx17 52686 0254  0.872 10490 0598 23.774 1424 0000  0.003  0.007  0.000 99.109
Cal-149TA Figld cx10 52303 0357  1.622 19939 0529 23194 1583 0010 0001 0021  0.000 99.558
Cal-149TA Figld cx18  51.840 0447 1614 10038 0.385 14482 21153 0.004  0.007 0302  0.003 100.275
Cal-149TA Figld cx11  50.394 0647 2268  9.628  0.321 14770 20.702 0.008  0.000  0.357  0.000 99.095
Cal-149TA Figld cxlla 51583 0431 1442 9951 0375 14487 21267 0.000  0.002  0.307  0.000 99.845
Cal-149TA Figld cx20 51557  0.321  1.444 19062 0.478 23982 1622 0000 0003 0017  0.001 98.486
Cal-149TA Figld cx19 49525  0.820  3.034 10321 0.345 13.800 20.821 0.009  0.001  0.339  0.000 99.015
Cal-149TA Figld cx1 1 50790 0596 2129 9594 0310 14.806 20.935 0.004  0.000  0.348  0.000 99.512
Cal-149TA Figld cx2 52358 0315 1269 18422 0510 24715 1536 0000 0.000  0.019  0.003 99.147
Cal-149TA Fig23 c12 1 51.081 0422 1447 10510 0.457 14245 21103 0.003  0.003  0.307  0.000 99.578
Cal-149TA Fig23 cx1 1 51291 0336 1383 19.773 0515 23405 1816 0000 0000  0.022  0.000 98.543
Cal-149TA Fig23_cx12 50538 0563  1.995 9756  0.322  14.742 20911 0.000  0.000 0313  0.003 99.142



Table A2. (Continued)

SAMPLE Sio,  TiO,  ALO; FeO MnO  MgO CaO Cr0; K, 0 NaO  NiO TOTAL
Cal-149TA Fig23 cx1 2 51416 0320 1327 19533 0504 23.677 1805  0.002 0002  0.025  0.013 98.624
Cal-149TA F31 cx12 1 52187 0228 0713 21433 0585 22690 1575  0.008  0.000  0.020  0.000 99.438

Cal-149TA _F31_cx8 50.910 0513  1.722 9589 0329 15105 20.806 0.000  0.000  0.309  0.000 99.284
Cal-149TA F31 cx12 2 51733 0264 0859 21548 0590 22507 1650  0.000 0001  0.015  0.001 99.167
Cal-149TA Fig3l cx9 1 52213 0345 1263 21147 0580 22633 1520 0.000 0.004  0.008  0.006 99.718
Cal-149TA Fig3l cx8 1 51151 0501 1523  10.826 0.390 14.272 21036 0.002  0.000  0.307  0.002 100.011

Cal-149TA Fig3l cx4 51237 0.383 1399 10436 0414 14293 21.094 0.000  0.000  0.307  0.002 99.564
Cal-149TA Fig3l cx5 49590 0.649  2.311 9549 0307 14810 20557 0.001 0001 0353  0.000 98.129
Cal-149TB_Fig3 cx10  50.531  0.642  2.322 8.983 0285 15135 21.047 0.000 0.000 0310  0.005 99.258

Cal-149TB_Fig3_cx9 52258  0.196  0.853  19.100 0.605 24325 1472  0.000  0.000  0.007  0.000 98.816

Cal-149TB_Fig3_cx2 51594 0248  1.088  10.005 0582 24336 1406  0.000  0.000  0.015  0.000 98.275

Cal-149TB_Fig3_cx3 50.390  0.403  1.720 9528 0356 14641 21.238  0.004 0000 0308  0.000 98.587

Cal-149TB_Fig3_cx8 52.880 0.269  1.306  19.724  0.607 23580 1.530  0.000  0.001  0.012  0.000 99.910

Cal-149TB_Fig3_cx7 52976 0.295  1.050  18.071 0547 25048 1492 0000  0.000  0.020  0.000 99.498

Cal-149TB_Fig4_cx6 51791 0299  1.188  18.843 0576 24265 1568  0.000  0.000  0.023  0.000 98.553

Cal-149TB_Fig4_cx9 51.221 0566  1.888 9.034 0300 15159 20.853 0.002  0.000 0312  0.000 99.335

Cal-149TB_Fig4_cx3 51.237 0471  1.624 9219 0318 15937 19.977 0000 0000 0226  0.005 99.015

Cal-149TB_Fig4_cx2 52451 0237 0940  17.704 0523 25007 1505  0.000  0.000  0.014  0.000 98.382

Cal-149TB_Fig6_cx8 52.802 0.261 0905  17.940 0508 24.892 1554  0.003  0.000 0010  0.018 98.893

Cal-149TB_Fig6_cx7 50473  0.670  2.404 9440 0312 14868 20651 0001 0003 0329  0.003 99.154

Cal-149TB_Fig5_cx6 52753 0.282  1.118  17.730 0505 24987 1515 0000 0001  0.006  0.001 98.898

Cal-149TB_Fig5_cx3 52428 0289  1.035 18351 0537 24775 1428 0000  0.000  0.016  0.000 98.859

Cal-149TB_Fig6_cx7 49.695 0.675 2.497 10.022 0.315 14753  20.167 0.000 0.000 0.371 0.001 98.496



Table A2. (Continued)

SAMPLE Sio,  TiO, ALO;, FeO MnO  MgO CaO Cr0; K, 0 NaO  NiO TOTAL
Cal-149TB_Fig6_cx9 52311 0206 0716  17.706 0521 25269 1513  0.002  0.002  0.08  0.000 98.252
Cal-149TB_Fig8_cx1 52530 0.258 1.005  17.888  0.538 24.814 1.842 0000 0001  0.025  0.000 98.901
Cal-149TB_Fig8_cx3 50.728  0.628  2.241 9.229 0323 14818 20944 0.002 0000 0345  0.002 99.261
Cal-149TB_Fig8_cx13  50.370  0.723  2.664 9.702 0317 14555 20554 0.002  0.000 0349  0.007 99.241
Cal-149TB_Fig8_cx4 51.941 0282 1148  17.716 0550 24907 1550  0.004  0.001  0.022  0.000 98.123
Cal-149TB_Fig8_cx4 52559  0.229 0.861  17.774 0552 24839 1720  0.000 0001 0031  0.015 98.580
Cal-149TB_Fig8_cx6 51.098 0618 2.228 9.571 0339 15432 19.883 0.000  0.001  0.272  0.000 99.441

Cal-149TB_Fig8 cx7 8  51.864 0.387 1567  17.468 0539 24.668 2187  0.000  0.002  0.019  0.000 98.700
Cal-149TB_Fig8_cx14  51.327 0545  1.987 9.293 0307 14969 20797 0.005  0.000 0342  0.000 99.572
Cal-149TB_Fig9_medla 52.873 0233 0562  17.907 0541 25030 1525  0.000 0.00  0.007  0.000 98.676
Cal-149TB_Fig9_medlb  50.100 0.888 2.648  10.000  0.346  14.320 20.662 0.006  0.000  0.347  0.002 99.321
Cal-149TB_Fig9_med2a  49.740  0.818  2.449 9.707 0328 14529 21.023 0.000 0.000 0342  0.000 98.937
Cal-149TB_Fig9_med2b  51.070 0513  1.747 9.283 0294 15139 21.008 0.000 0.000 0320  0.000 99.375
Cal-149TB_Fig9_med3a 51280  0.239  1.007 9.850 0368 14309 21478 0.000  0.000 0.286  0.000 98.818
Cal-149TB_Fig9_med3b 51579 0221  0.956 9.885 0353 14294 21508 0.000  0.000 0281  0.012 99.088
Cal-149TB_Fig9_med4a 51915 0371 1401 18385 0537 24465 1500  0.000 0.00  0.015  0.000 98.588
Cal-149TB_Fig9_med4b  51.650 0.380 1452  18.364 0542 24499 1454  0.003  0.000  0.000  0.002 98.347
Cal-149TB_Fig9_med5a  52.012  0.614  2.142 9.404 0301 14965 20867 0.000  0.001 0345  0.001 100.651
Cal-149TB_Fig9_med5b  52.099 0559  1.945 9.162 0307 15056 20926 0.012  0.000 0.308  0.000 100.374
Cal-149TB_Fig9_medéa  51.382  0.638  2.297 9.288 0287 14.843 20910 0.001  0.000 0330  0.009 99.985
Cal-149TB_Fig9_med6b  50.633  0.687  2.451 9.352 0281 14780 20906 0.005  0.000  0.342  0.009 99.445
Cal-149TB_Fig9_med7a  53.048 0.318 1.160 18366 0552 24780 148  0.007  0.000  0.028  0.001 99.744
Cal-149TB_Fig9_med7b 52797 0341 1.258 18388 0593 24535 1549 0013  0.000  0.019  0.000 99.493



Table A2. (Continued)

SAMPLE sio,  TiO, ALO;  FeO MnO MgO  CaO Cr,0; K,0 Na,O  NiO TOTAL
Cal-149TB_Fig9_med8a 53.213  0.302  1.131 18306  0.546  24.899 1469 0004  0.000 0015  0.005 99.888
Cal-149TB_Fig9_med8b 53117  0.269  0.997 18395 0538  24.838 1456 0.000  0.003 0.007  0.010 99.630
Cal-149TB_Fig9_med9a 52.378  0.303  1.200 18482 0551 24682 1450 0.009  0.000 0.007  0.016 99.079
Cal-149TB_Fig9_med9b 51.799  0.334  1.168 18253 0542  24.640 1699 0.000  0.003 0.015  0.000 98.455
Cal-149TB_Fig9_med10a 50.794 0702  2.466  9.355 0328 14833 21.042 0000  0.000 0322  0.003 99.846
Cal-149TB_Fig9_med10b 51.084  0.627  2.223  9.176 0299 15050 20.833 0.000  0.002 0324  0.001 99.620
Cal-149TB_Figl0_opxl 51.153 0492 1728  9.150 0319 15246 20.845 0.008  0.003 0314  0.003 99.261
Cal-149TB_Figl0_cpx2 50.352  0.640  2.395  9.279 0291 14801 20777 0.004  0.004 0314  0.004 98.861

Cal-149TB_Figl0_cx3  53.293  0.223  0.657 17101 0500 25578  1.667 0.000  0.000 0.020  0.000 99.040
Cal-149TB_Figl0_cx5  52.613  0.240  0.882 17.781 0502 25146 1.485 0.004  0.000 0.000  0.007 98.660
149TB_Figll_cx2 53.045 0.262  1.231 17227 0499 25787  1.249  0.000  0.000 0011  0.000 99.312
Cal-149TB_Figll cx4  51.957 0.359  2.198 18145 0512 24587 1559 0.000  0.000 0014  0.005 99.335
Cal-149TB_Figll cx3  51.833 0325  1.655 18021 0515 25108 1.360 0.012  0.000 0017  0.000 98.846
Cal-149TB_Figll cx5  52.877 0377 2225 17.762 0482 24720 1.653 0.00  0.004 0021  0.000 100.119
Cal-149TB_Figl3 cx12 50.072 0726  2.536  10.394  0.373 14583 19587 0000  0.003 0.349  0.000 98.623
Cal-149TB_Figl3 cx5  53.652 0.323  1.228 18.063  0.506  24.856 1.560 0.005  0.003 0021  0.000 100.216
Cal-149TB_Figl4 cx2  52.858  0.201 0712 18112 0544 24881 1.618 0000  0.001 0.016  0.000 98.944
Cal-149TB_Figl4 cx1  50.126  0.771  2.683  9.292 0295 15201 20422 0.000  0.000 0.324  0.000 99.114
Cal-149TB_Figl4 cx6 52719  0.091 0562 20.825  0.746 23458  0.902 0002  0.003 0.001  0.005 99.313
Cal-149TB_Figl4 cx12 51.729 0316  1.174 20570 0562 22930 1581 0012  0.000 0.018  0.000 98.892
Cal-149TB_Figl4 cx7 52532  0.264  1.018 20.305 0540 23434 1410 0.000  0.004 0.010  0.000 99.517
Cal-149TB_Figl7 cx2-3 52316 0.328 1350 18277 0504 24381 1693 0.005  0.002 0.010  0.000 98.867
Cal-149TB_Figl7 cx7 51139  0.606 2115  9.330 0292 14893 20.821 0.005  0.006 0342  0.010 99.560



Table A2. (Continued)

SAMPLE sio,  TiO, ALO;  FeO MnO MgO CaO Cr0; K0 Na,O  NiO TOTAL
Cal-149TB_Figl9 cx7 49551  0.768  3.002  9.780  0.326 15154  19.865 0.001  0.000 0.310  0.000 98.758
Cal-149TB_Figl9 cx5 52013 0236  1.059 19706 0.628 23774  1.360 0.007  0.000 0010  0.007 98.799

Cal-149TB_Fig23 medla 36,517 0.005 0012 26.817 0478 35506  0.111 0.000  0.000 0.094  0.017 99.533
Cal-149TB_Fig23_medlb 36507 0.009  0.017 26962 0481 35280  0.113 0.000  0.000 0.000  0.035 99.369
Cal-149TB_Fig23 med2a 53.137 0.330  1.508 17.762 0.498 25048  1.590 0.000  0.000 0.022  0.000 99.894
Cal-149TB_Fig23_med2b 50.428  0.684  2.340 9211 0315 15218 20491 0.012  0.004 0315  0.000 99.019
Cal-149TB_Fig23 med3a 52517 0.235  0.847 17.992 0504 24952 1566 0.000  0.005 0.024  0.005 98.647
Cal-149TB_Fig23 med3b 50.716 0582  2.065 9244  0.298 15057  20.718 0.000  0.000 0333  0.000 99.013
Cal-149TB_Fig23 medda 51.993 0.292  1.188 18213 0.494 24966  1.467 0005  0.000 0.027  0.000 98.645
Cal-149TB_Fig23_med4b 52.077 0.325  1.380 17.881 0516 24860 1703 0.012  0.000 0.025  0.000 98.779
Cal-149TB_Fig23 med5a 53.065 0277  1.143 18115 0502 25169  1.435 0.000  0.001 0018  0.012 99.739
Cal-149TB_Fig23_med5b 53.653  0.262 0904 17.861 0527 25058 1690 0.016  0.002 0022  0.001 99.996
Cal-149TB_Fig23 med6a 52.675 0271  1.061 18362 0530  24.844 1445 0000  0.000 0015  0.002 99.205
Cal-149TB_Fig23_med6b 53.084 0.206  0.766  18.162 0517 25007 1505 0.001  0.000 0.016  0.000 99.265
Cal-149TB_Fig26_cx9  53.325 0.249 0966 18148 0509  24.883  1.492 0000  0.003 0.015  0.000 99.590
Cal-149TB_Fig26_cx6 50416 0638 2315 9344 0318 14984 21013 0000  0.000 0.338  0.000 99.366
Cal-149TB_Fig26_cx11 53.845 0.252  0.961 18320 0548 24735 1440 0000  0.001 0.027  0.003 100.132
Cal-149TB_Fig26_cx10 52.677 0.245 0963 18412 0555 24538 1487 0002  0.003 0013  0.000 98.895
Cal-149TB_Fig27 cx4 53437 0238 0744 16914 0480 25826  1.649 0.007  0.000 0.025  0.000 99.321
Cal-149TB_Fig27 cx3 52113 0331  1.671 17678 0489 25090  1.541 0.000  0.000 0.018  0.000 98.930
Cal-149TB_Fig27 cx8  53.660 0.283  1.311 18004 0518 25113  1.331 0014  0.000 0.007  0.011 100.252
Cal-149TB_Fig28 cx3  53.822 0225 0796 17510 0.499 25566  1.597 0.007  0.000 0012  0.002 100.036
Cal-149TB_Fig28 cx2  50.675 0.835  2.953  9.359  0.304 14641  20.801 0.005  0.000 0.347  0.000 99.920



Table A2. (Continued)

SAMPLE sio,  TiO, ALO;  FeO MnO MgO CaO  Cr,0; K,0 Na,O  NiO TOTAL
Cal-149TB_Fig28 cx5  53.506  0.278  1.279 18489 0536 24677 1487  0.000  0.000 0.026  0.000 100.277
Cal-149TB_Fig29_cx4 52245 0327  1.804 17619 0508 24989 1658  0.000  0.000 0.023  0.000 99.173
Cal-149TB_Fig29 cx6  53.942 0214 0785 17.665 0.489 25245 1532  0.005  0.004 0.015  0.000 99.894
Cal-149TB_Fig29 cx3  52.826 0.242  0.948 17676 0508 25130  1.637  0.003  0.002 0.009  0.000 98.984
Cal-149TB_Fig30 (1)  53.304 0240  1.170 17.927 0509 25270  1.272  0.000  0.002 0.002  0.000 99.695
Cal-149TB_Fig30_2a  52.922 0.282  1.068 18.487 0545 24734 1481  0.000  0.001 0017  0.003 99.541
Cal-149TB_Fig30 2b  53.151 0.246  0.946 18.416 0536 24623 1452  0.003  0.005 0013  0.006 99.397
Cal-149TB_Fig30_3a  52.861 0.248  1.095 18506 0547 24690  1.319  0.007  0.004 0.020  0.000 99.296
Cal-149TB_Fig30 3b  54.300 0.242  0.989  18.469 0567 24748 1393  0.000  0.005 0.027  0.005 100.747
Cal-149TB_Fig30_4a 53418 0.248  0.966 18353 0550 24756 1477  0.000  0.003 0.020  0.000 99.792
Cal-149TB_Fig30 4b  52.979 0.288  1.181 18506 0545 24553 1483  0.000  0.005 0014  0.003 99.556
Cal-149TB_Fig30_5a  53.079  0.276  1.053 18473 0545 24706 1451 0012  0.001 0.005  0.000 99.601
Cal-149TB_Fig30 5b  53.807 0.256  1.023 18587 0544  24.828 1433  0.006  0.002 0.004  0.000 100.491

Cal-149TB_Fig32_cx10 52.612 0.305  1.384 18488 0525 24591 1483  0.005  0.001 0.027  0.000 99.420
Cal-149TB_Fig32_cx8 52511 0313  1.222 17.854 0513 24873 1534  0.002  0.002 0.022  0.000 98.845
Cal-149TB_Fig33 ¢3_1 53.250 0.243 0920 17.129 0486 25567 1587  0.005  0.002 0022  0.004 99.215
Cal-149TB_Fig33 c¢5 1 53.361 0239  0.944 16941 0474 25845 1504  0.003  0.000 0022  0.001 99.333
Cal-149TB_Fig33 ¢5 2 53453 0212 0700 17.084 0488 25780 1572  0.000  0.001 0013  0.004 99.305
Cal-149TB_Fig33 ¢3 2 53.007 0213  0.681 17.098 0495 25750 1577  0.000  0.002 0.015  0.000 98.838
Cal-156_figl cx13_1  52.979  0.302  1.238  17.642 0494 24516 1825  0.000  0.000 0.000  0.000 98.996
Cal-156_figl cx14 1  50.348 0736  2.710 9511 0310 14696  20.458  0.000  0.000 0.000  0.000 98.768
Cal-156_figl cx16_1  49.953 0.873  3.141 9633 0283 14658  19.843  0.000  0.000 0.000  0.000 98.384
Cal-156_figl cx17 1 52319 0399  1.610 17.857 0521 24324 1870  0.000  0.000 0.000  0.000 98.898



Table A2. (Continued)

SAMPLE sio,  TiO, ALO;  FeO MnO MgO CaO  Cr,0; K,0 Na,O  NiO TOTAL
Cal-156_figl cx16_ 2  53.259  0.326  1.259  17.189 0477 24002  3.256  0.000  0.000 0.000  0.000 99.768
Cal-156_figl cx18 2  52.066 0.405  1.840 18.030 0506  24.117  1.881  0.000  0.000 0.000  0.000 98.845
Cal-156_fig2_cx8_1  53.297 0250  0.693 17.046 0.486 25187  1.599  0.000  0.000 0.000  0.000 98.558
Cal-156_fig2_cx1 1 52372 0364 1436 16996 0482 23557 3760  0.000  0.000 0.000  0.003 98.966
Cal-156_fig2_cx1_la  50.688 0742 2744  9.072 0276  14.808 20422 0.000  0.000 0.000  0.000 98.751
Cal-156_fig2_cx2_11 ~ 49.931 0939  3.590 8778 0256 14507  20.756  0.000  0.000 0.000  0.000 98.756
Cal-156_fig2_cx2_12  51.072 0.658  2.549 9214 0300 15066  19.902  0.000  0.000 0.000  0.000 98.761
Cal-156_fig2_cx2_13  50.881  0.810  2.714 9546 0297 14812  20.039  0.000  0.000 0.000  0.000 99.098
Cal-156_fig2_cx2_13a  51.367  0.694 2432 9191 0292 14941 20218 0.000  0.000 0.000  0.000 99.135
Cal-156_fig2_cx2_14 50531  0.750  2.723  9.289 0289  14.872  20.031  0.000  0.000 0.000  0.000 98.485
Cal-156_fig2_cx4_15  50.563  0.634  2.465  9.069 0302 14925  20.364 0.000  0.000 0.000  0.002 98.321
Cal-156_fig2_cx4_16  50.625 0.700  2.559  9.020 0280  14.806  20.411  0.000  0.000 0.000  0.000 98.401
Cal-156_fig23_cx6_8a 52071 0488 1552 15295 0.417  21.884  7.881  0.000  0.000 0.000  0.000 99.588
Cal-156_fig23_cx6_8b  53.353  0.204  0.766  17.405 0479 24780 1527  0.000  0.000 0.000  0.004 98.512
Cal-157A figl cx3_1  51.249 0644 2581 9422 0312 15171 20166 0006  0.000 0.000  0.008 99.560
Cal-157A figl cx2 1 53902 0217 0775 17328 0511 25838 1578 0001  0.000 0.000  0.006 100.156
Cal-157A figl cx2 2  51.930 0404 2617 17.934 0479 24752  1.660  0.000  0.000 0.000  0.000 99.764

Cal-157A fig3_cx10_ 1 51430 0603 2255  9.296 0297 15216 20456  0.008  0.000 0.000  0.006 99.567
Cal-157A fig3_cx10 2 51.686 0.651 2518  9.235 0269 15050 20881 0011  0.000 0.000  0.000 100.298
Cal-157A fig3_cx11 1 52958 0307  1.352 18033 0505 25219 1500  0.007  0.000 0.000  0.000 99.877
Cal-157A fig3_cx11 2 53.071 0292  1.315 18012 0501 25021 1531  0.003  0.000 0.000  0.003 99.748
Cal-157A fig3_cx5 1 52067 0410 1538  9.028 0309 15255 20936 0000  0.000 0.000  0.000 99.532
Cal-157A fig3_cx4 1  53.144 0219 0971 19131 0617 24420  1.317 0000  0.000 0.000  0.000 99.811



Table A2. (Continued)

SAMPLE Sio, TiO,  ALO;, FEO MnO  MgO caO  Cr,0; K0 Na,O NiO TOTAL
Cal-157A fig20 cx9 1  52.802 0.287  1.074  19.079 0574  24.360 1.435  0.000  0.000 0.000 0.048 99.657
Cal-157A fig20 cx8_1  52.806 0.292  1.072  19.090 0585  24.339 1.427  0.003  0.000 0.000 0.057 99.670
Cal-157A fig20 cx8_2  48.648 0454 1810 8795 0293 14973  19.039  0.004  0.000 0.000 0.044 94.060
Cal-157A fig2l cx7_1  49.787 0529 2000  8.851 0288 15482  20.138  0.000  0.000 0.000 0.000 97.063
Cal-157A fig21l cx8_1 52.367 0.221 0788  17.230 0502  25.829 1.598  0.004  0.000 0.000 0.000 98.531
Cal-157A fig2l cx8 2  51.606 0.367  1.697  17.483 0.485  25.210 1701  0.004  0.000 0.000 0.010 98.560
Cal-157A fig2l cx9 1  50.244 0.608  2.214 9423 0336 14819  20.362 0.005  0.000 0.000 0.000 98.004
Cal-157A fig2l cx2_ 1  50.355 0.526  1.907 9.345 0313 15585  19.918  0.009  0.000 0.000 0.009 97.966
Cal-157A fig21 cx19 1 52281 0214  0.826  17.715 0515  25.540 1475  0.003  0.000 0.000 0.000 98.569
Cal-157A fig2l cx23_1 50440 0534  1.958 9.036 0312 15726  19.646  0.000  0.000 0.000 0.000 97.639
Cal-157A fig21 cx22_ 1 51.946 0307  1.369  17.822 0.492  25.178 1.497  0.000  0.000 0.000 0.000 98.602
Cal-157A fig30_ cx9 1 50671 0.565  2.076 9241 0291 15106  20.253  0.012  0.000 0.000 0.000 98.208
Cal-157A fig30 cx9 2  50.390 0.588  2.305 9414 0300 14748  20.379  0.001  0.000 0.000 0.000 98.125
Cal-157A fig30 cx10 1 51.335 0.251 1597  20.318 0.678  23.391 1256  0.000  0.000 0.000 0.000 98.820
Cal-157A fig30 cx10 2 51.717 0.248 1585  20.105 0.680  23.690 1.245  0.002  0.000 0.000 0.000 99.264
Cal-157A fig8_cx1_ 1 52074 0285 1443  17.908 0518 25174 1.460  0.000  0.000 0.000 0.000 98.852
Cal-157A fig8_cx1 2  52.092 0305 1523  17.456 0.480  25.403 1471 0.007  0.000 0.000 0.000 98.724
Cal-157A fig8_cx2_ 1  51.130 0.332  1.996  19.374 0574  23.747 1553  0.014  0.000 0.000 0.000 98.713
Cal-157A fig8_cx3_.1  52.682 0.281 1176  17.076 0.466  25.866 1.469  0.004  0.000 0.000 0.004 99.024
Cal-157A figll cx1 1 51725 0422  1.441 9476 0342 15371 20206 0.001  0.000 0.000 0.001 98.986
Cal-157A figll cx1 2  50.834 0560  2.076 9.662 0330 15005  19.898  0.000  0.000 0.000 0.000 98.438
Cal-157A figll cx2_ 1  52.616 0.259 1131  18.029 0523  25.028 1.463  0.005  0.000 0.000 0.000 99.039
Cal-157A figll cx2_2  51.972 0.336 1545  18.023 0.493  24.510 1.908  0.000  0.000 0.000 0.006 98.793



Table A2. (Continued)

SAMPLE Sio,  TiO,  ALO; FeO MnO  MgO Ca0 Cr,0; K, 0  NaO NiO TOTAL
Cal-157B_fig3_cx11 2  50.858  0.560  2.184 9580  0.309 15055 20.107  0.008 0.000  0.000 0.000 98.650
Cal-157B_fig3_cx11_ 1  51.196 0557  2.223 9433 0297 14990 20.389  0.000 0.000  0.000 0.001 99.082
Cal-157B_fig3 cx7 1 52502 0292  1.227 18556 0515 24575 1546 0.001 0.00  0.000 0.000 99.212
Cal-157B_fig3 cx7 2 52161 0340  1.468 18511 0505 24414  1.604 0.004 0.00  0.000 0.000 99.005
Cal-157B_fig3 cx9 1 51549 0472  1.739 9506  0.335 15275 20172  0.000 0.000  0.000 0.000 99.042
Cal-157B_fig3 cx9 2  51.447 0496  1.804 9.738 0353 15253  19.986  0.000 0.000  0.000 0.000 99.074
Cal-157B_fig3 cx17_1 52283 0292  1.354 18335 0500 24504  1.448 0.005 0.000  0.000 0.000 98.707
Cal-157B_fig3 cx10_1 52873 0259  1.246 18495 0529 24734 1529 0.006 0.000  0.000 0.004 99.674
Cal-157B_fig3_cx10 2  50.796  0.650 2511 9522 0313 14785 20302  0.000 0.000  0.000 0.000 98.864
Cal-157B_fig7_cx1_1  50.687 0.675  2.479 9.303 0287 14889  20.079  0.004 0.00  0.000 0.000 98.395
Cal-157B_fig7_cx1 2 50529 0754  2.702 9420 0293 14735 20101  0.000 0.000  0.000 0.000 98.530
Cal-157B_fig7_cx2_1  51.027 0558  2.137 9114 0301 15003 20312  0.001 0.00  0.000 0.000 98.441
Cal-157B_fig7 cx2 2 50940 0.610  2.422 9.397 0284 15120 20247  0.005 0.000  0.000 0.008 99.034
Cal-157B_figl6_cx4 2  51.817 0527  1.980 9.045 0307 15263 20498  0.003 0.00  0.000 0.000 99.429
Cal-157B_fig7_cx7_ 1 53538 0241  0.897  17.708 0512 25298  1.589 0.001 0.00  0.000 0.000 99.781
Cal-157B_fig7_cx1_1 52969 0255  1.067  17.968 0505 25297  1.397 0.002 0.00  0.000 0.002 99.462
Cal-157B_fig7_cx4 2 52292 0477  1.691 9261 0311 15778 20133  0.000 0.000  0.000 0.003 99.943
Cal-157B_fig20_cx1_1 50011  0.833  3.213 9.739 0313 14866  19.673  0.009 0.000  0.000 0.000 98.648
Cal-157B_fig20_cx8 1  52.187 0347  1.863 18744 0531 24.087  1.655 0.001 0.00  0.000 0.002 99.417
Cal-157B_fig20_cx8 2  53.027 0222  0.894 18258 0536 24593 1531 0.006 0.000  0.000 0.000 99.066
Cal-157B_fig20_cx4 1 52258  0.340  1.709 18699 0531 24165 1515 0.007 0.000  0.000 0.000 99.224

Cal-158 figl cx7 2 52487 0275  1.022  17.741 0508 24.782  1.499 0.000 0.000  0.000 0.000 98.315
Cal-158 figl cx8_ 1  50.129  0.752  3.267 9456  0.304 14384 20524  0.000 0.000  0.000 0.000 98.817



Table A2. (Continued)

SAMPLE Sio,  TiO, ALO;, FeO MnO MgO  CaO Cr,0; KO NaO NiO TOTAL
Cal-158 fig3_cx5 1  51.907 0462  1.428 9.395 0335 15472 19.762 0.000  0.000 0.000  0.013 98.762
Cal-158 fig3_cx4_ 1  51.105 0646  2.560 9.360 0306 14.716 20.346 0.000  0.000 0.000  0.000 99.038
Cal-158 fig3_cx1 1 52817 0346 1344  17.802 0505 24.108  2.559 0.000  0.000 0.000  0.000 99.480
Cal-158 fig3_cx2_ 1 53710 0232 0720  17.971 0541 24.630 1543 0000  0.000 0.000  0.002 99.346
Cal-158 fig_cx6_2  53.125 0.408 1725 15467  0.446 19.960  7.606 0.000  0.000 0.000  0.000 98.735
Cal-158 fig_cx5 2  53.274 0239 0.833  17.083  0.487 25205 1555 0.000  0.000 0.000  0.000 98.676
Cal-158 figs_cx6_1  51.271  0.600 2.203 9.399 0.308 14.687 19.885 0.000  0.000 0.000  0.000 98.353
Cal-158 figs_ cx7_1  53.683 0236 0929  16.891  0.465 25427 1436 0.000  0.000 0.000  0.000 99.065
Cal-158_fig_cx12_ 1  50.684  0.737  2.790 8.986 0272 14666  20.406 0.000  0.000 0.000  0.000 98.540
Cal-158 fig_cx11 1  52.900 0275 1.043 17317 0501 24910 1.784 0000  0.000 0.000  0.004 98.729
Cal-158 figl2 cx1 1 51.905 0.306 1562 18256  0.528 24.108  1.536 0.000  0.000 0.000  0.000 98.203
Cal-158 figl3_ cx4 1 51.290 0556  2.024 9.417 0315 14.804 20.143 0.000  0.000 0.000  0.000 98.550
Cal-158 figl3 cx1 1 52561 0.332 1.318 18247 0527 24129 1712 0.000  0.000 0.000  0.000 98.826
Cal-158 figl3_ cx1 2  52.868 0323 1.176  17.945 0501 24553  1.442 0.000  0.000 0.000  0.008 98.809
Cal-158 figl3 cx2 2  51.546 0590 2.085 9.391 0.307 14.824 20.067 0.000  0.000 0.000  0.000 98.810

Cal-158 figl5_cx10 1  53.310  0.221 0.823  17.788 0537 24710  1.559 0.000  0.000 0.000  0.003 98.947
Cal-158 figl5_cx11 2 52381  0.331 1.643 18527 0524 23808  1.579 0.000  0.000 0.000  0.001 98.792
Cal-158 fig23_cx4 2 53.021 0277 1.092 18041 0511 24457  1.473 0.000  0.000 0.000  0.000 98.872
Cal-158 fig23 cx3.2 51443 0583  2.091 9.320 0299 14927 20.119 0000  0.000 0.000  0.004 98.782
Cal-158 fig23_cx4 1 53187 0256 1.116  17.685 0490 24593  1.632 0.000  0.000 0.000  0.010 98.957
Cal-158 fig23 cx3_1  50.618 0735 2616 9.616 0.297 14.493 20.015 0.000  0.000 0.000  0.008 98.391
Cal-158 fig24 cx4 1 52389 0357 1.635 18002 0509 24140  1.563 0.000  0.000 0.000  0.000 98.596
Cal-158 fig24 cx3_1  50.975  0.655 2.484 9.485 0.293 14.644 20.284 0.000  0.000 0.000  0.000 98.820



Table A2. (Continued)

SAMPLE Si0, Tio, ALO;  FeO MnO  MgO  CaO Cr,0, K,O  NaO  NiO TOTAL
Cal-158 fig24 cx4 2 52565 0379 1522 18233 0492 24338 1611 0000  0.000 0000  0.005 99.140
Cal-158 fig24 cx3 2 51131 0622 2228 9379 0308 14.887 20.043 0000  0.000 0000  0.003 98.598
Cal-158 fig24 cx5 3 50.873  0.648 2374 9252 0288 14637 20575 0000  0.000  0.000  0.000 98.647
Cal-158 fig24 cx4 3 53220 0294 0955 17.835 0492 24677 1586 0000 0000 0000  0.000 99.060
Cal-159 Fig2 cx2 1 52194 0687 2567 9254 0297 14643 20392 0006  0.000  0.000  0.003 100.042
Cal-159 Fig2 cx2 2 51704 0823 3280 9783 0318 14626 19584 0006  0.000  0.000  0.000 100.113
Cal-159 Fig2 cx2 3 52027 0681 2783  9.079 0300 14656 20481 0014 0000  0.000  0.007 100.029
Cal-159 Fig6 cx13 ¢ 52617 0621 2482 9459 0300 14742 2022 0004 0000 0000  0.003 100.335

Cal-159 Figl cx4 51639 0616 2442 8838 0291 14598 20347 0010 0000  0.000  0.002 98.763
Cal-159 Figl cx3 54635 0197 0696 17.115 0496 24438 1686 0004 0000  0.000  0.000 99.267
Cal-159 Fig7 cx12 54099 0276 1405 18003 0511 23718 1662 0004 0000 0000  0.000 99.661
Cal-159 Fig7 cx6 52493 0558 2197 9495 0306 14622 20271 0005 0000 0000  0.004 99.942
Cal-159 Fig7 cx1 54337 0239 1029 17606 0520 24258 1552 0006 0000  0.000  0.004 99.553
Cal-159 Fig7 cx2 52733 0604 2331 9309 0312 14636 20304 0004 0000 0000  0.003 100.236
Cal-159 Figls cx10 53885 0329 1518 17.827 0482 23875 2054 0002 0000 0000  0.005 99.973
Cal-159 Figls cx11 52709 0520 2105 9350 0325 14674 20315 0008 0000  0.000  0.005 100.011
Cal-159 Figl8 cx4 53676 0323 1797 18455 0519 23674 1718 0000  0.000 0000  0.003 100.164
Cal-159 Figls cx3 52564 ~ 0510 2065 9178 0309 14494 20465 0004  0.000 0000  0.006 99.586
Cal-160 figl2 c10 1 52681 0339 0613 20966 0651 22899 1271 0011 0000 0000  0.008 99.424
Cal-160_figl2 c10 2 52574 0308 0646 21156 0669 22796 1253 0004  0.000 0000  0.000 99.389
52009 0279 1153 10.829 0385 13.830 20818  0.001  0.000  0.000  0.000 99.303

Cal-160_fig12_cx1_1



Table A2. (Continued)

SAMPLE Sio, TiO,  ALO;, FeO MnO MgO Ca0 Cr,05 K, O NaO  NiO TOTAL
Cal-160_figl2 cx9 1 52797 0279 0575 21177 0703  23.085  1.073 0.000 0.000 0.000  0.000 99.682
Cal-160_figl2_cx9 2 52777 0291 0524 21174 0689 23115  1.139 0.000 0.000 0.000  0.004 99.710
Cal-160_fig 16 cx6_1 51.948 0.364 1166  10.800 0.368  14.242 20514 0.006 0.000 0.000  0.000 99.393
Cal-160_fig 16 cx5 1 52.364 0.234 0924  21.899 0630 22454  1.293 0.000 0.000 0.000  0.000 99.796
Cal-160_fig 16 cx7_1 52.878 0.188 1068  20.016 0526  23.854  1.304 0.003 0.000 0.000  0.009 99.845
Cal-160_fig 16 cx7_ 2 52.678 0.185 1316  19.887 0525 23802  1.321 0.009 0.000 0.000  0.004 99.727

Cal-160_fig 16 cx13 1 51.388 0502 1643 10556 0.360  14.030  20.759 0.000 0.000 0.000  0.000 99.221
Cal-160_fig 16 cx11 1 52.183 0.266  0.866  21.774  0.679 22144  1.457 0.002 0.000 0.000  0.004 99.374
Cal-160_fig 17 cx4 1 52905 0.267 1062  18.045 0539 24935  1.478 0.000 0.000 0.000  0.000 99.207
Cal-160_fig 17 cx1 1 51.449 0567  1.979 9.890 0350  14.456  20.563 0.008 0.000 0.000  0.002 99.263
Cal-160_fig 17 cx2_1 52487 0311 1026 20244 0545 23410  1.398 0.000 0.000 0.000  0.000 99.407
Cal-160_fig 17 cx1 3 51.406 0480  1.818 9921 0352  14.395  20.700 0.013 0.000 0.000  0.005 99.088
Cal-160_fig 21 cx3_1 51.916 0.243 0948  21.900 0.654  21.997  1.392 0.000 0.000 0.000  0.000 99.047
Cal-160_fig 21 cx3_2 52.253 0.182 0744 21755 0670 22263  1.336 0.004 0.000 0.000  0.000 99.196
Cal-160_fig 21 cx2 1 51.705 0.320 1363  10.280 0.378  14.300  20.768 0.003 0.000 0.000  0.000 99.111
Cal-160_fig 21 cx2 2 51.756 0.334 1275 10393 0367  14.058  21.027 0.000 0.000 0.000  0.000 99.197
Cal-160_fig 21 cx8_1 52.078 0.186  0.729 22506 0.668  21.895  1.293 0.001 0.000 0.000  0.005 99.361
Cal-160_fig 27 cx2_1 52473 0.297  0.837 20974 0555  22.847  1.655 0.000 0.000 0.000  0.000 99.624
Cal-160_fig 27 cx3_1 51.669 0.463 1604 10200 0.368  14.168  20.875 0.005 0.000 0.000  0.000 99.350
Cal-160_fig 27 cx1 1 51457 0.327 1264 21440 0621 21977 1581 0.000 0.000 0.000  0.000 98.655
Cal-160_fig 27 cx4 1 52.677 0.194 0566  20.854 0706 23237  1.112 0.000 0.000 0.000  0.000 99.334
Cal-160_fig 27 cx1 3 51.837 0370 1500  20.039  0.491 23209  1.580 0.000 0.000 0.000  0.000 99.016
Cal-160_fig 28 cx2_1 52411 0.338  0.839 9758 0386  14.766  20.713 0.011 0.000 0.000  0.000 99.217



Table A2. (Continued)

SAMPLE Sio, TiO, AlLO; FeO MnO  MgO Ca0 Cr,05 K, O NaO  NiO TOTAL
Cal-160_fig 28 cx3_1 52.872 0.155 0.380 20641  0.685 23.294  1.167 0.002 0.000  0.000  0.000 99.194
Cal-160_fig 32_cx70_1 52290 0.164 0.610 22051 0731 22176  1.254 0.006 0.000  0.000 0.003 99.285
Cal-160_fig 32 cx6_1 52.129 0.257 1.069  10.390  0.380  14.133  21.162 0.006 0.000  0.000  0.000 99.520
Cal-160_fig 32 cx3_1 52.117 0.237 0.640  21.856  0.661 22.095  1.404 0.001 0.000  0.000  0.000 99.005
Cal-160_fig 32 cx5 1 51.653 0428 1420 10081 0370  14.427  20.692 0.000 0.000  0.000  0.000 99.046
Cal-160_fig 33 cx4_ 1 51.673 0.276 0784 22154 0739  21.794  1.445 0.000 0.000  0.000  0.000 98.843
Cal-160_fig 33 cx2_1 51.408 0428 1309 10443  0.403 14157  20.478 0.000 0.000  0.000  0.000 98.613
Cal-160_fig 34 cx3_1 52406 0350 1.309  18.963 0538  24.032  1.653 0.000 0.000  0.000 0.008 99.259
Cal-160_fig 34 cx4 1 51541 0501  1.690 9.770 0.354 14966  20.209 0.004 0.000  0.000 0.002 99.036
Cal-160_fig 34 cx5 1 51.628 0527 1744 10071 0341 15474 19513 0.011 0.000  0.000  0.000 99.306
Cal-160_fig 34 cx2_1 51.703 0.333 1301 20725 0591 22773  1.391 0.006 0.000  0.000 0.001 98.825
Cal-160_fig 36_cx90_1 50984 0475 1518 10595 0379 14165  20.509 0.003 0.000  0.000  0.000 98.621
Cal-160_fig 36_cx4 1 51.910 0.266 0975 10730  0.394  13.859  20.929 0.008 0.000  0.000  0.007 99.077



Table A3. Compositions of titanomagnetite from the April 2015 Calbuco eruption (wt%).

SAMPLE sio,  Tio, ALO;  FeOt  MnO MgO  CaO CoO  V,0, Cr,0; ZnO  NbOs TOTAL
Cal-149Tb-fl4b 1 17 0.098 14997  3.088  74.631  0.466 2974 0007 056 0389 0010 0012  0.000 97.040
Cal-149Tb-fl4b 1 18 0.058 14915  3.112 74991  0.433 2891 0005 0.146 0396  0.003  0.060  0.000 97.226
Cal-149Tb-fl4b 1 36 0.092 14124 3214 74814  0.431 2805 0010 0.87 0407 0012  0.057  0.000 96.374
Cal-149Tb-fl4b 2 16 0.076 15176  3.095 74507  0.423 2839 0010 0183 0364 0023 0097  0.009 96.998
Cal-149Tb - fl4b 2 17 0.056 15096  3.055 74.936  0.456 2891 0011  0.158 0377 0020 0049  0.000 97.309
Cal-149Tb-f14b 2 30  0.069  14.037  3.173 74844  0.460 2951 0019 0154 0400 0018  0.060  0.000 96.402

Cal-155 fig3_p1 11 0111 13277 2687 76198  0.448 1.810 0015 0146 0370  0.009  0.036  0.000 95.106
Cal-155 fig3_pl 12  0.128 13245 2702  76.955  0.450 1820 0015 0173 038 0025  0.028  0.000 95.926
Cal-155 fig3_p1 19  0.093  12.860  2.690  77.345  0.449 1.808  0.006  0.168 0374 0031  0.000  0.000 95.824
Cal-155 fig24 p1 8 0110 12.854 2673 77.157  0.462 1795 0049 0141 0347 0023 0011 0014 95.824
Cal-155 fig24 p1 9 0157 12877 2628 77.234  0.503 1.803 0035 0.184 0319 0026 0041  0.000 95.980
Cal-155 fig24 p1 17 0109  13.166 2609  78.133  0.473 1782 0007 0140 0367 0008  0.058  0.022 97.074

Cal-160 figl p1 8 0011 16352  1.049 75312  0.497 2081 0014 0167 0304 0017  0.068  0.000 96.037

Cal-160_figl p1 9 0051 14369 1144 77603  0.465 2097 0017 0115 0335 0035 0113  0.000 96.527
Cal-160_figl p1 20  0.050  8.499 1.436 83429  0.465 1279 0007 0163 0440 0045  0.006  0.000 96.059

Cal-160_figl p2 9 0035 15994 1108 78.182  0.532 1509  0.044 0177 0298  0.025 0070  0.000 98.137
Cal-160_figl p2 10  0.034  13.706 1217  79.011  0.508 1499 0033 0173 0355 0016 0753  0.012 97.509
Cal-160_figl p2 19  0.043  8.387 1458  83.032  0.443 1255 0018 0189 0444 0027 0114  0.000 95.650



Table A3. (Continued)

SAMPLE sio,  TiO, AlLO;  FeOt MnO  MgO  CaO CoO V,0;  Cr,0; ZnO  Nb,Os TOTAL
160_figl3 profile2_ 6 0.056 14.481 1821  77.266 0438  1.856 0011 0169 0415 0047 0095  0.010 96.892
160_figl3_profil2_ 7 0060 11.823 2038 79.726 0391  1.671 0000 0171 0478 0018 0086  0.000 96.722
160_figl3 profile2_18 0.071 10.415 2.048 81.043 0396  1.636 0021 0162 0492 0042  0.023  0.000 96.616
160_figl7 profilel 8 0.029 16471 1823 77120 0437  1.935 0007 0193 0378 0049 0105  0.004 98.756
160_figl7 profill 9 0051 12193 2020 78.605 0405 1780 0018 0.65 0455 0028 0091  0.025 96.081
160_figl7 profilel 18 0.063 10.754 2.079  80.262  0.385  1.757 0010 0198 0473 0063  0.046  0.027 96.376
160_figl7 profile2_10 0.044 14210 1.881 76746 0447  1.898 0024 0150 0425 0072 0114  0.007 96.248
160_figl7 profile2_11 0.063 11683 2112 79.668 0381 1744 0000 0167 0442 0018  0.027  0.049 96.592

160_figl7_p4 19  0.058 10965 2.090 81.024 0401 1663 0015 0162 0499 0050 0071  0.000 97.266
160_figb_p1_13 0041 14215 1813 77584 0441 1644 0017 0176 0492 0010 0101  0.009 96.810
160_figb_p1_14 0043 11.893 2007 79.788  0.398  1.580 0012 0190 0474 0040 0125  0.000 96.808
160_figb_p1_21 0050 10685 1992 79.659 0403 1505 0018 0.171 0513  0.045 0053  0.000 95.371
160_cx_e_pl_16 0047 15687 1741 76304 0544  1.808 0012 0129 0385 0081 0084  0.000 97.030
160_cx_e_pl 17 0044 11718 2042 79193 0503 1546 0015 0.154 0503 0052  0.144  0.009 96.197
160_cx_e_pl_24 0046 10959 2.041  80.269  0.449 1502 0013 0149 0494 0021  0.000  0.000 96.211



Table A3. Continued.

SAMPLE sio,  TiO, ALO;  FeOt MnO  MgO  CaO CoO0  V,0; Cr,05 Zn0  Nb,Os TOTAL
Cal-160_ff pl 7  0.042 18959 1568 73528  0.456  1.694  0.027 0172 0311 0.049 0.111  0.000 97.085
Cal-160_ff p1 8 0057 12919 1993 77866 0435 1526  0.023 0.135  0.490 0.057 0.109  0.000 95.878
Cal-160_ff p1_14  0.063 10758 2123 79.621  0.400 1519  0.026 0.164  0.496 0.004 0.053  0.003 95.500
Cal-160_ff p2.3 0070 14226 1732 76887 0474 1529  0.050 0.150  0.388 0.059 0.069  0.063 95.908
Cal-160_ff p2 4  0.069 11.221 2082 79.143 0425  1.369  0.042 0.135  0.454 0.044 0027  0.014 95.273
Cal-160_ff p2 8  0.050 10.824 2111  79.655 0413  1.420  0.041 0.174  0.464 0.035 0.046  0.000 95.493
Cal-160_fh p1 9 0055 15259 1774 75675 0472 1520  0.033 0.140  0.443 0.025 0015  0.014 95.665
Cal-160_fh_pl 10  0.039  13.157 1933 77587 0460  1.620  0.029 0.153  0.542 0.045 0.103  0.000 95.963
Cal-160_fh_pl 20  0.055 10417 2105 79.989 0416  1.455  0.027 0.145 0553 0.037 0.043  0.010 95.554



Table A4. Compositions of ilmenite from the April 2015 Calbuco eruption (wt%).

SAMPLE sio,  Tio, AlLO; FeOt MnO  MgO  CaO Co0  V,0, Cr,05 Zn0  Nb,Os TOTAL
Cal-149Tb-fl4b p1 1  0.003 45679  0.390  48.034 0468  3.983 0.024 0093  0.140 0.014 0.000  0.000 98.905
Cal-149Tb-f14b pl 2 0.005 45960  0.376 47973 0465  3.993 0.024 0103  0.142 0.000 0.000  0.009 99.127
Cal-149Tb - f14b p1 3  0.000 46256  0.388  47.855  0.447 4019 0017 0123  0.110 0.000 0.000  0.030 99.305
Cal-149Tb-fl14b 1 14 0.146 46659  0.386 48214 0467  3.993 0.024 0092  0.104 0.022 0.000  0.000 100.164
Cal-149Tb-fl4b 1 15 0014 47.146 0380 48427 0451 4039 0011 0114  0.137 0.015 0.018  0.015 100.842
Cal-149Tb-fl4b 1 16 0.000 45440  0.365 48449 0466  4.034 0012 0089  0.115 0.015 0.021  0.000 99.075
Cal-149Tb-f14b 2 01 0.000 46311  0.382 48334 0453 3974 0019 0120  0.133 0.000 0.000  0.020 99.817
Cal-149Tb-f14b 2 02 0.000 46599  0.369 48309 0449 3954 0016 009  0.135 0.014 0.047  0.000 100.061
Cal-149Tb-f14b 2 03  0.000 46313  0.379 48244  0.440 4022 0020 0082  0.121 0.009 0.079  0.030 99.804
Cal-149Tb-f14b 2 13  0.005 45929 0377 48216 0451 4121 0015 0097  0.158 0.003 0071  0.029 99.559
Cal-149Tb - f14b 2 14 0.007 45927 0372 48342 0448 4061 0022 0130  0.138 0.005 0.000  0.031 99.559
Cal-149Tb-f14b 2 15 0.010 45319  0.389 48479 0450  4.092 0.020  0.092  0.169 0.028 0.000  0.020 99.161

Cal-155 fig3_pl 1  0.033 45842 0268 48288 0539 2904 0.006  0.105  0.154 0.003 0.033  0.000 98.174
Cal-155 fig3_pl 2 ~ 0.086 45622 0249 48653 0523 2947 0013 0120 0.101 0.000 0.000  0.008 98.322
Cal-155 fig3_pl 9  0.050 45795  0.265 48494 0557 2921 0014 0111  0.122 0.000 0.018  0.000 98.346
Cal-155 fig3_pl 10  0.067 46375  0.247  48.787 0534 2911 0010 0.115  0.129 0.022 0.000  0.000 99.198



Table A4. (Continued)

SAMPLE sio, TiO, AlLO; FeOt MnO MgO  CaO Co0  V,0, Cr,0; ZnO  Nb,Os TOTAL
Cal-155 fig24 pl 1  0.032 47.267 0255 47.988 0561 3.037  0.055 0.098  0.067  0.000 0.000  0.025 99.424
Cal-155 fig24 pl 2  0.104 46387 0.258 47.940 0571 3.009  0.046 0130  0.117  0.000 0.00  0.000 98.626
Cal-155 fig24 pl 3  0.040 45128 0.243 47933 0553 3.001 0051  0.093 0111 0012 0015  0.014 97.253
Cal-155 fig24 pl 7 0.064 46492 0256 48386 0530 2941  0.107  0.091  0.049  0.007 0.000  0.003 98.952
Cal-160 figl p1 1  0.019 41.730 0.344 52066 0455 2722  0.059  0.092  0.149  0.000 0.039  0.011 97.767
Cal-160_figl p1 2  0.029 43170 0305 52220 0428 2774 0043 0091 0115  0.007 0.00  0.026 99.271
Cal-160 figl p1 3  0.022 42.890 0259 51.989 0404 2850 0.038 0116 0151  0.000 0.015  0.008 98.826
Cal-160_figl pl 7  0.041 42934 0176 51740 0432 3245 0025 0114 0149 0000 0.000  0.053 98.988
Cal-160 figl p2 1  0.050 42.689 0.183 52405 0538 2134 0444 0105 0146 0015 0.016  0.017 98.822
Cal-160_figl p2 2  0.022 41305 0191 52665 0537 2073 0317 0114 0140 0011 0.000  0.015 97.466
Cal-160_figl p2 3  0.024 41.694 0174 52956 0536 2.089 0235 0126  0.140  0.040 0.00  0.005 98.094
Cal-160_figl p2 8 0012 42045 0179 53.009 0507 2137 0069 0109 0126  0.000 0.00  0.019 98.286

160_figl_p3_1 0011 42496 0282 51812 0484 2880 0086 0077 0138 0000 0031  0.038 98.410
160_figl_p3_2 0030 42951 0277 5209 0456 2783 0086 0104 0.118 0000 0.022  0.057 99.046
160_figl_p3_6 0017 43414 0190 52.146 0489 2815 0040 0125 0122 0003 0.000  0.000 99.427
Cal-160_figf pl 1  0.009 44839 0221 50.098 0499 2303 0047 0105 0159 0025 0014  0.017 98.422
Cal-160_figf pl 2  0.018 45379 0.193 50191 0503 2330 0.060 0050 0.118 0012 0000  0.021 98.938
Cal-160_figf pl 6  0.007 45201 0.204 50611 0508 2360 0036 0080 0.155 0012 0023  0.021 99.303



Table A4. (Continued)

SAMPLE sio, TiO, AlLO; FeOt MnO  MgO  CaO CoO V,0;  Cr0, ZnO Nb,0Os  TOTAL
Cal-160 figl3 p2 1  0.000 44.979 0224 50911 0457 2757 0025  0.105 0.147  0.000 0.015 0.020 99.720
Cal-160_figl3_ p2 2 0019 45595 0215 50970 0503 2764 0014  0.125 0189  0.005 0.002 0.000  100.503
Cal-160 figl3 p2 5 0014 42914 0263 51771 0496 2813  0.006  0.097 0181  0.039 0.000 0.014 98.705
Cal-160_figl7 pl_ 1  0.046 43.669 0.226 50.349 0527 2861  0.046  0.113 0173  0.019 0.003 0.000 98.126
Cal-160_figl7 pl_ 2  0.008 43450 0236 50671 0501 2900 0.042  0.107 092  0.000 0.000 0.016 98.228
Cal-160_figl7 pl_ 7  0.009 44279 0230 50245 0524 2919 0016  0.094 0132  0.008 0.023 0.006 98.555
Cal-160 figl7 p2 1  0.000 44590 0216 50582 0484 2963 0016  0.077 0.154  0.002 0.014 0.046 99.229
Cal-160_figl7 p2 2 0033 47.323 0219 50397 0510 2896  0.020  0.099 0148  0.013 0.046 0021  101.806
Cal-160_figl7 p2 9  0.014 40.605 0411 53.020 0487 2.868  0.008  0.111 0170  0.023 0.039 0.000 97.849
Cal-160_figl7 p4 1  0.020 45476 0213 50912 0503 2749 0044  0.099 0.187  0.006 0.026 0031  100.368
Cal-160_figl7 p4 2 0017 46252 0227 50723 0491 2787 0040  0.103 0136  0.010 0.006 0.000  100.866
Cal-160_figl7_p4 10  0.000 44528 0220 50538 0501 2759 0017  0.112 0.156  0.003 0.052 0.023 98.993
Cal-160 figh p1 1  0.000 45864 0226 50520 0509 2584  0.017  0.090 0.139  0.003 0.000 0016  100.044
Cal-160_figh p1 2 ~ 0.006 45894 0209 50.345 0483 2631 0025  0.103 0124  0.016 0.059 0.007 99.969
Cal-160_figh pl_12 ~ 0.001 45580 0.197 50.326 0513 2574  0.003  0.099 0182  0.020 0.000 0.015 99.610
Cal-160 cx e pl 1  0.050 44014 0254 50353 0581 2503  0.079  0.084 0137  0.026 0.000 0.016 98.170
Cal-160 cx_ e pl 2 0.044 44721 0231 50696 0589 2480  0.046  0.065 0.160  0.000 0.018 0.012 99.149
Cal-160_cx e pl 15 0012 44457 0233 51.392 0588 2554 0013  0.100 0.168  0.026 0.048 0.012 99.691



Table A4. (Continued)

SAMPLE sio,  TiO, AlLO;  FeOt MnO MgO  CaO CoO V,0; Cr,05 Zn0  Nb,Os TOTAL
Cal-160_figf p2_ 1  0.046 45280  0.227  49.970 0521 2313 0085  0.115 0.113 0.017 0.000  0.043 98.791
Cal-160_figf p2 2 0041 45562 0202 50.201  0.521 2300 0057  0.119 0.101 0.000 0.000  0.000 99.159
160_figh_p1_1 0009 45507 0236 50483  0.510 2479 0090  0.107 0.165 0.000 0.074  0.019 99.768
160_figh_p1_2 0000 45996 0239 50122 0520 2463 0072  0.108 0.133 0.017 0.000  0.000 99.743
160_figh_p1_8 0025 41134 0352 53.087 0476 2566  0.026  0.081 0.219 0.012 0.000  0.020 98.116



Table A5. Compositions of olivine from the April 2015 Calbuco eruption (wt%).

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Cal-149Ta_fig9_1 36.306 0.014 0.000 32.967 0.744 28.979 0.100 0.003 0.011 99.126
Cal-149Ta_fig9 2 36.834 0.014 0.000 33.094 0.748 29.116 0.102 0.004 0.015 99.926
Cal-149Ta_fig9_3 36.350 0.017 0.000 33.757 0.775 28.506 0.100 0.002 0.012 99.517
Cal-149Ta_fig9_4 36.354 0.009 0.000 33.485 0.753 28.695 0.099 0.004 0.016 99.415
Cal-149Ta_figl0_1 36.947 0.014 0.000 30.606 0.647 31.382 0.133 0.000 0.018 99.747
Cal-149Ta_figl0_2 36.850 0.019 0.000 30.963 0.657 31.052 0.124 0.002 0.027 99.694
Cal-149Ta_figl0_3 36.864 0.014 0.000 31.227 0.674 30.784 0.110 0.004 0.024 99.701
Cal-149Ta_figlo_4 37.260 0.019 0.000 30.357 0.636 31.407 0.112 0.004 0.024 99.818

Cal-149Tb_fig6_ol2_1 38.424 0.009 0.000 22.350 0.372 38.165 0.129 0.000 0.022 99.470
Cal-149Th_fig6_ol2_2 38.602 0.008 0.000 21.823 0.353 38.469 0.131 0.000 0.026 99.411
Cal-149Th_fig6_ol2_3 38.361 0.009 0.000 22.712 0.390 37.604 0.130 0.000 0.021 99.235
Cal-149Th_fig6_ol3_1 38.080 0.015 0.000 25.080 0.471 35.624 0.127 0.003 0.016 99.416
Cal-149Th_fig6_ol3_2 38.179 0.009 0.000 24.236 0.443 36.556 0.128 0.003 0.020 99.574
Cal-149Th_fig6_ol3_3 38.143 0.010 0.000 24.491 0.458 36.272 0.127 0.000 0.021 99.518
Cal-149Th_fig6_ol3_4 38.040 0.010 0.000 24.550 0.458 35.991 0.122 0.000 0.014 99.187
Cal-149Th_fig9 ol1 1 37.336 0.012 0.000 27.982 0.579 33.204 0.124 0.000 0.020 99.252
Cal-149Th_fig9_ol1_2 37.659 0.015 0.000 28.492 0.592 32.914 0.127 0.000 0.013 99.806
Cal-149Th_fig9 ol1_3 37.741 0.014 0.000 28.009 0.582 33.570 0.123 0.004 0.016 100.058
Cal-149Th_fig9_oll_4 37.572 0.014 0.000 28.248 0.584 33.269 0.124 0.000 0.018 99.827
Cal-149Th_fig18_ol3_1 37.535 0.013 0.000 26.967 0.509 33.945 0.120 0.000 0.023 99.107
Cal-149Th_fig18_ol3_3 38.003 0.017 0.000 25.336 0.468 35.421 0.116 0.000 0.023 99.384



Table A5. Continued.

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Cal-149Tb_fig18_ol3_4 37.794 0.013 0.000 25.746 0.479 35.133 0.118 0.001 0.022 99.307
Cal-149Tb_fig18_ol3_5 37.367 0.013 0.000 27.466 0.529 33.627 0.124 0.003 0.019 99.149
Cal-149Th_fig18_ol2_1 37.295 0.021 0.000 29.024 0.571 32.551 0.130 0.000 0.020 99.609

Cal-157a_fig6_ol1_1 37.014 0.016 0.000 28.709 0.570 33.137 0.128 0.007 0.022 99.602
Cal-157a_fig6_ol1_2 36.994 0.012 0.000 28.859 0.572 33.167 0.127 0.001 0.017 99.750
Cal-157a_fig6_ol2_1 37.155 0.015 0.000 28.651 0.570 33.316 0.127 0.003 0.025 99.861
Cal-157a_fig6_ol2_2 37.201 0.016 0.000 28.785 0.570 33.138 0.129 0.005 0.026 99.871
Cal-157a_figll oll_1 36.984 0.018 0.000 28.641 0.553 33.172 0.130 0.005 0.017 99.522
Cal-157a figll oll 2 37.373 0.013 0.000 28.868 0.570 33.321 0.134 0.005 0.012 100.295
Cal-157a_figll oll_2 37.027 0.010 0.000 28.680 0.557 33.080 0.136 0.004 0.013 99.507
Cal-157a_figll ol1_3 37.183 0.012 0.000 28.567 0.564 33.262 0.129 0.001 0.010 99.728
Cal-157a_fig20_ol1_1 37.230 0.013 0.000 28.399 0.550 33.351 0.126 0.000 0.021 99.692
Cal-157a_fig20_ol1_2 37.222 0.017 0.000 28.613 0.549 33.170 0.125 0.000 0.022 99.715
Cal-157a_fig26_ol1_1 37.317 0.016 0.000 27.166 0.520 34.130 0.121 0.000 0.006 99.276
Cal-157a_fig26_ol1_2 38.077 0.015 0.000 26.800 0.522 35.145 0.116 0.000 0.015 100.608
Cal-158_Fig18_ol2_1 38.417 0.004 0.000 26.772 0.449 34.943 0.132 0.004 0.015 100.736
Cal-158_Fig18_ol2_2 38.636 0.000 0.001 26.474 0.473 34.668 0.131 0.002 0.022 100.407
Cal-158_Figl_ol2_3 38.513 0.000 0.002 26.857 0.498 34.281 0.131 0.008 0.009 100.398
Cal-159_figl4 ol_1 38.050 0.003 0.010 28.207 0.522 33.049 0.122 0.006 0.011 99.981
Cal-159_figl4 ol_2 38.308 0.009 0.003 28.924 0.530 32.705 0.142 0.006 0.022 100.649
Cal-159_figl4 ol 5 38.267 0.000 0.011 27.023 0.502 33.933 0.119 0.000 0.000 99.854



Table A6. Compositions of plagioclase from the April 2015 Calbuco eruption (wt%).

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O  K,0 TOTAL
Cal-149Ta_figa pl 1 54317 0.021 27812 0377 0032 11465 0121 0001 5677  0.099 99.922
Cal-149Ta figa pl 2  53.362 0.026 28136 0393 0035 12158 0.103  0.000 5206  0.086 99.502
Cal-149Ta_figa pl 3 52588 0.033 28603 0410 0033 12630 0095 0020 5020  0.081 99.513
Cal-149Ta_figa pl 4  48.766 0.029 30887 0504 0039 15309 0.117 0009 3215  0.042 98.918
Cal-149Ta_figa pl 5  51.210 0.031 29588 0535 0047 13890 0107 0012 4237  0.057 99.715
Cal-149Ta figa pl 6  50.359 0.032 30021 0512 0041 14402 0139 0010  3.860  0.054 99.431
Cal-149Ta_figa pl 7  49.434 0.031 30649 0512 0038 14992 0108 0000 3550  0.047 99.358
Cal-149Ta figa pl 8  46.143 0.028 28375 0494 0040 14151 0074 0001 3432  0.047 92.786
Cal-149Ta_figa pl 9 49571 0.032 30623 0539 0044 14973 0114 0004 3634  0.041 99.576
Cal-149Ta figa_p1_ 10  51.594 0.034 29476 0488  0.046 13662 0102 0004  4.467  0.061 99.934
Cal-149Ta figa_pl 11  51.045 0.028 29951 0497 0040 14113 0106 0005  4.045  0.055 99.883
Cal-149Ta figa_pl 12  49.839 0.027 30672 0518 0044 15028 0109 0008 3540  0.045 99.831
Cal-149Ta figa_pl 13  51.590 0.030 29045 0492 0048 13536 0117 0010  4.460  0.064 99.392
Cal-149Ta figa_pl_14  47.992 0.023 3133 0505 0037 16174 0097 0008 2666  0.033 98.873
Cal-149Ta figa_pl 15  45.400 0.020 32838 0515 0027 18202 0102 0016 1596  0.018 98.734
Cal-149Ta figa_pl 16  45.022 0.023 3333 0530 0025 18608 0.135 0012 1297 0014 99.002
Cal-149Ta figa_pl 17  44.789 0.019 33309 0513 0022 18596 0099 0000 1300  0.018 98.654
Cal-149Ta figa_p1 18  45.031 0.024 33505 0500 0025 18715 0.11 0000 1321  0.010 99.237
Cal-149Ta figa_pl 19  44.931 0.016 33286 0510 0028 18570 0.091 0000 1412  0.011 98.845
Cal-149Ta figa_pl 20  44.683 0.017 33369 0515 0023 18666 0.093 0000  1.281  0.004 98.636



Table A6. (Continued).

SAMPLE Si0, Tio, ALO;  FeO MgO  CaO Sro BaO  NaO  K,0 TOTAL
Cal-149Ta fign pl 1 52288  0.034 28981 0439 0036 12.663 0124 0016 5092  0.082 99.755
Cal-149Ta fign pl 2 49773 0037 30173 0505 0042 14354 0120 0011  3.962 0.055 99.032
Cal-149Ta fign pl 3 49388  0.028 30286 0512 0028 14588 0142  0.006  3.810 0.046 98.833
Cal-149Ta fign pl 4  50.028  0.024 30.149 0483 0000 14529 0084  0.013  3.987 0.048 99.039
Cal-149Ta fign pl 5  49.101  0.033 30.338 0506  0.045 14.892 0117 0000  3.725 0.044 98.801
Cal-149Ta fign pl 6 51507  0.040 28812 0490 0051 13.082 0120 0.000 4776 0.072 98.943
Cal-149Ta fign pl 7 48766  0.028 30677 0496 0045 15137 0131  0.000  3.438 0.048 98.763
Cal-149Ta fign pl 8 44728 0014 33374 0599 0035 18476 0088  0.000 1399 0.016 98.729
Cal-149Ta fign pl 9 44618  0.027 32968 0.610 0025 18402 0088  0.000 1451 0011 98.196
Cal-149Ta fign_pl 10 44611 0016 33.045 0.612 0043 18379 0103  0.000 1402  0.007 98.214
Cal-149Ta fign_pl 11 44790  0.023 33245 0.603 0047 18.344 0117 0003 1461 0.016 98.648
Cal-149Ta fign_pl 12 44849 0019 33.094 0.617 0047 18357 0089  0.009 1502 0.015 98.598
Cal-149Ta_fign_pl 13  44.890  0.015 33284 0.601 0048 18.607 0.069  0.005 1457 0.012 98.988
Cal-149Ta fign_pl 14 44954 0027 33142 0.615 0052 18435 0068  0.000 1494 0.012 98.800
Cal-149Ta_fign_pl 15 44797 0012 33.306 0593 0055 18.466 0093 0012 1425 0.012 98.770
Cal-149Ta fign_pl 16 45021  0.026 33.154 0567 0061 18422 0062  0.000 1482 0.013 98.804
Cal-149Ta fign_pl 17 44744 0023 33.047 0548 0057 18255 0111  0.006 1431 0.016 98.236



Table A6. (Continued).

SAMPLE Si0, TiO, ALO; FeO  MgO cao Sro BaO Na,O K,O TOTAL
Cal-149Ta_figp_pl 1  52.635 0027  30.636 0503  0.047  11.298 0130 0004 4372  0.064 99.715
Cal-149Ta_figp_pl 2 52213 0033  31.215 0461 0034  11.849 0128 0000 4179  0.045 100.157
Cal-149Ta_figp_pl 3  50.848 0031  31.675 0504 0042  12.628 0130 0010 3564  0.043 99.476
Cal-149Ta_figp_pl 4  51.855 0029  30.809 0485 0038  11.901 0100 0001 4119  0.054 99.391
Cal-149Ta_figp_pl 5  50.596 0026  32.358 0478 0035 12741 0124 0014 3578  0.049 99.998
Cal-149Ta_figp_pl 6  49.772 0021 32216 0472 0033 13535 0128 0014 3070  0.033 99.295
Cal-149Ta_figp_pl 7 48910 0025  32.658 0476  0.039  13.869 0135 0007 2856  0.036 99.011
Cal-149Ta_figp_pl 8  50.860  0.025 32011 0455  0.040  13.009 0354 0012 3511  0.052 100.329
Cal-149Ta_figp_pl 9  49.124 0024 33261 0475 0033  14.172 0112 0016 2665  0.040 99.922
Cal-149Ta_figp_pl 10  49.219 0022  33.008 0468  0.040  13.698 0121 0011 2984  0.038 99.609
Cal-149Ta_figp_pl 11  50.786 0021 31779 0461 0042  13.058 0069 0007  3.409  0.039 99.672
Cal-149Ta_figp_pl 12  48.826 0021 33072 0481 0038  14.276 0093 0007 2728  0.029 99.571
Cal-149Ta_figp_pl 13  49.324 0023 32711 0478  0.040  13.896 0091 0015 2882  0.040 99.498
Cal-149Ta_figp_pl 14  50.270 0025  32.208 0459  0.039  13.198 0088 0005 3192  0.033 99.517
Cal-149Ta_figp_pl 15  49.799 0026  32.366  0.476  0.038 13512 0105 0003 3110 0034 99.469
Cal-149Ta_figp_pl 16  49.501  0.024  32.377 0497  0.043 13573 0112 0000 3015  0.033 99.171
Cal-149Ta_figp_pl 17  49.932 0038 31751 0554 0050  13.407 0081 0007 2976  0.062 98.858
Cal-149Ta_figp_pl 18  53.984 0199  27.851 1232 0201  10.195 0104 0000 3396  0.307 97.460
Cal-149Ta_figp_pl 19  51.825 0108 29512 0786  0.109  11.551 0102 0002 3355  0.193 97.543
Cal-149Ta_figp_pl 20  50.520  0.028  31.897 0481 0042  12.885 0082 0010 3308  0.051 99.302
Cal-149Ta_figp_pl 21  49.460 0030  32.391 0482 0036  13.423 0112 0008  3.165  0.038 99.145
Cal-149Ta_figp_pl 22  50.817 0031  31.872 0452 0042  12.705 0090 0012 3600  0.049 99.671
Cal-149Ta_figp_pl 23  50.313 0027  31.886 0450 0041  13.053 0107 0002 3395  0.042 99.317
Cal-149Ta_figp_pl 24  50.500  0.021  31.965 0449 0041  12.916 0098 0000 3358  0.034 99.380

Cal-149Ta_figp_pl 25  50.048 0023  32.695 0452 0042 13775 0108 0000 3015 0034 100.192
Cal-149Ta_figp_pl 26  50.479 0028  32.252 0447 0041  13.126 0112 0018 3451  0.053 100.008



Table A6. (Continued).

SAMPLE sio, Tio, ALO; FeO  MgO Cao Sro BaO  NaO  K,0 TOTAL
Cal-149Ta_figr pL 1  56.105  0.033 27.721 0416  0.032 9.063 0122 0019 5649  0.126 99.286
Cal-149Ta figr pL 2  53.661  0.027 28.746 0.395 0032 10307 0109 0010 5005  0.084 98.376
Cal-149Ta figr pL 3  53.595  0.027  29.199 0.386 0036 10416 0092  0.008  4.803  0.070 98.631
Cal-149Ta figr pL 4  53.338  0.027 28875 0.397 0034 10585 0106  0.008  4.844  0.078 98.290
Cal-149Ta figr pL 5  52.903  0.031  29.092 0409 0037 10807 0114 0002 4708  0.070 98.171
Cal-149Ta figr p1 6  53.116  0.031  29.639 0425 0044 11121 0109  0.000 4598  0.070 99.148
Cal-149Ta figr p1 7  53.227  0.031  29.889 0440 0046 11110 0112  0.007 4565  0.076 99.501
Cal-149Ta figr pL 8  52.087  0.034  29.621  0.467 0047 11424 0132 0002  4.405  0.068 98.287
Cal-149Ta figr pL 9  51.519  0.037 30257 0.494 0047 11865 0070 0002  4.084  0.059 98.436
Cal-149Ta figr p1_10  50.305  0.039  31.287 0533 0052 12973 0116 0013  3.460  0.038 98.815
Cal-149Ta figr p1 11  51.839  0.042 30093 0522 0060 11686 0080  0.005  4.248  0.052 98.628
Cal-149Ta figr p1_ 12  51.969  0.039  29.987 0515 0056 11493 0093 0003  4.256  0.064 98.474
Cal-149Ta figr p1_ 13  50.521  0.029 30595 0528 0051 12359 0069  0.005  3.496  0.054 97.705
Cal-149Ta figr p1_ 14  51.016  0.038 30.166 0510 0057 11976 0098  0.000  3.953  0.056 97.867
Cal-149Ta figr p1 15  48.622  0.025 31.853 0508 0036 13789 0078  0.004  2.578  0.044 97.537
Cal-149Ta figr pl 16 45466  0.026 34305 0581 0032 16014 0093 0000  1.504  0.016 98.027
Cal-149Ta figr pl 17 45934  0.022 33932 0591 0039 15973 0097  0.002  1.501  0.008 98.098
Cal-149Ta figr p1 18 45964  0.017 33.694 0575 0037 15688 0115 0008  1.539  0.014 97.651
Cal-149Ta figr p1 19 45961  0.018 33.959 0592 0040 15674 0110  0.006  1.696  0.013 98.069
Cal-149Ta figr p1 20 45950  0.022  33.674 0589 0042 15583  0.103  0.000  1.694  0.021 97.670
Cal-149Ta figr p1 21 46310  0.025 34085 0576 0040 15466 0085 0003  1.685  0.017 98.290
Cal-149Ta figr pl 22 45966  0.012 34559 0587 0043 15740 0061 0007  1.554  0.009 98.538
Cal-149Ta figr pl 23 46270  0.025 34099 0581 0046 15540 0105  0.001  1.703  0.017 98.387



Table A6. (Continued).

SAMPLE Sio,  TiO,  ALO;, FeO MgO  CaO Sro BaO  NaO  K,0 TOTAL
Cal-157a figh p1. 1  51.573  0.043  30.973 0582 0072 11634 0115 0014  4.206  0.064 99.275
Cal-157a figh pl 2  51.518 0.036  30.867 0590 0069 11.690  0.104 0011  4.258  0.063 99.206
Cal-157a figh p1_ 3  50.664  0.038  31.705 0604 0079 12711 0087 0005  3.620  0.043 99.557
Cal-157a figh pl 4 45322 0018  34.716 0624 0046 15781 0090 0010 1562  0.018 98.186
Cal-157a figh p1 5 45302 0.027  35.075 0609 0041 16168 0082 0007 1505  0.016 98.833
Cal-157a figh pl 6  44.457 0012  35.653 0554 0046 16651 0091 0000  1.195  0.016 98.662
Cal-157a figh pl 7  44.373 0019  35.453 0547 0045 16529  0.094 0000  1.213  0.006 98.271
Cal-157a figh pl 8  44.602 0.017 35547 0517 0045 16769  0.21  0.000  1.233  0.004 98.854
Cal-157a figh p1 9  44.237 0014 35579 0510 0049 16637 0089 0002  1.158  0.008 98.283
Cal-157a_figh pl 10  44.388  0.011  35.105 0511 0052 16229  0.00 0000  1.294  0.007 97.692
Cal-157a_figh pl 11  44.394 0013  35.419 0479 0050 16611 0113 0000  1.036  0.015 98.121
Cal-157a figh pl 12  44.478 0014  35.461 0461 0049 16861  0.090 0000  1.007  0.005 98.423
Cal-157a_figh pl 13  44.382 0014  34.888 0477 0053 16415 0057 0000  1.166  0.006 97.451
Cal-157a_figh pl 14  44.680 0.018  35.240 0476 0050 16416 0073 0001  1.236  0.015 98.204



Table A6. (Continued).

SAMPLE Si0, TiO, ALO;  FeO MgO Ca0 Sro BaO Na,O K,O TOTAL
Cal-158 figg_pl 1 51529  0.046 30544 0623 0070 11556 0113 0011 4125  0.061 98.679
Cal-158 figg_pl 2  53.51  0.047 30780 0613 0066 11612  0.119 0007 4347  0.086 100.827
Cal-158 figg_pl 3 50814 0028 31139 0591 0054 12501 0062 0003 3550  0.051 98.792
Cal-158 figg_pl 4 51447 0042 30619 0592 0069 12058 0095 0010  3.801  0.059 98.794
Cal-158 figg_pl 5 51927  0.048 30417 0589 0067 11704 0113 0011 4148  0.064 99.086
Cal-158 figg pl 6 51445 0046 30454 0586 0067 12027 0091 0010  3.940  0.061 98.726
Cal-158 figg_pl 7  50.834  0.040 31193 0590 0061 12775 0089 0015  3.600  0.060 99.258
Cal-158 figg_pl 8 50524 0041 31117 0575 0071 12792 0064  -0.003 3472  0.047 98.701
Cal-158 figg_pl 9 46944 0019 33429 0583 0040 15791 0093  -0.009 1577  0.018 98.484
Cal-158 figg_pl 10 45844 0020 34514 0564 0036 16362 0104  -0.002  1.259  0.008 98.710
Cal-158 figg_pl 11 45279 0012 35143 0544 0032 16549 0117 0008 1165  0.019 98.869
Cal-158 figg_pl 12 45218 0019 34704 0524 0032 16552 0087 0004  1.094  0.009 98.244
Cal-158 figg_pl 13 45708 0016 35271 0529 0032 16442 0101 0007 1150  0.007 99.262
Cal-158 figy_pl 14 45398 0019 34498 0520 0037 16331 0095 0012 1304 0011 98.225
Cal-158 figg_pl 15 45131 0014 34502 0516 0036 16392 0118 0007 1212  0.006 97.933
Cal-158 figy_pl 16 45001 0015 35061 0507 0033 16682 0102 0004 1117  0.018 98.629
Cal-158 figg_pl 17 45015 0015 34939 0499 0031 1639 0068 0002 1102  0.008 98.074
Cal-158 figy_pl 18 45583 0016 35202 0511 0037 16476 0138 0000  1.289  0.021 99.273



Table A6. (Continued).

SAMPLE Si0, TiO, ALO;  FeO MgO Ca0 Sro BaO Na,O K,O TOTAL
Cal-159a figp_pl. 1 52328 0043  30.244 0581 0065  11.168 0120  0.004 4479 0.066 99.097
Cal-159a figp_pl 2 51726  0.043  30.240 0583 0069 11597 0117  0.012 4156 0.057 98.599
Cal-159a figp_pl 3  49.019 0026 32585 0598 0057 13524 0120  0.000 2933 0.040 98.898
Cal-159a figp_pl 4 48257  0.027 33148 0577 0057 14276 0117  0.000 2673 0.037 99.156
Cal-159a_figp_pl 5 45329 0020 34768 0566 0044 15903 0112  0.000 1523  0.020 98.285
Cal-159a figp_pl 6 45907 0021 35236 0581 0046 15874  0.099  0.004 1546  0.019 99.333
Cal-159a_figp_pl 7 45608 0020  34.648 0580 0047 15991 0084  0.010 1531 0015 98.623
Cal-159a figp_pl 8 45813 0022 34301 0562 0054 15609 0100  0.000 1484  0.021 97.960
Cal-159a figp_pl 9 45257 0015 34485 0571 0054 15645 0097  0.000 1531 0015 97.660
Cal-159a figp_pl 10 45984  0.019  34.284 0563 0057 15754 0.098  0.012 1583  0.015 98.368
Cal-159a_figp_pl 11 45854 0018 34211 0559 0057 15502 0.086  0.009 1729  0.021 98.045
Cal-159a_figp_pl 12 45626  0.020 34231 0541 0059 15603 0.099  0.001 1667  0.018 97.865
Cal-159a_figp_pl 13 44991  0.023 34258 0516 0053 16033 0113  0.006 1432 0015 97.440
Cal-159a_figp_pl 14 45451 0015 34134 0503 0056 15845 0.086  0.000 1518  0.010 97.402
Cal-159a_figp_pl 15 45410  0.015 34182 0499 0053 15904 0075  0.000 1463  0.009 97.607
Cal-159a_figp_pl 16 44973 0015 34602 0484 0052 16278 0.092  0.004 1352  0.022 97.873
Cal-159a_figp_pl 17 45290  0.018 34657 0482 0051 15904 0.092  0.000 1316  0.020 97.823
Cal-159a_figp_pl 18 45075  0.018 34540 0476 0055 15987 0105  0.002 1422 0014 97.694
Cal-159a_figp_pl 19 45314 0017 34845 0469 0051 15967 0.082  0.000 1511 0011 98.265
Cal-159a_figp_pl 20  45.498  0.013  34.653 0464 0056 15840 0.082  0.000 1578  0.025 98.210
Cal-159a_figp_pl 21  45.497 0017 34826 0471 0056 15867 0108  0.000 1503  0.015 98.357
Cal-159a_figp_pl 22 45554  0.018  34.888 0472 0062 15947  0.098  0.001 1581  0.028 98.647



Table A6. (Continued).

SAMPLE Si0, TiO, AlLO;  FeO MgO Ca0 Sro BaO Na,O K,0 TOTAL
Cal-160_figk p1 ~ 52.072  0.087 30409  0.949 0.066 12380  0.108  0.000  3.215 0.152 99.561
Cal-160_figk_p2 ~ 50.116  0.039  32.017  0.634 0.060 13615 0102  0.017 2.968 0.050 99.617
Cal-160_figk p3 ~ 51.385  0.034  31.012  0.628 0.066 12678 0124 0000  3.679 0.052 99.656
Cal-160_figk_p4 ~ 47.803  0.025  33.767  0.640 0.048 15302 0113  0.001 2.031 0.027 99.756
Cal-160_figk p5  46.853  0.021 34152  0.654 0.046 15804  0.105  0.009 1.620 0.016 99.281
Cal-160_figk_p6  47.395  0.019  34.043  0.637 0.049 15537 0101  0.000 1.835 0.014 99.630
Cal-160_figk_p7 46984  0.024 34280  0.609 0.047 16075 0100  0.005 1.630 0.011 99.763
Cal-160_figk p8  46.619  0.014 34359  0.608 0.049 16112 0112  0.002 1.556 0.011 99.443
Cal-160_figk p9 46574  0.018 34670  0.603 0.049 16059  0.119  0.006 1.508 0.015 99.622
Cal-160_figk_pl0 46339  0.017 34570  0.588 0.047 16020  0.088  0.000 1.615 0.012 99.295
Cal-160_figk pll  46.493 0018 34816 0573 0.048 16232 0130  0.000 1.553 0.017 99.873
Cal-160_figk pl2  46.187  0.014 34578 0578 0.053 15975  0.102  0.004 1.578 0.013 99.083
Cal-160_figk p13  46.409  0.012 34457  0.567 0.050 16.064 0118  0.002 1.565 0.024 99.267
Cal-160_figk_pl4 45721 0015 34735  0.558 0.047 16216  0.095  0.000 1.397 0.018 98.799
Cal-160_figk pl5 45796  0.014  34.324  0.542 0.049 16.093  0.083  0.000 1.478 0.021 98.394
Cal-160_figk_pl6 45789 0016  34.444 0531 0.055 15956  0.088  0.000 1.569 0.002 98.445



Table A6. (Continued).

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O K,0 TOTAL
Cal-160_figu_p1_1 55.175 0030 28673 0418 0047 10149 0113 0003 5295  0.088 99.992
Cal-160_figu_p1_2 52.598 0032 29436 0422 0036 10790 0.088 0005 4762  0.079 98.248
Cal-160_figu_p1_3 52.700 0036 29550 0430 0037 10933 0089 0000 4684 0074 98.533
Cal-160_figu_p1_4 50.938 0034 30606 0454 0041 12398 0133 0010 3953  0.050 98.616
Cal-160_figu_p1_5 44.884 0020 34713 0553 0025 16418 0070  0.002 1143  0.018 97.846
Cal-160_figu_p1_6 45.042 0021 34550 0610 0031 16451  0.088  0.000 1284  0.012 98.086
Cal-160_figu_p1_7 44.545 0019 34160 0610 0031 16177 0095  0.001 1241 0.008 96.888
Cal-160_figu_p1_8 45.177 0021 35107 0603 0036 16209  0.03  0.001 1310  0.008 98.575
Cal-160_figu_p1_9 45.153 0021 34603 0598 0042 16230  0.106  0.006 1.341  0.008 98.108
Cal-160_figu_p1 10  44.929 0017 34398 0583 0042 16284  0.093  0.003 1453 0014 97.815
Cal-160_figu_pl 11  45.047 0017 34643 0548 0036 16672 0082  0.006 1230  0.005 98.286
Cal-160_figu_pl 12 44521 0018 35166 0524 0032 16555  0.099  0.012 1125  0.008 98.061
Cal-160_figu_pl 13  44.715 0014 35425 0498 0036 16837  0.113  0.006 1107 0.003 98.755
Cal-160_figu_p1l 14  44.950 0024 35096 0489 0039 16464  0.089  0.007 1.168  0.010 98.336
Cal-160_figu_pl 15  44.870 0017 35045 0481 0042 16378  0.113  0.000 1217 0.010 98.166
Cal-160_figu_p1l 16 44556 0015 35088 0477 0038 16403  0.092  0.003 1.168  0.011 97.850
Cal-160_figu_pl 17  44.692 0014 35617 0486 0037 16458  0.093  0.000 1232 0011 98.639
Cal-160_figu_p1l 18  44.738 0016 35505 0473 0041 16476  0.093  0.018 1.144  0.002 98.507



A.3. MELTS Modelling — Melt composition

The composition was adjusted via an extraction of the modal composition of representative
mineral phases to the whole-rock composition of the sample (see Table 2.3) in order to
determine the groundmass (pre-eruptive melt) composition. The modelling intensive
conditions ranges were based on thermometers, barometers, and oxybarometers presented
above (850-1,070 °C; from 1 bar to 10 kbar; ANNO+0.5 oxygen fugacity buffer; see values
and associated errors in Tables 5, 6, and 7). All the intensive conditions were considered
except when MELTS failed to converge or when > 40% of the total mass of the system

correspond to solid phases.



A.4. Pictures of textural features
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Figure A.2. Plagioclase and amphibole in contact (Sample Cal-149Ta).



Figure A.3. Plagioclase, amphibole, clinopyroxene, and orthopyroxene in one clot of crystals
(Sample Cal-149Ta).
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Figure A.4. Plagioclase and amphibole in contact (Sample Cal-149Ta, zoom of Fig. S2).
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Figure A.5. Plagioclase and amphibole in contact (Sample Cal-149Ta).

287



HV det HFW ?—‘ND” [ mag O spot| - 400 pm
2000 kV|[vCD [1.09 mm|12.6 mm| 275x | 50

Figure A.6. Plagioclase and amphibole in contact (Sample Cal-149Ta).
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Figure A.7. Olivine surrounded by orthopyroxenes and Fe-Ti oxides. The crystal clot is
comprised also of plagioclase (Sample Cal-157a).
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Figure A.8. Crystal clot comprised of plagioclase

(Cal159).



det /mag o

Figure A.9. Crystal clot comprised of plagioclase, olivine, Fe-Ti oxides, and pyroxenes
(Cal158).
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Figure A.10. Crystal clot comprised of orthopyroxene, clinopyroxene, and Fe-Ti oxides (Cal-
159).
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Figure A.11. Crystal clot comprised of orthopyroxene, clinopyroxene, and Fe-Ti oxides
(Cal159).
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Figure A.12. Crystal clot ilmenite and titanomagnetite (Cal-149Th).
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Figure A.13. Titanomagnetite with inclusion of chalcopyrite (Cal-159).



A.5. Stability fields-MELTS modelling
0
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Figure A.14. Stability fields (obtained via MELTS modelling) of the three most abundant
magmatic phases in Calbuco samples: plagioclase (blue), clinopyroxene (green), and
orthopyroxene (red) at AQFM oxygen fugacity patch. The water content dissolved in the melt
varies from 0.5 to 3 wt%.
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Appendix B

Supplementary Material for Chapter 3

The material presented in the Appendix B was included as online Supplementary Material in
the following article:

Morgado, E., Morgan, D.J., Castruccio, A., Ebmeier, S.K., Parada, M.A., Brahm, R., Harvey,
J., Gutiérrez, F., Walshaw, R., 2019. Old magma and a new, intrusive trigger: using diffusion
chronometry to understand the rapid-onset Calbuco eruption, April 2015 (Southern Chile).
Contributions to Mineralogy and Petrology.

The videos and spreadsheet are attached as Supplementary Material online.



B.1. Comparison of re-equilibration timescales considering different XTi

values
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Figure B1. Example of comparison of re-equilibration timescales for maximum (0.14) and
minimum (0.11) X initial values. There is no significant difference in re-equilibration

timescale.
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B.2. Error propagation

The error propagated (¢) of any function (f (x,y)) for x,... and z independent variables can

be calculated as follows (details in Barlow, 1989):

2
0
e(x)) +...+ <|a—jZr

The error propagated (¢) of any function (f (x,y)) for x and y dependent variables can be

2
e(z)) (B1)

2 0
e(f(x, ...,Z)) = <|£

calculated as follows (only the maximum value of cov(e(x, y)) is considered, details in the

attached spreadsheet and Barlow, 1989):

2
0
e(x)) + <|%

If the errors are small and known, the error can be calculated according to the expression:

e(y>)2 +2(%). (%) cov(e(xy))  (B2)

2 d
() = (|£

fa+e) = fG0
e ~ '@ (B3)
fa+e@) - f@ ~ fe@ (B4

Equations A3 and A4 are used to determine the expressions of the equations B1 and B2

(details in the attached spreadsheet).

Finally, combining equations B1 and B2, the systematic error (¢) associated with a function

(f = Dg; (T, f0,, X)) is calculated as follows:

e(f(T.f0,, X))

2 2 2
of of of\ ( of of
. j(ﬁfm) +<afof<f02>> +2(ﬁ)'(m)'"""(E(T'f()ﬁ)*(axf(“) (82)

Where f corresponds to Eq. B5 (Eq. 21 from Aragon et al., 1984). The systematic errors of

T, f0,, and X5y, are one (f0,) or two (T, X,,,) orders of magnitude lower than those values



related to them, so the errors correspond to &(T), &(f 0,), &(Xysp). These uncertainty values
are variables, then the error values and error propagations are included in the attached
spreadsheet. Finally, the random error of the calculation of Dy, (0.1 log units) is considered

(see the attached spreadsheet).



B.3. Calculation of probability in ranges of time

We approximate the equation of kernel density estimation of probability distributions of all
data (Figure 2, Morgado et al., 2019) using a polynomial expression of 19 terms, which fits
the data distribution (minimum SSD). That equation is integrated (using MATLAB®
“polyfit” function, details in the attached script) between 0 and 140 hours to obtain the total
probability. In the online script (SM4_Fitfunc.m) there are details of different probabilities of

several times before the eruption.
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0.005

Relative probability
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Time (hours)

Figure B.2. The solid line corresponds to Kernel density estimation of probability
distributions of all data (pre-eruptive timescales) and the red circles represent the
approximated polynomial expression, which is integrated to know the probability in several
ranges of time.
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B.4. Modelling electron-sample interactions with the software CASINO

We model the electron-sample interactions with the software CASINO (monte CArlo
SImulation of electroN trajectory in sOlids; Hovington et al., 1997; Drouin et al., 2007) at the
analytical conditions of 15 keV accelerating potential and a 30 nA focused beam. In all the
Fe-Ti oxide end-members the radius of horizontal interaction is < 1 um and the length of

vertical interaction is < 1.5 pum (see Figures).

Magnetite
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744.0 nim|

1116.1 nm

1488.1 nm

-1200.0 nm -600.0 nm DO mm 600.0 nm 1200:0 nm

Figure B3. Image representing the interaction volume of the electron beam and the
magnetite end-member of the Fe-Ti oxides solid solution.
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Figure B.4. Image representing the interaction volume of the electron beam and the

ulvospinel end-member of the Fe-Ti oxides solid solution.

limenite
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Figure B.5. Image representing the interaction volume of the electron beam and the ilmenite

end-member of the Fe-Ti oxides solid solution.
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Hematite
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Figure B.6. Image representing the interaction volume of the electron beam and the hematite

end-member of the Fe-Ti oxides solid solution.
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B.5. Mineral chemistry

Table B1. Compositions of compositional profiles of ilmenite from the April 2015 Calbuco eruption (wt%).

SAMPLE Si0, TiO, Al,O; FeOt MnO MgO Ca0 CoO V,05 Cr,05 Zno Nb,Os  TOTAL
Cal-149Tb - figldb_p1 01 0.003 45.679 0.390 48.034 0.468 3.983 0.024 0.093 0.140 0.014 0.000 0.000 98.905
Cal-149Tb - figldb_p1 02 0.005 45.960 0.376 47.973 0.465 3.993 0.024 0.103 0.142 0.000 0.000 0.009 99.127
Cal-149Tb - figldb_p1 03 0.000 46.256 0.388 47.855 0.447 4.019 0.017 0.123 0.110 0.000 0.000 0.030 99.305
Cal-149Tb - figldb_p1_04 0.000 46.888 0.378 47.836 0.441 4.035 0.028 0.114 0.140 0.014 0.000 0.003 99.953
Cal-149Tb - figldb_p1 05 0.000 46.323 0.381 48.035 0434  4.037 0.028 0.109 0.085 0.000 0.055 0.000 99.533
Cal-149Tb - figldb_p1 06 0.000 46.810 0.385 48.301 0.465 4.047 0.030 0.121 0.104 0.011 0.000 0.022  100.353
Cal-149Tb - figldb_p1 07 0.015 46.082 0.381 48.328 0.401 4.029 0.028 0.133 0.127 0.013 0.000 0.032 99.637
Cal-149Tb - figldb_p1 08 0.005 45.886 0.389 48.050 0.440 4.038 0.031 0.098 0.147 0.000 0.000 0.039 99.203
Cal-149Tb - figldb_p1 09 0.000 46.202 0.385 48.004 0.455 4.064 0.027 0.127 0.134 0.032 0.000 0.000 99.504
Cal-149Tb - figldb_p1_10 0.007 45.874 0.367 48.039 0.436 3.990 0.023 0.095 0.143 0.016 0.000 0.008 99.075
Cal-149Tb - figldb_p1 11 0.000 45.808 0.382 47.296 0.449 4.149 0.026 0.121 0.118 0.018 0.008 0.004 98.444
Cal-149Tb - figldb_p1 12 0.013 45.125 0.389 47.863 0.435 4.086 0.020 0.105 0.160 0.000 0.000 0.011 98.294
Cal-149Tb - figldb_p1 13 0.000 46.363 0.392 48.223 0434  4.075 0.017 0.092 0.134 0.000 0.014 0.000 99.817
Cal-149Tb - figldb_p1_14 0.146 46.659 0.386 48.214 0.467 3.993 0.024 0.092 0.104 0.022 0.000 0.000  100.164
Cal-149Tb - figldb_p1_15 0.014 47.146 0.380 48.427 0.451 4.039 0.011 0.114 0.137 0.015 0.018 0015  100.842

Cal-149Tb - figl4b_pl 16 0.000 45.440 0.365 48.449 0.466 4.034 0.012 0.089 0.115 0.015 0.021 0.000 99.075



Table B1. (Continued)

SAMPLE Si0, TiO, Al,O; FeOt MnO MgO Ca0 CoO V,05 Cr,0;  ZnO Nb,Os TOTAL
Cal-149Tb - figldb_p2 01  0.000  46.311 0.382 48.334 0.453 3.974 0.019 0.120 0.133 0.000  0.000 0.020 99.817
Cal-149Tb - figldb_p2 02  0.000  46.599 0.369 48.309 0.449 3.954 0.016 0.096 0.135 0014  0.047 0.000 100.061
Cal-149Tb - figldb_p2 03  0.000  46.313 0.379 48.244 0.440 4.022 0.020 0.082 0.121 0.009  0.079 0.030 99.804
Cal-149Tb - figldb_p2 04  0.000  46.186 0.373 47.981 0.472 3.960 0.012 0.105 0.085 0.000  0.055 0.024 99.298
Cal-149Tb - figldb_p2 05  0.000  45.574 0.371 48.427 0.436 4.028 0.012 0.085 0.145 0015  0.083 0.013 99.268
Cal-149Tb - figldb_p2 06  0.000  45.473 0.394 48.268 0.448 4.071 0.012 0.107 0.153 0.003  0.000 0.000 99.011
Cal-149Tb - figldb_p2 07  0.000  46.457 0.391 48.355 0.478 4.089 0.023 0.112 0.148 0.000  0.001 0.006 100.140
Cal-149Tb - figldb_p2 08  0.000  45.863 0.386 48.257 0.440 4.064 0.016 0.104 0.124 0014  0.000 0.029 99.364
Cal-149Tb - figldb_p2 09  0.000  46.139 0.406 48.166 0.457 4.024 0.018 0.115 0.125 0.000  0.021 0.014 99.553
Cal-149Tb - figldb_p2 10  0.011  45.026 0.389 47.836 0.441 4.064 0.016 0.095 0.125 0.022  0.000 0.000 98.094
Cal-149Tb - figldb_p2 11  0.000 45572 0.387 48.237 0.443 4.099 0.016 0.108 0.116 0.000  0.037 0.014 99.091
Cal-149Tb - figldb_p2_12  0.003  45.759 0.384 48.398 0.443 4.058 0.014 0.109 0.157 0.000  0.023 0.019 99.453
Cal-149Tb - figldb_p2 13  0.005  45.929 0.377 48.216 0.451 4121 0.015 0.097 0.158 0.003  0.071 0.029 99.559
Cal-149Tb - figldb_p2_14  0.007  45.927 0.372 48.342 0.448 4.061 0.022 0.130 0.138 0.005  0.000 0.031 99.559

Cal-149Thb - figldb_p2_15  0.010 45.319 0.389 48.479 0.450 4.092 0.020 0.092 0.169 0.028 0.000 0.020 99.161



Table B1. (Continued)

SAMPLE Si0, TiO, Al,0, FeOt MnO MgO  CaO CoO V,0;  Cr0, Zno Nb,Os TOTAL
Cal-155_fig3_p1_1 0.033 45842 0.268 48.288 0539 2904  0.006 0.105 0154 0003 0033  0.000 98.174
Cal-155_fig3_p1_2 0.086 45622  0.249 48.653 0523 2947  0.013 0.120 0401  0.00 0000  0.008 98.322
Cal-155_fig3_p1_3 0.056 47883  0.260 48.816 0527 2875  0.010 0.094 0025 0016 0000  0.000 100.561
Cal-155_fig3_pl 4 0.088 48160  0.260 48,653 0534 2863  0.012 0.115 0078 0024 0016  0.000 100.804
Cal-155_fig3_p1_5 0.073 47163 0.264 49.108 0528 2882  0.010 0.080 0103  0.000 0001  0.025 100.239
Cal-155_fig3_pl_6 0.060 46622  0.269 48528 0554 2912  0.016 0.095 0087 0012 0000  0.000 99.155
Cal-155_fig3_p1_7 0.030 45589  0.261 49.164 0550  2.883  0.010 0.096 0098 0000 0031  0.008 98.720
Cal-155_fig3_p1_8 0.045 46673 0278 48.747 0522 2894  0.005 0.098 0088 0008 0000  0.000 99.358
Cal-155_fig3_p1_9 0.050 45795  0.265 48.494 0557 2921  0.014 0.111 0122  0.000 0018  0.000 98.346

0.067 46375 0247 48.787 0534 2911  0.010 0.115 0129  0.022 0000  0.000 99.198

Cal-155_fig3_p1_10



Table B1. (Continued)

SAMPLE Sio, TiO, AlLO; FeOt MnO MgO  CaO CoO V,0; Cr,05 Zn0  Nb,Os TOTAL
Cal-155 fig24 p1 1  0.032 47.267 0.255 47.988 0.561 3.037  0.055 0.098 0.067 0.000 0.000  0.025 99.424
Cal-155 fig24 pl 2  0.104 46.387 0.258 47.940 0.571 3.009  0.046 0.130 0.117 0.000 0.000  0.000 98.626
Cal-155 fig24 pl 3  0.040 45.128 0.243 47.933 0.553 3.001  0.051 0.093 0.111 0.012 0015  0.014 97.253
Cal-155 fig24 pl 4  0.044 45.926 0.267 48.145 0.569 3.002  0.062 0.095 0.085 0.001 0.000  0.000 98.242
Cal-155 fig24 p1 5  0.050 47.286 0.245 48.634 0.568 3.026  0.081 0.095 0.066 0.000 0.000  0.000 100.086
Cal-155 fig24 pl 6  0.040 44.917 0.279 48.129 0.581 3.017  0.097 0.096 0.083 0.021 0.000  0.000 97.304
Cal-155 fig24 p1 7  0.064 46.492 0.256 48.386 0.530 2941  0.107 0.091 0.049 0.007 0.000  0.003 98.952
Cal-160_figl p1 1  0.019 41.730 0.344 52.066 0.455 2722 0.059 0.092 0.149 0.000 0039  0.011 97.767
Cal-160_figl p1 2  0.029 43.170 0.305 52.220 0.428 2774 0.043 0.091 0.115 0.007 0.000  0.026 99.271
Cal-160_figl p1 3  0.022 42.890 0.259 51.989 0.404 2.850  0.038 0.116 0.151 0.000 0015  0.008 98.826
Cal-160_figl p1 4  0.009 41.878 0.240 51.970 0.436 2952 0.029 0.075 0.163 0.027 0.010  0.000 97.877
Cal-160_figl p1 5  0.001 43.400 0.215 52.143 0.454 2976  0.026 0.106 0.112 0.021 0.000  0.031 99.545
Cal-160_figl p1 6  0.228 41.996 0.221 52.067 0.425 2.949  0.035 0.079 0.139 0.027 0.028  0.047 98.316
Cal-160_figl p1 7  0.041 42.934 0.176 51.740 0.432 3.245  0.025 0.114 0.149 0.000 0.000  0.053 98.988



Table B1. (Continued)

SAMPLE Sio, Tio, AlLO; FeOt MnO MgO Ca0 CoO V,05 Cr,05 ZnO Nb,Os TOTAL
Cal-160_figl p2 1  0.050  42.689 0.183 52.405 0.538 2.134 0.444 0.105 0.146 0.015 0.016 0.017 98.822
Cal-160_figl p2 2  0.022  41.305 0.191 52.665 0.537 2.073 0.317 0.114 0.140 0.011 0.000 0.015 97.466
Cal-160_figl p2 3  0.024  41.694 0.174 52.956 0.536 2.089 0.235 0.126 0.140 0.040 0.000 0.005 98.094
Cal-160_figl p2 4 0011  42.890 0.164 52.958 0.522 2.170 0.169 0.138 0.130 0.011 0.000 0.026 99.258
Cal-160_figl p2 5  0.001  42.428 0.164 52.916 0.514 2.137 0.136 0.113 0.129 0.023 0.000 0.007 98.636
Cal-160_figl p2 6 0016  42.062 0.186 53.050 0.510 2.137 0.107 0.115 0.136 0.019 0.000 0.010 98.421
Cal-160_figl p2 7  0.006  42.075 0.183 52.945 0.527 2.137 0.088 0.118 0.148 0.008 0.000 0.009 98.325
Cal-160_figl p2 8 0012  42.045 0.179 53.009 0.507 2.137 0.069 0.109 0.126 0.000 0.000 0.019 98.286

160_figl_p3_1 0011  42.49 0.282 51.812 0.484 2.880 0.086 0.077 0.138 0.000 0.031 0.038 98.410
160_figl_p3_2 0.030  42.951 0.277 52.096 0.456 2.783 0.086 0.104 0.118 0.000 0.022 0.057 99.046
160_figl_p3_3 0.023  42.366 0.246 52.176 0.462 2.779 0.062 0.105 0.129 0.000 0.000 0.024 98.442
160_figl_p3_4 0014 43220 0.231 52.048 0.456 2.796 0.049 0.099 0.144  0.010 0.000 0.014 99.163
160_figl_p3_5 0.022  43.058 0.226 52.278 0.484 2.760 0.044 0.109 0.155 0.026 0.015 0.008 99.271
160_figl_p3_6 0017  43.414 0.190 52.146 0.489 2.815 0.040 0.125 0.122 0.003 0.000 0.000 99.427
Cal-160_figl3 p2 1  0.000  44.979 0.224 50.911 0.457 2.757 0.025 0.105 0.147 0.000 0.015 0.020 99.720
Cal-160_figl3 p2 2  0.019 45595 0.215 50.970 0.503 2.764 0.014 0.125 0.189 0.005 0.002 0.000 100.503
Cal-160_figl3 p2 3  0.013  44.804 0.229 51.239 0.475 2.797 0.010 0.097 0.157 0.008 0.000 0.001 99.917
Cal-160_figl3 p2 4  0.029 44636 0.230 50.535 0.523 2.797 0.018 0.102 0.179 0.025 0.043 0.001 99.215
Cal-160_figl3 p2 5 0.014  42.914 0.263 51.771 0.496 2.813 0.006 0.097 0.181 0.039 0.000 0.014 98.705



Table B1. (Continued)

SAMPLE Sio,  TiO, AlLO; FeOt MnO MgO Ca0 CoO V,05 Cr,05 Zno Nb,Os TOTAL
Cal-160_figl7 p1 1  0.046  43.669  0.226 50.349 0.527 2.861 0.046 0.113 0.173 0.019 0.003 0.000 98.126
Cal-160_figl7_ pl 2  0.008 43450  0.236 50.671 0.501 2.900 0.042 0.107 0.192 0.000 0.000 0.016 98.228
Cal-160_figl7 p1 3  0.006 45909  0.222 50.648 0.494 2.912 0.029 0.101 0.147 0.006 0.000 0.003 100.558
Cal-160_figl7_pl 4  0.000 45057  0.208 50.322 0.496 2.848 0.020 0.114 0.145 0.009 0.000 0.017 99.316
Cal-160_figl7 pL 5 0.007 45919  0.215 50.832 0.487 2.948 0.018 0.100 0.154 0.000 0.000 0.003 100.770
Cal-160_figl7 pl 6 0.014 46237  0.196 50.540 0.487 2.888 0.019 0.113 0.144 0.009 0.000 0.000 100.726
Cal-160_figl7 p1 7  0.009 44279  0.230 50.245 0.524 2.919 0.016 0.094 0.132 0.008 0.023 0.006 98.555
Cal-160_figl7_ p2 1  0.000 44590  0.216 50.582 0.484 2.963 0.016 0.077 0.154 0.002 0.014 0.046 99.229
Cal-160_figl7 p2 2  0.033  47.323  0.219 50.397 0.510 2.896 0.020 0.099 0.148 0.013 0.046 0.021 101.806
Cal-160_figl7 p2 3  0.015 45308  0.208 50.384 0.512 2.875 0.013 0.111 0.157 0.013 0.000 0.000 99.682
Cal-160_figl7 p2 4  0.000 44715  0.226 50.867 0.457 2.885 0.016 0.074 0.109 0.000 0.020 0.000 99.428
Cal-160_figl7 p2 5 0.014 44799  0.228 50.878 0.492 2.893 0.013 0.077 0.160 0.016 0.030 0.027 99.713
Cal-160_figl7 p2 6  0.003 45055  0.233 50.810 0.502 2.940 0.012 0.099 0.150 0.000 0.003 0.000 99.889
Cal-160_figl7 p2 7  0.013 44360  0.228 50.609 0.491 2.907 0.010 0.082 0.155 0.002 0.058 0.000 98.999
Cal-160_figl7 p2 8  0.000 44333  0.217 50.942 0.491 2.932 0.016 0.093 0.180 0.025 0.007 0.023 99.358
Cal-160_figl7 p2 9  0.014 40605  0.411 53.020 0.487 2.868 0.008 0.111 0.170 0.023 0.039 0.000 97.849



Table B1. (Continued)

SAMPLE Sio,  TiO, AlLO; FeOt MnO MgO Ca0 CoO V,0; Cr,05 Zno Nb,Os TOTAL
Cal-160 figl7 p4 1  0.020 45476 0213  50.912 0.503 2.749 0.044 0.099 0.187 0.006 0.026 0.031 100.368
Cal-160_figl7_ p4 2 0.017 46252  0.227  50.723 0.491 2.787 0.040 0.103 0.136 0.010 0.006 0.000 100.866
Cal-160 figl7 p4 3  0.010 46196 0215  50.676 0.495 2.829 0.033 0.093 0.135 0.016 0.000 0.040 100.811
Cal-160_figl7_p4 4  0.009 46201 0216  50.427 0.487 2.817 0.027 0.112 0.179 0.025 0.063 0.018 100.679
Cal-160_figl7 p4 5 0.008 45531 0222  50.384 0.516 2.864 0.020 0.096 0.166 0.000 0.000 0.000 99.897
Cal-160_figl7_ p4 6  0.034 45093 0232  50.684 0.493 2.870 0.023 0.084 0.177 0.005 0.032 0.024 99.847
Cal-160_figl7_ p4 7  0.000 46.678 0221  50.735 0.530 2.795 0.018 0.103 0.134 0.028 0.004 0.058 101.378
Cal-160_figl7_ p4 8  0.013 45602 0200 50514 0.493 2.818 0.022 0.103 0.146 0.014 0.000 0.000 100.002
Cal-160 figl7 p4 9  0.000 45934 0221  50.432 0.506 2.860 0.019 0.106 0.171 0.012 0.000 0.041 100.394
Cal-160_figl7_p4 10 0.000 44528 0220  50.538 0.501 2.759 0.017 0.112 0.156 0.003 0.052 0.023 98.993

Cal-160_figh p1_ 1  0.000 45864  0.226  50.520 0.509 2.584 0.017 0.090 0.139 0.003 0.000 0.016 100.044
Cal-160_figh pl 2 ~ 0.006 45894  0.209  50.345 0.483 2.631 0.025 0.103 0.124 0.016 0.059 0.007 99.969
Cal-160_figh_p1 3  0.007 45069 0202  49.674 0.509 2.620 0.019 0.120 0.138 0.031 0.042 0.000 98.504
Cal-160_figh p1 4  0.011 45593 0214  50.003 0.495 2.612 0.014 0.120 0.170 0.000 0.005 0.016 99.346
Cal-160_figh p1 5  0.002 45630  0.192  50.148 0.487 2.613 0.017 0.092 0.157 0.000 0.004 0.000 99.429
Cal-160_figh p1 6  0.002 44925  0.190  50.061 0.502 2.630 0.018 0.089 0.163 0.000 0.000 0.023 98.690
Cal-160_figh p1 7  0.012 44.690  0.206  50.279 0.481 2.647 0.011 0.117 0.137 0.008 0.017 0.000 98.681
Cal-160_figh p1 8  0.000 46018 0202  50.385 0.512 2.584 0.019 0.124 0.118 0.000 0.000 0.019 100.043
Cal-160_figh p1 9  0.000 46917  0.198  50.295 0.516 2.553 0.011 0.119 0.122 0.024 0.000 0.000 100.823
Cal-160_figh pl_ 10  0.009  44.626  0.201  50.629 0.506 2.636 0.021 0.114 0.166 0.010 0.000 0.000 99.025
Cal-160_figh pl 11  0.007 44.646  0.208  50.023 0.517 2.588 0.014 0.120 0.142 0.000 0.003 0.001 98.347
Cal-160_figh pl 12  0.001 45580  0.197  50.326 0.513 2,574 0.003 0.099 0.182 0.020 0.000 0.015 99.610



Table B1. (Continued)

SAMPLE Sio,  TiO, AlLO; FeOt MnO MgO CaO CoO V,05 Cr,05 Zno Nb,Os TOTAL
Cal-160 cx e pl 1 0050 44014 0254  50.353  0.581 2.503 0.079 0.084 0.137 0.026 0.000 0.016 98.170
Cal-160 cx_ e pl 2 0044 44721 0231 5069  0.589 2.480 0.046 0.065 0.160 0.000 0.018 0.012 99.149
Cal-160 cx_e pl 3 0044 46061 0224 50770  0.629 2.501 0.044 0.130 0.167 0.000 0.030 0.000 100.690
Cal-160 cx_e pl 4 0014 45866 0221 50968  0.000 2.504 0.041 0.085 0.139 0.007 0.022 0.000 99.943
Cal-160 cx_e pl 5 0015 45146 0222  50.186  0.596 2.492 0.031 0.103 0.192 0.000 0.041 0.033 99.163
Cal-160 cx_e pl 6 0009 43987 0229 50314 0583 2.495 0.030 0.079 0.167 0.024 0.017 0.015 98.048
Cal-160 cx_e pl 7 0023 44221 0237 50358  0.613 2513 0.034 0.111 0.141 0.022 0.000 0.000 98.350
Cal-160 cx_e pl 8 0007 45122 0243 50472  0.564 2.554 0.023 0.089 0.185 0.000 0.052 0.127 99.538
Cal-160 cx_e pl 9 0003 44520 0214 50989  0.602 2.547 0.017 0.105 0.127 0.000 0.042 0.040 99.275
Cal-160_cx e pl 10 0021 44960 0213 50887 0593 2.621 0.007 0.074 0.180 0.000 0.000 0.009 99.663
Cal-160 cx e pl 11 0020 45888 0235 50975  0.618 2.594 0.016 0.115 0.190 0.004 0.054 0.000 100.810
Cal-160_cx e pl 12 0000 45253  0.236 50629  0.609 2.629 0.018 0.119 0.154 0.000 0.016 0.021 99.768
Cal-160 cx e pl 13 0019 43689 0217 50851  0.602 2.598 0.020 0.096 0.176 0.000 0.075 0.001 98.440
Cal-160_cx e pl 14 0000 44412 0222 51217 0579 2571 0.018 0.124 0.247 0.019 0.006 0.004 99.554
Cal-160 cx e pl 15 0012 44457 0233  51.392  0.588 2.554 0.013 0.100 0.168 0.026 0.048 0.012 99.691

Cal-160_figf pl 1 ~ 0.09 44839 0221  50.098  0.499 2.303 0.047 0.105 0.159 0.025 0.014 0.017 98.422
Cal-160_figf pl 2 0018 45379 0193 50191  0.503 2.330 0.060 0.050 0.118 0.012 0.000 0.021 98.938
Cal-160_figf pl 3  0.015 45493 0213 50318 0531 2.346 0.042 0.097 0.159 0.025 0.000 0.000 99.325
Cal-160_figf pl 4  0.024 43568 0212 50260 0514 2.385 0.034 0.131 0.147 0.044 0.000 0.008 97.408
Cal-160_figf pl 5  0.015 45571 0213 50469 0525 2.343 0.025 0.103 0.130 0.022 0.005 0.009 99.502
Cal-160_figf pl 6  0.007 45201  0.204 50611  0.508 2.360 0.036 0.080 0.155 0.012 0.023 0.021 99.303



Table B1. (Continued)

SAMPLE Si0, TiO, AlLO; FeOt MnO MgO Ca0 CoO V,05 Cr,05 ZnO Nb,Os TOTAL
Cal-160_figf p2. 1  0.046 45280 0227  49.970 0521 2.313 0.085 0.115 0.113 0.017 0.000 0.043 98.791
Cal-160_figf p2 2  0.041 45562 0202  50.201  0.521 2.300 0.057 0.119 0.101 0.000 0.000 0.000 99.159

160_figh_p1_1 0009 45507 0236 50483  0.510 2.479 0.090 0.107 0.165 0.000 0.074 0.019 99.768
160_figh_p1_2 0000 45996 0239 50122 0520 2.463 0.072 0.108 0.133 0.017 0.000 0.000 99.743
160_figh_p1_3 0000 45069 0220 50640 0525 2.499 0.052 0.114 0.192 0.013 0.003 0.009 99.441
160_figh_p1_4 0008 44113 0225 50805  0.519 2.509 0.052 0.123 0.193 0.025 0.000 0.027 98.706
160_figh_p1_5 0004 45245 0226 50359  0.497 2.492 0.039 0.076 0.187 0.017 0.009 0.015 99.267
160_figh_p1_6 0012 44985 0236 50769  0.508 2.503 0.039 0.126 0.185 0.024  0.031 0.000 99.517
160_figh_p1_7 0018 44125 0219 51253  0.470 2.542 0.027 0.107 0.187 0.000 0.000 0.003 99.052
160_figh_p1_8 0025 41134 0352  53.087 0476 2.566 0.026 0.081 0.219 0.012 0.000 0.020 98.116



Table B2. Compositions of compositional profiles of titanomagnetite from the April 2015 Calbuco eruption (wt%).

SAMPLE Si0, Tio, AlLO; FeOt MnO  MgO CaO CoO V,0; Cr,O; ZnO  Nb,Os TOTAL
Cal-149Tb - figldb_p1 17  0.098 14997 3.088 74631 0466 2974 0.007 0156 0.389 0.010 0.012 0.000 97.040
Cal-149Tb - figldb_p1 18  0.058 14915 3.112 74991 0433 2891 0.005 0.146 0396 0.003 0.060  0.000 97.226
Cal-149Tb - figldb_p1 19  0.100  14.889 3.093 75308  0.442  2.885 0.009 0172 0.394 0.000 0.013 0.000 97.519
Cal-149Tb - figldb_p1 20  0.071 14438 3136 74873 0443 2907 0031 0154 0374 0029 0083 0014 96.758
Cal-149Tb - figldb_p1 21  0.107 14431 3.099 74678 0459 2853 0.025 0151 0.431 0.024 0.030 0.000 96.521
Cal-149Tb - figldb_p1 22  0.075 14595 3.130 74380 0460 2799 0.020 0157 0383 0.025 0.025 0.000 96.257
Cal-149Tb - figldb_p1 23  0.052  14.064 75043 0453 2952 0017 0150 0.410 0.013 0.008  0.000 93.385
Cal-149Tb - figldb_p1 24  0.082 14515 3.139 75502  0.446 2915 0.023 0152 0383 0.008 0.043 0.001 97.419
Cal-149Tb - figldb_p1 25  0.054 14376 3.116 75024 0414 2916 0.023 0155 0.390 0.040 0.011  0.000 96.731
Cal-149Tb - figldb_p1 26 ~ 0.054 14162 3.121 74904 0424 2930 0.009 0143 0422 0020 0.060 0.000 96.477
Cal-149Tb - figldb_p1 27  0.070 14277 3192 74776  0.449 2920 0011 0161 0382 0.020 0.053 0.000 96.519
Cal-149Tb - figldb_p1 28  0.068 14212 3171 74789 0437 2873 0.009 0160 0391 0.027 0.064 0.012 96.426
Cal-149Tb - figldb_p1 29  0.083 13983 3.148 75119 0438 2943 0011 0151 0.426 0.003 0.041 0.000 96.576
Cal-149Tb - figldb_p1 30  0.082 13922 3212 74771 0415 2877 0.002 0139 0399 0.009 0.012 0.000 96.055
Cal-149Tb - figldb_p1 31  0.092 14242 3176 75090 0.454  2.896 0.010 0188 0.411 0.002 0.000  0.000 96.784
Cal-149Tb - figldb_p1 32 ~ 0.088 14050 3.225 75249 0438 2916 0011 0150 0390 0.000 0.044 0.013 96.788
Cal-149Tb - figldb_p1 33  0.086 14321 3.190 75065 0458 2917 0.010 0151 0.403 0.000 0.007 0.000 96.826
Cal-149Tb - figldb_p1 34  0.073 14210 3200 75060 0438  2.892 0.006 0.146 0433 0.024 0.021 0.000 96.739
Cal-149Tb - figldb_p1 35  0.087 14349 3245 74883  0.409 2929 0010 0131 0437 0012 0.007 0.005 96.742
Cal-149Tb - figldb_p1 36  0.092 14124 3214 74814 0431 2805 0.010 0187 0.407 0012 0.057 0.000 96.374



Table B2. (Continued)

SAMPLE sio, TiO, ALO; FeOt MnO  MgO  CaO CoO  V,0, Cr0O; ZnO  Nb,Os TOTAL
Cal-149Tb - figldb_p2 16  0.076 15176  3.095 74507 0423 2839 0.010 0183 0364 0.023 0.097  0.009 96.998
Cal-149Tb - figldb_p2_17  0.056 15096 3.055 74.936 0456  2.891 0011 0158 0377 0.020 0.049  0.000 97.309
Cal-149Tb - figldb_p2 18  0.069 15049 3.061 75063 0499 2927 0.007 0152  0.416 0.000 0.084  0.007 97.559
Cal-149Tb - figldb_p2 19  0.083 14.830 3.111 74972 0439 2900 0.004 0173 0401 0.000 0.000 0.005 97.136
Cal-149Tb - figldb_p2 20  0.081 14546 3.137 74708 0437 2927 0022 0155 0.470 0018 0.059  0.000 96.813
Cal-149Tb - figldb_p2 21  0.069 14616 3.113 75058 0463 2921 0.005 0151 0363 0.000 0.039  0.000 96.996
Cal-149Tb - figldb_p2 22  0.083 14.356 3.074 74525 0423 2966 0.009 0175  0.393 0.005 0.097 0.001 96.320
Cal-149Tb - figldb_p2 23  0.077 14.189 3.115 74861 0440 2965 0.008 0168 0384 0016 0.083 0.027 96.541
Cal-149Tb - figldb_p2 24  0.065 14.468 3.110 74.689 0434 2909 0012 0137 0398 0018 0.078  0.000 96.534
Cal-149Tb - figldb_p2 25 0.071 14522 3148 75246 0441 2936 0006 0182 0383 0.000 0.037  0.000 97.180
Cal-149Tb - figldb_p2 26  0.073 14621 3.110 75234 0466  2.881 0.004 0166  0.421 0.003 0.040  0.000 97.246
Cal-149Tb - figldb_p2 27  0.082 14259 3.088 75037 0459  2.889 0.007 0162  0.404 0.002 0.052 0.008 96.669
Cal-149Tb - figldb_p2 28  0.083 14.687 3.131 75403 0436 2905 0.008 0187  0.422 0.002 0.046 0.000 97.539
Cal-149Tb - figldb_p2 29  0.067 14.369 3.125 75038 0448 2901 0.006 0162 0394 0.030 0.017  0.000 96.770
Cal-149Tb - figldb_p2 30  0.069 14.037 3.173 74844 0460 2951 0.019 0154  0.400 0.018 0.060  0.000 96.402

Cal-155_fig3_p1_11 0111 13277 2687 76198 0448 1810 0.015 0146 0370 0.09 0036  0.000 95.106
Cal-155_fig3_p1_12 0.128 13245 2702 76955 0.450  1.820 0.015  0.173  0.386 0.025 0.028  0.000 95.926
Cal-155_fig3_p1_13 0120 12297 2906 71360 0395  1.989 0.000  0.143 0336 0.009 0019  0.000 89.574
Cal-155_fig3_p1_14 0128 13142 2712 77.047 0451  1.826 0.014  0.180  0.348 0.009 0123  0.007 95.985
Cal-155_fig3_p1_15 0114 12677 2684 77.337 0462  1.806 0.009  0.179 0374 0.000 0016  0.027 95.685
Cal-155_fig3_p1_16 0114 12673 2733 77.030 0421 1794 0012 0170 0370 0.019 0.043  0.000 95.378
Cal-155_fig3_p1_17 0.08 12.826 2762 77117 0472 1815 0.000 0171  0.382 0.002 0107  0.000 95.761
Cal-155_fig3_p1_18 0097 12755 2670 77.079 0.445  1.805 0.011  0.167 0373 0.023 0106 0.000 95.530
Cal-155_fig3_p1_19 0093 12.860 2.690 77.345 0.449  1.808 0.006  0.168  0.374 0.031  0.000  0.000 95.824



Table B2. (Continued)

SAMPLE Si0, Tio, ALO; FeOt MnO MgO CaO CoO  V,0; Cr,0; 2ZnO  Nb,Os TOTAL
Cal-155_fig24_p1_8 0.110 12.854 2.673 77157 0462 1795 0049 0141 0347 0023 0011 0.014 95.824
Cal-155_fig24_p1_9 0.157 12877 2.628 77234 0503 1803 0035 0.184 0319 0026 0.041  0.000 95.980
Cal-155_fig24 p1 10  0.111 12.965 2.647 77234 0454 1819 0016 0147 0325 0016 0.000 0.034 95.944
Cal-155_fig24 p1 11  0.101 13244 2648 78076 0490 1776 0021 0150 0358 0013 0.031  0.000 97.102
Cal-155_fig24 pl 12 0.105 12628 2.633 77285 0461 1787 0016 0.162 0357 0033 0.048  0.000 95.709
Cal-155_fig24 p1 13 0.117 12.809 2.690 77.032 0452 1814 0005 0.140 0374 0010 0.070  0.000 95.716
Cal-155_fig24 pl 14  0.111 12727 2.634 77467 0486 1821 0018 0.175 0353 0000 0.052  0.000 96.036
Cal-155_fig24 p1 15  0.113 13.009 2.642 77666 0465 1830 0010 0.147 0361 0014 0.050 0.011 96.514
Cal-155_fig24 pl 16  0.106 13231 2.615 77.701 0474 1808 0004 0152 0369 0023 0.042  0.000 96.724
Cal-155_fig24 p1 17  0.109 13.166  2.609  78.133 0473 1782  0.007 0140 0367 0008 0.058  0.022 97.074

Cal-160_figl_p1 8 0.011 16352  1.049 75312 0497  2.081 0014 0.167 0304 0017 0.068  0.000 96.037
Cal-160_figl_p1 9 0.051 14369 1144 77603 0465 2097 0017 0115 0335 0035 0.113  0.000 96.527
Cal-160_figl_p1_10 0.039 12602 1.245 78571 0443 2000 0008 0.164 0399 0025 0.114 0.012 95.838
Cal-160_figl_pl_11 0.048 11017 1.327 79698 0427 1862 0004 0.157 0416 0021 0110  0.000 95.311
Cal-160_figl_pl_12 0.034 10.033 1408 81127 0430 1705 0015 0.188 0430 0022 0.084  0.000 95.722
Cal-160_figl_pl_13 0.044 9.033 1457 81873 0389 1571  0.005 0148  0.454 0036 0056 0.000 95.313
Cal-160_figl_pl_14 0.042 8481 1463 82059 0424 1457 0012 0195 0435 0021 0113 0.022 94.961
Cal-160_figl_pl_15 0.076 7549 1290 75600 0377 1272 0014 0163 0387 0044 0035 0.031 87.055
Cal-160_figl_pl_16 0.051 8.029 1462 82901 0429 1375 0008 0163  0.415 0046 0.083  0.000 95.188
Cal-160_figl_pl_17 0.040 7955 1461 82808 0426 1328 0021 0175 0409 0018 0065 0.000 94.926
Cal-160_figl_pl_18 0.038 8.095 1455 83379 0440 1355 0010 0196 0401 0014 0124 0.000 95.723
Cal-160_figl_pl_19 0.058 8333 1456 83723 0454 1294 0004 0171 0395 0039 0030 0.011 96.181
Cal-160_figl_pl_20 0.050 8499 1436 83429 0465 1279  0.007 0163 0440  0.045 0.006  0.000 96.059



Table B2. (Continued)

SAMPLE Sio, Tio, ALO, FeOt MnO  MgO  CaO CoO V,0, Cr0; ZnO  Nb,Os TOTAL
Cal-160_figl p2 9 0035 15994 1108 78.182 0532 1509  0.044  0.177 0298  0.025  0.070 0.000 98.137
Cal-160_figl p2 10 ~ 0034 13706 1217 79011 0508 1499 0033 0173 0355 0016 0753 0.012 97.509
Cal-160_figl p2 11 0051 12631 1302 79577 0513 1479 0034 0146 0370 0023 0076 0.034 96.435
Cal-160_figl p2_ 12 0043 11195 1410 81.099 0470 1425 0029 0151 0424 0041 0102 0.013 96.631
Cal-160_figl p2 13  0.050 9.858 1.449 81430 0453  1.393 0032 0144 0407 0.028  0.080  0.000 95.544
Cal-160_figl p2_14  0.046 9.268 1491 82780 0.416  1.349 0027 0173 0412 0047 0162  0.002 96.398
Cal-160_figl p2 15  0.042 8.662 1547 83466 0471  1.310 0022 0171 0455 0017  0.048  0.000 96.458
Cal-160_figl p2_16  0.046 8.322 1476 83322 0469  1.293 0014 0154 0447  0.024 0092 0013 95.915
Cal-160_figl p2 17  0.048 8.541 1454 83536 0438  1.249 0022 0171 0429 0032  0.094 0.025 96.273
Cal-160_figl p2_18  0.036 8.270 1489 83057 0455  1.290 0021  0.165 0441  0.040  0.029  0.000 95.532
Cal-160_figl p2 19  0.043 8.387 1458  83.032 0.443  1.255 0018  0.189 0444  0.027 0114  0.000 95.650
Cal-160_figl p3 7 0035 14575 1132 76631 0492 1925 0031 0182 0344 0019  0.000 0.000 95.557
Cal-160_figl p3 8  0.035 13353 1209 77.706 0454  1.820  0.034  0.182 0.359  0.025 0.121 0.026 95.518
Cal-160_figl p3 9  0.052  11.987 1333 79448 0472 1709 0025 0143 0414 0025  0.072 0.000 95.905
Cal-160_figl p3 10 0061 10829  1.384 81.118 0497 1610 0015 0160 0439 0035 0111 0.010 96.508
Cal-160_figl p3 11  0.046 9.385 1427 81901 0429 1511 0016 0.147 0438 0030 0124  0.000 95.691
Cal-160_figl p3 12  0.056 8.637 1.446 82030 0428 1.370 0028  0.169 0433 0033  0.096 0.008 94.968
Cal-160_figl p3 13  0.073 8.492 1452 83197 0420 1.328 0016 0121 0447 0031  0.039  0.000 95.858
Cal-160_figl p3 14  0.039 8.484 1441 83433 0421  1.268 0010 0.177 0418 0045 0.082 0.018 96.063
Cal-160_figl p3_ 15  0.030 8.352 1419 83393 0425 1.327 0016 0191 0449  0.020 0.049  0.000 95.915



Table B2. (Continued)

SAMPLE Sio,  TiO,  AlO; FeOt MnO  MgO  CaO CoO  V,0, Cr,0; ZnO  Nb,Os TOTAL
160_figl3_profile2 6  0.056 14.481 1821  77.266  0.438  1.856 0011 0169 0415 0047 0.095 0.010 96.892
160_figl3_profile2_ 7  0.060 11.823 2038  79.726 0391 1671 0000 0171 0478 0018 0.086 0.000 96.722
160_figl3_profile2 8  0.074 10745 2.084  79.831  0.414 1673 0009 0216 0495 0028 0.027  0.030 95.895
160_figl3_profile2 9  0.074 10552 2021 80530  0.388 1677 0011 0156 0488  0.033 0.056 0.000 96.251
160_figl3_profile2_ 10  0.071 10521 2.080 80431  0.404 1706 0012 0162 0516 0043 0.065 0.000 96.290
160_figl3_profile2_ 11 ~ 0.065 10.826 2.090  80.356  0.403  1.686 0014 0162 0494 0063 0.120  0.000 96.546
160_figl3_profile2_ 12  0.061 10598 2.097  80.446  0.406  1.698 0013 0164 0510 0034 0.085 0.011 96.399
160_figl3_profile2_ 13  0.046  10.708  2.036  80.766  0.396  1.640  0.013  0.163 0481  0.056 0.057  0.000 96.634
160_figl3_profile2_ 14  0.074 10.643 2.069  80.791  0.400  1.661 0011 0167 0468 0023 0.054 0.016 96.910
160_figl3_profile2_ 15  0.068  10.274 2.045  80.880  0.384  1.658 0023 0169 0528  0.039 0.032  0.000 96.385
160 _figl3_profile2_ 16  0.062  10.695 2.088  80.352  0.415 1.636 0015 0183 0530 0040 0.145 0.006 96.454
160_figl3_profile2_ 17  0.054 10373 2071  79.944  0.445 1643 0020 0145 0495 0019 0.047  0.000 95.526
160_figl3_profile2_ 18  0.071 10415 2048  81.043  0.396 1636 0.021 0162 0492 0042 0.023  0.000 96.616
160_figl7 profilel 8  0.029 16471 1823 77120 0437 1935 0007 0193 0378 0049 0.105 0.004 98.756
160_figl7_profilel 9  0.051 12193 2020  78.605  0.405 1780  0.018 0.165 0455  0.028 0.091  0.025 96.081
160_figl7_profilel 10  0.031 11.798 2071  79.897  0.402 1726 0002 0159 0450  0.020 0.107  0.000 96.909
160_figl7_profilel 11  0.060 11.510 2069 80411 0414 1734 0012 0158 0467 0039 0.049  0.000 97.178
160_figl7_profilel 12  0.052 11.212 2111 79712 0372 1753 0000 0.164 0468  0.025 0.092  0.006 96.220
160 _figl7_profilel 13  0.057 10.876 2.065  80.069  0.417 1759  0.005  0.169  0.464  0.000 0.069  0.001 96.203
160_figl7_profilel 14  0.033  10.900 2.049 80412 0425 1718 0007 0.186 0445 0014 0.00 0.003 96.434
160 _figl7_profilel 15 0.045 10.878 2.086  80.272  0.396 1739  0.007 0.185 0452  0.033 0.000  0.000 96.339
160_figl7_profilel 16  0.046 11.030 2101  80.684  0.416 1761 0008 0192 0418 0018 0.092  0.012 97.004
160 _figl7_profilel 17  0.030 10778 2122  80.784  0.404 1760  0.005 0130 0457  0.047 0.000  0.000 96.766
160_figl7_profilel 18  0.063 10.754 2.079  80.262  0.385 1757 0010 0198 0473 0063 0.046  0.027 96.376



Table B2. (Continued)

SAMPLE Sio,  TiO,  ALO; FeOt MnO  MgO Ca0 CoO V,0, Cr0; ZnO  Nb,Os TOTAL
160_figl7_profile2_ 10 0.044 14210 1.881 76746  0.447  1.898 0024 0150 0425 0072 0114 0.007 96.248
160_figl7_profile2_ 11 0.063 11.683 2112 79668 0381  1.744 0000 0.167 0442 0018  0.027  0.049 96.592
160 _figl7_profile2_ 12 0052 11.083 2100 80260  0.400  1.757 0001 0193 0448 0035 0050 0.000 96.620
160_figl7_profile2_13 0.060 11.007 2.109  80.678  0.423  1.749 0006 0182 0475 0017 0049 0.014 97.027
160_figl7_profile2_14 0034 10781  2.084 79917 0396  1.751 0004 0167 049 0027 0118 0.010 96.055
160_figl7_profile2_15 0.058 10854 2112 80587  0.414  1.776 0014 0195 0500 0059 0061 0.013 96.914
160_figl7_profile2_ 16 0.051 11.062 2.101  81.081  0.412  1.789 0009 0156 0.482 0049 0000 0.000 97.453
160_figl7_profile2_17 0.050 11.075 2.107  81.056  0.405  1.777 0000 0193 0449 0030 0121 0.025 97.533
160 _figl7_profile2_18 0.040 11.085 2117 80599  0.426  1.767 0001 0146 0435 0014 0113 0.005 96.982

160 figl7_p4 11  0.058 13.830 1952 78447 0419 1782 0016 0178 0459 0050 0031  0.000 97.472
160 figl7_p4 12  0.064 11.960 2.090  79.987 0402 1632 0018 0154 0472 0034 0100 0.010 97.179
160 figl7_p4 13  0.034 11.319 2104  80.154 0419 1634 0014 0166 0472 0043 0101  0.000 96.717
160 figl7_p4 14  0.062 10.895 2.085  80.948  0.404 1634 0014 0157 0480 0014 0083  0.000 97.036
160 figl7_p4 15  0.047 10711 2.095 80492 0405 1616 0035 0141 0477 0030 0045 0.000 96.355
160 figl7_p4 16  0.071 10.952 2104  80.326  0.400  1.665 0013 0177 0477 0041 0101 0.001 96.586
160 figl7_p4 17 0051 10481 2101 80514 0400  1.685 0017 0164 0471 0074 0013 0.016 96.242
160 figl7_p4 18  0.068 11.238 2.057  80.670  0.385  1.666 0007 0179 0476 0052 0092 0.016 97.164
160 figl7_p4 19 ~ 0.058 10.965 2.090  81.024 0401  1.663 0015 0162 0499 0050 0071  0.000 97.266



Table B2. (Continued)

SAMPLE Sio,  TiO,  ALO; FeOt MnO  MgO  CaO Co0  V,0;, Cr0; ZnO  Nb,Os TOTAL
160_figh_p1_13 0041 14215 1813 77584 0441 1644  0.017 0176  0.492 0010 0101 0.009 96.810
160_figh_p1_14 0043 11893 2007 79.788 0398 1580  0.012 090 0474 0040 0125 0.000 96.808
160_figh_p1_15 0073 11804 1.963  79.667 0373 1472  0.033 0154 0500 0021  0.074 0.000 96.407
160_figh_p1_16 0083 11341 2044 80490 0376 1490  0.019 0144 0503 0053 0034 0.006 96.858
160_figh_p1_17 0063 10940 1.988  80.080 0405 1512  0.010 040 0517 0067 0107 0.000 96.109
160_figh_p1_18 0054 11539 2031 80277 0395 1527  0.015 0159 0496  0.029 0060 0.013 96.865
160_figh_p1_19 0081 11103 2014 79710 0419 1511  0.016 0142 0503 0041 0044 0.049 95.904
160_figh_p1_20 0051 11553 2010  80.337 0391 1486  0.016 0155 0513 0016 0076 0.006 96.890
160_figh_p1_21 0050 10.685 1.992  79.659 0403 1505  0.018 0171 0513 0045 0.053 0.000 95.371
160_cx_e_pl_16 0047 15687 1741 76304 0544 1808  0.012 0129 0385 0081 0084 0.000 97.030
160_cx_e_pl_17 0044 11718 2042 79193 0503 1546  0.015 054 0503 0052 0144 0.009 96.197
160_cx_e_pl_18 0061 10924 2076  79.884 0460 1547  0.020 0152 0486 0069 0038 0.018 95.998
160_cx_e_pl_19 0071 10585 2032  80.337 0475 1648  0.016 0181 0463 0057 0080 0.012 96.209
160_cx_e_pl_20 0053 10613 2044 80418 0472 1561  0.014 0171 0535 0063 0115 0.003 96.352
160_cx_e_pl 21 0049 10281 2087  80.076 0478 1550  0.010 0179 0501 0035 0065 0.037 95.622
160_cx_e_pl_22 0057 10771 2.063 79699 0499 1545  0.008 0158 0492 0056  0.096 0.000 95.711
160_cx_e_pl_23 0047 10412 2051 79711 0486 1522  0.003 0191 0535 0041  0.000 0.000 95.291

160_cx_e_pl_24 0.046  10.959  2.041 80.269 0.449 1.502 0.013 0.149 0.494 0.021 0.000  0.000 96.211



Table B2. (Continued)

SAMPLE Sio,  TiO, ALO;, FeOt MnO  MgO  CaO CoO V,0; Cr,0 ZnO  Nb,Os TOTAL
Cal-160_figf pl 7 0042 18959 1568 73528 0456 1694  0.027 0.172 0311 0049  0.111  0.000 97.085
Cal-160_figf pl 8 0057 12919 1993  77.866 0435 1526  0.023 0.135 0490 0057  0.109  0.000 95.878
Cal-160_figf pl 9  0.056 11495 2112  79.286  0.402 1491  0.026 0.150 0518 0.052  0.102  0.004 95.976
Cal-160_figf p1 10  0.052  10.763 2.076  79.386  0.403  1.495  0.026 0154 0502 0.054 0025  0.039 95.246
Cal-160_figf p1 11  0.056 11.152 2.106  80.347  0.379  1.458  0.024 0.163 0480 0034 0052  0.000 96.513
Cal-160_figf pl 12  0.062  10.609 2.086 80250  0.400  1.478  0.023 0.147 0527 0044  0.105  0.000 96.018
Cal-160_figf p1 13  0.186 11.098 2.140  80.047 0410 1513  0.017 0.173 0491 0038  0.092  0.000 96.471
Cal-160_figf pl 14  0.063 10758 2.123  79.621 0400 1519  0.026 0.164 0496 0.004 0053  0.003 95.500
Cal-160_figf p2 3 0070 14226 1732  76.887 0474 1529  0.050 0.150 0.388 0059  0.069  0.063 95.908
Cal-160_figf p2_ 4 0069 11221 2082  79.143 0425 1369  0.042 0.135 0454 0044 0027 0.014 95.273
Cal-160_figf p2 5 0061 10.850 2.104  79.655  0.417 1424  0.039 0.192 0463 0047  0.046  0.000 95.548
Cal-160_figf p2_ 6  0.064 11087 2063  80.200  0.442 1405  0.048 0.175 0476 0068  0.049  0.000 96.335
Cal-160_figf p2_ 7  0.040  10.847 2117  79.926 0413 1427  0.039 0.180 0465 0049  0.061  0.000 95.816
Cal-160_figf p2. 8  0.050 10.824 2111  79.655  0.413 1420  0.041 0.174 0464 0035 0046  0.000 95.493



Table B2. (Continued)

SAMPLE Sio, Tio, AlLO;  FeOt MnO  MgO CaO  CoO V,0; Cr,0; 2ZnO  Nb,Os TOTAL
Cal-160_figh p1 9  0.055 15259 1774 75675  0.472 1520 0033 0.140 0443 0025 0015 0.014 95.665
Cal-160_figh p1_10 ~ 0.039 13157 1933 77587 0460  1.620 0029 0.153 0542 0.045 0.103  0.000 95.963
Cal-160_figh p1_ 11  0.060  11.943 2019 78573 0425 1522 0032 0150 0508 0.024 0.069  0.000 95.612
Cal-160_figh pl_ 12 ~ 0.065  11.125  2.083 79816 0416 1496 0024 0.149 0508 0052 0.046  0.000 96.056
Cal-160_figh p1 13  0.051 10430 2103 79.776 0416 1461 0020 0.168 0525 0021 0.075 0.027 95.361
Cal-160_figh pl_ 14  0.048 10226  2.108 80232 0392 1466 0024 0173 0513 0033 0.111  0.000 95.606
Cal-160_figh p1 15  0.059  10.446 2132  79.698 0423 1444 0022 0.166 0516 0061 0.069  0.000 95.317
Cal-160_figh p1_ 16  0.047 10310  2.114 79853 0401 1494 0008 0.176 0521 0019 0.134  0.003 95.364
Cal-160_figh p1 17  0.065 10414  2.096 80.117 0409 1475 0025 0172 0541 0029 0.09  0.117 95.849
Cal-160_figh p1_ 18  0.060 10447 2110 80731 0403 1432 0031 0174 0543 0053 0.078 0.011 96.368
Cal-160_figh p1 19  0.043 10483 2068 79.783 0410 1455 0008 0.155 0508 0.060 0.020 0.015 95.298
Cal-160_figh p1_ 20  0.055 10417  2.105 79.989 0416 1455 0027 0.145 0553 0.037 0.043 0.010 95.554
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C.1. Pictures of mineral textures

Olivine (Fo ~91)

Iddingsite

det mag o HV HFW WD |spot
vCD' 618 x 20.00 kV 483 um/17.0 mm| 5.0

Figure C.1. Backscatter image showing an olivine xenocryst surrounded by iddingsite
alteration.
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Pyroxene
] exsolution lamallae

det mag HV HFW WD |spot ———— 200 pm ——— | det mag HV HFW WD |spot
vCD| 709 x 20.00 kV 421 ym 17.1 mm 5.0 vCD 2 270 x/20.00 kV 131 pm 17.1 mm| 5.0

Figure C.2. Backscatter image showing a portion of a xenolith including clinopyroxene with
exsolution lamellae texture.
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Healed
microfractures

det mag HV HFW WD  |spot 100 pm det mag HV HFW WD spot ——— 40 ym
vCD| 872 x 20.00 kV/342 ym 17.1 mm, 5.0 vCD |3 343 x/20.00 kV 89.3 ym 17.1mm 5.0

Figure C.3. Backscatter image showing an orthopyroxene xenocryst with healed
microfractures within.
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det mag o HV HFW WD |spot
vCD 542 x 20.00 kV 551 um/17.1 mm| 5.0

Figure C.4. Backscatter image showing an orthopyroxene xenocryst with healed
microfractures within.
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det mag o HV HFW WD spot
vCD 624 x |20.00 kV 478 um 17.0 mm| 5.0

Figure C.5. Backscatter image showing a portion of a xenolith.
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C.2. Rare earth elements

100

10

I 1 1 1 1 1 1 1 1 1 1 1 1 1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu

Figure C.6. Rare earth elements (REE) diagram showing a narrow range of Lay/Yby from
2.1 to0 2.2. Values normalised to chondrite composition (Sun and McDonough, 1989).
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C.3. Olivine-augite equilibrium

To test the equilibrium of in-contact olivine-augite phenocryst grains, we use the olivine-melt
(Kp° ™9 = (X2L Xy)/ (X5l Xpd) = 0.3+0.05) and augite-melt (K,° ™9 = 0.25+0.09). Only
if Mg/Fe?* molar ratios are equivalent (including errors represented by dashed lines, Figure

X5), we consider the pairs are in equilibrium.

@ Phenocryst clots

()
T
\
\
2
-7!.
1

0.8

M gf’Fez“L augite

0.6 | g - .

04 | s ~ i

0 | | 1 1 1 | | | |

0 1 2 3 4 5

M,g/Fe2+ melt in equilibrium with olivine

Figure C.7. Augite-olivine equilibrium inferred from testing if a hypothesised melt
composition (Mg/Fe®*, in moles) is in equilibrium with both olivine and augite compositions.
The solid line represents the augite-melt equilibrium composition (for a H,O-saturated mafic
melt) following Grove et al. (1997) equation for Kp and the dashed lines correspond to the
reported uncertainties of Kp (Grove et al. 1997).
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C.4. Olivine-spinel equilibrium

Kamenetsky et al. (2001) suggested that a positive correlation between spinel Mg# (Mg# =
Mg/(Mg+Fe®"), in moles)and olivine forsterite content (Fo = (Mg/(Mg+Fe®*))x100, in moles)

reflects a local equilibrium between olivine and spinel inclusions within.

04% T T T T T T T T T T T T T 0 S
0.44 - 4
o - 4045
r2=0.90 . r2 = (.80 [
0.43 -
. L - 104
042 | L’ i ) ‘}
. -
041 - I - —0.35
;5’:' e .’ - - tl%
- 04 ,“/ B - .,»" 103
0.39 - .
-’ - J02s
0.38 - e —
] - - @ Olivine group 1
037 - e “o® ® Olivine growp 1| B @ olvinegrowp2 ] 02
036 | 1 1 | 1 1 1 1 | | 1 | 1 0'5
779 78 781 782 783 784 785 TE6 T8T 72 73 74 75 76 77 78 79 80
Fo Fo

Figure C.8. Relationships between host olivine Fo and spinel inclusions Mg#. The
compositional trends are presented for olivine phenocrysts from groups 1 (FoX-Y) and 2
(FoZz-T) with their respective spinel inclusions.
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C.5. Details of calculations
Moore et al., 1998. The values of the constants used in equation Al (equation 1, from Moore
et al., 1998) are listed as follows:

2mmetty, = Ly Ny (D) 4o 10gnui & (C1

n HZO_?-I_ ii'?‘l'c'og (fH20)+ (€1)

a’ = 2,565 (£362)
bai,o0, = -1.997 (£0.706)
bre,,, = -0.9275 (+0.394)
bya,o =2.736 (+0.871)
¢’ =1.171 (+£0.069)

d’ = -14.21 (+0.54)



Kress and Carmichael, 1991. The values of the constants used in equation A2 (equation 7,

from Kress and Carmichael, 1991) are listed as follows:

1 <XFe203>— log( )+b+ +Zd X; + [1 (TO) 1 (T>]+f(P)
%8\ XFeo ) = 2 108lo,) F i+ "R T)  °8\1, T

(T — T,)P <P2>
+g——> +h(— (C2)

T T
a=0.196

b = 11,492 (K)
¢ =-6.675

dar,0, = -2.243
dreo,,, = -1.828
deao = 3.201
dya,o = 5.854
dk,o = 6.215
f=-7-107% (K-bar™)
g=-1.5-10" (bar™)

h=23.85-10" (K-bar?)



C.6. Mineral chemistry

Table C1. Compositions of olivine from the 1835 Osorno eruption (wt%).

SAMPLE SiO; TiO, Al,O3 FeO MnO MgO Ca0 Cr,04 NiO TOTAL
Oso-144A_Fig2_0Ol6_1  37.501 0.025 0.003 25.696 0.435 35.607 0.321 0.019 0.033 99.640
Oso-144A_Fig2_Ol6_2  37.763 0.022 0.011 25.817 0.443 35.392 0.303 0.021 0.044 99.816
Oso0-144A_Fig2_0Ol6_3  37.441 0.023 0.007 25.947 0.446 35.179 0.308 0.013 0.036 99.399
Oso-144A_Fig2_Ol6_4  37.806 0.028 0.011 25.078 0.411 36.225 0.293 0.019 0.040 99.912
Oso-144A_Fig2_0Ol6_5  38.015 0.036 0.006 25.060 0.417 36.065 0.290 0.018 0.040 99.948
Oso-144A_Fig2_Ol6_6  37.806 0.026 0.004 25.186 0.420 35.870 0.339 0.022 0.036 99.709
Oso-144A_Fig2_Ol6_7  37.636 0.021 0.025 24.952 0.428 36.331 0.374 0.023 0.036 99.826
Oso-144A_Fig2_Ol6_8  37.978 0.025 0.010 25.623 0.430 35.795 0.330 0.022 0.038 100.251
Oso-144A_Fig2_0Ol6_9  37.296 0.027 0.009 26.076 0.438 35.561 0.318 0.013 0.038 99.777
Oso-144A_Fig2_0Ol6_10  37.560 0.037 0.015 25.106 0.435 35.744 0.388 0.028 0.042 99.354
Oso-144A_Fig2_Ol6_11  37.713 0.036 0.011 24.929 0.425 35.937 0.408 0.031 0.038 99.528
Oso-144A_Fig2_Ol6_12  38.385 0.014 0.005 21.031 0.353 39.434 0.210 0.021 0.077 99.529
Oso-144A_Fig2_Ol6_13  38.399 0.010 0.004 20.960 0.343 39.634 0.221 0.013 0.074 99.657
Oso-144A_Fig2_Ol6_14  38.857 0.008 -0.003 21.072 0.346 39.855 0.212 0.020 0.078 100.446
Oso-144A_Fig2_Ol6_15 37.471 0.023 0.003 26.811 0.463 34.450 0.312 0.006 0.029 99.570
Oso-144A_Fig2_Ol6_16  37.805 0.025 -0.001 26.416 0.455 34.838 0.298 0.009 0.030 99.874
Oso-144A_Fig2_Ol6_17  37.514 0.029 0.006 25.672 0.437 35.444 0.295 0.018 0.038 99.452



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Oso-164A F3a 1 39.648 0.198 1.736 26.047 0.427 30.532 1.226 0.005 0.061 99.880
Os0-164A _F3a 2 38,515 0.020 0.002 24.774 0.405 35.972 0.199 0.008 0.075 99.970
Oso-164A F3a 3 38.219 0.017 0.001 24.913 0.395 35.780 0.189 0.012 0.074 99.599
Oso-164A _F3a 4 38.001 0.018 0.000 24.778 0.394 35.894 0.186 0.008 0.066 99.344
Oso-164A _F3a 5 38.394 0.014 0.002 25.009 0.402 35.966 0.185 0.006 0.070 100.047
Oso-164A _F3a 6 38.686 0.014 0.002 24.600 0.398 35.912 0.181 0.009 0.067 99.870
Oso-164A _F3a 7 38.195 0.017 0.000 24.798 0.397 35.628 0.177 0.004 0.079 99.294
Oso-164A _F3a 8 37.430 0.015 0.000 24.776 0.392 35.694 0.175 0.011 0.074 98.567
Os0-164A _F3a 9 37.925 0.016 0.005 24.891 0.397 35.722 0.176 0.006 0.070 99.207
Os0-164A _F3a_10 38.429 0.010 0.000 24.976 0.397 35.810 0.175 0.007 0.073 99.878
Os0-164A _F3a_11 38.384 0.013 0.000 24.825 0.391 35.887 0.173 0.009 0.071 99.753
Os0-164A _F3a_12 37.624 0.018 0.000 24.901 0.395 35.699 0.172 0.005 0.066 98.880
Os0-164A _F3a_13 37.975 0.011 0.000 24.796 0.401 35.633 0.172 0.013 0.065 99.066
Os0-164A _F3a_14 37.959 0.020 0.000 24.866 0.402 35.660 0.172 0.008 0.073 99.159
Os0-164A _F3a_15 38.517 0.014 0.000 24.745 0.396 35.850 0.172 0.003 0.074 99.772
Os0-164A _F3a_16 37.694 0.011 0.000 24.869 0.396 35.564 0.171 0.009 0.076 98.789
Os0-164A _F3a_17 38.271 0.012 0.000 24.906 0.399 35.925 0.172 0.005 0.073 99.763
Os0-164A _F3a_18 37.835 0.015 0.000 25.013 0.399 35.644 0.171 0.007 0.072 99.155
Os0-164A _F3a_19 38.415 0.011 0.000 24.960 0.395 35.792 0.171 0.007 0.067 99.817
Os0-164A_F3a_20 38.011 0.010 0.000 24.954 0.402 35.906 0.171 0.008 0.070 99.531
Os0-164A _F3a_21 37.196 0.017 0.000 24.836 0.399 35.759 0.170 0.007 0.065 98.447
Os0-164A _F3a_22 38.207 0.009 0.002 24.808 0.399 35.965 0.169 0.010 0.061 99.632
Os0-164A _F3a_23 37.614 0.015 0.000 24.817 0.399 35.732 0.171 0.011 0.067 98.826



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Oso-164A F3a 1 39.648 0.198 1.736 26.047 0.427 30.532 1.226 0.005 0.061 99.880
Os0-164A _F3a 2 38,515 0.020 0.002 24.774 0.405 35.972 0.199 0.008 0.075 99.970
Oso-164A F3a 3 38.219 0.017 0.001 24.913 0.395 35.780 0.189 0.012 0.074 99.599
Oso-164A _F3a 4 38.001 0.018 0.000 24.778 0.394 35.894 0.186 0.008 0.066 99.344
Oso-164A _F3a 5 38.394 0.014 0.002 25.009 0.402 35.966 0.185 0.006 0.070 100.047
Oso-164A _F3a 6 38.686 0.014 0.002 24.600 0.398 35.912 0.181 0.009 0.067 99.870
Oso-164A _F3a 7 38.195 0.017 0.000 24.798 0.397 35.628 0.177 0.004 0.079 99.294
Oso-164A _F3a 8 37.430 0.015 0.000 24.776 0.392 35.694 0.175 0.011 0.074 98.567
Os0-164A _F3a 9 37.925 0.016 0.005 24.891 0.397 35.722 0.176 0.006 0.070 99.207
Os0-164A _F3a_10 38.429 0.010 0.000 24.976 0.397 35.810 0.175 0.007 0.073 99.878
Os0-164A _F3a_11 38.384 0.013 0.000 24.825 0.391 35.887 0.173 0.009 0.071 99.753
Os0-164A _F3a_12 37.624 0.018 0.000 24.901 0.395 35.699 0.172 0.005 0.066 98.880
Os0-164A _F3a_13 37.975 0.011 0.000 24.796 0.401 35.633 0.172 0.013 0.065 99.066
Os0-164A _F3a_14 37.959 0.020 0.000 24.866 0.402 35.660 0.172 0.008 0.073 99.159
Os0-164A _F3a_15 38.517 0.014 0.000 24.745 0.396 35.850 0.172 0.003 0.074 99.772
Os0-164A _F3a_16 37.694 0.011 0.000 24.869 0.396 35.564 0.171 0.009 0.076 98.789
Os0-164A _F3a_17 38.271 0.012 0.000 24.906 0.399 35.925 0.172 0.005 0.073 99.763
Os0-164A _F3a_18 37.835 0.015 0.000 25.013 0.399 35.644 0.171 0.007 0.072 99.155
Os0-164A _F3a_19 38.415 0.011 0.000 24.960 0.395 35.792 0.171 0.007 0.067 99.817
Os0-164A_F3a_20 38.011 0.010 0.000 24.954 0.402 35.906 0.171 0.008 0.070 99.531
Os0-164A _F3a_21 37.196 0.017 0.000 24.836 0.399 35.759 0.170 0.007 0.065 98.447
Os0-164A _F3a_22 38.207 0.009 0.002 24.808 0.399 35.965 0.169 0.010 0.061 99.632
Os0-164A _F3a_23 37.614 0.015 0.000 24.817 0.399 35.732 0.171 0.011 0.067 98.826



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Oso-164A F3b p2 1  38.258 0.041 0.097 24.857 0.393 35.414 0.262 0.006 0.068 99.397
Oso-164A F3b p2 2 38.254 0.032 0.002 24.702 0.408 35.725 0.219 0.009 0.067 99.419
Oso-164A F3b p2. 3 38.029 0.026 0.000 24.910 0.394 35.792 0.209 0.007 0.069 99.432
Oso-164A F3b p2 4  37.814 0.023 0.000 24.895 0.398 35.625 0.200 0.011 0.075 99.038
Oso-164A F3b p2 5  38.037 0.019 0.000 24.960 0.402 35.736 0.193 0.011 0.076 99.434
Oso-164A F3b p2 6  37.751 0.014 0.000 24.917 0.401 35.679 0.192 0.010 0.075 99.035
Oso-164A F3b p2 7  37.815 0.018 0.000 25.033 0.405 35.813 0.187 0.014 0.079 99.363
Oso-164A F3b p2. 8  38.436 0.047 0.252 25.002 0.400 34.790 0.331 0.008 0.062 99.328
Oso-164A F3b p2 9  37.375 0.026 0.006 24.609 0.397 35.419 0.221 0.008 0.075 98.136
Os0-164A F3b p2 10  38.032 0.022 0.005 25.066 0.398 35.864 0.210 0.012 0.072 99.682
Os0-164A F3b p2 11  37.468 0.022 0.000 24.962 0.406 35.864 0.201 0.010 0.076 99.004
Os0-164A F3b p2 12 38.076 0.023 0.000 25.071 0.401 36.031 0.197 0.008 0.069 99.872
Os0-164A F3b p2 13 37.335 0.019 0.000 24.804 0.394 35.207 0.191 0.007 0.070 98.025
Os0-164A F3b p2_ 14  37.967 0.015 0.000 25.067 0.403 35.747 0.186 0.009 0.073 99.465
Os0-164A F3b p2 15  38.249 0.019 0.000 24.940 0.406 35.940 0.184 0.009 0.079 99.824



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Oso-164A F9a pl 1  39.143 0.034 0.052 21.886 0.356 37.958 0.265 0.024 0.061 99.779
Oso-164A F9a pl 2  38.643 0.017 0.005 19.719 0.330 40.090 0.231 0.015 0.085 99.135
Oso-164A F9a pl 3 38.944 0.015 0.003 19.489 0.325 40.214 0.220 0.017 0.088 99.315
Oso-164A F9a pl 4  39.092 0.015 0.005 19.602 0.316 40.381 0.213 0.017 0.092 99.733
Oso-164A F9a pl 5  39.214 0.014 0.004 19.746 0.321 40.370 0.209 0.013 0.096 99.988
Oso-164A F9a pl 6  39.057 0.013 0.003 19.780 0.320 40.479 0.206 0.013 0.098 99.968
Oso-164A F9a pl 7  39.279 0.011 0.004 19.753 0.327 40.476 0.207 0.014 0.093 100.163
Oso-164A F9a pl 8  39.337 0.011 0.002 19.736 0.329 40.488 0.201 0.007 0.095 100.207
Oso-164A F9a pl 9  38.628 0.006 0.006 19.696 0.320 40.130 0.200 0.015 0.088 99.089
Os0-164A F9a_pl 10  38.949 0.012 0.000 19.650 0.320 40.255 0.199 0.019 0.086 99.490
Os0-164A F9a pl 11  39.014 0.012 0.003 19.535 0.318 40.113 0.197 0.013 0.086 99.291
Os0-164A F9a pl 12  39.491 0.010 0.002 19.706 0.320 40.254 0.193 0.013 0.091 100.079
Os0-164A F9a pl 13  39.169 0.007 0.005 19.717 0.325 40.135 0.196 0.012 0.094 99.660
Os0-164A F9a pl 14  38.964 0.010 0.005 19.724 0.318 40.370 0.193 0.011 0.090 99.685
Os0-164A F9a pl 15  39.007 0.014 0.000 19.688 0.321 40.106 0.194 0.021 0.091 99.441
Os0-164A F9a pl 16  38.960 0.015 0.005 19.769 0.323 40.244 0.196 0.016 0.088 99.617
Os0-164A F9a_pl 17  39.046 0.009 0.002 19.746 0.326 40.139 0.194 0.018 0.083 99.563
Os0-164A F9a pl 18  39.046 0.014 0.001 19.674 0.323 40.127 0.195 0.014 0.089 99.482
Os0-164A F9a pl 19  38.780 0.016 0.002 19.748 0.319 40.300 0.192 0.018 0.087 99.462
Os0-164A F9a_pl 20  39.015 0.013 0.010 19.690 0.310 40.052 0.192 0.017 0.099 99.398
Os0-164A F9a pl 21  39.062 0.007 0.002 19.689 0.315 40.217 0.191 0.015 0.100 99.598
Os0-164A F9a_pl 22  39.109 0.014 0.002 19.881 0.319 40.152 0.192 0.016 0.096 99.781



Table C1. (Continued)

SAMPLE Sio, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Os0147A-Figdb_pl 1  39.926 0.021 0.004 19.674 0.314 40.189 0.225 0.012 0.078 100.442
Os0147A-Figdb_pl 2 40.048 0.017 0.003 19.633 0.325 40.151 0.218 0.016 0.090 100.501
Os0147A-Figob_pl 3 39.405 0.016 0.002 19.702 0.320 39.897 0.210 0.024 0.089 99.666
Os0147A-Figob_pl 4  39.387 0.010 0.001 19577 0.320 39.968 0.208 0.016 0.079 99.564
Os0147A-Figob_pl 5  40.138 0.013 0.003 19.594 0.325 40.028 0.208 0.007 0.086 100.401
Os0147A-Figob_pl 6  39.314 0.011 0.000 19.652 0.320 39.970 0.202 0.016 0.102 99.586
Os0147A-Figob_pl 7 39.363 0.011 0.003 19.760 0.325 39.978 0.203 0.013 0.090 99.746
Os0147A-Figdb_pl 8  39.295 0.011 0.000 19.745 0.321 40.007 0.198 0.005 0.086 99.668
Os0147A-Figdb_pl 9  39.295 0.013 0.000 19.713 0.317 39.899 0.196 0.020 0.087 99.541
Oso147A-Figob_pl 10  39.161 0.009 0.000 19.633 0.316 39.830 0.198 0.014 0.089 99.250
Oso147A-Figob_pl 11  39.387 0.008 0.000 19.635 0.321 40.186 0.198 0.015 0.086 99.834
Oso147A-Figb_pl 12  39.016 0.008 0.000 19.650 0.314 39.728 0.195 0.009 0.086 99.005
Oso147A-Figb_pl 13  39.137 0.015 0.003 19.575 0.330 39.728 0.196 0.015 0.101 99.100
Os0147A-Figb_pl 14  39.282 0.015 0.000 19.605 0.311 39.721 0.193 0.019 0.097 99.243
Oso147A-Figb_pl 15  38.952 0.009 0.000 19.716 0.321 40.033 0.195 0.013 0.098 99.336
Oso147A-Figob_pl 16  39.110 0.008 0.000 19.836 0.324 40.017 0.194 0.012 0.092 99.593
Oso147A-Figb_pl 17  39.316 0.009 0.005 19.744 0.318 40.035 0.191 0.015 0.090 99.722
Oso147A-Figob_pl 18  39.364 0.015 0.000 19.703 0.318 39.999 0.193 0.015 0.084 99.690
Oso147A-Figb_pl 19  39.326 0.010 0.006 19.556 0.324 39.999 0.192 0.013 0.092 99.517



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Os0-164B_Fla pl 1  38.726 0.030 0.011 21.554 0.370 38.146 0.257 0.023 0.061 99.178
Os0-164B_Fla pl 2 39.300 0.020 0.006 20.345 0.335 39.342 0.235 0.017 0.088 99.688
Os0-164B_Fla pl 3 38.982 0.015 0.002 19.757 0.327 39.546 0.223 0.014 0.088 98.954
Os0-164B_Fla pl 4  39.478 0.021 0.000 19.808 0.326 39.804 0.216 0.017 0.092 99.760
Os0-164B_Fla pl 5  38.903 0.015 0.001 19.904 0.323 39.858 0.212 0.016 0.089 99.319
Os0-164B_Fla pl 6  39.209 0.011 0.002 19.925 0.325 39.984 0.208 0.018 0.088 99.768
Os0-164B_Fla pl 7  39.211 0.013 0.002 19.875 0.327 40.058 0.210 0.012 0.090 99.798
Os0-164B_Fla pl 8  39.750 0.015 0.001 19.918 0.328 39.952 0.205 0.015 0.092 100.277
Os0-164B_Fla pl 9  39.475 0.006 0.001 19.866 0.324 39.896 0.204 0.015 0.092 99.878
Os0-164B_Fla pl 10  39.191 0.014 0.005 19.930 0.320 39.814 0.201 0.017 0.088 99.580
Os0-164B_Fla pl 11  39.332 0.010 0.000 19.999 0.322 39.971 0.202 0.020 0.094 99.950
Os0-164B_Fla pl 12 39.810 0.011 0.006 19.935 0.315 40.085 0.198 0.012 0.089 100.463
Os0-164B_Fla pl 13  39.327 0.010 0.001 19.942 0.332 39.802 0.199 0.017 0.090 99.720
Os0-164B_Fla pl 14  39.526 0.013 0.000 19.925 0.330 39.800 0.198 0.010 0.084 99.886
Os0-164B_Fla pl 15  38.877 0.008 0.000 19.909 0.320 39.840 0.198 0.014 0.087 99.252
Os0-164B_Fla pl 16  39.580 0.013 0.001 19.753 0.322 39.828 0.197 0.022 0.080 99.796
Os0-164B_Fla pl 17  39.533 0.012 0.000 19.710 0.328 39.663 0.197 0.014 0.096 99.552



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Oso-156A F1b pl 1 39.791 0.106 0.095 24.874 0.425 34.565 0.585 0.019 0.027 100.486
Oso-156A F1b pl 2 38.985 0.025 0.017 22.338 0.369 37.424 0.237 0.022 0.070 99.488
Oso-156A F1b pl 3 39.459 0.015 -0.002 20.179 0.334 39.562 0.220 0.013 0.076 99.856
Oso-156A Flb pl 4  39.708 0.019 0.005 19.892 0.322 40.188 0.214 0.014 0.082 100.444
Oso-156A F1b pl 5  39.665 0.015 0.001 19.655 0.325 39.998 0.209 0.016 0.084 99.968
Oso-156A Flb pl 6  39.225 0.016 0.003 19.694 0.329 40.033 0.206 0.010 0.091 99.608
Oso-156A Flb pl 7 39.756 0.009 0.000 19.808 0.322 40.131 0.202 0.015 0.097 100.340
Oso-156A F1b pl 8  39.620 0.010 0.005 19.820 0.320 40.226 0.201 0.018 0.094 100.315
Oso-156A F1b pl 9  39.482 0.013 -0.002 19.891 0.315 40.106 0.200 0.012 0.092 100.108
Os0-156A F1b pl 10  39.672 0.011 0.001 19.865 0.325 40.090 0.198 0.018 0.089 100.268
Os0-156A F1b pl 11  39.102 0.010 0.005 19.809 0.325 40.081 0.196 0.019 0.086 99.631
Os0-156A F1b pl 12 39.341 0.011 0.002 19.776 0.324 40.061 0.198 0.013 0.088 99.814
Os0-156A F1b pl 13 39.799 0.010 0.003 19.817 0.325 40.292 0.195 0.020 0.088 100.549
Os0-156A F1b pl 14  39.443 0.012 0.003 19.740 0.321 39.861 0.196 0.011 0.090 99.676
Os0-156A F1b pl 15  39.795 0.006 0.004 19.870 0.316 40.038 0.195 0.014 0.084 100.323
Os0-156A F1b pl 16  39.198 0.010 0.000 19.855 0.322 39.942 0.195 0.012 0.099 99.631
Os0-156A F1b pl 17  39.564 0.008 0.002 20.004 0.322 40.032 0.195 0.012 0.097 100.237



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Os-164_ MI_Figl2 1 39.645 0.020 0.015 19.983 0.334 39.793 0.236 0.010 0.088 100.125
Os-164_MI_Figl2 2 39.821 0.021 0.016 19.985 0.330 40.081 0.224 0.016 0.090 100.583
Os-164_MI_Figl2 3 39.316 0.017 0.017 19.929 0.335 39.721 0.220 0.008 0.080 99.644
Os-164_ MI_Figl2 4  39.671 0.016 0.016 19.799 0.315 39.868 0.212 0.018 0.079 99.995
Os-164_MI_Figl2 5  39.446 0.017 0.011 20.079 0.327 40.018 0.207 0.012 0.095 100.213
Os-164_MI_Figl2 6  39.630 0.013 0.013 19.985 0.325 40.184 0.206 0.014 0.090 100.460
Os-164_MI_Figl2 7  39.535 0.012 0.014 20.113 0.333 40.091 0.198 0.020 0.082 100.398
Os-164_MI_Figl2 8  39.548 0.013 0.013 20.027 0.325 39.992 0.198 0.007 0.084 100.206
Os-164_MI_Figl2 9  39.105 0.009 0.009 20.071 0.322 39.892 0.196 0.019 0.079 99.703
Os-164_MI_Figl2 10  39.133 0.001 0.010 20.074 0.331 39.915 0.196 0.021 0.076 99.756
Os-164_MI_Figl2 11  39.091 0.010 0.012 19.945 0.329 39.993 0.211 0.020 0.091 99.701
Os-164_ MI_Figl3 a  39.412 0.011 0.017 19.756 0.328 40.420 0.191 0.009 0.094 100.239
Os-164_MI_Figl3 b 39.014 0.009 0.013 19.803 0.321 40.382 0.191 0.013 0.095 99.840
Os-164_ MI_Fig23 1 39.089 0.020 0.042 20.057 0.339 40.014 0.262 0.021 0.080 99.925
Os-164_MI_Fig23 2 38.944 0.027 0.012 20.213 0.324 39.928 0.229 0.013 0.074 99.763
Os-164_MI_Fig23 3 39.537 0.021 0.012 20.002 0.333 39.961 0.210 0.020 0.084 100.182
Os-164_MI_Fig23 4  39.436 0.013 0.009 20.166 0.336 40.032 0.207 0.007 0.088 100.294
Os-164_MI_Fig23 5  39.386 0.014 0.011 20.109 0.326 39.959 0.212 0.011 0.078 100.107
Os-164_MI_Fig23 6  39.475 0.011 0.012 20.131 0.324 40.142 0.200 0.007 0.075 100.378
Os-164_ MI_Fig23 7 39.678 0.013 0.008 20.110 0.328 40.160 0.192 0.007 0.077 100.574
Os-164_MI_Fig23 8  39.452 0.012 0.013 20.119 0.320 40.095 0.191 0.015 0.085 100.302
Os-164_ MI_Fig23 9  39.492 0.009 0.009 20.114 0.329 40.137 0.197 0.013 0.071 100.371



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
Os-164_MI_Fig23 10  39.438 0.009 0.010 20.236 0.338 40.033 0.191 0.014 0.084 100.352
Os-164_ MI_Fig28 1 39.655 0.017 0.017 19.849 0.328 40.171 0.254 0.016 0.084 100.392
Os-164_MI_Fig28 2 39.569 0.017 0.014 19.799 0.340 40.348 0.237 0.004 0.103 100.431
Os-164_MI_Fig28 3 39.340 0.012 0.017 19.954 0.326 40.204 0.229 0.009 0.089 100.179
Os-164_MI_Fig28 4  39.679 0.010 0.009 19.870 0.326 40.019 0.233 0.019 0.096 100.261
Os-164_MI_Fig28 5  39.211 0.012 0.014 19.918 0.345 40.013 0.230 0.017 0.086 99.846
Os-164_MI_Fig28 6  39.876 0.016 0.012 19.936 0.332 40.111 0.232 0.008 0.090 100.613
Os-164_MI_Fig28 7 39.573 0.016 0.014 20.005 0.323 40.078 0.223 0.023 0.087 100.342
Os-164_MI_Fig28 8  39.791 0.009 0.012 20.020 0.327 40.272 0.224 0.018 0.090 100.763
Os-164_MI_Fig28 9  39.359 0.018 0.010 20.165 0.334 39.989 0.220 0.015 0.095 100.204
Os-164_ MI_Fig39 a  39.314 0.007 0.012 19.698 0.315 40.371 0.202 0.019 0.094 100.032
Os-164_MI_Fig39 b 39.538 0.008 0.013 19.788 0.322 40.604 0.197 0.036 0.109 100.616
Os-164_ MI_Fig39 ¢ 39.074 0.005 0.016 19.534 0.315 40.331 0.209 0.005 0.102 99.590
Os-164_MI_Figd7 1  39.398 0.001 0.011 19.905 0.334 40.432 0.213 0.011 0.074 100.378
Os-164_MI_Figd7 2 39.243 0.011 0.008 20.113 0.328 40.348 0.210 0.012 0.085 100.358
Os-164_MI_Figd7 3 39.276 0.010 0.010 20.097 0.331 40.426 0.208 0.016 0.092 100.467
Os-164_MI_Figd7 4  38.795 0.010 0.011 20.091 0.335 40.092 0.211 0.010 0.089 99.643
Os-164_MI_Figd7 5  38.743 0.015 0.041 19.735 0.317 39.717 0.408 0.015 0.085 99.076
Os-164_MI_Figd7 6  39.610 0.013 0.014 20.214 0.339 40.478 0.202 0.019 0.082 100.969
0s-164_1 Fig9 1 40.474 0.031 0.340 19.691 0.331 39.293 0.346 0.011 0.094 100.611
0s-164_1 Fig9 2 40.038 0.012 0.015 19.448 0.319 39.933 0.231 0.010 0.108 100.113
0Os-164_1 Fig9 3 40.165 0.009 0.015 19.404 0.308 39.938 0.220 0.009 0.090 100.157
Os-164_1_Fig9 4 39.806 0.006 0.006 19.401 0.314 39.866 0.215 0.013 0.106 99.733
Os-164_1 Fig9 5 39.813 0.017 0.014 19.451 0.316 40.145 0.215 0.018 0.099 100.088
0s-164_1 Fig9 6 39.709 0.013 0.013 19.635 0.325 39.813 0.212 0.006 0.098 99.823



Table C1. (Continued)

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Cr,05 NiO TOTAL
0Os-164_Figll cl 39.808 0.002 0.007 20.152 0.327 39.868 0.207 0.011 0.099 100.480
0Os-164_Figll c2 39.930 0.013 0.012 19.954 0.323 39.949 0.199 0.023 0.087 100.488
Os-164_Figll c3 40.039 0.012 0.010 19.778 0.329 40.415 0.191 0.017 0.083 100.874
Os-164_Figll c4 40.027 0.011 0.014 19.870 0.332 40.536 0.200 0.020 0.086 101.096

Os-164 ol Fig39 c1  39.708 0.000 0.014 19.797 0.312 40.630 0.191 0.021 0.101 100.774
Os-164 ol Fig39 c2  39.933 0.008 0.011 19.820 0.310 40.832 0.200 0.021 0.106 101.242
Os-164_Figd7_1 39.371 0.008 0.010 20.197 0.336 40.309 0.199 0.020 0.087 100.537
Os-164_Fig47_2 39.402 0.007 0.011 20.490 0.322 40.270 0.202 0.016 0.091 100.813
Os-164_Fig4s_1 39.401 0.008 0.010 19.846 0.327 39.951 0.214 0.006 0.087 99.849
Os-164_Fig48_2 39.854 0.007 0.015 19.849 0.319 40.308 0.205 0.018 0.100 100.675
0Os-164_Figl2_1 39.320 0.010 0.015 20.062 0.335 40.337 0.192 0.027 0.084 100.384
Os-164_Figl2_2 38.926 0.015 0.016 20.016 0.325 39.828 0.190 0.051 0.082 99.449
0s-164_Fig3 1 38.554 0.014 0.010 19.950 0.332 40.149 0.191 0.056 0.092 99.349
0Os-164_Fig3 2 39.347 0.008 0.013 19.831 0.320 40.229 0.192 0.043 0.094 100.077
Os-164_Fig36_1 38.940 0.009 0.017 24.160 0.419 36.645 0.169 0.009 0.064 100.432
Os-164_Fig36_2 38.639 0.016 0.021 24.276 0.401 36.640 0.168 0.009 0.080 100.250
Os-164_Fig40_1 38.810 0.014 0.011 24531 0.406 37.025 0.181 0.016 0.051 101.043
Os-164_Fig40_2 38.451 0.010 0.017 24.491 0.409 36.824 0.179 0.008 0.052 100.440



Table C2. Compositions of plagioclase from the 1835 Osorno eruption (wt%).

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O K,0 TOTAL
Os-144A figl_pl_1 52.416 0.055 30.410 0.797 0.169 13.567 0.089 0.005 4.051 0.103 101.662
Os-144A figl_pl_2 52.310 0.052 31.120 0.736 0.177 13.926 0.079 0.000 3.677 0.077 102.143
Os-144A figl_pl_3 49.456 0.039 32.356 0.636 0.129 15.603 0.097 0.001 2.744 0.041 101.103
Os-144A figl_pl_4 47.682 0.031 32.372 0.613 0.127 15.333 0.096 0.009 2.579 0.048 98.889
Os-144A figl_pl 5 48.814 0.033 33.485 0.603 0.116 12.905 0.096 0.004 2.725 0.088 98.870
Os-144A figl_pl_6 52.014 0.039 31.328 0.606 0.143 14.079 0.070 0.003 3.660 0.077 102.018
Os-144A figl_pl_7 50.249 0.036 31.419 0.621 0.142 14.757 0.089 0.002 3.295 0.072 100.684
Os-144A figl_pl_8 49.624 0.034 32.276 0.634 0.139 15.501 0.101 0.008 2.929 0.052 101.297
Os-144A_figl_pl_12 50.550 0.040 31.833 0.612 0.141 15.057 0.085 0.010 3.287 0.065 101.679
Os-144A_figl_pl_13 49582 0.034 32.170 0.623 0.127 15.599 0.092 0.008 2.981 0.066 101.281
Os-144A_figl_pl_14 49.865 0.034 32.328 0.618 0.130 15.224 0.070 0.000 2.862 0.056 101.186
Os-144A_figl_pl_15 50.920 0.033 32.231 0.612 0.132 15.028 0.076 0.006 3.101 0.072 102.210
Os-144A_figl_pl_16 51.335 0.032 31.032 0.616 0.122 14.355 0.067 0.006 3.561 0.077 101.203
Os-144A_figl_pl_17 50.771 0.029 31.100 0.599 0.135 14.357 0.086 0.009 3.407 0.076 100.569
Os-144A_figl_pl_18 51.810 0.036 30.749 0.610 0.129 13.994 0.087 0.003 3.772 0.080 101.269
Os-144A_figl_pl_19 51.160 0.036 31.185 0.611 0.132 14.761 0.089 0.007 3.498 0.063 101.542
Os-144A_figl_pl_20 51.610 0.033 31.620 0.597 0.137 14.843 0.089 0.002 3.351 0.069 102.349
Os-144A_figl_pl_21 49.950 0.035 32.059 0.600 0.129 15.095 0.088 0.008 3.064 0.059 101.087
Os-144A_figl_pl_22 49.453 0.030 32.276 0.607 0.128 15.205 0.095 0.000 2.751 0.047 100.591
Os-144A_figl_pl_23 49.671 0.030 32.193 0.599 0.123 15313 0.084 0.002 2.848 0.063 100.926
Os-144A_figl_pl_24 49.986 0.037 31.633 0.609 0.129 14.929 0.083 0.000 3.122 0.062 100.590
Os-144A_figl_pl_25 50.228 0.036 31.602 0.611 0.129 14.872 0.076 0.009 3.227 0.068 100.859

Os-144A _figl_pl_26 50.448 0.034 31.078 0.616 0.131 14.218 0.070 0.001 3.434 0.072 100.101



Table C2. (Continued)

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O K,0 TOTAL
Os-144A fig5_pl_1 51.990 0.060 30.039 0.767 0.171 13.666 0.080 0.010 4.009 0.084 100.877
Os-144A fig5_pl_2 51.878 0.052 30.078 0.705 0.171 13.615 0.072 0.007 3.800 0.071 100.450
Os-144A fig5_pl_3 50.758 0.051 31.241 0.715 0.163 14.401 0.085 0.002 3.409 0.070 100.895
Os-144A fig5_pl_4 50.648 0.033 31.587 0.628 0.141 14.745 0.065 0.016 3.302 0.065 101.230
Os-144A fig5_pl_5 51.052 0.042 30.218 0.603 0.138 13.723 0.076 0.012 3.566 0.077 99.506
Os-144A fig5_pl_6 51.813 0.036 30.127 0.615 0.135 12.387 0.074 0.009 3.516 0.075 98.788
Os-144A _fig5_pl_7 50.677 0.043 31.218 0.609 0.146 14.310 0.074 0.003 3.330 0.068 100.478
Os-144A fig5_pl_8 50.579 0.033 31.431 0.580 0.139 14.299 0.085 0.006 3.321 0.061 100.533
Os-144A fig5_pl_9 46.351 0.024 33.931 0.555 0.108 17.274 0.070 0.000 1.775 0.021 100.109
Os-144A_fig5_pl_10 45.327 0.012 34.659 0.517 0.082 18.032 0.072 0.000 1.290 0.021 100.008
Os-144A_fig5_pl_11 45.376 0.010 35.154 0.494 0.071 18.453 0.081 0.004 1.318 0.017 100.978
Os-144A_fig5_pl_12 45.383 0.014 34.699 0.499 0.071 18.600 0.070 0.004 1.191 0.017 100.549
Os-144A_fig5_pl_13 45.368 0.010 34.962 0.466 0.067 18.278 0.071 0.002 1.234 0.016 100.475
Os-144A_fig5_pl_14 45.412 0.014 34.682 0.449 0.065 18.226 0.063 0.000 1.298 0.016 100.223
Os-144A_fig5_pl_15 45.346 0.008 34.418 0.461 0.070 18.069 0.075 0.006 1.330 0.020 99.803
Os-144A_fig5_pl_16 45.666 0.019 34.471 0.458 0.072 17.589 0.088 0.008 1.524 0.025 99.922
Os-144A_figs_pl_17 46.183 0.016 34.722 0.469 0.079 17.694 0.081 0.000 1.541 0.025 100.809
Os-144A_fig5_pl_18 45532 0.009 34.852 0.474 0.080 18.075 0.090 0.003 1.448 0.032 100.595
Os-144A_fig5_pl_19 45.343 0.017 34.689 0.471 0.074 17.981 0.112 0.004 1.452 0.019 100.161
Os-144A_fig5_pl_20 45.124 0.011 34.716 0.469 0.075 18.024 0.107 0.012 1.337 0.029 99.903
Os-144A_fig5_pl_21 45.113 0.012 34.295 0.470 0.074 18.103 0.083 0.011 1.348 0.027 99.536
Os-144A_fig5_pl_22 45.309 0.012 34532 0.471 0.071 17.873 0.080 0.001 1.397 0.028 99.775
Os-144A_fig5_pl_23 45.212 0.011 34.480 0.469 0.073 18.096 0.057 0.000 1.312 0.017 99.726
Os-144A_fig5_pl_24 45.307 0.011 34575 0.479 0.067 17.825 0.062 0.010 1.343 0.016 99.696
Os-144A_fig5_pl_25 45.093 0.018 34.548 0.487 0.077 18.032 0.088 0.011 1.369 0.030 99.753
Os-144A_fig5_pl_26 44.644 0.015 34.268 0.490 0.072 17.978 0.069 0.000 1.384 0.025 98.944

Os-144A _figs_pl_27 46.373 0.032 33.360 0.648 0.131 17.132 0.075 0.000 1.682 0.049 99.481



Table C2. (Continued)

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O K,0 TOTAL
Os-144A_figl7_pl_1 52.662 0.079 28.392 0.941 0.191 12.879 0.087 0.010 4.239 0.110 99.589
Os-144A_figl7_pl_2 51.799 0.061 29.527 0.810 0.178 13.128 0.073 0.009 4.024 0.084 99.693
Os-144A_figl7_pl_3 51.173 0.052 29.918 0.759 0.166 13.526 0.081 0.000 3.831 0.088 99.593
Os-144A_figl7_pl_4 51.689 0.055 29.793 0.766 0.164 13.260 0.085 0.006 4.000 0.093 99.910
Os-144A_figl7 pl_5 51.317 0.046 30.231 0.704 0.173 13.466 0.086 0.004 3.787 0.083 99.895
Os-144A_figl7_pl_6 48.873 0.039 32.462 0.668 0.148 15577 0.085 0.007 2.602 0.056 100517
Os-144A _figl7 pl_7 48.284 0.041 32.234 0.672 0.142 15.894 0.099 0.006 2.624 0.053 100.049
Os-144A_figl7_pl_8 48.968 0.027 32.347 0.622 0.126 15.391 0.093 0.000 2.735 0.056 100.361
Os-144A_figl7_pl_9 48.775 0.035 32.859 0.618 0.123 16.118 0.086 0.008 2.422 0.041 101.085
Os-144A_figl7_pl_10 47.608 0.024 33.533 0.611 0.109 16.808 0.092 0.004 2.079 0.034 100.904
Os-144A_figl7_pl_14 46.917 0.031 32.939 0.687 0.147 17.068 0.089 0.004 2.040 0.022 99.944
Os-144A figl7_pl_15 48.197 0.060 32.815 0.858 0.239 16.667 0.086 0.002 2.189 0.042 101.154
Os-144A figl7_pl_16 46.740 0.029 33.033 0.652 0.117 16.681 0.084 0.003 2.043 0.051 99.433
Os-144A figl7_pl_17 48.074 0.047 32.721 0.756 0.144 16.211 0.092 0.005 2.249 0.058 100.358
Os-144A figl7_pl_18 47555 0.027 33.012 0.653 0.122 16.358 0.090 0.010 2.293 0.038 100.159
Os-144A figl7_pl_19 47.679 0.023 32.895 0.623 0.115 16.331 0.102 0.009 2.403 0.039 100.218
Os-144A_figl7_pl_20 49.481 0.027 32.651 0.616 0.118 15.345 0.081 0.005 2.858 0.054 101.236
Os-144A figl7_pl_23 48.978 0.056 32.422 0.810 0.229 15.605 0.091 0.009 2.869 0.055 101.124
Os-144A_figl7_pl_24 48.282 0.034 32.131 0.606 0.124 15.200 0.089 0.000 2.871 0.044 99.375
Os-144A figl7_pl_25 49.366 0.029 31.230 0.597 0.121 14.880 0.068 0.003 3.030 0.077 99.401
Os-144A figl7_pl_26 49.565 0.036 31.769 0.623 0.144 14.950 0.081 0.009 3.042 0.070 100.287
Os-144A_figl7_pl_27 51.261 0.029 30.271 0.596 0.124 13.732 0.077 0.001 3.792 0.075 99.958
Os-144A figl7_pl_28 51.917 0.044 30.706 0.585 0.144 13.554 0.087 0.006 3.838 0.082 100.964
Os-144A_figl7_pl_29 51.079 0.038 30.447 0.567 0.146 13.922 0.080 0.006 3.787 0.067 100.139
Os-144A figl7_pl_39 54.358 0.054 28.473 0.989 0.166 11.508 0.049 0.008 3.945 0.204 99.753

Os-144A_figl7_pl_40 55.337 0.084 28.228 0.868 0.161 10.014 0.044 0.006 4.904 0.264 99.911



Table C2. (Continued)

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O K,0 TOTAL
0s-154A_fig12_pl_1 51.742 0.053 29.461 0.764 0.155 13.074 0.075 0.003 4.011 0.106 99.444
0s-154A_fig12_pl_2 51.338 0.050 30.896 0.772 0.161 14512 0.094 0.000 2.397 0.066 100.276
0s-154A_fig12_pl_3 51.746 0.050 31.428 0.754 0.161 14528 0.077 0.000 2.169 0.061 100.970
0s-154A_figl2_pl_4 50.344 0.031 31.033 0.653 0.130 14.470 0.080 0.002 3.405 0.058 100.205
0s-154A_fig12_pl_5 48.085 0.037 32.556 0.652 0.139 15.720 0.077 0.001 2.354 0.045 99.666
0s-154A_fig12_pl_6 49.803 0.034 32.733 0.651 0.144 15.824 0.069 0.000 1.106 0.050 100.410
0s-154A_fig12_pl_7 50.405 0.037 32,578 0.642 0.142 15.279 0.086 0.000 1576 0.065 100.808
0s-154A_fig12_pl_8 49.617 0.035 31.745 0.646 0.140 14.725 0.082 0.009 2.390 0.060 99.448
0s-154A_fig12_pl_9 51511 0.038 32,598 0.643 0.145 15.336 0.067 0.011 1.061 0.059 101.469
Os-154A_figl2_pl_10 49.903 0.040 31.883 0.632 0.144 15.292 0.083 0.002 1.646 0.067 99.692
0s-154A_figl2_pl_11 50.779 0.042 32.022 0.633 0.149 14.690 0.096 0.007 2.304 0.075 100.798
0s-154A_figl2_pl_12 51.018 0.039 31.136 0.614 0.139 14.476 0.076 0.006 1.863 0.065 99.432
0s-154A_figl2_pl_13 51.367 0.039 31.035 0.627 0.146 14331 0.069 0.000 2.623 0.072 100.305
Os-154A_figl2_pl_14 50.644 0.042 31.098 0.605 0.137 14532 0.085 0.000 2.251 0.065 99.458
0s-154A_figl2_pl_15 50.286 0.034 30.881 0.605 0.147 14371 0.087 0.005 3.400 0.073 99.889
0s-154A_figl2_pl_16 50.760 0.036 31.221 0.600 0.131 14.620 0.071 0.004 3.520 0.069 101.032
0s-154A_figl2_pl_17 51.343 0.035 31.824 0.608 0.137 14.796 0.086 0.000 2.491 0.057 101.377
0s-154A_figl2_pl_18 50.484 0.029 32473 0.591 0.124 15.600 0.097 0.000 1.728 0.048 101.171
0s-154A_figl2_pl_19 48.504 0.030 32.427 0.588 0.119 15.543 0.078 0.008 2.654 0.055 100.005
Os-154A_figl2_pl_20 49.534 0.028 32.288 0.579 0.123 15.271 0.072 0.000 2.463 0.059 100.413
0s-154A_figl2_pl_21 48.847 0.029 32.956 0.567 0.111 16.215 0.086 0.004 1.919 0.044 100.776
0s-154A_figl2_pl_22 47.998 0.027 33.010 0.558 0.101 16.355 0.078 0.004 2.315 0.035 100.481
0s-154A_figl2_pl_23 48.904 0.026 33.867 0.553 0.104 16.744 0.064 0.005 2.092 0.039 102.398
Os-154A_figl2_pl_24 48.210 0.021 33.967 0.543 0.086 16.921 0.087 0.004 1.892 0.037 101.769
0s-154A_figl2_pl_25 46.724 0.020 34.094 0.539 0.083 17.168 0.087 0.004 1.866 0.030 100.613

Os-154A_figl2_pl_26 47.327 0.020 34.858 0.531 0.089 17.496 0.110 0.000 1.394 0.031 101.852



Table C2. (Continued)

SAMPLE sio, TiO, Al,O; FeO MgO Cao Sro BaO Na,O K,0 TOTAL
0s-164A_figsa_pl_1 51.870 0.050 29.720 0.757 0.167 13.355 0.102 0.007 3.800 0.087 99.916
0s-164A_figsa_pl_2 49.959 0.022 31.097 0.575 0.102 14.825 0.076 0.004 3.477 0.064 100.202
0s-164A_figsa_pl_3 46.818 0.026 33.728 0.574 0.114 17.433 0.090 0.005 1.749 0.028 100.566
Os-164A_figsa_pl_4 47.614 0.027 33.652 0.573 0.115 17.062 0.073 0.001 1.764 0.032 100.911
0s-164A_figsa_pl_5 47.338 0.024 33.085 0.573 0.115 16.499 0.110 0.001 1.932 0.038 99.714
Os-164A_figsa_pl_6 46.465 0.026 33.542 0.556 0.105 17.138 0.103 0.004 1.803 0.029 99.771
0s-164A_figsa_pl_7 46.502 0.022 34.052 0.555 0.106 17.630 0.086 0.006 1.754 0.021 100.735
0s-164A_figsa_pl_8 46.784 0.025 33.857 0.560 0.108 17.337 0.074 0.004 1.712 0.023 100.484
0s-164A_figsa_pl_9 46.902 0.028 33.775 0.566 0.116 17.491 0.084 -0.004 1.660 0.027 100.644
Os-164A_fig8a_pl_10 46.931 0.028 33.635 0.558 0.112 17.200 0.081 0.008 1.927 0.030 100.510
Os-164A_figsa_pl_11 46.952 0.022 33.586 0.559 0.106 17.427 0.088 0.000 1.880 0.034 100.654
Os-164A_figsa_pl_12 46.691 0.023 33.590 0.554 0.109 17.702 0.078 0.004 1.917 0.026 100.695
Os-164A_figsa_pl_13 47.136 0.023 33.723 0.555 0.112 17.097 0.100 0.009 1.928 0.027 100.710
Os-164A_fig8a_pl_14 47.252 0.025 33.372 0.548 0.113 17.534 0.083 0.007 1.984 0.030 100.946
0s-164A_Figl2_pl_1 52.277 0.064 29.870 0.847 0.192 13.782 0.080 0.000 3.826 0.078 101.015
0s-164A_Figl2_pl_2 50.628 0.042 31.146 0.720 0.163 14,585 0.069 0.000 3.372 0.066 100.787
0s-164A_Figl2_pl_3 49.681 0.043 31.088 0.696 0.160 14.643 0.091 0.006 3.162 0.043 99.614
0s-164A_Figl2_pl_4 49.802 0.046 30.752 0.686 0.167 14.752 0.079 0.004 3.170 0.047 99.505
0s-164A_Figl12_pl 5 46.849 0.030 33.270 0.583 0.113 16.673 0.072 0.007 1.979 0.034 99.610
0s-164A_Fig12_pl_6 46.907 0.021 33.503 0.566 0.102 17.051 0.055 0.004 1.949 0.026 100.183
0s-164A_Figl2_pl_7 47.794 0.019 33.432 0.565 0.112 16.938 0.071 0.004 1.960 0.036 100.930
0s-164A_Figl2_pl_8 47.431 0.024 33.224 0.554 0.111 16.741 0.081 0.008 1.952 0.025 100.151
0s-164A_Figl12_pl 9 47.034 0.022 33.777 0.557 0.106 17.072 0.096 0.000 1.918 0.040 100.614
0s-164A_Figl2_pl_10 47.221 0.018 33.697 0.561 0.111 17.424 0.084 0.000 1.872 0.019 100.999
0s-164A_Figl2_pl_11 46.953 0.023 33.366 0.558 0.118 17.351 0.090 0.007 1.982 0.028 100.475
0s-164A_Figl2_pl_12 48.420 0.020 33.369 0.554 0.125 16.734 0.067 0.001 2.111 0.021 101.423
0s-164A_Figl2_pl_13 48.314 0.024 33.299 0.562 0.120 16.830 0.077 0.000 2.175 0.039 101.438
0s-164A_Figl2_pl_14 47505 0.027 32.962 0.561 0.122 16.276 0.074 0.015 2.278 0.038 99.860
0s-164A_Figl2_pl_15 48.191 0.022 33.350 0.557 0.117 16.893 0.082 0.004 2.085 0.036 101.338
0s-164A_Figl2_pl_16 48.247 0.025 33.507 0.554 0.119 16.864 0.064 0.000 2.082 0.025 101.482
0s-164A_Figl2_pl_17 47.259 0.022 33.592 0.561 0.112 16.986 0.083 0.004 2.088 0.034 100.741

Os-164A_Figl12_pl_18 47.066 0.018 33.677 0.545 0.106 17.290 0.075 0.004 1.908 0.028 100.716



Table C2. (Continued)

SAMPLE Si0, TiO, Al,O, FeO MgO Ca0 Sro BaO Na,O K,0 TOTAL
0s-164A fig13_pl_1 53.142 0.209 27.361 1.671 0.416 11.589 0.078 0.009 4.640 0.172 99.286
0s-164A fig13_pl_2 50.722 0.046 30.827 0.682 0.162 13.884 0.064 0.002 3.522 0.069 99.980
0s-164A fig13_pl_3 48.713 0.034 32.921 0.589 0.129 15.781 0.095 0.001 2.348 0.046 100.658
Os-164A figl3_pl_4 46.112 0.023 34.392 0.567 0.100 17.266 0.079 0.006 1.615 0.027 100.189
0s-164A figl3_pl_5 45.913 0.022 34.058 0.572 0.097 17.631 0.091 0.002 1.630 0.022 100.037
0s-164A fig13_pl_6 47.340 0.020 34.431 0.567 0.103 17.356 0.086 -0.004 1.766 0.032 101.697
0s-164A fig13_pl_7 46.795 0.016 34.034 0.572 0.108 17.039 0.089 -0.005 1.921 0.033 100.602
0s-164A figl3_pl_8 46.748 0.021 32.996 0.565 0.115 16.547 0.061 -0.004 2.095 0.027 99.171
0s-164A fig13_pl_9 47545 0.034 33.055 0.623 0.154 16.191 0.101 0.006 2.238 0.029 99.975
0s-164A _fig13_pl_10 48.846 0.024 33.031 0.573 0.131 16.219 0.086 0.001 2515 0.046 101.472
Os-164A _figl3_pl_11 48.206 0.024 33.190 0.579 0.129 16.081 0.096 0.000 2.436 0.036 100.777
Os-164A_figl3_pl_12 47611 0.039 32.688 0.699 0.236 16.541 0.084 0.004 2.256 0.034 100.192
Os-164A _figl3_pl_13 47.793 0.169 32.871 1.911 1.005 15.879 0.066 0.005 2.361 0.075 102.134
0s-164A _figl3_pl_14 47.207 0.021 33.868 0.561 0.115 16.899 0.068 0.005 2.061 0.030 100.834
Os-164A _figl3_pl_15 48.162 0.179 32.225 1.444 0.421 15.586 0.075 0.000 2.338 0.069 100.500

Os-144A fig5_pl_microl_1 51.654 0.070 29.301 0.888 0.178 12.845 0.078 0.010 4.164 0.105 99.293
Os-144A fig5_pl_microl_2 52.684 0.063 29.667 0.896 0.161 12.772 0.090 0.005 4.334 0.114 100.786
Os-144A fig5_pl_microl_3 53.006 0.065 29.319 0.836 0.140 12.652 0.087 0.012 4.389 0.108 100.614
Os-144A fig5_pl_microl_4 51.648 0.060 29.421 0.826 0.181 13.058 0.092 0.007 4.171 0.079 99.544
Os-164A_Figl12_pl_microl_2 50.959 0.047 31.122 0.735 0.161 14511 0.089 0.012 3,532 0.070 101.237
Os-164A_Fig12_pl_microl_3 51.606 0.066 29.792 0.883 0.200 13.190 0.097 0.013 3.936 0.068 99.851



Table C3. Compositions of clinopyroxene from the 1835 Osorno eruption (wt%).

SAMPLE Sio, Tio, AlLO; FeO MnO MgO Ca0 Na,O K,0 Cr,05 NiO TOTAL
Oso0-144_Fig2_cx7_1 50.576 0.714 2.924 9.400 0.263 15.797 19.478 0.314 0.000 0.586 0.007 100.058
Oso0-144_Fig2_cx7_2 52.732 0.413 1.440 10.425 0.339 18.109 16.745 0.228 0.000 0.326 0.005 100.761
Oso0-144_Fig2_cx7_3 51.307 0.638 2.532 10.145 0.287 16.329 18.726 0.304 0.000 0.288 0.006 100.561
0Os0-144_Figh_cx3_la 48.596 1311 4.325 12.287 0.327 14.686 17.642 0.321 0.000 0.278 0.000 99.774
Os0-144_Figd_cx3_2a 50.385 0.792 3.220 10.533 0.299 16.262 18.039 0.325 0.000 0.490 0.002 100.347
Os0-144_Figh_cx3_3a 50.102 0.860 3.423 11.078 0.313 16.195 17.455 0.291 0.000 0.384 0.000 100.101
Oso-144_Fig8_cx2_1 50.276 0.860 3.345 10.946 0.282 15.170 19.252 0.347 0.000 0.170 0.004 100.651
Oso0-144_Fig8_cx2_2 50.703 0.775 3.080 10.582 0.300 16.223 17.865 0.320 0.000 0.485 0.006 100.339
Oso0-144_Fig8_cx2_3 50.752 0.738 3.053 9.159 0.245 15.773 19.716 0.316 0.000 0.707 0.009 100.469
Os0-144_Figl3_cx1_1 50.772 0.743 2.994 9.101 0.237 15.278 20.211 0.316 0.000 0.558 0.008 100.218
Os0-144_Figl3_cx1_2 50.435 0.867 3.224 10.476 0.268 14.872 19.717 0.331 0.000 0.151 0.007 100.348
0Os0-144_Figl3_cx1_3 51.105 0.783 2.857 9.971 0.268 15.446 19.601 0.307 0.000 0.327 0.000 100.666

Oso0-144_Figl5_cx12_1 52.082 0.419 2.724 8.035 0.226 17.025 19.578 0.318 0.000 0.546 0.013 100.964
0s0-144_Figl5_cx12_2 51.756 0.482 2.890 8.227 0.220 16.712 19.684 0.341 0.000 0.551 0.009 100.873
Os0-144_Figl5_cx12_3 51.830 0.450 2.720 8.119 0.220 16.839 19.667 0.329 0.000 0.527 0.006 100.708
0Os0-144_Figl6_cx3_1 51.043 0.736 2.776 9.922 0.279 16.131 18.619 0.304 0.000 0.698 0.001 100.508
0s0-144_Figl6_cx3_2 49.584 1.187 2.991 12.956 0.360 14.520 18.276 0.319 0.000 0.029 0.000 100.222

Os0-144_Fig16_cx3_3 52.593 0.403 1.440 10.856 0.344 18.160 16.250 0.203 0.000 0.298 0.003 100.549



Table C4. Compositions of spinel from the 1835 Osorno eruption (wt%).

SAMPLE Si0, TiO, Al,O; FeO MnO MgO Ca0 Na,O K,0 Cr,05 NiO TOTAL  SAMPLE

0Os-164_1 figll 2 0.078 3.428 14.810 45.771 0.352 8.121 0.018 23.419 0.098 0.749 0.037 0.102 96.312
0s-164_MI_fig26_a 0.103 2.613 16.319 43,561 0.327 8.655 0.027 25.049 0.070 0.689 0.074 0.097 96.869
0s-164_MI_fig26_b 0.112 2.621 16.399 43.745 0.341 8.567 0.026 25.003 0.097 0.697 0.067 0.091 97.059
0s-164_MI_fig39_1 0.150 2.043 19.198 41.279 0.319 9.256 0.020 23.567 0.108 0.624 0.081 0.097 95.976
0s-164_MI_fig39_2 0.134 1.621 19.553 40.230 0.331 9.338 0.035 25.451 0.107 0.624 0.063 0.068 96.783
Os-164_MI_figd8_a 0.092 3.210 15.758 44,894 0.352 8.533 0.025 23.524 0.100 0.813 0.083 0.090 96.771
Os-164_MI_figd8_b 0.106 3.340 15.683 44.910 0.344 8.507 0.018 23.460 0.085 0.778 0.055 0.099 96.682
0s-164_MI_figa7 0.174 3.620 14.488 46.791 0.328 8.060 0.010 22.656 0.089 0.775 0.077 0.087 96.489
0s-164_MI_fig37 0.093 3.108 16.611 43.090 0.326 8.692 0.017 23.884 0.111 0.733 0.075 0.102 96.125
0s-164_ol_fig3_a 0.087 2.324 16.383 42.462 0.335 8.571 0.067 25.766 0.077 0.633 0.107 0.086 96.190
0s-164_ol_fig3_b 0.083 2.455 16.372 42.330 0.342 8.431 0.042 25.706 0.082 0.619 0.085 0.079 95.931
0s-164_ol_fig12_1 0.074 2.813 16.285 45 455 0.352 7.849 0.015 23.089 0.087 0.712 0.050 0.083 96.217
0s-164_ol_fig12_2 0.052 2.747 16.439 44.767 0.344 8.414 0.017 22.900 0.086 0.707 0.065 0.101 95.944
Os-164_ol_fig36 0.103 2.626 12.093 55.606 0.355 6.050 0.009 18.912 0.076 0.801 0.101 0.115 96.846
0s-164_2_ figl2 0.097 2.972 15.163 46.059 0.338 8.361 0.016 22.383 0.088 0.736 0.060 0.106 95.688



Table C5. Compositions of iddingsite from the 1835 Osorno eruption (wt%).

SAMPLE FeO Sio, MgO NiO Ca0 Cr03 MnO TiO, Al,O; TOTAL
Os-164_idd_1  28.682  40.155 26.432 0.111 0.803 0.011 0.354 0.158 0.790 97.495
Os-164_idd_2  28.286  39.046 25.457 0.104 0.851 0.040 0.381 0.256 1.769 96.190
Os-164_idd_3  27.960  40.120 27.394 0.090 0.535 0.050 0.409 0.237 1.018 97.813
Os-164_idd_4  34.406  36.275 25.878 0.121 0.509 0.035 0.415 0.062 0.384 98.085
Os-164_idd 5 28.993  40.660 27.209 0.114 0.293 0.031 0.387 0.054 0.288 98.029



Table C6. Compositions of titanomagnetite from the 1835 Osorno eruption (wt%).

SAMPLE sio, TiO, ALO;  FeO MnO  MgO Ca0 CoO V,05 Cr,05 NiO Zn0  TOTAL
Os-164 Fig23a 1 7  0.081  17.301  3.377 72494 0422 1968  0.035 0.135 0.829 0.129 0.000  0.085  96.855
Os-164 Fig23a 1 8  0.062 10483  4.019 76902 0365  1.329  0.034 0.136 1.036 0.143 0.000  0.059  94.569
Os-164 Fig23a 1 9  0.072 10450 3.985 77.204 0.384 1327  0.030 0.150 1.086 0.152 0.001 0019  94.862
Os-164 Fig23a 1 10 0.076 10631 3.991  77.383 0.365 1336  0.043 0.149 1.060 0.147 0.000  0.020  95.202
Os-164 Fig23a 1 11 0.062 10856 3.938 76904 0.360 1347  0.031 0.132 0.981 0.117 0.000  0.024  94.752
Os-164 Fig23a 1 12 0.063 10533 3.914 76610 0381 1332  0.034 0.124 1.054 0.126 0.000  0.063  94.234
Os-164 Fig23a 1 13 0.063  10.135 3.953  77.255 0.390  1.389  0.034 0.151 1.041 0.091 0.000  0.057  94.560
Os-164 Fig23a 1 14 0.071 10240 3.849  77.089 0360 1345  0.033 0.136 1.021 0.097 0.000  0.058  94.298
Os-164 Fig23a 2 7  0.077 16845 3.449 71157 0440  1.806  0.042 0.129 0.945 0.221 0.000  0.000  95.110
Os-164 Fig23a 2.8  0.069 10239 4150 77.136 0371 1320  0.031 0.152 1.085 0.168 0.000  0.000  94.721
Os-164 Fig23a 2 9  0.080 10457  4.047 77332 0356 1315  0.033 0.158 1.073 0.153 0.000  0.000  95.004
Os-164 Fig23a 2 10  0.091  10.391  4.069  77.329 0377 1302  0.027 0.154 1.096 0.145 0.000  0.000  94.981
Os-164 Fig23a 2 11  0.081  10.097 4.021  77.337 0375 1332  0.039 0.140 1.060 0.091 0.000  0.000  94.573
Os-164 Fig23a 35 0710  9.802  4.292  77.129 0.387 1642  0.080 0.142 1.083 0.130 0.000  0.041  95.438
Os-164 Fig23c_1 4  0.077  12.095 3.872 75756 0379 1485  0.030 0.153 1.107 0.153 0013 0022 95142
Os-164 Fig23c 1 5 0.086  9.986  3.896 77.733 0.383 1357  0.028 0.169 1.153 0.146 0.000  0.021  94.959
Os-164 Fig23c 1 6  0.075 10003 3.877 77581 0370 1324  0.033 0.166 1.128 0.123 0.000  0.008  94.688
Os-164 Fig23c 1 7  0.087  9.860  3.899  78.097 0370 1347  0.032 0.150 1.091 0.116 0.002 0013  95.065
Os-164 Fig23c 1 8 1199 9736  3.852 77.276 0.365 1.875  0.055 0.178 1.077 0.105 0.000  0.042  95.759
Oso-164_Fig23b 6 4 0.966 5135  4.855 79.288 0412 1433  0.075 0.181 1.342 0.218 0.000  0.033  93.938
Oso-164_Fig23b 6 5 0.061 5009  4.763 80275 0.367  1.054  0.055 0.177 1.316 0.211 0.000 0026  93.314
Oso-164_Fig23b 6 6 0.079 5023  4.842 80044 0369  1.092  0.056 0.162 1.337 0.222 0023 0012  93.260
Os-164 Fig23b 2 11  0.051 13598 3.744 75552 0389  1.332  0.020 0.164 1.197 0.172 0.000  0.070  96.288
Os-164 Fige3b 2 12 0.054  13.644 3.745 74644 0397 1303  0.014 0.156 1.202 0.179 0017 0000  95.354
Os-164 Fig23b 2 13  0.050 13.144 3.740 75196 0.385  1.361  0.015 0.172 1.194 0.166 0.002 0064  95.488
Os-164 Fig23b 2 14 0.126 13412 3.680 75496 0375  1.338  0.040 0.168 1.186 0.169 0.008  0.004  96.003
Os-164 Fig23b 2 15 0.108 13278  3.671 75397 0367  1.327  0.029 0.158 1.220 0.167 0.000 0088  95.810
Os-164 Fig23b 2 16 0.046 13586 3.656 75358 0.362  1.348  0.020 0.156 1.230 0.150 0.009  0.083  96.003



Table C7. Compositions of ilmenite from the 1835 Osorno eruption (wt%).

SAMPLE SiO; TiO, Al,03 FeO MnO MgO CaO CoO V,03 Cr,04 NiO Zn0O TOTAL
Os-164_Fig23a_1_1  0.234 48.473 0.166 45.341 0.583 3.226 0.072 0.111 0.211 0.022 0.021 0.000 98.462
Os-164_Fig23a_1_2  0.128 49.115 0.137 45.510 0.550 3.185 0.067 0.070 0.196 0.024 0.000 0.000 98.982
Os-164_Fig23a_1_3  0.170 48.827 0.187 45.478 0.578 3.139 0.074 0.080 0.201 0.032 0.000 0.000 98.766
Os-164_Fig23a_1_4  0.241 48.312 0.183 45.482 0.563 3.231 0.057 0.090 0.185 0.017 0.005 0.000 98.364
Os-164_Fig23a_1 5 0.154 48.622 0.181 45.423 0.569 3.165 0.061 0.085 0.154 0.025 0.000 0.000 98.441
Os-164_Fig23a_1_6  0.074 48.741 0.210 45.320 0.607 3.280 0.065 0.107 0.158 0.043 0.000 0.000 98.604
Os-164_Fig23a_2_1 37.395 17.462 4.805 26.760 0.465 8.800 2.571 0.069 0.112 0.000 0.000 0.000 98.439
Os-164_Fig23a_2_2  0.216 49.434 0.171 45.104 0.573 3.259 0.086 0.120 0.154 0.043 0.000 0.000 99.160
Os-164_Fig23a_2_3  0.158 47.926 0.145 45.097 0.560 3.150 0.072 0.097 0.171 0.037 0.000 0.000 97.412
Os-164_Fig23a_2_4  0.116 50.102 0.156 45.815 0.574 3.014 0.063 0.112 0.196 0.007 0.000 0.000 100.155
Os-164_Fig23a_2_5  0.059 50.119 0.160 45.645 0.589 2.943 0.064 0.099 0.186 0.005 0.000 0.000 99.870
Os-164_Fig23a_2_6  0.046 50.209 0.189 45.520 0.616 2.972 0.060 0.082 0.138 0.000 0.000 0.000 99.834
Os-164_Fig23a_3_1  0.039 49.187 0.154 45.168 0.575 3.338 0.083 0.087 0.178 0.021 0.028 0.000 98.858
Os-164_Fig23a_3_2  0.041 48.604 0.165 45.499 0.552 3.394 0.077 0.100 0.158 0.040 0.000 0.000 98.628

Os-164_Fig23a_3_3  0.034 49.463 0.189 45.218 0.576 3.282 0.074 0.091 0.145 0.026 0.000 0.000 99.097



Table C7. (Continued)

SAMPLE SiO; TiO, Al,04 FeO MnO MgO CaO CoO V,03 Cr,04 NiO Zn0O TOTAL
Os-164_Fig23c_1_1 0.039 48.498 0.150 45515 0.585 3.530 0.058 0.099 0.217 0.000 0.000 0.004 98.695
Os-164_Fig23c_1_2 0.057 47.961 0.142 45519 0.597 3.423 0.041 0.084 0.217 0.031 0.000 0.000 98.072
Os-164_Fig23c_1_3 0.075 42.738 0.610 49.283 0.549 3.061 0.052 0.108 0.297 0.071 0.000 0.000 96.844

Oso-164_Fig23b_6_1  0.057 44.195 0.269 48.319 0.582 2.853 0.117 0.098 0.325 0.016 0.000 0.031 96.861
Oso-164_Fig23b_6_2  0.044 44547 0.317 47.982 0.575 3.031 0.093 0.106 0.322 0.028 0.009 0.028 97.083
Os-164_Fig23b_2_1 0.039 49.996 0.188 45.105 0.564 3.023 0.046 0.081 0.167 0.024 0.000 0.000 99.231
Os-164_Fig23b_2_2 0.041 47.846 0.251 45.723 0.571 2.834 0.037 0.101 0.196 0.018 0.000 0.000 97.619
Os-164_Fig23b_2_3 0.046 48.333 0.257 45.916 0.566 2.771 0.031 0.094 0.191 0.027 0.000 0.022 98.254
Os-164_Fig23b_2 4  0.034 48.338 0.235 45.710 0.551 2.729 0.037 0.087 0.189 0.032 0.000 0.000 97.944
Os-164_Fig23b_2_5 0.058 48.660 0.232 45.868 0.546 2.708 0.042 0.078 0.147 0.021 0.000 0.000 98.359
Os-164_Fig23b_2_6 0.047 48.699 0.241 45.619 0.517 2.714 0.038 0.080 0.211 0.027 0.000 0.000 98.194
Os-164_Fig23b_2_7 0.035 49.814 0.187 45.526 0.572 2.729 0.044 0.074 0.154 0.000 0.000 0.000 99.136
Os-164_Fig23b_2_8 0.420 49.927 0.211 45.172 0.577 2.972 0.053 0.116 0.172 0.057 0.000 0.011 99.689
Os-164_Fig23b_2_9 0.133 49.901 0.168 45.037 0.564 2.889 0.060 0.086 0.134 0.001 0.000 0.000 98.974
Os-164_Fig23b_2_10  0.046 48.844 0.161 45.117 0.582 2.924 0.059 0.109 0.170 0.007 0.002 0.007 98.029
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